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ABSTRACT 

 
The Detection and Molecular Evolution of  

Francisella tularensis Subspecies 
 

Mark K. Gunnell 
Department of Microbiology and Molecular Biology, BYU 

Doctor of Philosophy 
 

Francisella tularensis is the etiological agent of tularemia, a zoonotic disease with 
worldwide prevalence.  F. tularensis is a highly pathogenic organism and has been designated as 
a potential biothreat agent.  Currently there are four recognized subspecies of F. tularensis:  
tularensis (type A), holarctica (type B), mediasiatica, and novicida.  In addition, genomic 
studies have further subdivided type A tularensis into two subclassifications, type A.I and type 
A.II.  These two subclassifications differ in geographic distribution with type A.I appearing 
mainly in the Eastern United States and type A.II appearing mainly in the Western United States.  
Because of differences of virulence among the subspecies, it is important to be able to quickly 
identify each of the subspecies rapidly and accurately.  This work describes the development of a 
multiplex real-time polymerase chain reaction (PCR) assay which was shown to be ~98% 
successful at identifying the known subspecies of F. tularensis.  Furthermore, F. tularensis is 
thought be a genome in decay (losing genes) because of the relatively large number of 
pseudogenes present in its genome.  We hypothesized that the observed frequency of gene 
loss/pseudogenes may be an artifact of evolution in response to a changing environment, and that 
genes involved in virulence should be under strong positive selection.  Eleven arbitrarily chosen 
virulence genes were screened for positive selection along with 10 arbitrarily chosen 
housekeeping genes.  Analyses of selection yielded one housekeeping gene and 7 virulence 
genes which showed significant evidence of positive selection.  Our results suggest that while the 
loss of functional genes through disuse could be accelerated by negative selection, the genome 
decay in Francisella could also be the byproduct of adaptive evolution, as evidenced by several 
of its virulence genes which are undergoing strong, positive selection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords:  Francisella tularensis, real-time PCR, detection, genome decay, genome sequencing 
natural selection, virulence, TreeSAAP 
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Chapter 1 The Genetic Diversity and Evolution of Francisella tularensis with Comments on 

Detection by PCR 

 

1.1 Abstract 

Francisella tularensis has been the focus of much research over the last two decades 

mainly because of its potential use as an agent of bioterrorism.  F. tularensis is the causative 

agent of zoonotic tularemia and has a worldwide distribution.  The different subspecies of F. 

tularensis vary in their biogeography and virulence, making early detection and diagnosis 

important in both the biodefense and public health sectors.  Recent genome sequencing efforts 

reveal aspects of genetic diversity, evolution and phylogeography previously unknown for this 

relatively small organism, and highlight a role for detection by various PCR assays. This review 

explores the advances made in understanding the evolution and genetic diversity of F. tularensis 

and how these advances have led to better PCR assays for detection and identification of the 

subspecies. 

 

1.2 Introduction 

Francisella tularensis is a small, non-motile, Gram-negative coccobacillus and is the 

causative agent of the zoonotic disease tularemia.  This facultative intracellular pathogen was 

first discovered in Tulare County California in 1911 where it caused a plague-like illness in local 

rodents (3).  F. tularensis is able to cause disease in rabbits, squirrels, and other mammals, 

including humans (4).  The transmission of F. tularensis to humans is mediated through 

arthropod vectors such as ticks and deer flies, by the ingestion of contaminated food or water, or 

by inhalation of aerosolized bacteria (5).  F. tularensis subsp. tularensis is highly infectious.  It is 
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estimated that an aerosol inoculation of as few as 10 organisms is sufficient  to cause disease in 

humans (6).  Because of its highly infectious nature, F. tularensis is considered a potential agent 

of bioterrorism and is categorized by the Centers for Disease Control and Prevention (CDC) as a 

Tier 1 select agent (7).   

Through the years, the taxonomy of Francisella has gone through many changes.  Upon 

its discovery, McCoy and Chapin named their new discovery Bacterium tularense (3).  

Following the Bacterium genus, it was subsequently placed in Pasteurella and later Brucella (8).  

Finally in 1959, it was placed in a new genus, Francisella, in honor of Edward Francis, in which 

genus it resides today (9).  There are currently 4 recognized subspecies of Francisella tularensis:  

tularensis, holarctica and mediasiatica and novicida.  While the inclusion of novicida as a 

subspecies of F. tularensis is still contested (10, 11), much of the recent scientific literature, 

including Bergey’s Manual of Systematic Bacteriology, recognizes this classification (12).   

In 1950, the first novicida subspecies was isolated and characterized (13).  This new 

isolate resembled F. tularensis morphologically, but differed in that it could ferment glucose, was 

not as virulent in humans, and did not cross-react with serum from rabbits inoculated with killed 

F. tularensis.  Based on these differences, the authors proposed the name Francisella novicida 

(13).  However, in the 1950s, researchers did not have the genetic tools which became available 

in later decades.  In the 1980s, DNA-DNA hybridization experiments between F. tularensis and 

F. novicida demonstrated up to 92% homology (14).  Because of this high degree of genetic 

similarity, it was proposed that F. novicida be reclassified as a subspecies of F. tularensis.  This 

reclassification was formally proposed in 2010 in the International Journal of Systematic and 

Evolutionary Microbiology (IJSEM) (15).  This proposal received a formal objection in IJSEM, 

contending that genetic similarity was not enough to reclassify F. novicida as F. tularensis 
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subsp. novicida, but that the phenotypic differences were sufficient enough to justify separate 

species designation (16).   

Finally, in a rebuttal to the objection of Johansson et al., Busse et al. (17), stood by their 

initial recommendation for reclassification, asserting that the genetic similarity meets the 

definition of a subspecies (18).  Furthermore, Busse et al. acknowledge the phenotypic 

differences between F. tularensis and F. novicida, but contend that the 11 phenotypic differences 

noted are not sufficient enough for a new species (17).   There are many other examples of 

bacteria with a greater percentage of phenotypic differences which are classified as the same 

species (e.g. the various biovars of Pseudomonas fluorescens) (17).  Despite this evidence, a 

formal reclassification has yet to occur.  Based on the high genetic similarity, and taking into 

account the relatively few phenotypic differences, we also propose the reclassification of F. 

novicida as a subspecies of F. tularensis, and will refer to it as such throughout this work. 

Each subspecies is predominantly associated with a specific geographic distribution and 

severity of disease.  The subspecies tularensis is typically found in North America (19) while the 

subspecies holarctica is found across much of the Northern Hemisphere (20).  The subspecies 

mediasiatica has only been isolated from the central Asian republics of the former Soviet Union 

(21) and the subspecies novicida has been isolated from North America and Australia (14, 22).  

Phylogenetic relationships among these subspecies are inferred in Figure 1. 
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Figure 1 Maximum likelihood tree inferring the phylogenetic relationships of the F. tularensis subspecies. 
Tree was constructed by concatenating 10 housekeeping genes (recA, gyrB, groEL, dnaK, rpoA1, rpoB, 
rpoD, rpoH, fopA, and sdhA) followed by alignment with Clustal W and generation of the tree with 
MEGA 5.2.  Bootstrap values are indicated at the nodes except where support was less than 0.65. 
 

 

The two subspecies most associated with human disease are tularensis and holarctica.  

These are often abbreviated simply as Type A and Type B tularensis, respectively.  Type A 

tularensis causes a more severe form of tularemia while the presentation of type B tularemia is 

somewhat milder (23, 24).  The subspecies mediasiatica is fully virulent in mice, yet is believed 

to be of relatively mild virulence in humans (21, 25).   Similar to the subspecies mediasiatica, the 

subspecies novicida is fully virulent in mice, yet rarely causes disease in humans (14).   
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Genetic analyses by multiple-locus variable-number tandem repeat analysis (MLVA) has 

identified further sub classifications and geographic structure of Type A and Type B tularensis.  

The major subdivisions of Type A tularensis include Type A.I and Type A.II, with the former 

generally isolated from the eastern United States and the latter generally isolated from the 

western United States (20).  This biogeographic separation is correlated with the geographic 

distribution of specific vectors, hosts, and other abiotic factors such as elevation and rainfall (26, 

27).  The major divisions of Type B tularensis also display geographic structure, with Type B.I 

isolated from Eurasia, Type B.II isolated from North America and Scandinavia, Type B.III 

isolated from Eurasia and North America, Type B.IV isolated from North America and Sweden, 

and Type B.V isolated from Japan (20).  Unlike type A tularensis, the distribution of Type B 

tularensis has not been shown to correlate with the distribution of any specific vectors (26). 

The F. tularensis subsp. holarctica isolated from Japan was first differentiated from other 

F. tularensis subspecies based on its ability to ferment glucose (28).  These isolates were further 

differentiated by demonstrating a reduced virulence from the subspecies tularensis, displaying a 

virulence similar to that of the subspecies holarctica (29).  As genomic tools became more 

widely available, this division was confirmed by microarray analysis (21), restriction fragment 

length polymorphism (RFLP) analysis (30), and multiple-locus variable number tandem repeat 

analysis (MLVA) (20, 31).  Genetic analyses have hinted that these isolates from Japan 

underwent a unique evolutionary process in a restricted area, separate from other F. tularensis 

subspecies (31).  Because of the phenotypic differences, the genetic differences, and the apparent 

isolated evolution, it has been proposed that these strains from Japan be classified as another 

subspecies of F. tularensis called F. tularensis subsp. japonica (32).  However, since relatively 
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few isolates from Japan have been analyzed, we recommend that this designation not be adopted 

at this time.   

 

1.3 Genetic Diversity 

The first complete genome of Francisella tularensis was sequenced in 2005 (33).  This 

first sequence was the classical type strain of Francisella tularensis subsp. tularensis 

representing the Type A.I sub classification.  Since then, numerous other whole and partial 

genomes of F. tularensis have been sequenced:  F. tularensis subsp. holarctica strain OSU18 

(Type B) (34), a European isolate of Type A tularensis (35), F. tularensis subsp. novicida strain 

U112 (36), a Type A.II tularensis (WY96-3418) (37), F. tularensis subsp. mediasiatica (10) and 

at least 10 more comprising the 4 subspecies of F. tularensis (38-41).  With the advent of 

improved massively parallel sequencing technologies, more genomes continue to be sequenced 

at an ever-increasing rate (42).  In all, there are currently 16 complete genomes of Francisella 

tularensis deposited in GenBank and even more partial genomes.  This collection of genomic 

information allows for the comparative analysis of these genomes and provides insight into the 

evolution of F. tularensis genome architecture. 

Even before the first Francisella genome was completed in 2005, studies analyzing the 

genomic diversity of F. tularensis were plentiful.  Because of its potential use as a bioweapon 

and for public health reasons, rapid identification of F. tularensis became paramount (7).  Early 

DNA based techniques focused on 16S rDNA typing.  This proved difficult since among the 4 

subspecies, the 16S rDNA genes exhibit between 98.5 – 99.9% similarity, the result of only 6 

nucleotide differences among the most divergent strains (43).  Other DNA based techniques for 

identification such as PCR, which is both rapid and accurate, helped spur further interest in the 
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genetic diversity of the F. tularensis subspecies (21, 44).  A genome wide microarray that 

analyzed 27 strains of all four subspecies confirmed the limited genetic variation within the 

subspecies, but identified 8 variable regions that were used to develop a subspecies-specific PCR 

assay (21).  Another microarray study analyzing the genetic diversity of 11 Type A isolates and 6 

Type B isolates from various localities around the United States identified 13 regions of 

difference, including segments of several genes with implications for virulence (45).  While 

microarray and other studies revealed valuable information about the regional distribution and 

differences in virulence, complete genome sequences reveal a more complete picture (20, 21, 

45).   

The first completed genome sequence of F. tularensis yielded insights to previously 

undiscovered features of its genetic makeup.  Some of the genetic features discovered included 

previously uncharacterized virulence genes encoding type IV pili and iron acquisition systems 

(33).  The complete sequence also revealed a duplication of an approximately 30 kb region 

previously identified as a pathogenicity island containing 17 open reading frames (ORFs), 

perhaps shedding light on the enhanced virulence of Type A tularensis (33, 46, 47).  Finally, 

analysis of this genome indicated the loss of several biosynthetic pathways, which helps explain 

the fastidious nutritional requirements of F. tularensis and suggests the need to infect a host 

during its life cycle (33). 

The first comparative genomic study of F. tularensis was of the Type A (Schu S4) and 

Type B (OSU18) strains.  This study revealed an extensive genomic similarity of 97.63%, 

indicating that the differences in virulence between the two strains are likely not due to large 

differences in gene content (34).  This degree of sequence identity was confirmed among the 

remaining subspecies as well (10, 25, 36).  Perhaps the most striking difference between these 
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two strains is the vast amount of genomic rearrangement.  These rearrangements can mostly be 

attributed to homologous recombination using insertion (IS) elements (34).   

After the genome sequence of F. tularensis subsp. novicida was complete, a 3-way 

comparison between three of the subspecies (tularensis, holarctica, and novicida) was possible.  

Again, a high degree of sequence identity among the subspecies was confirmed, as was the large 

amount of genomic rearrangement (36).  Even though the length and the gene content of the 

novicida subspecies (1.91 Mb and 1,731 protein coding genes) are both greater than that of the 

tularensis subspecies (1.89 Mb and 1,445 protein coding genes) and the holarctica subspecies 

(1.89 Mb and 1,380 protein coding genes), these human pathogenic strains contain 41 genes 

which the non-human pathogenic strains (novicida) do not (36).  Initial comparisons of these 

genomes revealed that the human pathogenic strains carry 2 copies of the Francisella 

Pathogenicity Island (FPI) while the non human pathogenic strains carry only 1 copy, shedding 

further light on the differences in virulence among the subspecies (47). 

Many studies have been completed comparing the various subsets of available F. 

tularensis genomes.  A comparison of the genomes of two holarcitca subspecies, the live vaccine 

strain (LVS) and strain FSC200, sought to uncover the mode of attenuation for LVS (48), which 

was attenuated through the repeated passage of a holarctica strain between the 1930s and 1950s 

in the former Soviet Union (34, 49).  The genomes of the LVS and FSC200 strains differ by only 

0.08% but the LVS strain was able to confer immunity to infection with F. tularensis subsp. 

tularensis in BALB/c mice (48, 49).  While the exact nature of genomic modifications leading to 

LVS attenuation were not found, comparison with other more virulent Type A strains revealed 

some candidate genes which could be targeted in the development of a future vaccine (48).  

When the sequence of F. tularensis subsp. holarctica FTNF002-00 was completed and compared 
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to both LVS and the OSU18 strains, it was found to have greater than 99.9% sequence similarity 

(38).  Other studies have shown a stable genome architecture among Type B strains, but 

FTNF002-00 carries a 3.9 kb inversion compared to other Type B strains (34, 38, 50). 

Other whole genome comparisons focused on comparing different strains of Type A 

tularensis.  A comparison between F. tularensis subsp. tularensis Schu S4 (Type A.I) and 

WY96-3481 (Type A.II) revealed only one whole gene difference, a hypothetical protein with an 

unknown function (37).  Despite the fact that these two strains are very closely related, there 

were still many other differences, including numerous single nucleotide polymorphisms (SNPs), 

small indels, differences in IS elements, and even 31 large chromosomal rearrangements (37).  

Many of the chromosomal rearrangements are frequently bordered by IS elements, providing a 

mechanism for the translocations (10, 37, 39).  Another genome comparison of a Type A.I 

clinical isolate to the Schu S4 genome showed that except for some minor changes, the genomes 

were virtually identical, suggesting a high degree of sequence conservation within the Type A.I 

subgroup (39).  The genome of another Type A.I strain (TI0902) isolated from a cat in Virginia, 

United States, is also highly similar to Schu S4 as it only differs by 103 SNPs (40).  Other 

researchers compared a European isolate of Type A.I tularensis (which is typically restricted to 

North America) to Schu S4 and found that the two were virtually identical, with only 8 SNP and 

3 variable number tandem repeat (VNTR) differences (35).  The fact that these two strains are so 

alike suggests that the European isolates are descended from the Schu S4 strain and did not 

evolve independently in Europe (35). 

The completion of a fourth subspecies genome of F. tularensis, the mediasiatica 

subspecies, enabled full genome comparisons of the four subspecies of F. tularensis.  It was 

demonstrated that the subspecies mediasiatica and tularensis are highly similar, which raises 
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more questions about their differences in virulence (10, 21, 51).  Phylogenetic analysis of the 

complete genomes of the subspecies mediasiatica also demonstrated that it is a monophyletic 

taxon of F. tularensis, contradicting previous evidence suggesting that the subspecies 

mediasiatica was not a member of the F. tularensis clade (52).  However, since isolates of the 

mediasiatica subspecies are rare, it is difficult to know the true genetic diversity within the 

subspecies.  Figure 2 shows the overall genome architecture of representative strains of F. 

tularensis, highlighting the large-scale genomic rearrangements between the subspecies. 

 

 

Figure 2 Whole genome alignment of F. tularensis subspecies 
Whole genome alignment of representative strains from each of the four subspecies of Francisella 
tularensis using Mauve (53) highlighting differences in the macro genome architecture relative to the 
reference strain (A).  Colored blocks represent homologous sections of each genome.  A) F. tularensis 
subsp. tularensis Schu S4.  B) F. tularensis subsp. holarctica LVS.  C) F. tularensis subsp. mediasiatica 
FSC147.  D) F. tularensis subsp. novicida U112. 
 

The evolution of the Francisellacaea is complicated by the discovery of Francisella-like 

endosymbionts (FLEs) of ticks, which have an unknown pathogenicity in humans (54-57).  

While these endosymbionts lack sufficient evidence to be classified as F. tularensis, they are 

similar enough to cross react with many molecular-based methods of detection (58).  Because of 

the potential to misidentify FLEs as F. tularensis, which could impact the diagnosis of tularemia 

A 

B 

C 

D 
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in public heath settings, many have cautioned about the use of PCR assays for the detection of F. 

tularensis (59, 60).  Despite this caution, PCR remains the standard of practice for the detection 

and identification of F. tularensis subspecies (44). 

 

1.3.1 Detection 

The ability to accurately detect and diagnose F. tularensis infection carries significant 

implications in public health and bioterror (2, 7).  Because of the different pathogenic profiles 

and biogeography of the various subspecies of F. tularensis, it is important to be able to 

accurately discriminate among them (2).  Polymerase chain reaction (PCR) has become the 

method of choice for the identification of various pathogens because it is rapid, sensitive and 

highly specific (61-63).  Detection and differentiation of the subspecies of F. tularensis by PCR 

is complicated by the lack of significant variability in their genomes (34, 43).  Various methods 

for the detection of F. tularensis have been reviewed in the last decade, however much more 

work has since been completed on the detection of F. tularensis using PCR (44, 64). 

 

1.3.1.1 Conventional PCR 

Since 2008, research on the use of conventional PCR for the detection of F. tularensis 

has dropped off considerably, with only a handful of publications on the subject.  In alignment 

with an earlier review (64), the gene tul4 was a popular choice to detect all subspecies of F. 

tularensis (65, 66).  Since F. tularensis is a potential agent of bioterrorism, some assays included 

the multiplex detection of other biothreat agents.  One such study developed two multiplex 

assays to detect “Tier 1” select agents; one assay for DNA based organisms (Variola Major, 

Bacillus anthracis, Yersinia pestis, Francisella tularensis, and Varicella zoster virus) and another 
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assay with a reverse transcriptase for RNA based viruses (Ebola virus, Lassa fever virus, Rift 

Valley fever, Hantavirus Sin Nombre and the four serotypes of Dengue virus) (65).  A major 

drawback to these multiplex assays however, is the use of a reporter dye and a colormetric 

detection system, because a positive result is unable to distinguish between the agents.  The 

assay is intended only as a broad screening tool and further testing is required to differentiate 

between the organisms comprising the assay.  Furthermore, since the genome of Variola Major 

(the causative agent of Smallpox) is so highly regulated, testing was completed with a plasmid 

control containing a small segment of the Variola Major genome (65). 

Real-time PCR is known for being efficient and sensitive, but is not ideal for 

multiplexing beyond a 4- or 6-plex reaction because of the limited number of fluorescent 

channels available on most instrument platforms (67, 68).  Researchers have overcome this 

limitation by using modified primers to bind the PCR products of a 15-plex reaction to 

fluorescent beads that can then be analyzed by a flow cytometer for the simultaneous detection 

of 11 pathogens with similar sensitivities to real-time reactions (69).  While effective, flow 

cytometers can be large, difficult to use, and costly.  The Luminex Corporation (Austin, TX) has 

developed a similar, yet easier to use technology in their MAGPIX® system.  Rather than a flow 

cell, the MAGPIX® uses a magnet to capture fluorescently labeled magnetic beads and a CCD 

camera to capture images of up to 50 different analytes (70, 71).  Because of its relatively low 

cost and ease of use, the MAGPIX® may be more ideally suited for integration in clinical labs 

for the simultaneous detection of multiple pathogens (70). 

While it may be useful to detect broad categories of pathogens, because of the virulence 

status of various subspecies of F. tularensis, it is also important to be able to differentiate among 

them as well.  Using the tul4 gene and variations in the pilA gene, researchers were able to 
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differentiate the four subspecies of F. tularensis (66).  Another study used suppression 

subtractive hybridization (SSH) to identify regions of difference between the genomes of Type 

A.I and Type A.II tularensis.  This information was used to create a conventional PCR assay to 

differentiate between Type A.I, Type A.II, Type B, and F. tularensis subsp. novicida isolates 

(72).  Later, this same assay was adapted to a real-time PCR platform (73). 

 

1.3.1.2 Real-time PCR 

Real-time PCR is a popular choice for the detection of F. tularensis because it is 

sensitive, reliable, cost-effective, and eliminates the need for time consuming gels, though this 

time commitment has been significantly reduced with the introduction of rapid dry gels (74).  A 

popular method of real-time PCR incorporates the use of SYBR Green which will fluoresce upon 

binding double stranded DNA.  Thus, the fluorescent signal will increase as PCR progresses and 

more amplicons are synthesized. SYBR green is a popular alternative to other real-time 

technologies because of its relatively low cost (75).  However, it is not ideal for multiplex 

reactions since the dye will bind to all double stranded DNA in the reaction and produce a 

fluorescent signal.  Sellek et al. (75) developed an assay to detect F. tularensis from soil using 

the tul4 gene, previously used in conventional PCR assays (65, 66).  However, the assay was 

only validated with F. tularensis subsp. holarctica and subsp. novicida.  Lacking were 

representatives from the subsp. tularensis and mediasiatica.  Furthermore, positive fluorescent 

signals were obtained from other non-related bacteria.  These were later ruled out as true 

positives after analyzing the PCR products on a gel and finding only primer dimers (75).   

Genome comparisons aided the development of SYBR green assays (76-78).  Woubit et 

al. (78) compared several genomes from the Escherichia, Francisella, Salmonella, Shigella, 
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Vibrio, and Yersinia genera to develop a series of 27 assays to detect and differentiate these 

common food and biothreat pathogens.  With respect to Francisella, the assays were so specific 

that assays intended to detect all subspecies of Francisella were only able to detect the tularensis 

and novicida subspecies (78).   

The propensity of PCR assays to cross-react with environmental, non-pathogenic 

Francisella or other closely related organisms (59) requires the development of more specific 

assays to avoid false positives or incorrect diagnoses.  To solve this problem, results from 

resequencing microarrays were compared to identify SNPs along the phylogeny of F. tularensis 

and build real-time PCR assays capable of differentiating Type A.I, A.II, A.Ia, A.Ib, Type B.I, 

and B.II tularensis (76).  Similarly, another group analyzed publically available whole genome 

sequences to identify defining SNPs and small insertion/deletion elements (INDELs) to design a 

series of 35 assays capable of distinguishing the four subspecies of F. tularensis and the major 

subtypes of Type A and Type B tularensis, including Type A.I, A.II, and B.I, B.II, B.III, B.IV, 

and B.V (77).  Both assays were able to accurately assign isolates to the correct subspecies and 

clade while avoiding any cross-reactivity to near neighbors (although the former includes only 

one novicida strain in the analysis). 

Another method for the real-time detection of F. tularensis is the 5’ nuclease or 

TaqMan® assay.  These assays incorporate fluorescently labeled DNA probes specific to the 

template DNA resulting in even more specific identification than the SYBR Green assays, 

eliminating the need to perform a melt curve analysis.  Strategies for single-plex real-time assays 

for the detection of F. tularensis with TaqMan® assays are varied.  Gene targets include a gene 

for an outer membrane protein, FopA, a single-copy gene for detection and quantification of all 

subspecies of F. tularensis (79), the 16S rRNA gene to detect all subspecies of F. tularensis (80, 
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81), the insertion element ISFtu2, which is unique to Francisella species (82), intergenic regions 

of differentiation to distinguish Type A.I from Type A.II tularensis (73), and SNP-based assays 

to differentiate the species and subspecies of Francisella isolates (83).  Some assays can be used 

in concert with others to detect a wide variety of agents.  These include biothreat agents (80) or 

other organisms with similar disease presentations (81), while others were used solely for the 

differentiation of subspecies and subpopulations of F. tularensis (73, 83).  The advantage of 

using a single-copy gene for detection is the ability to quantify the amount of the agent, which 

can be useful in clinical and diagnostic settings (79).  Conversely, multicopy-genes such as the 

16S rRNA gene and the ISFtu2 gene should achieve lower detection limits, which is ideal given 

the low infectious dose of F. tularensis (6, 80, 82).  A significant drawback of using the 16S 

rRNA gene for detection is that since it is so conserved, there is some cross reactivity with near 

neighbors and other Francisella-like species, requiring further confirmatory analyses (43, 80). 

Multiplex real-time TaqMan® assays incorporate the added convenience of running 

multiple reactions in a single tube using probes labeled with various fluorophores.  However, as 

mentioned previously, multiplexing with TaqMan® assays is generally limited to a 4- or 6 plex 

reaction because of the limited number of fluorescent channels on the instruments (67, 68).  One 

multiplex assay is a 2-plex assay designed from genome comparisons to detect the four 

subspecies of F. tularensis but does not differentiate among them.  Another multiplex assay is 

capable of differentiating the four F. tularensis subspecies with only a 3-plex assay.  This assay 

was developed using both unique and shared genome regions among the subspecies with the 

addition of a scoring matrix (2). 

Since F. tularensis has the potential to be used as a bioweapon, a commercial market has 

arisen for field-ready detection of biothreat agents, including Bacillus anthracis, Francisella 
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tularensis, Yersinia pestsis, Brucella species, and others. A comparison of one such commercial 

instrument, the RAZOR®, (BioFire Defense; previously Idaho Technologies, Salt Lake City, 

UT) and another instrument designed for laboratory use, the Applied Biosystems 7300/7500 

system (Thermo Fisher Scientific, Grand Island, NY) used assays developed for B. anthracis, 

Brucella species, F. tularensis, and Y. pestis, comparing sensitivities and specificities of the two 

platforms.  Results showed that for all agents, the sensitivities were between 10-100 fg of target 

DNA per reaction, and no cross reactivity was observed with other closely related bacteria (84).  

Run time on the RAZOR® was notably shorter than that of the 7300/7500 instrument. 

Another diagnostic tool, the FilmArray® system (BioFire Defense, Salt Lake City, UT), 

uses a lab-in-a-pouch approach to process raw samples and detect 17 biothreat pathogens with an 

array of single-plex real-time PCR assays in about an hour (85).  An evaluation of the Biothreat 

Panel using DNA samples from B. anthracis, F. tularensis, and Y. pestis indicated sensitivities of 

250 genome equivalents or lower and the authors conclude that the system is both sensitive and 

selective (85).  However, since the FilmArray® system is designed to be a complete sample to 

answer system, sensitivities may vary when tested with whole organisms in different matrices 

like blood or serum rather than purified DNA. 

Another evaluation compared the FilmArray® system with TaqMan® Array Cards 

developed for the detection of biothreat agents (86, 87).   Here, researchers tested for B. 

anthracis, F. tularensis, and Y. pestis in the blood of murine infection models.  Results showed 

that blood culture was the most sensitive means of detection followed by the FilmArray and 

Array Cards for B. anthracis, and F. tularensis.  All three methods demonstrated similar 

detection levels for Y. pestis (87).  While blood culture was the most sensitive means of detection 

for two of the three agents tested, it requires much more time for detection compared to the PCR 
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assays.  Each of these methods for detection carries drawbacks and benefits and must be weighed 

appropriately to ensure the best possible outcome. 

 

1.3.1.3 Other PCR assays 

Recently, other PCR-based assays have been developed for the detection of F. tularensis 

and other bacteria.  One such assay involves analyzing PCR products with electrospray 

ionization-mass spectrometry (ESI-MS).  In this technique, the actual base composition of the 

PCR products are identified and compared to a library of sequences for identification rather than 

relying on the fluorescent signal obtained from real-time PCR (88).  This PCR/ESI-MS 

technique has been applied to the wide-spread identification of biothreat agents, respiratory 

pathogens, and other pathogenic bacteria and viruses (88, 89).  Others have used this technology 

specifically for identifying F. tularensis from natural sources (90) and even for typing the 

subspecies of F. tularensis (91). 

Recombinase Polymerase Amplification (RPA) is a PCR-like assay in which 

amplification is carried out at one temperature (isothermal) instead of cycling temperatures as in 

PCR.  Recently, RPA assays have been applied to the detection of F. tularensis and other 

biothreat agents (92-94).  Two of these assays showed comparable sensitivities to real-time PCR 

assays with an instrument run time of about 10 minutes (92, 93).  A third assay using 

electrochemical detection rather than fluorescent probes seemed less sensitive than other assays, 

with detection levels on the order of 104 copies/µL (94).   

Finally, as the cost of sequencing continues to fall, more sequencing-based detection 

assays are being used to detect biological agents such as F. tularensis.  One such assay used a 

pyrosequencing method to sequence the variable region of 16S rDNA to identify and group F. 
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tularensis isolates by subspecies (95).  The results from analyzing the SNPs in 16S rDNA are 

more distinctive than SNP analysis from real-time PCR.  Another sequencing assay was 

multiplexed for the detection and strain typing of B. anthracis, F. tularensis, and Y. pestis by 

interrogating 10 loci per pathogen (96). While sequencing assays provide some promise for the 

rapid detection and classification of F. tularensis, there is a noticeable lack of information on the 

sensitivity or detection limits of these assays.  In the world of clinical diagnostics and 

biodefense, the ability to detect low quantities of F. tularensis and other agents is paramount. 

 

1.4 Evolution 

Numerous studies have been conducted on the evolution of the subspecies of F. 

tularensis to define specific clades and to reveal their evolutionary history.  Before next 

generation whole genome sequencing was widely available, various techniques were used to 

recover the phylogenetic relationships among strains of F. tularensis, such as microarrays (21, 

45), MLVA (20), and sequencing specific genes or other genetic loci (52, 97).  One of the 

earliest of these studies produced a phylogenetic tree in which the subspecies tularensis and 

mediasiatica shared a major clade along with the Japanese isolates of the holarctica subspecies 

(21).  A later analysis provided better resolution, differentiating the tularensis and mediasiatica 

subspecies, and grouping the Japanese isolates of the holarctica subspecies with the other 

holarctia subspecies (20).  These authors also determined that F. tularensis subsp. holarctia 

appears to have recently spread globally from a single geographic origin, while F. tularensis 

subsp tularensis appears to have experienced most of its evolutionary history in North America, 

and may even have originated in the central United States (98).  However, F. tularensis subsp. 

tularensis is now clearly distributed beyond North America into parts of Europe (35). 
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The finding that the subspecies holarctica recently spread from a single origin seems 

likely because of the small amount of genetic diversity within the subspecies, that has been 

identified by a variety of molecular methods (26, 48, 99-101).  However, the precise area of 

origin of the subspecies holarctica is unknown.  Based on phylogenetic analyses, there are two 

competing hypothesis as to its origin: 1) the subspecies holarctica originated in Asia or 2) the 

subspecies holarctica originated in North America before spreading around the Northern 

Hemisphere (102).  There appears to be more evidence for the origination of the subspecies 

holarctica in North America, though this may be due to the lack of Asian isolates for analysis.  

Regardless, it appears that the holarctica subspecies is a highly fit clone that originated from a 

single source and spread throughout the Northern Hemisphere (100, 102).  However, if F. 

tularensis subsp. tularensis originated in North America (20, 98) and the subspecies holarctica is 

descended from the tularensis subspecies (97), then it seems likely that the subspecies holarctica 

may have originated in North America as well.  This hypothesis is supported by the fact that 

sequences of various housekeeping genes and some outer membrane proteins from the 

subspecies tularensis and holarctica align well, while those from the subspecies novicida and 

mediasiatica do not (52). 

It is generally accepted that F. tularensis subsp. novicida is the oldest of the F. tularensis 

subspecies and evidence suggests that F. tularensis subsp. novicida and Francisella philomiragia 

share a common, aquatic ancestor (97, 103, 104).  These two species are generally considered 

non-pathogenic to humans.  However, their association with aquatic sources is further 

substantiated in that documented human infections by these two species have occurred in near-

drowning victims (14, 105).  Furthermore, F. philomiragia contains one copy of the FPI, similar 
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to F. tularensis subsp. novicida while the remaining subspecies of F. tularensis contain 2 copies 

(47, 104). 

Molecular evidence suggests that the four subspecies of F. tularensis have evolved by 

vertical descent (97).  A common method of acquiring genetic variation in bacteria is through 

horizontal gene transfer.  This is well documented in many species of bacteria, and especially in 

the conference of antibiotic resistance (106-109).  However, in the subspecies of F. tularensis, 

genetic variation, including antibiotic resistance seems to have arisen by mutation rather than the 

acquisition of new genes through horizontal gene transfer (110-112).   

An in silico analysis has recently shown that the non human-pathogenic F. tularensis 

subsp. novicida possesses a CRISPER/Cas system to defend against invading genetic elements.  

This finding further supports the hypothesis that mutation is responsible for much of the 

evolution of F. tularensis (113, 114).  Analyses of the other three virulent subspecies of F. 

tularensis (tularensis, holarctica, and mediasiatica), reveal that the genes responsible for the 

CRISPER/Cas system are non-functional (114).  This is somewhat puzzling since deletion of the 

CRISPER/Cas system in other pathogens such as Neisseria meningitidis, Camphylobacter jejuni, 

Legionella pneumophila, and Pseudomonas aeruginosa result in decreased virulence.  It is 

hypothesized that in the case of F. tularensis, other mutations in the genome have compensated 

for the degeneration of the CRISPER/Cas system in the virulent subspecies of F. tularensis 

(115). 

 

1.5 Concluding Remarks 

The genetic diversity of the subspecies of F. tularensis appears to be quite limited.  

Genome comparisons among the subspecies reveal similarities greater than 95% (10, 25).  Many 
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of the differences in the genomes of F. tularensis are large-scale genomic rearrangements and a 

duplication of the pathogenicity island in the tularensis, holarctica, and mediasiatica subspecies 

(34, 47).  However, because the mediasiatica subspecies is so rare, assessments of its true 

genetic diversity must be considered preliminary. 

There are many pros and cons to the various PCR detection methods and the individual 

user’s needs should dictate which method to use.  Conventional PCR is easy and inexpensive but 

is known for being time consuming because of the need to run gels.  However, since the 

introduction of rapid dry gels, the time commitment usually associated with gels has been 

shortened considerably.  Utilizing fast PCR technology in combination with rapid dry gels, it is 

possible to get a result in approximately 50 minutes (74).  In general, conventional PCR has 

fallen out of favor with many researchers.  However, this approach allows for large multiplex 

reactions for the detection of many organisms at once, especially when coupled with another 

detection system such as the MAGPIX® (70, 71). 

Real-time PCR is one of the most popular methods for detection because it is simple, cost 

effective, and sensitive.  SYBR Green assays are inexpensive and accurate and can even be 

multiplexed with the incorporation of a melting curve analysis.  TaqMan® assays are more 

expensive than SYBR Green assays, but carry an additional layer of specificity with the 

sequence of the probe.  Multiplexing with TaqMan® assays is possible, but usually only up to a 

4- or 6-plex because of the limited number of available fluorescent channels on most instruments 

(67, 68).  The limited amount of multiplexing with TaqMan® assays can be overcome by setting 

up an array of single-plex reactions similar to the FilmArray® system (85). 

Many current PCR assays lack the specificity to differentiate between environmental, 

non-pathogenic Francisella and other closely related organisms such as FLEs (58, 59).  Perhaps 
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in these situations, it would be wise to use whole genome sequencing assays for the detection of 

Francisella subspecies (95, 96) 

As whole genome sequencing has become more widely available, genome comparisons 

between the subspecies of F. tularensis are possible and shed further light on the genetic 

diversity and evolution of this pathogen.  It is apparent that the more virulent subspecies of F. 

tularensis have evolved from F. tularensis subsp. novicida primarily by genomic decay, genomic 

rearrangements, and the duplication of the FPI (36).  Many of the interrupted genes 

(pseudogenes) in the virulent subspecies of F. tularensis are metabolic genes, further supporting 

an intracellular life cycle, while other interrupted genes include secreted effector proteins that 

may have led to excessive virulence, furthering the patho-adaption of F. tularensis as an 

intracellular pathogen (10, 106, 116, 117). 
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Chapter 2 A multiplex real-time PCR assay for the detection and differentiation of Francisella 

tularensis subspecies 

 

2.1 Summary 

Francisella tularensis is the etiological agent of tularaemia, a zoonotic disease with 

world-wide prevalence.  F. tularensis is a highly pathogenic organism and has been designated a 

category A biothreat agent by the Centers for Disease Control and Prevention (CDC).  

Tularaemia is endemic in much of the United States, Europe, and parts of Asia.  It is transmitted 

by numerous vectors and vehicles such as deer flies, ticks, and rabbits.  Currently, there are four 

recognized subspecies of F. tularensis:  tularensis (Type A), holarctica (Type B), mediasiatica, 

and novicida.  Within the Type A classification there are two subclassifications, Type A.I and 

A.II, each with a specific geographic distribution across the United States.  Type B tularensis is 

found in both the United States and Europe.   Because of virulence differences among subtypes, 

it is important that health departments, hospitals, and other government agencies be able to 

quickly identify each subtype.  The purpose of this study was to develop a multiplex real-time 

PCR assay for the identification and discrimination of Type A.I, Type A.II, Type B, and novicida 

subspecies of F. tularensis.  The assay was validated using 119 isolates of F. tularensis, 3 of its 

nearest neighbours, and 14 other bacterial pathogens.  This assay proved to be ~98 % successful 

at identifying the known subspecies of F. tularensis, and could prove to be a useful tool in the 

characterization of this important pathogen. 
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2.2 Introduction 

Francisella tularensis is a Gram-negative facultative intracellular bacterial pathogen and 

is the causative agent of the zoonotic disease, tularaemia.  As few as 10 organisms can cause 

disease via the aerosol route (6).  Due to its high infectivity, ease of dissemination and ability to 

cause illness and death, F. tularensis has long been considered a potential bioweapon by Japan, 

the former Soviet Union, and the United States (118).  With the advent of the CDC Select Agent 

Program (a series of rules and regulations governing the possession and transfer of organisms 

that could be used as bioweapons), F. tularensis has been classified as a category A potential 

agent of bioterrorism.  It was estimated by the World Health Organization (WHO) that 50 kg of 

F. tularensis dispersed as an aerosol over a highly populated area of 5 million people would 

result in 250 000 cases of tularaemia with 19 000 deaths (118). 

Francisella tularensis is a member of the γ-subclass of the proteobacteria currently 

consisting of three accepted subspecies: tularensis (Type A), holarctica (Type B), and 

mediasiatica.  The subspecies differ in their geographic distribution as well as virulence (20, 

100).  Much of the scientific literature, including this work, refers to Francisella novicida as a 

fourth subspecies of F. tularensis (97, 100, 102).  Types A and B are most associated with 

human disease with Type A being the more virulent.  The mediasiatica subspecies is more 

commonly found in the Central Asian republics of the former Soviet Union and little is known 

about its ability to cause disease in humans (21).  The novicida subspecies is more associated 

with water and rarely causes human disease (119).  The natural reservoir of F. tularensis remains 

largely unknown; though there is growing evidence that amoeba may play an important role in 

harboring the bacterium (120-122). 
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The genome of F. tularensis is highly conserved among the four subspecies.  The 16S 

rRNA genes exhibit 98.5 % to 99.9 % similarity (43).  Even with this high degree of sequence 

similarity, each of the subspecies demonstrates notable differences in virulence.  Within the Type 

A tularensis, multi-locus variable-number tandem repeat analysis (MLVA) revealed a 

subdivision: Type A.I and Type A.II (20).  An apparent geographical separation exists between 

these two subtypes.  Type A.I isolates are primarily found in the Central and Eastern portions of 

the United States, while Type A.II isolates are generally found in the Western portion (19).  

Molins-Schneekloth et al.(72), using suppression subtractive hybridization (SSH), have 

successfully identified genetic markers used for the differentiation of Type A.I and A.II 

tularensis isolates. 

Many molecular methods have been used for the identification of F. tularensis such as 

Pulsed Field Gel Electrophoresis (PFGE), amplified fragment length polymorphism 

fingerprinting (AFLP), 16S rRNA gene sequencing (123), RFLP (30), MLVA (20, 102), and 

PCR (59, 124-126).  Many of these techniques can be labour intensive and cumbersome to 

perform, especially on a large number of samples.  The previous PCR assays developed lack the 

convenience of real-time detection and are not performed in multiplex.  Since tularaemia is 

endemic in many areas of the United States, and the potential exists for F. tularensis to be used 

as a bioweapon, rapid techniques are necessary to aid in the accurate identification and 

differentiation of F. tularensis subtypes.  The goal of this study was to develop a multiplex real-

time PCR assay for the rapid identification of F. tularensis isolates relevant to the subspecies 

commonly found in the United States and Europe.   
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2.3 Methods 

2.3.1 Bacterial strains and culture conditions 

The isolates used in this study are a part of a select agent archive housed at Brigham 

Young University and maintained by Dr. Richard Robison.  The collection largely consists of 

isolates obtained from the State Health Departments of Utah and New Mexico over the past two 

decades.  All F. tularensis isolates were grown on modified Mueller Hinton agar 

(MMHA)(Becton Dickinson and Company) for 3-4 days with 5 % CO2 at 35 ºC.  MMHA was 

prepared by autoclaving the Mueller Hinton base, which was chocolatized by adding 5 % sheep 

blood while the medium was approximately 80 °C.  After the medium cooled to 50 °C, 10 mL of 

10 % glucose and 20 mL of IsoVitaleX were added to 1 L.  For near neighbours, genomic DNA 

was obtained from the Critical Reagents Program (CRP) 

(www.jpeocbd.osd.mil/packs/Default.aspx?pg=1205). 

 

2.3.2 Preparation of DNA 

Total genomic DNA was extracted from each isolate using the MagNA Pure System 

(Roche) and the MagNA Pure LC DNA Isolation Kit III (Roche) according to the manufactures 

directions.  Briefly, cells grown on MMHA agar were suspended in 250 μL of Tris/EDTA buffer 

[10 mM Tris/HCl (pH 8.0), 1 mM EDTA] (TE buffer) containing 1.8 μg lysozyme μL-1 and 

incubated for 1 h at 37 °C.  To this tube, 270 μL of bacterial lysis buffer and 100 μL of 

proteinase K were added and the tube was incubated for 10 min at 65 °C.  Samples were then 

incubated in boiling water for 10 min to inactivate pathogens.  DNA was eluted in a total volume 

of 100 µL.  DNA concentration was measured using a PicoGreen assay (Invitrogen) and TBS-
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380 fluorometer (Turner Biosystems ).  For optimization purposes, DNA stock solutions were 

diluted to a concentration of approximately 50 ng µL-1. 

 

2.3.3 Primer and probe design 

Whole genome sequences of F. tularensis subspecies holarctica strains OSU18 

(accession number CP000437), LVS (AM233362), and FTNF002-00 (CP000803), subspecies 

novicida strain U112 (CP000439), subspecies tularensis strains WY96-3418 (CP000608), 

FSC198 (AM286280), and Schu S4 (AJ749949), and subspecies mediasiatica strain FSC147 

(CP000915) were obtained from GenBank (www.ncbi.nlm.nih.gov/genbank/) (Table 1).  These 

genomes were aligned to each other using the genome alignment tool Mauve (53).  With the 

holarctica genomes set as the reference sequences, the genomes were analyzed for regions of 

non-homology (Figure. S1).  The process was repeated with each of the other genomes set as the 

reference and analyzed.  Only in the holarctia (nucleotides 800268-800721 of the FTNF002-00 

strain) and novicida (nucleotides 1579889-1580210 of the U112 strain) genomes were unique 

regions identified using this method.   

Table 1 F. tularensis genome sequences analyzed 
Subspecies Other designation Type Accession # Reference 
holarctica FTNF002-00 B CP000803 Barabote et al., 2009 
tularensis WY96-3418 A.II CP000608 Beckstrom-Sternberg et al., 2007 
tularensis FSC198 A AM286280 Chaudhuri et al., 2007 
novicida U112  CP000439 Rohmer et al., 2007 
holarctica OSU18 B CP000437 Petrosino et al., 2006 
holarctica LVS B AM233362 Unpublished 
tularensis Schu S4 A.I AF749949 Larsson et al., 2005 
mediasiatica FSC147   CP000915 Larsson et al., 2009 

 

For the A.I and A.II subtypes, the RD8 (A.I) and RD5 (A.II) regions described in Molins-

Schneekloth et al. (72) were selected for Taqman probe design.  Putative sequences were then 
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checked against known sequences in the NCBI database by using the BLAST engine (BLASTn) 

to confirm uniqueness.  Once sequences were determined to be unique, primers and MGB 

Taqman probes (Table 2) were designed using Primer Express version 3.0 from Applied 

Biosystems (Foster City, CA).  Primers and probes were also obtained from Applied Biosystems. 

Table 2 Primer and probe sequences 
Assay Primer/Probe Sequence (5’ → 3’)  Start Position 5’ 

tularensis A.I Forward AGCTTATGCATCGAGTTGAGGTATT  100,855 (Schu S4) 

 Reverse AAAGCTGGCGATCCAAGGT  100,921 (Schu S4) 

 Probe 6FAM-ATGATAGATCCTTGGCTTGA-MGBNFQ  100,881 (Schu S4) 

tularensis A.II Forward CGAGATTTTGTCCACGCTTCT  427,942 (WY96-3418) 

 Reverse TTTGCGCCAAGACCAGAGT  428,002 (WY96-3418) 

 Probe VIC-AAACTTAGTCAAAGGTCG-MGBNFQ  427,964 (WY96-3418) 

holarctica Forward TTGCCTATCCAATACTCCGAGTTAG  800,609 (LVS) 

 Reverse CAAGCGCCTGGCTTTGATAA  800,670 (LVS) 

 Probe TET-CTCTGGCCAGTTATT-MGBNFQ  800,635 (LVS) 

novicida Forward TCAATGTTGCTAAAGTCTCTGGAGTT  1,580,042 (U112) 

 Reverse AATGATGGTAATAAAAGAAGTGGAGCTT  1,580,141 (U112) 

 Probe NED-TGTAAAAGCCATATAAAGGC-MGBNFQ  1,580,092 (U112) 

MGBNFQ - Minor Grove Binding, Non-Fluorescent Quencher   

 

2.3.4 PCR cycling conditions 

Real-time PCR assays were performed on an ABI 7900 using Taqman Universal Master 

Mix with UNG (Applied Biosystems, cat#4304437).  Total reaction volume was 25 µL as 

recommended by the manufacturer.  Individual assay conditions were are follows: 500 nM 

forward primer, 500 nM reverse primer, 250 nM probe, 20 ng target DNA, and PCR-grade H20 

(Quality Biological) to 25 µL.  Thermal cycling conditions for individual reactions were 2 min at 

50 °C, 10 min at 95 °C, followed by 40 cycles of 15 sec at 95 °C, and 60 sec at 60 °C.  The 

multiplex assay consisted of the tularensis A.I, tularensis A.II, and holarctica primer probe sets.  

Conditions for the multiplex reaction were as follows:  250 nM of each forward primer, 250 nM 

of each reverse primer and 125 nM of each probe.  Thermal cycling conditions for the multiplex 
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assay were 2 min at 50 °C, 10 min at 95 °C, followed by 40 cycles of 15 sec at 95 °C and 60 sec 

at 58 °C.  A positive signal was determined by the crossing of a fluorescence threshold of 0.2 

before cycle 40.  Data analysis was performed using SDS v2.3 (Applied Biosystems).  All tests 

were performed in at least triplicate to ensure reproducibility. 

While a novicida specific primer probe set was initially designed and tested singularly, it 

was later determined that it could be omitted from the multiplex reaction.  Rather than use all 

four assays in the multiplex reaction, shared genomic markers among the subspecies allowed a 

scoring matrix (Table 3) to be used to differentiate the subspecies using only three of the assays. 

Table 3 Scoring matrix for triplex assay 
Ft Type A.I assay A.II assay holarctica assay 
Ft A.I Positive Negative Negative 
Ft A.II Negative Positive Negative 

Ft holarctica Positive Positive Positive 
Ft novicida Positive Positive Negative 

Ft - Francisella tularensis 

 

2.3.5 MLVA analysis 

Multi-locus variable-number tandem repeat analysis was performed as described 

previously (20, 102).  Briefly, the 11 marker MLVA was set up in five PCR mixes.  Mix 1A 

contained three labeled primers, mix 1B contained one labeled primer, mix 2 contained 3 labeled 

primers, mix 3A contained three labeled primers, and mix 3B contained one labeled primer.  

After PCR amplification of the targets, mixes 1A and 1B were combined with water in a final 

ratio of 2:1:97 respectively, to produce mix 1.  PCR products of mix 2 were diluted with water in 

a final ratio of 1:49.  The PCR products of mix 3A and 3B were diluted with water in a final ratio 

of 2:1:97 to produce mix 3.  The resulting three mixes were subjected to capillary electrophoresis 

on a 16 capillary 3130xl (Applied Biosystems).  Each sample was run with 2.25 µL per well 

MapMarker 1000 (Bioventures) as a nucleic acid size standard.  Resulting peaks (Figure. S2) 
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were compared to a MLVA database kindly provided by Paul Keim for subspecies identification.  

Positive identifications were called if a minimum of 8 of 11 peaks were present with at least one 

uniquely identifying peak to distinguish the isolate from others.   

 

2.4 Results 

The goal of this work was to address some of the shortfalls of previous PCR assays for F. 

tularensis and develop a multiplex real-time PCR assay useful for the rapid identification and 

characterization of F. tularensis isolates commonly found in the United States and Europe.  

Markers unique to each of the F. tularensis subspecies could not be identified by us or others 

(72).  Molins-Schneekloth et al. (72) identified a genetic marker that was unique to type A.I 

tularensis, subspecies holarctica and subspecies novicida, and another marker unique to type 

A.II tularensis, subspecies holarctica and subspecies novicida.  Based on these differences we 

found it more reasonable and economical to use a multiplex assay with a scoring matrix to type 

the four different types of F. tularensis (Table 3).   

The development of this real-time PCR assay has broad application across the fields of 

medical surveillance and CDC select agent detection.  The different types and subspecies of F. 

tularensis differ not only in their capacity to cause disease but in their geographic distribution as 

well (100).   

 

2.4.1 Assay validation 

For the validation of the multiplex PCR assay, results from 119 Francisella isolates were 

compared to other PCR assays (126) and the MLVA data from this study (Table S1).  On 32 

(~27 %) of the isolates, insufficient MLVA data was obtained for an identification.  The 
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experiment was repeated 3 times with the same result.  Even the U112 strain, which is widely 

known to be a novicida isolate, was inconclusive using the MLVA technique.  This illustrates the 

need for additional typing methodologies. 

Of the 87 isolates for which the MLVA was successful, 85 (~98 %) isolates had the same 

subspecies identification as the multiplexed PCR assay.  The assay was also tested against 3 near 

neighbours, Wolbachia persica, Francisella philomiragia 25015, and F. philomiragia 25016; 

each with a negative result.  The assay also showed no cross-reactivity with other laboratory 

species (Table 4). 

Table 4 Other isolates tested 
Brucella abortus 
Burkholderia pseudomallei 
Clostridium botulinum 
Escherichia coli 
Francisella philomiragia 
Mycobacterium avium 
Mycobacterium tuberculosis 
Mycobacterium ulcerans 
Pasteurella multocida 
Salmonella choleraesuis 
Shigella dysenteriae 
Staphlococcus aureus 
Streptococcus pneumoniae 
Streptococcus pyogenes 
Wolbachia persica 
Yersinia pestis 

 

Multiplex PCR results for isolates 70000907 and 6168 did not match up with the MLVA 

data.  While the multiplexed PCR assay categorized isolate 70000907 as novicida, the MLVA 

analysis grouped it as type A.I.  This is consistent with another PCR assay (126), which 

classified this isolate simply as Type A.  The multiplex PCR data classified isolate 6168 as Type 

B while both the MLVA and the Kugeler et al., (126) PCR assay classified it as novicida.  The 
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reasons for these discrepancies are not immediately clear but may be due to genomic 

rearrangement.  These discrepancies are a focus of ongoing research. 

 

2.4.2 Assay sensitivity 

Serial tenfold dilutions of genomic F. tularensis DNA were assayed to estimate the 

detection limits when used in singleplex and multiplex reactions.  In singleplex reactions, the 

Type A.II tularensis was the most sensitive at 25 fg.  Type A.I, Type B and novicida subspecies 

all had the same detection limit at 250 fg (Figure. S3).  Assuming a genome weight of 2.2 fg, 

limits of detection were ~11 organisms for the Type A.II, and ~114 organisms for the Type A.I, 

Type B and novicida assays.  In the multiplex reactions, limits of detection were reduced by one 

log10 step; the Types A.I, A.II and novicida all had limits of detection at 250 fg while Type B 

was at 2.5 pg (Figure. 3).  Again, with a genome weight of 2.2 fg, this translates to ~114 

organisms for the Type A.I, Type A.II and novicida assays, and ~1 136 organisms for the Type B 

assay.  Each of the assays were run in triplicate with identical results. 

2.4.3 Characterization of isolates 

We used this multiplex assay to characterize F. tularensis isolates, the majority of which 

were natural isolates from Utah and New Mexico.  Of all the isolates tested (Table S1) 5.0 % 

were F. tularensis Type A.I, 76.5 % were F. tularensis Type A.II, 6.7 % were identified as F. 

tularensis Type B, and 11.8 % were identified as F. tularensis subspecies novicida.   
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(a) 

(b) 

(c) 

(d) 



34 
 

Figure 3 Sensitivities of multiplex assays 
Tenfold serial dilutions of F. tularensis chromosomal DNA were tested to determine individual assay 
sensitivities.  (a) Type A.I, (b) Type A.II, (c) Type B, (d) novicida (analysed using the A.II detector).  No 
Template Control (NTC) samples were negative for each sample processed.  Calculated PCR efficiencies 
(a) 81.6%, (b) 92.0%, (c) 89.7% (d) 86.7%. 
 
 

2.5 Discussion 

Many PCR assays for F. tularensis and its subspecies have been developed.  An assay developed 

by Broekhuijsen et al., (21) is capable of discriminating the four subspecies of F. tularensis.  

However, it does not have the convenience of real-time detection and necessitates running the 

products on a gel to visualize amplicons up to 3 kilobases in length.  Furthermore, the assay is 

not multiplexed nor can it discriminate between Type A.I and Type A.II tularensis.  Kugeler et 

al. (126) developed a real-time PCR assay for F. tularensis that was able to distinguish Type A 

from Type B tularensis, but it could not differentiate Type A.I from Type A.II, nor could it 

identify the novicida subspecies.  Finally, Molins-Schneekloth et al. (72) were able to develop a 

multiplex PCR assay that could differentiate Type A.I tularensis from Type A.II, but the assay 

was not real-time, nor could it differentiate among Type B tularensis or the novicida subspecies. 

This work describes the first multiplexed, real-time PCR assay for the characterization of the 

major types of F. tularensis found in the United States and around the world: Type A.I, Type 

A.II, Type B, and subspecies novicida.   Since type A.I tularensis is usually found on the East 

Coast of the United States, an outbreak of type A.I on the West Coast could be an indication of 

an intentional release.  This multiplex assay could help law enforcement agencies to identify 

possible bioterrorism events as well as guide the administration of therapeutics by health 

officials. 

A major hurdle for creating Francisella tularensis PCR assays specific for subspecies is that 

their genomes are highly similar.  The 16S rRNA genes which are typically used for 



35 
 

identification of microorganisms exhibit 98.5% to 99.9% similarity across all subspecies which 

equates to 2 to 23 nucleotides difference (43).  A recent study further highlighted the similarities 

of F. tularensis subspecies.  Their results show that a pairwise alignment of sequenced draft 

genomes of low and high virulence subspecies exhibited over 95 % similarity (25).  Using 

various regions of difference identified by SSH (72) and comparative genomic data using Mauve 

software (53), we were able to identify genomic regions conducive to the creation of real-time 

PCR assays.   

To validate the assays, we tested them against other laboratory strains (Table 4) in addition to 

two near-neighbours from the same genus: F. philomiragia as well as the nearest neighbour of F. 

tularensis, Wolbachia persica (43).  The results showed no cross-reactivity among these other 

species, demonstrating that the identified regions were unique to the subspecies of F. tularensis. 

Furthermore, the subspecies identification based on the scoring matrix (Table 3) show a 

successful identification of ~98 % of the isolates, compared to the MLVA data.  This 

discrepancy was not an artifact of the multiplex assay, as it was also seen in the singleplex 

reaction.  Despite these slight differences, we believe that this multiplex assay remains a 

powerful, rapid, presumptive screening test for the subspecies of F. tularensis.  In addition, this 

work further underscores the need for multiple identification assays to definitively identify these 

closely related subspecies. 

In singleplex reactions, we demonstrated a sensitivity based on serial 10-fold dilutions of stock 

DNA of 11 organisms for the Type A.II, and 114 organisms for the Type A.I, Type B, and 

novicida assays.  These sensitivities are within an order of magnitude of other published, real-

time F. tularensis PCR assays (125, 126).  In the triplex reactions, the Type A.I, Type A.II, and 

novicida assays yielded a sensitivity of 114 organisms and 1 136 organisms for the Type B 
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reaction.  The sensitivities remained the same for the Type A.I and novicida assays with an order 

of magnitude decrease in sensitivity for the Type A.II and Type B assays.  Another multiplex 

real-time PCR assay for F. tularensis demonstrated sensitivities as low as 0.5 genome 

equivalents (127).  This increased sensitivity may be explained by two factors: 1) the assay 

targeted the 16S rDNA, of which multiple copies are present in the genome and 2) the multiplex 

assays only included two assays thus reducing the chance of competitive PCR problems.  When 

Tomaso et al. (127) included three assays in their multiplex assay, no amplification curves were 

observed.    

In larger multiplex reactions, it is not uncommon to see a decrease in sensitivity.  In a quadruplex 

real-time PCR assay for Yesinia pestis, Stewart et al. (128) saw a 10 fold decrease in the 

sensitivity when their assay was moved from singlplex to quadruplex: from 150 pg to 1.5 ng.  

The results for our triplex assay are similar to these results showing a ten-fold decrease in 

sensitivity for two of the assays when used in a multiplex format: from 114 organisms to 1 136 

organisms.   

This multiplex assay was used to characterize a large collection of F. tularensis isolates.  Many 

of the natural isolates were obtained from the Utah and New Mexico Departments of Health.  

Some standard laboratory strains of F. tularensis, such as Schu S4, LVS, U112 and other 

novicida variants were included for reference.  The characterization including all isolates except 

the standard strains and novicida variants returned 104 isolates characterized.  Of those, the vast 

majority (91 isolates or ~88 %) were identified as Type A.II.  Four isolates (~3.8 %) were 

identified as Type A.I, seven isolates (~6.7 %) were identified as Type B, and one isolate (~0.9 

%) was identified as novicida.  This one isolate identified as novicida however is likely a 
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misidentification because another PCR assay (Kugler et al., 2006) as well as the MLVA data 

identified it as Type A.   

It is not surprising that the vast majority of the tested isolates were Type A.II since most of the 

isolates used in this study were obtained from the Utah and New Mexico Departments of Health.  

This distribution of isolates is consistent with previous data (19, 100) suggesting that Type A.II 

tularensis is predominant in the western United Sates and that Type A.I tularensis is 

predominantly found in the eastern United States. 

F. tularensis is classified as a Category A select agent by the CDC.  Due to its potential use as a 

bioterrorism weapon, its endemic status in various locations around the world, and differences in 

virulence among the various types of tularensis, it is important that government agencies, health 

departments, and hospitals be able to rapidly identify each subtype.  The assay presented in this 

work is a rapid, single-tube, multiplex, real-time PCR assay that can be used to quickly screen 

individual samples or adapted for high-throughput applications in either 96- or 384-well formats.  

We believe that this assay will be an invaluable tool in the presumptive identification and 

characterization of F. tularensis isolates during outbreaks of disease or possible bioterrorism 

events. 
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Chapter 3 Natural selection in virulence genes of Francisella tularensis 

 

3.1 Abstract  

A fundamental tenet of evolution is that alleles that are under negative selection are often 

deleterious and confer no evolutionary advantage.  Negatively selected alleles are removed from 

the gene pool and are eventually extinguished from the population.  Conversely, alleles under 

positive selection do confer an evolutionary advantage and lead to an increase in the overall 

fitness of the organism.  These alleles increase in frequency until they eventually become fixed 

in the population.  Francisella tularensis is a zoonotic pathogen and a potential biothreat agent.  

The most virulent type of F. tularensis, Type A, is distributed across North America with Type 

A.I occurring mainly in the east and Type A.II appearing mainly in the west.  F. tularensis is 

thought to contain a genome in decay (losing genes) because of the relatively large number of 

pseudogenes present in its genome.  We hypothesized that the observed frequency of gene 

loss/pseudogenes may be an artifact of evolution in response to a changing environment, and that 

genes involved in virulence should be under strong positive selection.  To test this hypothesis we 

sequenced and compared whole genomes of Type A.I and A.II isolates.  We analyzed a subset of 

virulence and housekeeping genes from several F. tularensis subspecies genomes to ascertain the 

presence and extent of positive selection.  Eleven previously identified virulence genes were 

randomly chosen and screened for positive selection along with 10 randomly chosen 

housekeeping genes.  Analyses of selection yielded one housekeeping gene and 7 virulence 

genes which showed significant evidence of positive selection at loci implicated in cell surface 

structures and membrane proteins, metabolism and biosynthesis, transcription, translation and 

cell separation, and substrate binding and transport.  Our results suggest that while the loss of 
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functional genes through disuse could be accelerated by negative selection, the genome decay in 

Francisella could also be the byproduct of adaptive evolution, as evidenced by several of its 

virulence genes which are undergoing strong, positive selection. 

 

3.2 Introduction 

Francisella tularensis is a Gram-negative facultative intracellular pathogen and is the 

causative agent of the zoonotic disease, tularemia (rabbit fever).  While many mammals are 

susceptible to the disease, they are not known to act as environmental reservoirs (129).  

Arthropods such as ticks and deer flies are likely the primary vectors in the spread of tularemia, 

with human infection usually resulting from the bite of an insect or inhalation of aerosolized 

bacteria (27, 130).  While there are no confirmed reservoirs for F. tularensis, it has been 

demonstrated that some strains cause the rapid encystment of Acanthamoeba castellanii and are 

able to survive within these amoeba cysts for up to three weeks, thus increasing the 

environmental persistence of the bacteria (122, 129). 

F. tularensis is highly virulent with an infectious dose of around 10 organisms (6).  

Because of its highly infectious nature, F. tularensis has, in the past, been characterized as a 

bioweapon by many nations (118).  The Centers for Disease Control and Prevention (CDC) has 

classified F. tularensis as a Tier 1 potential agent of bioterrorism.  While there is a vaccine for 

tularemia, it is still classified as an investigational new drug (IND) and is only available for high 

risk personnel such as the military and certain laboratory workers (131).  In order to develop a 

licensed vaccine, it is imperative that the virulence mechanisms of F. tularensis be investigated 

and understood. 
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There are currently three recognized species within the Francisella genus:  F. tularensis, 

F. philomiragia, and F. novicida.  It has been suggested that F. novicida be reclassified as a 

subspecies of F. tularensis, and much of the scientific literature, including Bergey’s manual of 

Systemic Bacteriology, already reflects this change (2, 97, 100, 130, 132).  Excluding F. 

novicida, there are three recognized subspecies of F. tularensis:  tularensis, holarctica, and 

mediasiatica.  Two of the subspecies of Francisella tularensis are often abbreviated simply as 

Type A (tularensis) and Type B (holarctica).  Furthermore, Type A tularensis has been further 

divided into A.I and A.II types based on geographic distribution and genome architecture (20).  

Type A tularensis is generally found in North America with Type A.I dominating the central and 

eastern portions of the continent while Type A.II is typically found in the western United States 

(19).  Type B tularensis (or holarctica) exhibits a worldwide prevalence, while the mediasiatica 

subspecies appears to be confined to the central Asian republics of the former Soviet Union (20, 

133) (Table 5).  The phylogenetic relationships of these subspecies are shown in Figure 4.  Type 

A tularensis is the most virulent subspecies of F. tularensis (23, 24). 

Table 5 Subspecies of F. tularesnsis and their worldwide distribution 
Subspecies Type Distribution 
tularensis A.I Eastern United States 
tularensis A.II Western United States 
holarctica B North America, Eruope, Japan 
mediasiatica N/A Central Asain Republics 
novicida N/A Worldwide 
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Figure 4 Maximum likelihood tree inferring the phylogenetic relationships of the F. tularensis subspecies 
Tree was constructed by concatenating 10 housekeeping genes (recA, gyrB, groEL, dnaK, rpoA1, rpoB, 
rpoD, rpoH, fopA, and sdhA) followed by alignment with Clustal W and generation of the tree with 
MEGA 5.2.  Taxa names use the shorthand described in Table 2. 
 

Virulence genes are those whose products contribute to an organism’s ability to infect 

and colonize a host.  Virulence genes are often located within mobile genetic elements such as 

plasmids, transposons, bacteriophages and pathogenicity islands, which enhance genetic 

diversity through the exchange with other bacteria (134).  F. tularensis possesses a pathogenicity 

island of about 30 kb in length consisting of 17 open reading frames flanked by inverted repeat 

sequences (47).  The Francisella Pathogenicity Island (FPI) has been shown to be required for 

intra-macrophage growth (46), phagosome escape and general virulence of F. tularensis (135).  

The subspecies novicida is most similar to the ancestral lineage of the F. tularensis subspecies 
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and contains only one copy of the FPI while the other more pathogenic subspecies contain two 

copies of the FPI (47).  It should be noted that the inverted repeats flanking the FPI provide a 

direct means for this duplication to take place.   

Despite the varied mechanisms for sharing genes among bacteria, molecular evidence 

suggests that the four subspecies of F. tularensis have evolved and acquired virulence genes by 

vertical descent rather than by horizontal gene transfer (97).  A whole genome analysis of 

horizontal gene transfer (HGT) in F. tularensis identified 30 candidate genes as having been 

acquired through HGT (136), but none of them were putative virulence genes.  Genetic variation 

in the subspecies of F. tularensis seems to have arisen by mutation rather than HGT (110-112).  

Furthermore, the subspecies novicida has been shown to possess a CRISPER/Cas system to 

defend against invading genetic elements, further supporting the notion that mutation and 

selection are the driving factors of evolution in F. tularensis virulence rather than the acquisition 

of mobile genetic elements by HGT (113, 114). 

Whole genome comparisons between pathogenic and non-pathogenic subspecies of F. 

tularensis revealed that the pathogenic subspecies evolved from the non-pathogenic subspecies 

by mechanisms of genomic rearrangements, point mutations and small indels (36).  The many 

pseudogenes present in the F. tularensis genome suggest that it is a genome in decay (137).  

While these pseudogenes may have arisen via negative selection through disuse, it is also 

possible that this evidence of decay is a byproduct of an adaptive response to a changing 

environment (138, 139) or even the evolution of avirulence (140, 141).  Alternatively, we 

hypothesize that in addition to genome decay through the creation of pseudogenes, positive 

natural selection is also a driving force in the continued evolution of virulence of this important 

pathogen. 
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3.3 Materials and Methods 

3.3.1 Bacterial strains and culture conditions 

The isolates used in this study (Table 6) are a part of a select agent archive housed at the 

special pathogens laboratory at Brigham Young University (Provo, UT).  The collection largely 

consists of isolates obtained from the State Health Departments of Utah and New Mexico over 

the past two decades.  All F. tularensis isolates were grown on modified Mueller Hinton agar 

(MMHA) (Becton Dickinson and Company, Franklin Lakes, New Jersey, USA) for 3-4 days 

with 5 % CO2 at 35 °C.  MMHA was prepared by autoclaving the Mueller Hinton base, which 

was chocolatized by adding 5 % sheep blood while the medium was approximately 80 °C.  After 

the medium cooled to 50 °C, 10 mL of 10 % glucose and 20 mL of IsoVitaleX (Becton 

Dickinson and Company) were added to 1 L. 

3.3.2 Genome sequencing and annotation 

Total genomic DNA was extracted from each isolate using the MagNA Pure System 

(Roche) and the MagNA Pure LC DNA Isolation Kit III (Roche) according to the manufacturer’s 

directions.  Briefly, cells grown on MMHA agar were suspended in 250 μL of TE buffer 

containing 1.8 μg/μL lysozyme and incubated for 1 h at 37 °C.  To this tube, 270 μL of bacterial 

lysis buffer and 100 μL of proteinase K were added and the tube was incubated for 10 min at 65 

°C.  Samples were then incubated in boiling water for 10 min to inactivate pathogens.  DNA was 

eluted in a total volume of 100 µL.  DNA concentration was measured using a PicoGreen assay 

(Invitrogen) and TBS-380 fluorometer (Turner Biosystems).  Prior to genome sequencing, 

isolates were typed using the multiplex PCR assay as described previously (2).  Four Type A.I 

and six Type A.II strains were selected for sequencing in order to maximize the available 
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geographic and genetic diversity.  Whole genome shotgun sequencing was accomplished using 

the Roche/454 

Table 6 Genomes used for analysis of selection 
Genome Shorthand Type Reference Isolated from 

F. tularensis subsp. tularensis 70001275 tul_FT_01 A.II This work Utah, US 

F. tularensis subsp. tularensis 70102010 tul_FT_02 A.II This work Utah, US 

F. tularensis subsp. tularensis 80700103 tul_FT_03 A.II This work Utah, US 

F. tularensis subsp. tularensis 831 tul_FT_05 A.II This work New Mexico, US 

F. tularensis subsp. tularensis AS_713 tul_FT_06 A.II This work New Mexico, US 

F. tularensis subsp. tularensis 3571 tul_FT_07 A.II This work New Mexico, US 

F. tularensis subsp. tularensis 1378 tul_FT_08 A.I This work New Mexico, US 

F. tularensis subsp. tularensis 80700075 tul_FT_09 A.I This work Utah, US 

F. tularensis subsp. tularensis 79201237 tul_FT_10 A.I This work Utah, US 

F. tularensis subsp. tularensis 80700069 tul_FT_11 A.I This work Utah, US 

F. tularensis subsp. tularensis SCHU S4 tul_SchuS4 A.I Larsson et al. 2005 Ohio, US 

F. tularensis subsp. tularensis WY96-3418 tul_WY96_3418 A.II Beckstrom-Sternberg et al. 2007 Wyoming, US 

F. tularensis subsp. tularensis FSC198 tul_FSC198 A.I Chaudhuri et al. 2007 Slovakia 

F. tularensis subsp. tularensis NE061598 tul_NE061598 A.I Nalbantoglu et al. 2010 Nebraska, US 

F. tularensis subsp. tularensis TI0902 tul_TI0902 A.I Modise et al. 2012 Virginia, US 

F. tularensis subsp. tularensis TIGB03 tul_TIGB03 A.I Modise et al. 2012 Virginia, US 

F. tularensis subsp. holarctica F92 hol_F92 B Antwerpen et al. 2013 Germany 

F. tularensis subsp. holarctica FSC200 hol_FSC200 B Svensson et al. 2013 Sweden 

F. tularensis subsp. holarctica FTNF002_00 hol_FTNF002_00 B Barabote et al. 2009 Spain 

F. tularensis subsp. holarctica LVS hol_LVS B Unpublished Russia 

F. tularensis subsp. holarctica OSU18 hol_OSU18 B Petrosino et al. 2006 Oklahoma, US 

F. tularensis subsp. mediasiatica FSC147 med_FSC147 N/A Champion et al. 2009 Kazakhstan 

 

GS FLX Pyrosequencer (Roche) and the Titanium® chemistry according to the manufacturer’s 

recommendations.  Raw sequencing reads were aligned to reference sequences using Newbler 

version 2.6.  The reference sequence for A.I strains was SCHU S4 (GenBank accession number 

AJ749949.2), while WY96-3418 (NC_009257.1) was used for A.II strains.  Aligned shotgun 

sequences were annotated using the Prokaryotic Genome Automatic Annotation Pipeline 

(PGAAP) (142).   
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3.3.3 Analysis of selection 

A total of 22 taxa were included in the analysis of selection; the 10 new F. tularensis 

subspecies tularensis genomes described in this work, and 12 other F. tularensis genomes of the 

tularensis, holarctica, and mediasiatica subspecies retrieved from GenBank (Table 6).   

In addition to 5 Type IV pilus genes which are known virulence factors of F. tularensis, 

89 other previously identified virulence genes (143) were analyzed for positive selection.  In 

total, 94 virulence genes were extracted from the genomes of the 22 taxa in Table 6 for analysis.  

While the taxa used in this work were isolated from various geographical locations (Table 6), the 

genes selected for analysis are common to all the isolates.  Individual genes were aligned with 

ClustalW (144) using the default parameters.  A hierarchical likelihood ratio test was performed 

on the aligned sequences to determine which model of evolution best fit the data (AIC) (145) 

using MEGA v. 5.2 (146).  MEGA v. 5.2 was also used to generate phylogenetic trees via 

maximum likelihood assuming the previously identified best-fit substitution model (146). 

Maximum likelihood computations of dN and dS were conducted using HyPhy (147-151).  

After analyses of selection with HyPhy, 11 genes were arbitrarily selected for further 

analysis using TreeSAAP version 3.2 (152), which measures selection based on 31 

physiochemical properties of amino acids.  TreeSAAP compares aligned sequences in the 

context of the specified phylogenetic topology, codon by codon, to infer amino acid replacement 

events.  Results were divided into one of eight categories based on the magnitude of the change:  

categories 1-3 indicate a conservative change, categories 4-6 represent moderate change, while 

categories 7-8 represent more drastic changes and indicate positive selection.  Only genes that 
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returned changes in categories 7-8 were examined further.  A z-score was calculated by 

TreeSAAP for each of the 31 physiochemical properties.  Drastic changes (categories 7-8) with a 

z-score of p < 0.001 were determined to indicate statistically significant positive selection.  To 

summarize, we explored 94 virulence-associated genes.  Of those, 64 were indicated by HyPhy 

analysis to be under positive selection, though the results were not statistically significant.  From 

the 64 genes that showed some evidence of positive selection, we arbitrarily chose 11 for 

subsequent TreeSAAP analysis.  To better visualize the evolutionary changes in the proteins, 

secondary structures of the proteins were predicted using the PSIPRED secondary structure 

prediction (http://bioinf.cs.ucl.ac.uk/psipred/) (153). 

 

3.4 Results and Discussion 

3.4.1 Genome sequencing and annotation 

Of the 10 novel genomes sequenced, 4 were F. tularensis Type A.I and 6 were F. 

tularensis Type A.II.  A summary of the sequencing statistics of these newly sequenced genomes 

can be found in Table 7. 

The lengths of the reference sequences were 1,892,775 and 1,898,476 for the SCHU S4 

and WY96-3418 strains, respectively.  The average length of the sequenced Type A.I genomes 

was 1,814,938 and the average length of the Type A.II genomes was 1,814,544.  Thus, the 

sequenced genomes are about 80 kb shorter than the reference sequences.  This is not surprising 

since the shotgun method of sequencing cannot adequately sequence through large repetitive 

regions of DNA resulting in gaps in the final alignments.   
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Table 7 Summary of sequenced and aligned F. tularensis genomes 
Strain 

Designation 70001275 70102010 80700103 831 AS_713 3571 1378 80700075 79201237 80700069 

Shorthand 
Designation FT-01 FT-02 FT-03 FT-05 FT-06 FT-07 FT-08 FT-09 FT-10 FT-11 

Type A.II A.II A.II A.II A.II A.II A.I A.I A.I A.I 
Average 

Sequencing 
Depth 

212x 164.8x 76.6x 101.2x 107.7x 101.3x 93.2x 87.5x 92.2x 127.8x 

Reference 
sequence 

WY96-3418 
(Accession 

number 
NC_009257.1) 

WY96-3418 
(Accession 

number 
NC_009257.1) 

WY96-3418 
(Accession 

number 
NC_009257.1) 

WY96-3418 
(Accession 

number 
NC_009257.1) 

WY96-3418 
(Accession 

number 
NC_009257.1) 

WY96-3418 
(Accession 

number 
NC_009257.1) 

SCHU S4 
(accession 

number 
AJ749949.2) 

SCHU S4 
(accession 

number 
AJ749949.2) 

SCHU S4 
(accession 

number 
AJ749949.2) 

SCHU S4 
(accession 

number 
AJ749949.2) 

N50 contig 
size (bases) 137,296 124,943 43,424 61,138 73,318 103,637 360,449 348,066 239,117 348,045 

Sequenced 
genome 
length 

1815079 1816669 1810598 1814141 1814591 1816188 1815377 1814277 1814563 1815536 
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Table 8 Summary of annotation results for F. tularensis genomes 

 

Shorthand 
Designation FT-01 FT-02 FT-03 FT-05 FT-06 FT-07 FT-08 FT-09 FT-10 FT-11 SCHU 

S4 
WY96-

3418 
Type A.II A.II A.II A.II A.II A.II A.I A.I A.I A.I A.I A.II 

Number of 
protein 

sequencesa 
1784 1792 1808 1817 1809 1800 1785 1796 1781 1787 1804 1824 

Number of 
rRNA 

sequences 
6 6 5 7 6 6 7 8 6 6 10 10 

Number of 
tRNA 

sequences 
32 32 32 32 32 32 32 32 32 32 38 38 

Total 
number of 

genes 
1822 1830 1845 1856 1847 1838 1824 1836 1819 1825 1852 1872 

GenBank 
accession 
number 

AMPP00000
000 

AMPY0000
0000 

AMPX000000
00 

AMPV000000
00 

AMPU000000
00 

AOUD000000
00 

APKY000000
00 

APKX000000
00 

APKW000000
00 

APKV000000
00 AJ749949.2 NC_009257.1 

a  includes pseudogenes           
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The number of predicted protein-coding sequences for the references SCHU S4 and 

WY96-3418 are 1604 and 1634, respectively.  Because of the shortened size of the newly 

sequenced genomes, it was expected that the total number of protein sequences would also be 

less.  This, however, was not the case.  The new genomes were processed through an automated 

annotation pipeline, and were not manually curated.  This resulted in many sequences that the 

automated pipeline mistook for genes that the curators of the reference genomes had already 

removed.  Further study and curation of these newly sequenced genomes will be necessary for 

detailed comparative analyses, but sufficiently resolved to facilitate our analysis of selection on 

their virulence-associated genes.  

 

3.4.2 Analysis of selection 

The analysis of dN/dS ratios is a well-known benchmark for identifying selection and was 

used as a first pass to identify genes that are most likely to be under positive selection.  Results 

revealed that of the 94 previously identified virulence genes (Su et al. 2007), 64 gave some 

indication of positive selection (although with p-values ranging from 0.40 to 0.90, none of them 

were statistically significant).  It has been suggested that some of the assumptions of the dN/dS 

ratio test, as well as the McDonald-Kreitman test of adaptive evolution (154) can be too 

conservative for accurately detecting positive selection and adaptation (152, 155-157).  For 

example, dN/dS ratios alone were unable to detect positive selection in rapidly mutating genes of 

HIV in patients showing signs of drug resistance (157).  Furthermore, Sharp (158) asserts that 

another problem with dN/dS ratio tests is that their significance falls as selection continues to 

“weed out” the effects of detrimental amino acid changes.  Thus, more nuanced methods may be 

needed to accurately predict positive selection in biological systems (156).  Finally, while dN/dS 
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ratios and the McDonald-Kreitman test may indicate the presence of selection on a gene, they do 

not give any indication of how selection affects the structure and function of the protein (159). 

To perform a more sensitive analysis we used TreeSAAP (Selection on Amino Acid 

Properties using phylogenetic Trees) which tests for selection of expected random distributions 

of possible amino acid changes based on 31 physiochemical properties of amino acids and 

associated phylogenetic trees (152).  The methodological approach that TreeSAAP uses to detect 

selection has been shown to be better suited at detecting selection where more traditional 

methods such as dN/dS ratios and McDonald-Kreitman analyses cannot (152, 158).  We note that 

TreeSAAP doesn’t have a built-in correction for multiple-hypothesis testing when calculating p-

values.  Although a Bonferroni correction of TreeSAAP significance tests is indicated for 

comparative purposes, previous work has cast doubt on whether this will yield an appropriate 

level of confidence (160).  Thus, we employed TreeSAAP as the best-suited approach currently 

available for detecting selection. 

Since the HyPhy results were not statistically significant, 11 virulence genes were 

arbitrarily selected for further analyses of selection using TreeSAAP (Table 9). In genes 

FTT_1611, FTT_1156c, FTT_0935c, and FTT_1525c, no significant positive selection was 

detected.  However, significant positive selection (categories 7-8) was detected in one or more 

physiochemical properties of the remaining seven genes:  FTL_1134, FTT_0683, FTT_0881c, 

FTT_0504c, FTT_0936c, FTT_0766, and FTT_1125.  The physiochemical properties for which 

positive selection was detected include the following:  isoelectric point, power to be at the N-

terminal, composition, power to be at the middle of alpha helix, solvent accessible reduction 

ratio, equilibrium constant, power to be at the C-terminal, coil tendencies, compressibility, 

bulkiness, turn tendencies, and average number of surrounding residues. 
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Table 9 Virulence genes randomly chosen for TreeSAAP analysis 

Locus taga Gene Name Positive selection detected by 
TreeSAAP 

FTT_0881c rocE Yes 
FTL_1134  Yes 
FTT_1156c pilQ No 
FTT_1611  No 
FTT_1125 metQ Yes 
FTT_0504c sucC Yes 
FTT_0935c bioC No 
FTT_0683 pilD Yes 
FTT_1525c  No 
FTT_0766 deoD Yes 
FTT_0936c bioF Yes 

a Locus tag designations for FTT are adopted from the 
annotation of the SCHU S4 genome (accession no. 
AJ749949.2) and locus tag designations for FTL are adopted 
from the annotation of the LVS genome (accession no. 
AM233362) 

 

For analytical purposes, these seven genes were placed into four functional categories 

(143):  FTL_1134 and FTT_0683 fall into the cell surface structures and membrane proteins 

category,  FTT_0881c, FTT_0504c and FTT_0936c are metabolism and biosynthesis proteins, 

FTT_0766 is categorized as a protein involved in transcription, translation and cell separation, 

and FTT_1125 is classified in the substrate binding and transport functional group. 

 

3.4.2.1 Cell surface structures and membrane proteins 

In the functional group of cell surface structures and membrane proteins, the gene 

FTL_1134 demonstrated selection for three of the 31 physiochemical properties tested:  

isoelectric point in codons 183-203 and 383-394, power to be at the N-terminus in codons 271-

285 and 323-337, and composition in codons 183-197 (Figure. 5).  Codons 183-203 begins in an 

α-helix and ends in a loop, codons 271-285 includes portions of two α-helices and a loop in 
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between, codons 323-337 begins in an α-helix and ends in a loop and codons 383-394 occurs 

near the C-terminal of an α-helix (Figure S4).  The product of FTL_1134 is a hypothetical 

membrane protein of unknown function.  This gene (as were all other genes cited in this work) 

was identified as a virulence gene by a whole genome transposon screen for virulence genes of 

F. tularensis (143).  Thus, in this case, a protein of unknown function has been identified as a 

virulence gene. 

 

 

Figure 5 Selection on FTL_1134. 
Areas of the gene under selection are indicated where the test statistic is greater than 3.09 (horizontal line) 
(p < 0.001).  Selection is present in the gene for the following amino acid properties where the lines cross 
the threshold:  Isoelectric Point (orange line), Power to be at the N-terminal (gray line) and Composition 
(yellow line). 
 

F. tularensis is an intracellular pathogen which is routinely phagocytized by host cells 

and taken into a phagosome where the pH is lowered in an effort to rid the cell of the bacterium.  

Selection of FTL_1134 for the isoelectric point, the pH at which a molecule carries no net 

electrical charge, hints that this membrane protein may be exposed to changes in pH and is 

adapting to withstand these changes.  
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FTL_1134 also demonstrated selection for the amino acid property of power to be at the 

N-terminal.  This amino acid property is defined as the intrinsic property of an amino acid 

residue to be located at the N-terminus of an α-helix (161).  The codons under selection occur in 

varied domains of the secondary structure of this protein including the N-terminus of an α-helix, 

the C-terminus of an α-helix and the loop between two α-helices (Figure S4).  While this 

property and its relation to positive selection is not well understood, we speculate that the regions 

under selection are important to the ability of this virulence gene to function intracellularly since 

in an infection model with this gene knocked out, the host is able to clear the infection (143). 

The third and final amino acid property under selection for FTL_1134 is composition.  

Composition refers to the individual amino acid make-up of a protein.  Since FTL_1134 is a 

hypothetical membrane protein of an unknown function, it is difficult to know how positive 

selection for the composition property may affect it.  Further study is needed to determine the 

function of this protein and its role in the virulence mechanisms of F. tularensis before we can 

gain an understanding of how selection is influencing this protein. 

The other protein to demonstrate positive selection in the cell surface structures and 

membrane proteins functional group is FTT_0683, which codes for the type IV pilus protein 

PilD. Type IV pili are common in Gram-negative pathogens and mediate the attachment of the 

pathogen to various host receptors (162).  Specifically, PilD is a bifunctional, cytoplasmic 

membrane protein responsible for the cleavage of the N-teminal leader sequences of prepilin and 

also catalyzes the N-methylation of the N-terminal phenylalanine of mature pilins (163).  

Without a functional PilD, the type-IV pilus apparatus cannot be assembled, thus restricting the 

pathogenicity of F. tularensis.  TreeSAAP detected selection in PilD for the amino acid property 

of power to be at the middle of α-helix, which is described as the intrinsic property of a specific 
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amino acid to be located in the middle of an α-helix (161).  The catalytic domains of PilD are 

predicted to be specific cytoplasmic cysteine motifs found toward the N-terminus of the protein 

(164), well distanced from the selection occurring toward the C-terminus of the protein in amino 

acids 190-204 (Figure 6).  Selection in these membrane bound α-helices do not affect the 

catalytic activity of PilD, but may alter membrane positioning of the protein (Figure S5). 

 

 

Figure 6 Selection on FTT_0683 (pilD). 
Areas of the gene under selection are indicated where the test statistic is greater than 3.09 (horizontal line) 
(p < 0.001).  Selection is present in the gene for the amino acid property of Power to be at the middle of 
alpha-helix where the orange line crosses the threshold. 
 

3.4.2.2 Metabolism and biosynthesis 

Three genes in the metabolism and biosynthesis functional group demonstrated selection, 

FTT_0881c (rocE), FTT_0504c (sucC), and FTT_0936c (bioF).  The study which identified 

these genes as virulence factors used a signature-tagged mutagenesis approach (143).  Briefly, 

this approach introduces random transposons to disrupt genes in the genome before infection 

using a mouse model.  If an organism with a particular disrupted gene is not recovered from the 
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infection model, that gene is then classified as necessary for virulence.  This approach has been 

used to identify virulence factors in many other organisms (165, 166).  In the strictest sense, 

genes categorized as metabolism and biosynthesis should not be considered virulence factors, 

since impairing them would naturally restrict growth regardless of the status of infection (143, 

167).  However, it is important not to discount the role these genes may play in infection 

altogether, since they may be valuable targets for the future development of therapeutics or 

vaccines. 

The first gene in the metabolism and biosynthesis category for which selection was 

identified was FTT_0881c.  This locus codes for the protein RocE which is an amino acid 

permease, specifically, a transmembrane arginine transporter protein.  Francisella tularensis 

lacks the ability to synthesize the amino acid arginine.  Furthermore, recent studies have shown 

that the cytosol of the host cell doesn’t contain sufficient free nutrients to support the rapid 

growth of the pathogen (168).  Without access to arginine, the pathogen would not be able to 

reproduce and infection with F. tularensis would fail.  To compensate, F. tularensis induces the 

host cell into an autophagy state in which proteins are broken down into their constituent amino 

acids and made available to the pathogen (168).  F. tularensis and its transmembrane amino acid 

permease, RocE, is then ready to scavenge for the newly available amino acids it is not able to 

produce on its own, among which is arginine.  Furthermore, macrophages use arginine to 

produce nitric oxide (NO) as an antimicrobial defense (169).  In addition to scavenging arginine 

for growth, the ability of F. tularensis to remove arginine would also deprive the cell of this 

potent antimicrobial agent, thus allowing the infection to progress. 

The rocE gene demonstrated positive selection for the solvent accessible reduction ratio 

property of amino acids in codons 109-116, 438, and 442 (Figure 7).  In the secondary structure 
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of RocE, codons 109-116 encompass a β-sheet and part of a loop while codons 438 and 442 

occur within the same α-helix (Figure S6).  The solvent accessible reduction ratio is defined as 

the decrease in solvent accessibility for an amino acid residue when the protein molecule moves 

from a hypothetically extended state to the native folded state (170).  Consequently, as the 

solvent accessibility decreases, the hydrophobicity of the protein increases.  RocE is a 

transmembrane protein and hydrophobic domains are necessary for its placement and function in 

the membrane.  Host cells have evolved a mechanism of nutrient restriction as a protection from 

intracellular pathogens such as F. tularensis (168).  These results suggest that F. tularensis is 

also evolving mechanisms to scavenge for, and acquire, the necessary nutrients for intracellular 

survival. 

 

Figure 7 Selection on FTT_0881c (rocE). 
Areas of the gene under selection are indicated where the test statistic is greater than 3.09 (horizontal line) 
(p < 0.001).  Selection is present in the gene for the amino acid property of Solvent accessible reduction 
ratio where the orange line crosses the threshold. 

 

The second protein in the metabolism and biosynthesis group to demonstrate positive 

selection is SucC, coded for by the FTT_0504c locus.  SucC is the β-chain of the succinyl-CoA 
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synthetase which when completed with another β-chain and 2 α-chains (SucD), catalyzes the 

reaction of succinyl-CoA to succinate in the citric acid cycle.  Positive selection was identified 

for the amino acid property of equilibrium constant (ionization of COOH) in codons 31-45 and 

84-89 (Figure 8).  These codons encompass all three major secondary structures:  an α-helix, a β-

sheet and a loop, all near the N-terminus of the protein (Figure S7).  The areas identified under 

selection don’t appear to be involved in any of the catalytic regions of the protein (171, 172), 

thus amino acid substitutions in these non-catalytic regions should still allow the completed 

enzyme to function normally.  It has also been demonstrated that the activity of the succinyl-CoA 

synthetase increases when Escherichia coli is cultured in an acidic environment.  If succinyl-

CoA synthetase behaves silmilarly in F. tularensis, this may be part of a stress response initiated 

when the bacterium is inside a phagolysosome of a host cell (173, 174). 

 

 

Figure 8 Selection on FTT_0504 (sucC). 
Areas of the gene under selection are indicated where the test statistic is greater than 3.09 (horizontal line) 
(p < 0.001).  Selection is present in the gene for the amino acid property of Equilibrium constant 
(ionization of COOH) where the orange line crosses the threshold. 
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The third and final gene under selection in the metabolism and biosynthesis group is 

FTT_0936c which codes for the protein BioF.  BioF is a 8-Amino-7-oxononanoate synthase 

which is responsible for the first committed step in the biosynthesis of biotin (175).  TreeSAAP 

identified selection for 4 different amino acid properties:  power to be at the N-terminal in 

codons 8-22 and 198-210, power to be at the C-terminal in codons 8-22 and 198-202, coil 

tendencies in codons 8-22 and 200-203, and compressibility at codons 8-22, and 198-209 (Figure 

9).  The secondary structures involved in the areas of selection include α-helices, part of a β-

sheet and loops (Figure S8).  The active site for BioF is at residues 47 and 361 (176), well away 

from the areas of selection in this gene.  It’s worth reiterating that genes involved in metabolism 

and biosynthesis aren’t considered virulence genes in the strictest sense, but they shouldn’t be 

discounted either as they may prove to be effective drug targets.  Such is the case with 

plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone), a natural compound found to be an 

effective herbicide through the inhibition of 8-Amino-7-oxononanoate synthase (BioF) (177).  

Because plants, microbes, and some fungi synthesize their own biotin, while animals require 

trace amounts of biotin in their diets, plumbagin may be a safe and effective herbicide by 

disrupting the biotin biosynthesis pathway (176-178). 
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Figure 9 Selection on FTT_0936c (bioF). 
Areas of the gene under selection are indicated where the test statistic is greater than 3.09 (horizontal line) 
(p < 0.001).  Selection is present in the gene for the following amino acid properties where the lines cross 
the threshold:  Power to be at the N-terminal (orange line), Power to be at the C-terminal (gray line), Coil 
tendencies (yellow line), and Compressibility (dark blue line). 
 

3.4.2.3 Transcription, translation and cell separation 

One gene in the transcription, translation and cell separation functional group 

demonstrated selection, DeoD, coded for by the locus FTT_0766.  Of the 31 physiochemical 

properties of amino acids tested, selection was identified for bulkiness in codons 169-183 and 

turn tendencies in codons 127 and 176-183 (Figure 10).  Bulkiness refers to the relative size of 

the side chain of a particular amino acid.  For example, leucine is considered to be “bulkier” than 

alanine (179, 180).  Substituting amino acids with different bulkiness properties can affect the 

overall hydrophobicity of a protein or even protein folding and substrate binding where specific 

steric interactions are important (179).  Turn tendencies refers to the propensity of a particular 

amino acid to be in a β-turn (181) . In terms of secondary structure, the areas of the gene under 

selection include an α-helix, a β-sheet and loops (Figure S9).   
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Figure 10 Selection on FTT_0766 (deoD). 
Areas of the gene under selection are indicated where the test statistic is greater than 3.09 (horizontal line) 
(p < 0.001).  Selection is present in the gene for the following amino acid properties where the lines cross 
the threshold:  Bulkiness (orange line), and turn tendencies (gray line). 
 

The product of the deoD gene is a purine nucleoside phophoylase (PNP) which catalyzes 

the phosphorylation of purine ribonucleosides and 2’-deoxyribonucleosides as part of the purine 

salvage pathway (182). The active site for DeoD is near the N-terminus of the protein while 

selection was detected further downstream toward the C-terminus, indicating that selection isn’t 

changing the specific function of this enzyme.  However, enzymes that are part of the nucleotide 

biosynthesis pathway, such as PNP, are a favorite target for antimicrobial therapy since they are 

significantly different from the eukaryotic enzymes that perform the same function (183).  

Understanding how selection operates on this gene, could lead to better, more effective 

antimicrobial therapies. 

 

3.4.2.4 Substrate binding and transport 

The final functional group to have a gene implicated in selection is substrate binding and 

transport.  Selection was detected for two amino acid properties in the gene metQ (FTT_1125):  
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composition and average number of surrounding residues, both in codons 105-119 (Figure 11).  

These regions occur within α-helices (Figure S10).  Composition refers to the individual amino 

acid make up of a protein.  Most amino acid residues in a protein cannot be replaced without a 

change in function (184).  The average number of surrounding residues refers to the number of 

residues surrounding a particular amino acid within the effective distance of influence, and is an 

important factor in changing the hydrophobicity index of the region (170).   

 

 

Figure 11 Selection on FTT_1125 (metQ). 
Areas of the gene under selection are indicated where the test statistic is greater than 3.09 (horizontal line) 
(p < 0.001).  Selection is present in the gene for the following amino acid properties where the lines cross 
the threshold:  Composition (orange line), and Average number of surrounding residues (gray line). 
 

MetQ is a D-Methionine-binding protein, which together with Met N (an ATPase) and 

MetI (a D-methionine permease) make up the D-methionine ABC transporter (185).  Similar to 

RocE discussed earlier in the metabolism and biosynthesis section, which is an arginine 

scavenger, this D-methionine transporter scavenges for D- methionine from its environment, 

since F. tularensis cannot synthesize methionine.  Once transported inside the cell, D-methionine 
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can be converted to L-methionine and used in protein synthesis (186).  This is an important 

strategy used by F. tularensis to survive intracellularly.  The fact that MetQ is experiencing 

selection, implies that F. tularensis is continuing to evolve strategies to acquire nutrients from its 

environment to survive within a host cell. 

 

3.4.2.5 Housekeeping genes 

As a control to determine if the virulence genes of F. tularensis are experiencing more 

selection than other genes in the genome, 10 housekeeping genes (recA, gyrB, groEL, dnaK, 

rpoA1, rpoB, rpoD, rpoH, fopA, and sdhA) were subjected to the same tests of selection (HyPhy 

and TreeSAAP) as the virulence genes described earlier.  Since housekeeping genes are 

responsible for the fundamental functions of the cell, these are typically highly conserved and are 

not expected to be evolving at the same rate, or under similar selective pressures as the genes 

responsible for virulence.  Of the 10 housekeeping genes surveyed, only one gene, the molecular 

chaperone GroEL, was shown to experience significant positive selection (category 7-8), 

confirming the hypothesis that the virulence genes of F. tularensis are more likely to be 

undergoing concerted selective pressures.  The other nine housekeeping genes analyzed showed 

no significant positive selection by either the HyPhy or TreeSAAP methods. 

We initially expected that all of the housekeeping genes would not show significant 

selection.  However, while GroEL is classified as a housekeeping gene, its function as a 

molecular chaperone includes responding to stress.  In this way, GroEL may be functioning like 

a virulence gene, experiencing positive selection in much the same way as the other virulence 

genes.  
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3.5 Conclusions 

Francisella tularensis virulence genes failed to recover statistically significant evidence 

of positive selection using dN/dS ratios.  However, subsequent analyses of 11 arbitrarily-chosen 

virulence genes via TreeSAAP (152) identified 7 genes undergoing statistically significant 

positive selection.  The biological functions of the identified mutations are cautiously inferred.  

However, since these genes appear to be under positive selection, they likely confer some 

evolutionary advantage leading to an increase in the overall fitness of the organism.  The genes 

undergoing selection participate in a variety of functions, such as membrane transport, host 

defense evasion, stress response, intracellular survival, and even certain metabolic and 

biosynthetic pathways.  Since the genes we identified as being under selection are virulence 

genes, it can be inferred that the altered genes confer an adaptive benefit and increase the ability 

of the organism to infect the host and/or evade host defenses.  Although the number of 

pseudogenes present in the genome F. tularensis indicate that it is a genome in decay (137), our 

findings suggest that it is also undergoing an adaptive response to changes in its intracellular 

environment by way of positive selection on its virulence genes.   
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Chapter 4 Conclusions and Future Work 

Francisella tularensis is a zoonotic pathogen with a worldwide distribution and is the 

causative agent of tularemia.  The four subspecies of F. tularensis differ in their geographic 

distributions and in their virulence.  The subspecies tularensis (Type A) is the most virulent and 

is found only in North America(20).  The subspecies holarctica (Type B) has a milder symptoms 

than Type A, but is found typically in the northern hemisphere (20, 133).  The subspecies 

mediasiatica is even less virulent than either Type A or Type B and is only found in the Central 

Asain republics of the former Soviet Union (133).  Finally, the subspecies novicida is the least 

virulent and has been isolated around the world (14).  Since F. tularensis is highly virulent and 

has the potential to be used as an agent of bioterror, it is important for both public health and 

defense agencies to rapidly diagnose and identify the various subspecies of this important 

pathogen. 

This work describes the development of a real-time PCR assay for the characterization of 

the subspecies of F. tularensis commonly found in the United States.  The biggest challenge in 

designing an assay to differentiate the subspecies of F. tularensis is that the genomes are so 

similar (25, 43).  To overcome this, we used various regions of difference identified by SSH (72) 

and the comparative genomics tool, Mauve, (53) to identify genomic regions conducive to the 

creation of real time PCR assays.  The resulting multiplex assay was designed using an 

economical scoring matrix (Table 3) and some shared genomic regions to identify four subtypes 

of F. tularensis with only three assays. 

Another challenge in designing real-time PCR assays for F. tularensis is the discovery of 

Francisella-like endosymbionts (FLEs) of ticks.  FLEs lack sufficient similarity to be classified 

as F. tularensis, but are similar enough to cross-react with many PCR assays (58).  Future work 



 

65 
 

could involve testing existing PCR assays, including the one described in Chapter 2 of this work 

against FLEs and/or designing new assays or detection methods able to distinguish F. tulrarensis 

from FLEs. 

The completed multiplex assay was about 98% effective at identifying the subtypes of F. 

tularensis compared to the MLVA.  The assay did not cross react with other common laboratory 

strains or near neighbors tested.  The multiplex assay demonstrated a limit of detection of 

approximately 1,136 organisms.  While there are many varied assays and methods available to 

identify the subtypes of F. tularensis, we believe that the multiplex assay presented here will be 

another valuable tool for the identification and characterization of F. tularensis during outbreaks 

of disease or events of bioterroism. 

Whole genome comparisons among the subspecies of F. tularensis have revealed that the 

pathogenic subspecies have evolved from the non-pathogenic subspecies (36).  In addition, the 

many pseudogenes present in F. tularensis, which are largely metabolic genes, suggest a genome 

in decay furthering the pathoadaptation of F. tularensis to an intracellular lifestyle (10, 106, 111, 

116, 137).  We hypothesized that in addition to genome decay by the creation of pseudogenes, 

positive natural selection in virulence genes is also a driving force in the continued evolution of 

virulence in F. tularensis.   

Analyses of 11 arbitrarily chosen virulent genes for positive selection via TreeSAAP 

identified 7 genes experiencing statistically significant positive selection.  In contrast, only one 

of ten housekeeping genes showed positive selection.  It can be inferred that those genes under 

positive selection confer an adaptive benefit to the organism.  These results suggest that F. 

tularensis is undergoing an adaptive response, to its environment furthering pathoadaptation 

through positive selection on its virulence genes. 
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Currently there is no automated pipeline for the analysis of selection with TreeSAAP on a 

large or whole genome scale.  For this reason, only 11 arbitrarily chosen virulence genes and 10 

housekeeping genes were chosen for analysis.  Future work could include the development of a 

large scale pipeline for analyzing large sets of genes for positive selection.  After such a pipeline 

is developed, we recommend the reanalysis of the entire set of virulence genes, or even the 

whole genome of F. tularensis.  We suspect that such an analysis would yield further insights 

into the evolution and pathoadaptation of this important pathogen. 
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Supplementary Tables 

Table S 1 Assay results 
Isolate # Source Kugler et al., 2006 

PCR 
Multiplexed 

PCR MLVA 

70000907 Tick Bite, Human, Utah A N A.I 

1378 Human, New Mexico A A.I A.I 

80700075 Wound, Human, Utah A A.I A.I 

SCHU S4 Jean Celli, Rocky Mountain Laboratories, NAID, NH A A.I A.I 

79201237 Utah A A.I A.I 

2338 Human, New Mexico A A.II A.II 

1365 Human, New Mexico A A.II A.II 

3570 Human, New Mexico A A.II A.II 

831 Animal, New Mexico A A.II A.II 

3571 Human, New Mexico A A.II A.II 

311 Animal, New Mexico A A.II A.II 

2434 Human, New Mexico A A.II A.II 

597 Rabbit, New Mexico A A.II A.II 

19a Animal, New Mexico A A.II A.II 

19b Animal, New Mexico A A.II A.II 

1773a Human, New Mexico A A.II A.II 

1773b Human, New Mexico A A.II A.II 

1773c Human, New Mexico A A.II A.II 

1801 Human, New Mexico A A.II A.II 

159 Rabbit, New Mexico A A.II A.II 

210 Rabbit, New Mexico A A.II A.II 

74 Rabbit, New Mexico A A.II A.II 

1419 Human, New Mexico A A.II A.II 

1643 Rabbit, New Mexico A A.II A.II 

9433 Cat, New Mexico A A.II A.II 

1024 Animal, New Mexico A A.II A.II 

1741 Human, New Mexico A A.II A.II 

70001275 Tissue, Human, Utah A A.II A.II 

1109 Animal, New Mexico A A.II A.II 

1277 Animal, New Mexico A A.II A.II 

6817 Animal, New Mexico A A.II A.II 

2250 Animal, New Mexico A A.II A.II 

2506 Animal, New Mexico A A.II A.II 

2109 N. mexicana, New Mexico A A.II A.II 

1965 Animal, New Mexico A A.II A.II 

2014 Animal, New Mexico A A.II A.II 

1465 Animal, New Mexico A A.II A.II 

70101546 Lesion, Human, Utah A A.II A.II 

1205 Animal, New Mexico A A.II A.II 
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1385 Rabbit, New Mexico A A.II A.II 

AS 1284 Rodent, New Mexico A A.II A.II 

70102010 Axillary Lesion, Human, Utah A A.II A.II 

70102009 Back Wound, Human, Utah A A.II A.II 

804 Rabbit, New Mexico A A.II A.II 

1103a Human, New Mexico A A.II A.II 

1275 Animal, New Mexico A A.II A.II 

6069 Animal, New Mexico A A.II A.II 

14149 New Mexico A A.II A.II 

1103b Human, New Mexico A A.II A.II 

BA 4414 New Mexico A A.II A.II 

80402860 right Arm Abcess, Human, Utah A A.II A.II 

80402637 Skin, Human, Utah A A.II A.II 

80606987 Blood, Feline, Utah A A.II A.II 

80606984 Lymph node, Feline, Utah A A.II A.II 

80606985 Spleen, Feline, Utah A A.II A.II 

80700103 Hand drainage, Human, Utah A A.II A.II 

80700051 Abscess, Human, Utah A A.II A.II 

80800086 Neck lesion aspirate, Human, Utah A A.II A.II 

80800071 Lymph node, Feline, Utah A A.II A.II 

5906 Animal, New Mexico A A.II A.II 

1513 Dog, New Mexico A A.II A.II 

6733 New Mexico A A.II A.II 

6734 New Mexico A A.II A.II 

0018 7/88 Utah A A.II A.II 

08902000 (11/16) Utah A A.II A.II 

79000875 Utah A A.II A.II 

79101487 Utah A A.II A.II 

79101488 Utah A A.II A.II 

79101615 Utah A A.II A.II 

79102173 Utah A A.II A.II 

79301108 Utah A A.II A.II 

79400960 Utah A A.II A.II 

880178-1 Utah A A.II A.II 

880178-2 Utah A A.II A.II 

880321 Utah A A.II A.II 

93703 Utah A A.II A.II 

LVS Sheep, Australia, Dugway Proving Ground B B B 

1518 Human, New Mexico B B B 

79901959 3rd finger wound, Human, Utah B B B 

3459 Animal, New Mexico A B B 

70001144 Eye Drainage, Human, Utah B B B 

80501131 Pleural fluid, Human, Utah B B B 
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U112: CG69 Sheep, Australia, University of Victoria, Fran Nano N N N 

U112: CG57 University of Victoria, Fran Nano N N N 
U112: GB2/pGB40 
#7 University of Victoria, Fran Nano N N N 

U112: SC119 University of Victoria, Fran Nano N N N 

79201152 Utah A A.II NM 

1815 Human, New Mexico A A.II NM 

305 Animal, New Mexico A A.II NM 

75 Rabbit, New Mexico A A.II NM 

736 Rabbit, New Mexico A A.II NM 

70102163 Blood, Human, Utah A A.II NM 

AS 2058 Lapine, New Mexico A A.II NM 

1276 Animal, New Mexico A A.II NM 

AS 816 Feline, New Mexico A A.II NM 

AS 713 Lapine, New Mexico A A.II NM 

80502541 Groin, Human, Utah A A.II NM 

80606986 Liver, Feline, Utah A A.II NM 

80700132 Bite wound, Human, Utah B B NM 

80700107 Face, Human, Utah A A.II NM 

80700069 Lesion, Human, Utah A A.I NM 

80800087 Wound, Human, Utah A A.II NM 

80800082 Spleen, Feline, Utah A A.II NM 

80800111 Finger wound, Human, Utah A A.II NM 

AS 200801417 New Mexico A A.II NM 

AS 200801507 New Mexico A A.II NM 

U112: 1L University of Victoria, Fran Nano N N NM 

U112: 68-11 University of Victoria, Fran Nano N N NM 

U112: CG116 University of Victoria, Fran Nano N N NM 

U112: CG62 University of Victoria, Fran Nano N N NM 

U112: GB2 University of Victoria, Fran Nano N N NM 

U112: GB5 University of Victoria, Fran Nano N N NM 

U112: KM14 University of Victoria, Fran Nano N N NM 

U112: KM14S University of Victoria, Fran Nano N N NM 

1574 Utah A A.II NM 

7/27 Utah A A.II NM 

79001541 4/45 Utah A A.I NM 

U112 Utah, Dugway N N NM 

6168 Human, University of Victoria, Fran Nano N B N 

A- tularensis Type A, A.I - tularensis Type A.I, A.II - tularensis Type A.II, B - holarctica, N - Novicida, NM - no match. 
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Supplementary Figures 

 

Figure S 1 Mauve alignment of Francisella genomes 
The complete genomes of 7 Francisella isolates were obtained from GenBank and aligned using Mauve.  
The coloured blocks represent homologous sequences among the different strains.  Blocks above the 
center line represent a ‘forward’ reading frame relative to the reference strain (lane 1) while blocks below 
the center line represent a ‘reverse’ reading frame.  White spaces within the colored blocks represent 
areas of non-homology between strains.  The search for unique genomic markers was focused within 
these regions of non-homology.  (1) holarctica FTNF002-00, (2) holarctica OSU18, (3) holarctica LVS, 
(4) mediasiatica FSC147, (5) novicida  U112, (6) tularensis Schu S4, (7) tularensis WY96-3418 
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Figure S 2 Representative MLVA analysis 
The peaks represent the detection of amplified PCR products from all 3 mixes using labeled primers.  
These peaks are compared to a database of known subspecies for identification. 
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(a) 

(b) 

(c) 

(d) 
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Figure S 3 Sensitivities of singleplex assays 
Tenfold serial dilutions of F. tularensis chromosomal DNA were tested to determine individual assay 
sensitivities.  (a) Type A.I, (b) Type A.II, (c) Type B (d) novicida.  No Template Control (NTC) samples 
were negative for each sample processed.  Calculated PCR efficiencies: (a) 91.5 %, (b) 88.0 %,  
(c) 90.6%, (d) 91. 9%. 
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Figure S 4 Predicted secondary structure of FTL_1134. 
Predicted secondary structure of FTL_1134 using the PSIPRED server at 
http://bioinf.cs.ucl.ac.uk/psipred/.  The red boxes at codons 183-203, 271-285, 232-337 and 383-394 
indicate the areas under selection as determined by TreeSAAP. 
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Figure S 5 Predicted secondary structure of FTT_0683 (pilD). 
Predicted secondary structure of FTT_0683 (pilD) using PSIPRED server at 
http://bioninf.cs.ucl.ac.uk/psipred/.  The red boxes at codons 190-204 indicate the areas under selection as 
determined by TreeSAAP. 
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Figure S 6 Predicted secondary structure of FTT_0881 (rocE). 
Predicted secondary structure of FTT_0881 (rocE) using the PSIPRED server at 
http://bioninf.cs.ucl.ac.uk/psipred/.  The red boxes at codons 109-116, 438 and 442 indicate the areas 
under selection as determined by TreeSAAP. 
  



 

80 
 

 



 

81 
 

 
Figure S 7 Predicted secondary structure of FTT_0504 (sucC). 
Predicted secondary structure of FTT_0504 (sucC) using the PSIPRED server at 
http://bioninf.cs.ucl.ac.uk/psipred/.  The red boxes at codons 31-45 and 84-89 indicate the areas under 
selection as determined by TreeSAAP. 
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Figure S 8 Predicted secondary structure of FTT_0936c (bioF). 
Predicted secondary structure of FTT_0936c (bioF) using the PSIPRED server at 
http://bioinf.cs.ucl.uk/psipred/.  The red boxes at codons 8-22 and 198-210 indicate the areas under 
selection as determined by TreeSAAP. 
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Figure S 9 Predicted secondary strucutre of FTT_0766 (deoD). 
Predicted secondary strucutre of FTT_0766 (deoD) using the PSIPRED server at 
http://bioinf.cs.ucl.ac.uk/psipred/.  The red boxes at codons 127 and 169-183 indicate the areas under 
selection as determined by TreeSAAP. 
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Figure S 10 Predicted secondary structure of FTT_1125 (metQ). 
Predicted secondary structure of FTT_1125 (metQ) using the PSIPRED server at 
http://bioninf.cs.ucl.uk/psipred/.  The red boxes at codons 105-119 indicate the areas under selection as 
determined by TreeSAAP. 
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