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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 
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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, 



14 
 

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). 



25 
 

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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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. 
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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. 
 
  



 

86 
 

 



 

87 
 

 



 

88 
 

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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