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 Genome Instability and Gene Dosage Effects Complicate Insights into 

Virulence Mechanisms of Francisella tularensis subsp tularensis 

                                                    Thero Modise 

 

The pathogen Francisella tularensis subsp. tularensis has been classified as a Center for Disease 
Control (CDC) select agent. However, little is still known of what makes the bacteria cause dis-
ease, especially the highly virulent type A1 strains. The work in this dissertation focused on type 
A1 strains from the Inzana laboratory, including a wildtype virulent strain TI0902, an avirulent 
chemical mutant strain TIGB03 with a Single Nucleotide Polymorphism in the wbtK gene, and 
several complemented mutants, [wbtK+]TIGB03, with dramatic differences in virulence and 
growth rates. One of the complemented clones (Clone12 or avp-[wbtK+]TIGB03-C12) was aviru-
lent, but protected mice against challenge of a lethal dose of TI0902 and was considered as a 
possible  vaccine strain.  

Whole genome sequencing was performed to identify genetic differences between the 
virulent, avirulent and protective strains using both Roche/454 and Illumina next-generation 
sequencing technologies. Additionally, RNASeq analysis was performed to identify differentially 
expressed genes between the different strains.  This comprehensive genomic analysis revealed 
the critical role of transposable elements in inducing genomic instability resulting in large dupli-
cations and deletions in the genomes of the chemical mutant and the complemented clones 
that in turn affect gene dosage and expression of genes known to regulate virulence. For exam-
ple, whole genome sequencing of the avirulent chemical mutant TIGB03 revealed a large 75.5 
kb tandem duplication flanked by transposable elements, while the genome of a virulent 
Clone01 (vir-[wbtK+]TIGB03-C1) lost one copy of the 75.5 kb tandem duplicated region but 
gained  a tandem duplication of another large 80kb region that contains a virulence associated 
transcription factor SspA. RNAseq data showed that the dosage effect of this extra region in 
Clone1 suppresses expression of MglA regulated genes. Since MglA regulates genes that are 
known to be crucial for virulence, including the well-studied Francisella Pathogenicity Island 
(FPI), these results suggest that gene dosage effects arising from large duplications can trigger 
unknown virulence mechanisms in F. tularensis subsp. tularensis. These results are important 
especially when designing live vaccine strains that have repeated insertion elements in their 
genomes. 
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Chapter 1 

1.0 Introduction 

1.1 A Biological Warfare Threat 

Francisella tularensis is a non-motile gram-negative facultative intracellular bacterium 

that has been classified as a Tier 1 bio-warfare agent by the Centers for Disease Control and 

Prevention (CDC) due to its high infectivity at very low doses [1-3]. The pathogen causes a dis-

ease called tularemia [4-8] in humans. While symptoms of the disease depend on the mode of 

infection, tularemia is difficult to diagnose due to disease symptoms that mimic symptoms of 

other diseases. For example, following mammalian infection via a tick bite, ulcers and swelling 

of the lymph nodes (plague like symptoms) develop, while inhalation of aerosols containing the 

bacteria results in pneumonic symptoms.  

 

The pathogen was first identified in Tulare county in California USA more than a century 

ago in 1911 [9].  What is known about the pathogen is that it has a diverse host range that in-

cludes mammals, birds, fish, protozoa, and insects [10-12]. In the 20th century, F. tularensis was 

weaponized by various nations including the USA [13] as a biological weapon due to its high in-

fection rate at low doses and its diverse host range. However, since its virulence mechanisms 

are not well understood, the stockpiles were destroyed in the period 1970’s-1990’s [5].     

 

1.2 Taxonomy 

The Francisella species tularensis has four subspecies: tularensis, holarctica, mediasiati-

ca, and novicida. The subspecies that cause disease in healthy humans are tularensis and hol-

arctica [14].  Of these two subspecies, the subspecies with the highest virulence is tularensis. 

The F. tularensis subspecies tularensis consists of two types: A1 and A2, with type A1 strains 

being the most virulent [15-18] of all Francisella strains (see Figure 1). Type A strains are usually 
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found only in North America, while F. tularensis subsp. holarctica (or type B strains) strains are 

found in the Holarctic region [19]. The subspecies novicida strains that have been sequenced so 

far have been isolated in North America and Australia.  Only one strain from the mediasiatica 

subspecies has been sequenced to date and was isolated in Asia [20]. 

𝒎𝒆𝒅𝒊𝒂𝒔𝒊𝒂𝒕𝒊𝒂 < 𝒏𝒐𝒗𝒊𝒄𝒊𝒅𝒂 < 𝒉𝒐𝒍𝒂𝒓𝒄𝒕𝒊𝒄𝒂 < 𝒕𝒖𝒍𝒂𝒓𝒆𝒏𝒔𝒊𝒔 𝑨𝟐 < 𝒕𝒖𝒍𝒂𝒓𝒆𝒏𝒔𝒊𝒔 𝑨𝟏 

 

                                   Increase in virulence  

  Figure 1.1 Virulence of F. tularensis subspecies 

 

The work of this dissertation focused primarily on F. tularensis subsp. tularensis type A1 

strains as well as a potential live vaccine for type A1 strains investigated in the Inzana laborato-

ry (unpublished). This is important since live vaccines from other subspecies such as F. tularen-

sis subsp. holarctica do not provide adequate protection against respiratory tularemia from in-

fection by the virulent F. tularensis subsp. tularensis type A1 strains [7, 12, 21]. These results 

suggest that sensitivity and response to external stimuli are subspecies specific at not only the 

genetic level but also at the molecular level.  

 

1.3 Elusive Virulence Mechanisms 

Although it has been more than a century since F. tularensis was discovered, the pathogen’s 

virulence mechanisms have remained elusive to this day. Understanding the pathogen’s viru-

lence mechanism is crucial in developing more effective vaccines that can protect humans from 

a broader spectrum of the pathogen’s taxonomy.  Most of the research has focused on identify-

ing virulence associated gene products such as stringent starvation protein SspA and macro-

phage growth locus protein MglA (See Appendix B) [22-24]. These two polymerase associated 

transcription factors have been thoroughly studied [22, 23, 25-27] in the last decade and en-

hance virulence by regulating a type VI secretion system found in the Francisella Pathogenicity 

Island (or FPI). Additionally, 349 proteins from F. tularensis are known to interact with human 

proteins during infection [28].  This represents more than 19% of the genes that have been an-
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notated as protein coding on the genome of F. tularensis subsp. tularensis type A1 strain 

SCHUS4 [29].  Bioinformatics analysis using The Pathogen Protein Conserved Domains feature 

(Pacodom) at PHIDIAS[30] shows that F. tularensis subsp. tularensis type A1 strain SCHUS4 

shares 1177 of its 1852 annotated proteins coding genes with other known pathogens. Howev-

er, this means that more about 36% (675/1852) of the genes found on the genome of this 

pathogen have not been profiled before and thus their contribution to pathogenesis are un-

known relative to what is known in other pathogens.  

 

Little is understood about the virulence mechanisms that can help explain the F. tu-

larensis fitness in various environments. For example, past studies have shown that F. tularensis 

exhibits different cellular envelope protein profiles when subjected to different stress condi-

tions such as low pH and high temperature [12, 31]. Moreover, growth media has been shown 

to alter virulence and phenotype of the pathogen [12, 32] and thus can lead to conflicting re-

sults or conclusions for different laboratories.  

In host interaction studies, results show that highly virulent strains of F. tularensis type 

A1 subvert pro-inflammatory immune responses in host cells. This is in contrast to other less 

virulent subspecies such as novicida. Even though most studies have focused on molecular ex-

periments to identify virulence associated genes, few studies have been done to determine 

how the pathogen’s genome characteristics such as stability and structure also contribute to 

virulence [15, 20, 33]. This is important since the pathogen has no known plasmids (and thus 

has no virulence associated plasmid genes) or toxins and yet the pathogen appears to be pro-

miscuous when it comes to infecting host cells. Therefore, the development of a live vaccine for 

such a pathogen with an obscure virulence mechanism has proven difficult.  The goal of this dis-

sertation is to characterize genomic elements that contribute to the high virulence of Type A1 

strains and also explain how these can impact vaccine development and complicate the elucida-

tion of virulence mechanisms.  
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2.0    Organization 

Chapter 2: The first part of my research involved assembling and annotating three genomes 

of F. tularensis subsp. tularensis type A1 strains studied in the Inzana laboratory.  The strains 

sequenced were a virulent type A1 strain TI0902 [34], an avirulent chemical mutant TIGB03 [35] 

and an avirulent protective complemented clone avp-[wbtK+]TIGB03 that might serve as a vac-

cine strain.  The purpose of the study was to identify genomic elements or characteristics that 

contribute to differences in virulence seen in the three strains.  Only two genomes were pub-

lished in my initial publication while the genome of avp-[wbtK+]TIGB03 (in which the wildtype 

wbtK gene was complemented back via a plasmid) was not published at that time. This chapter 

of the Dissertation will consist of an expanded version of the initial publication to compare the 

genome sequences of all three F. tularensis strains. Additionally, the genome of the virulent 

wildtype TI0902 will also be compared to published genomes of virulent type A1 strains. 

 

Chapter 3: To further investigate differences in virulence between the three strains, RNAseq 

data was generated for the first three strains TI0902, TIGB03, and avp-[wbtK+]TIGB03, as well 

as two additional complemented clones av-[wbtK+]TIGB03 (an avirulent but not protective 

wbtK complemented clone) and v-[wbtK+]TIGB03 (a virulent complemented clone) studied in 

the Inzana laboratory. The purpose of this study was to determine how differences in gene ex-

pression can lead to differences in virulence. Another goal of this study was to discover the im-

pact of the presence of a plasmid on the expression of genes in type A1 strains, since many 

studies have used plasmids to rescue mutations in virulence associated genes in F. tularensis.  

The final goal of the study was to identify differences in gene expression that make the vaccine 

candidate avp-[wbtK+]TIGB03 so unique in the fact that it protected mice from infection by a 

lethal dose of  strain TI0902 while the four other strains did not. This is the first study to per-

form RNAseq to characterize gene expression in type A1 strains with differences in virulence.  

The Third Chapter of the Dissertation will provide a detailed description of the RNASeq data 

analysis for all 5 strains and offer several hypotheses for the differences in observed virulence 

phenotypes. 
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Chapter 4: This Chapter focuses on characterization of two transposable elements (ISFTU1 

and ISFTU2) found on the genomes of a large number of different F. tularensis species and the 

mechanisms by which they can alter chromosomal structure and impact genome stability.  

These transposable elements (TEs) have not been characterized before and yet are responsible 

for a large number of chromosomal structural differences seen in various strains [36]. These 

include numerous chromosomal rearrangements as well as large duplications and deletions. 

The Fourth Chapter of the Dissertation will describe my findings for the transposable elements 

in different F. tularensis species. This chapter will also introduce the assembly of full genomes 

of three virulent F. tularensis subsp. tularensis type A1 strains.  

 

Chapter5:  This chapters ties everything together and will discuss the difficulties that mobile 

elements create for gene editing experiments and how presence of these transposable ele-

ments obscure virulence mechanisms when they mediate large area mutational events. The 

chapter will also briefly discuss other factors that obscure virulence mechanisms in Francisella 

tularensis species especially with the Clones we worked with.  Lastly, future work on live vac-

cine strain development and efficacy will be discussed briefly. 
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Chapter 2: Sequence Assembly and Genomic Comparison be-
tween a virulent strain of F. tularensis subsp. tularensis, its at-
tenuated mutant, and a wbtK complemented mutant 

 
Abstract:  

     F. tularensis subsp. tularensis is a highly virulent bacterial species that is subdivided into clades 

A1 and A2, with A1 infections associated with a higher fatality rate. This Chapter describes the 

complete genome sequence of F. tularensis subsp. tularensis TI0902, a type A1 strain that was 

isolated from a cat that died of tularemia in Virginia in the United States [1].  Particular emphasis 

is placed on the identification of a large number of transposase insertion elements and the asso-

ciated repetitive sequences and genomic duplications in this genome.  

     This chapter also describes the complete genome sequence of TIGB03, a nitrosoguanidine-

treated mutant of TI0902 that is highly attenuated in mice due to the loss of lipopolysaccharide 

O-antigen. The comparison with TI0902 shows a total of 46 point mutations in TIGB03, 31 of 

which were nonsynonymous single-nucleotide polymorphisms (SNPs). In addition, the genome 

of mutant strain TIGB03 was 75.9 kb longer than the genome of wild-type strain TI0902 due to a 

duplicated region that was flanked by ISFTU1 transposase sequences. One nonsynonymous mu-

tation, which occurred in the wbtK gene in the O-antigen locus, appeared to be responsible for 

the loss of O-antigen.  

     Although complementation of wbtK on a plasmid restored O-antigen synthesis in Tom Inzana’s 

laboratory, different complemented clones exhibited different phenotypes, ranging from the ex-

pected virulent phenotype, to avirulent, and even an avirulent, protective phenotype. This Chap-

ter also provides a previously unpublished description of the complete genome of one of the 

avirulent, protective strains (Clone 12) that might serve as a possible vaccine strain. 

Finally, this chapter concludes with a comparison of the TI0902 genome with several other type 

A1 strains that have been previously fully or partially sequenced: SCHUS4, FSC033, FSC198, 

MA002987, and NE061598.  
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2.1 Introduction 

 

Francisella tularensis is a non-motile gram-negative intracellular bacterium that is known 

to infect over 250 mammalian species [1]. There are four subspecies of F. tularensis :  tularensis, 

Holarctica, mediasiatica, and novicida [2].  Of these subspecies, F. tularensis subsp. tularensis is 

the most virulent usually requiring less than 10 CFU to cause disease [3] in mice. In addition, F. 

tularensis subsp. tularensis is further subdivided into clades A1 and A2[1, 4, 5]. Examples of viru-

lent type A1 strains that have been fully or partially sequenced are FSC033, SCHUS4, FSC198, 

NE061598, and MA002987 [6-9]. In total there are currently more than 15 type A1 strains that 

have been sequenced in the Short Read Archive (SRA) [10] of the National Center for Biotechnol-

ogy Information (NCBI). Differences in virulence among F. tularensis subsp. tularensis strains A1 

have been shown to exist, with strain FSC033 being the most virulent [11] in mice.  However, 

virulence mechanisms that exist in F. tularensis have eluded scientists to this day.  

Genomic comparisons between type A1 strains have shown high sequence conservation.  

For example, there are only 8 SNPs and three differences in variable number tandem repeat 

(VNTRs) markers between strains FSC198 and SCHUS4.  In addition, 25 polymorphisms, 11 varia-

ble number of tandem repeats (VNTRs), one inversion and two chromosomal rearrangements 

differ between the SCHUS4 strain and the NE061598 strain.  Furthermore there are 123 SNPs, 8 

insertion/deletions (INDELS), and three chromosomal rearrangements observed between strains 

FSC033 and NE061598.  

F. tularensis subsp. tularensis TI0902, a type A1 strain, was isolated from a dead cat in 

Virginia, USA [2].  Laboratory work in the Inzana lab has shown that the strain TI0902 is more 

virulent than the SCHUS4 strain in mice due to a higher replication rate in the cytosol. This chap-

ter reports the complete genomic sequence of TI0902 and its mutant TIGB03 that is attenuated 

in virulence in mice. The strain TIGB03 is a nitrosoguanidine-treated mutant of TI0902 that is 

highly attenuated in mice due to the loss of lipopolysaccharide (LPS) O-antigen. The strain TIGB03 

has a missense mutation in the glycosyltransferase wbtK gene in the O-antigen cluster that leads 

to the disruption of the LPS assembly. As a consequence, TIGB03 does not have LPS. To rescue 
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this mutation, a vector plasmid carrying the wildtype wbtK gene with a GroeS promoter was in-

serted into TIGB03. The strain TIGB03 with the plasmid was grown in culture and twenty comple-

mented clones were isolated. The complemented clones all had LPS. Of these twenty clones, 12 

were tested for virulence. Four of the complemented clones were virulent, while eight were avir-

ulent. However, there were differences in virulence among the clones. One of the avirulent com-

plemented clones (Clone12) protected mice from infection with lethal dose of TI0902. This chap-

ter also provides a previously unpublished description of the complete genome of one of the 

avirulent, protective strains (Clone12) that might serve as a possible live vaccine strain. 

Finally, this chapter also introduces the correction of draft assemblies, by the Broad Insti-

tute, of virulent type A1 strains FSC033 and MA002987.  

2.2 Genome Assembly of type A1 strains TI0902 and TIGB03 

  The virulent strain F. tularensis subsp. tularensis TI0902 [2] and its attenuated mutant 

strain TIGB03 were sequenced using the 454 GS-FLX sequencing system [12]. The coverage for 

the strain TI0902 was 27x, while coverage for TIGB03 was 46x with reads of average length 245 

nucleotides. Assembly of reads from the sequencing were computed using Roche Newbler soft-

ware [13, 14] and MIRA3 software [13, 15].  De novo assembly yielded 81 and 78 contigs for 

strains TI0902 and TIGB03, respectively. Gaps between contigs for each respective strain were 

closed using Sanger sequencing by the Inzana laboratory and additional de novo assembly meth-

ods. Briefly, a program was written in Perl that created indexed all the reads and each contig end 

was extended in blocks of 16mers. The fully assembled genome of TI0902 was 1,892,744 nucle-

otides long, while the fully assembled genome of TIGB03 was 1,968,651 nucleotides long. The 

complete genomes were processed with the RAST pipeline [16] and GeneMark [17, 18] for gene 

annotation. Various online sources such as Gene Expression Omnibus (GEO) [19, 20] and litera-

ture were used to complement gene annotation. In addition, gene annotations for F. tularensis 

subsp. tularensis SCHUS4 [6] were also used.   

The genome of strain TI0902 has 50 copies of a transposase (see chapter 4) that belongs 

to the IS630 Tc-1 mariner family [6, 21]. There are 46 copies of these genes are full copies (785nt) 

while four are partial copies (a single copy has 684nt while three copies have 404nt). Additionally, 



11 
 

there are 16 copies of another transposase that belongs to the IS5 family. This transposase has 

14 full copies (744 nt) and 2 partial copies (682nt and 669nt). Full copies of these transposases 

are at least 744 nucleotides long and thus make de novo assembly of a genome difficult and 

elusive if the reads are not long enough. Additionally, since the genome of TI0902 has a dupli-

cated Francisella Pathogenicity Island (or FPI) [22-26] flanked by mobile elements, care must be 

taken when performing a de novo assembly to identify regions that could be duplicated in new 

strains or regions that could be deleted but not entirely.  

De novo assemblers without mate pair data with long insets (more than the repeated 

regions) are unable to determine whether a region is duplicated in the genome especially if there 

is little variation in repeats. Additional analysis must be done to determine what regions (or con-

tigs) are duplicated. The genome of TI0902 was split into 64 unique regions (see Appendix A). 

Because the 454 reads were of variable length, the following steps were taken to determine if 

additional regions were duplicated in the genomes of TI0902 and TIGB03. 

1. BLAST TI0902 contigs and TIGB03 contigs against a TI0902 contig database to identify 

unique regions of each genome between transposase insertion elements. 

2. Then BLAST these  unique regions against a read database for each genome, respec-

tively, to determine read counts per unique region and define a metric by the unique 

ratio:         𝑈𝑅 =
𝑢𝑛𝑖𝑞𝑢𝑒 𝑟𝑒𝑔𝑖𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ

𝑟𝑒𝑎𝑑 𝑐𝑜𝑢𝑛𝑡𝑠
  

3.  Finally for each genome: 

3.1 Calculate UR for each region from step 2. 

3.2 Use cluster analysis to determine the cluster with the most data and use that cluster 

data to calculate the average unique ratio (AUR) for unique regions. 

3.3 Calculate the copy number of each region by dividing the AUR for the genome by the 

region UR.  

     Using the method above, the AUR for each genome was determined from the clusters of UR 

values shown in the figures 2.1a-b highlighted in blue. Since the sequencing coverage values for 

each strain were different, it is not surprising that the AUR for TI0902 (𝑇𝐼0902𝐴𝑈𝑅 = 5.97) was 

higher than the AUR for strain TIGB03 (𝑇𝐼𝐺𝐵03𝐴𝑈𝑅 = 4.75). This is because the coverage for 

TIGB03 was higher than the coverage for TI0902. From the figures, it is clear that some of the 
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chosen unique regions have more copies as depicted by the members of the red colored clusters 

(lower UR values mean higher copy numbers). Five regions in TI0902 have multiple copies, while 

nine regions in TIGB03 have multiple copies. From these observations, it is clear that there are 

differences in some regions in terms of copy numbers. Additionally, the Figure 2.1a and 2.1b 

show that UR is independent of GC content since there is no clear relationship between the two.  

The table below shows the copy numbers of each region for strains TI0902 and TIGB03 respec-

tively. 

Table 2.1 shows seven regions that differ in copy numbers between the two genomes out 

of a total of nine.  These regions are 12, 13, 14, 15, 16, 18, and 40. The read coverage for the 

regions highlighted in table 2.1 are depicted in Figure 2.2 for both strains.  Since the genome of 

TI0902 has 3 copies of region 14 (also repeated in regions 18 and 40), one possible explanation 

for the duplication of regions 12, 13, 14, 15, and 16 in TIGB03 is that the whole region encom-

passing 12-16 was duplicated via a single process or mechanism. This Large Repeat region shall 

be named LR1. It is rich in ribosomal protein genes (28 genes in total) and is flanked by direct 

ISFTU1 mobile elements. 

Table 2.1 Comparison of copy numbers between strains TI0902 and TIGB03 

 

* Yellow signifies regions with different copy numbers between strains while green are duplicated 

regions with same copy numbers in both TI0902 and TIGB03. 
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Figure 2.1a Unique Ratio values for wildtype 

TI0902 (Blue circles represent single copy re-

gions while red circles represent regions with 

multiple copies) 

Figure 2.1b Unique Ratio values for mutant 

avirulent strain TIGB03 (Blue circles represent 

single copy regions while red circles represent 

regions with multiple copies) 

 

Sanger sequencing and PCR by the Inzana 

laboratory showed that the second copy of 

LR1 is adjacent to the first copy of LR1. Sim-

ilar to what has been observed in E. coli 

[27], recombination with unequal cross 

over between two chromosomes can ex-

plain how the tandem duplication of LR1 

occurred during replication. During repli-

cation, a direct repeat at the end of the LR1 

region in one chromosome can align with 

the direct repeat immediately before LR1 

region in the second chromosome. This 

scenario is depicted in Figure 2.3. A recom-

 

Figure 2.2 Read coverage of 9 duplicated regions 

in strains TI0902 (in red) and TIGB03 (in blue). 

Light blue color represents duplicated FPI region 
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bination event leads to cells with a deletion of LR1 and cells with a tandem duplication of LR1. 

The deletion of LR1 is probably lethal due to the region having genes coding for tRNA-Glu, 2 

translation elongation factors, 28 ribosomal proteins, and α1 subunit of the RNA polymerase. 

Francisella species have two different α subunits of RNA Polymerase (RNAP) [28]. Both are re-

quired for transcription to occur, although homodimers of α1 can initiate transcription [18]. A 

tandem duplication of the LR1 implies that the bacteria have an additional copy of α1 subunit. 

The gene dosage effect of these duplicated genes in LR1 the cell phenotype and virulence is un-

known. 

 

         Both the genomes of TI0902 and TIGB03 have been fully assembled and published online at 

NCBI [29]. A summary of the complete genome structure and key features of both genomes is 

given in Figure 2.4 and Table 2.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Genomic Differences between strains TI0902 and TIGB03 

2.3.1 Large Duplicated Region  

 

Figure 2.3 Formation of LR1 duplication via recombination due to unequal crossover 
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Figure 2.4  Genomes of TI0902 and TIGB03 with large duplicated region 

*LR1 is a large region of about 75.6Kb, while LR2 is a region of 80Kb. LR1 region is duplicated in the mutant. LR2 
is found to be duplicated in other complemented mutant strains. (see Chapter 4) 

     The mutant strain TIGB03 is 75,907 nucleotides longer than the virulent strain TI0902. This is 

due to duplication of a large region flanked by insertion sequence ISFTU1. The large duplication 

(LR1 shown in Figure 2.5) increased the GC content of TIGB03 by 0.04% primarily due to the GC 

rich loci of ribosomal protein coding genes. As a result of the LR1 region, TIGB03 has an addi-

tional 82 protein coding genes as well as an additional tRNA. 

Table 2.2 Summary of genome features of strains TI0902 and TIGB03 

 TI0902 TIGB03 Gain by TIGB03  

genome length (bases) 1,892,744 1,968,651 75,907  

GC content % 32.26 32.30 0.04  

Protein Coding Genes 1619 1701 82  

Total tRNAs 38 39 1  

Total rRNAs 10 10 0  

Total Mobile Sequences 69 74 5  

 

     Additionally, RNA Polymerase subunit α1 is also found in this region. Since F. tularensis sub-

species have two different α-subunits, the presence of an additional copy of this α-subunit may 

have an impact on transcription dynamics. Also, 34% of protein coding genes (Figure 2.6) found 

Genome of wildtype 
Strain TI0902 

Genome of mutant 
Strain TIGB03 
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in the LR1 region have been found to be associated with outer membrane vesicles [30, 31], sug-

gesting a possible impact on the membrane integrity of TIGB03. The metabolic profile of LR1 

using RAST [15] shows that 45% (Figure 2.7) of the LR1 genes are involved in protein metabolism. 

This is not a surprise since almost 50% of the protein coding genes in the LR1 region are ribosomal 

protein coding genes.  Additionally, 11% of the proteins in LR1 are involved in respiration, while 

4% and 2% are involved in virulence and cell wall metabolism, respectively. How the presence of 

these additional genes impacts the virulence of TIGB03 is not known since TIGB03 has other mu-

tations that result in attenuation compared to the virulent wildtype strain TI0902.  

  

Figure 2.5 Normalized read depth of LR1 re-
gion for each strain 

Figure 2.6  Composition of LR1 proteins that 
are associated with outer membrane  
vesicles 

  

 

Figure 2.7 Metabolic profile of proteins found in the LR1 region 
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2.3.2 Single Nucleotide Polymorphisms 

     Using strain SCHUS4 as a reference strain for SNP analysis, the avirulent mutant strain TIGB03 

has 46 Single nucleotide polymorphisms (SNPs) compared to the wildtype strain TI0902. Of these 

46 SNPs, 9 are synonymous, 5 are intergenic, while two are found in pseudogenes, and 31 are 

non-synonymous. Of the 31 nonsynonymous SNPs (Table 2.3), one results in a possible earlier 

start site for a conserved hypothetical protein (annotated as FTT_1037c in SCHUS4 and FTV_0993 

in TI0902). Of the virulence associated genes with non-synonymous SNPs, wbtK (FTT_1452c) gene 

has a mutation that affects the LPS assembly in TIGB03. As a result, TIGB03 has a defective LPS 

compared to the wildtype strain. Complementation of wbtK in TIGB03 (Figure 2.12) restores LPS 

structure. However, virulence is not necessarily restored. One of the complemented mutants 

from the Inzana laboratory was avirulent and protected mice from infection by the virulent strain 

TI0902. Thus this complemented mutant was also sequenced. 

Table 2.3  Non-synonymous SNPS between TI0902 and TIGB03 using SCHUS4 as a reference 

SCHUS4 

Position 

SCHUS4 

 

TI0902 TIGB03 avp-[wbtK+]TIGB03 Amino Acid 

change 

SCHUS4 

Gene Symbol 

8784 C C T T P to S FTT_0009 

32452 C C T T A to V FTT_0033 

116391 C C T T A to V FTT_0109 

137287 G G A A A to T FTT_0125 

141026 G G A A G to D FTT_0129 

177527 G G A A P to L FTT_0163c 

202598 G G A A E to K FTT_0187 

254396 G G A A D to N FTT_0242 

310081 G G A A V to I FTT_0295 

373640 G G A A P to S FTT_0373c 

406181 G G A A G to S FTT_0402 

414335 G G A A G to D FTT_0407 

478852 C C T T A to V FTT_0462 

485060 G G A A G to R FTT_0467 

697906 G G A A T to I FTT_0680c 



18 
 

867574 C C T T T to I FTT_0853 

887017 C C T T A to T FTT_0878c 

957428 C C T T A to V FTT_0945 

973114 C C T T P to S FTT_0961 

1012022 G G A A A to V FTT_1000c 

1050476 C C T T M to I start 

Codon 

FTT_1037c 

1056944 C C T T S to N FTT_1046c 

1371671 C C T T P to S FTT_1341 

1409062 G G A A G to D FTT_1364 

1419268 G G A A A to T FTT_1373 

1502247 A A G G S to F FTT_1452c 

1654114 G G A A D to N FTT_1591 

1739412 C C T T P to S FTT_1669 

1810795 C C T T A to T FTT_1724c 

1868156 C C T T A to V FTT_1779 

1892056 G G A A T to I FTT_1804c 

 

The gene wbtK or FTT_1452c has a point mutation from A to G nucleotide. This results in an 

amino acid base change from Serine (a polar amino acid) to Phenylalanine (a non-polar amino 

acid). As mentioned earlier, this point mutation leads to disruption of LPS assembly. Complemen-

tation of wbtK restores normal LPS assembly. The base switch also appears to affect the 3D mol-

ecule shape of WbtK protein. The 3D shapes for wildtype WbtK protein and the TIGB03 WbtK 

protein were predicted using SWISS-MODEL software [32], and are depicted in Appendix D. It is 

not known how the other mutations shown in Table 2.3 affect protein function. 
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2.4 Genome Assembly of wbtK+ complemented clone avp-

[wbtK+]TIGB03 (Clone12) 

     A wbtK complemented mutant of the avirulent protective strain TIGB03, that was found to be 

protective in experiments done in the Inzana laboratory (known as Clone12) was also sequenced 

with Roche 454 instrument [13, 14]. Assembly of reads from the sequencing was done using 

Roche Newbler software [13, 14] and MIRA3 software [13, 15]. Clone12 region copy numbers 

were first calculated by using the strategy utilized in assembly of the parent strain and the 

wildtype strain. 

 

 

  

Figure 2.8a Unique Ratio values for mutant 

avirulent strain  TIGB03 (Blue circles repre-

sent single copy regions while red circles rep-

resent regions with multiple copies) 

Figure 2.8b Unique Ratio values for Clone12 

(Blue circles represent single copy regions 

while red circles represent regions with multi-

ple copies) 
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     The regions used were of the wildtype TI0902 for reference. Again there are differences in the 

UR values since coverage was different for each strain. The average coverage for Clone12 genome 

was 245x compared to 50x for TIGB03 genome. Additionally, the average read length was differ-

ent. The average read length for TIGB03 was 245nt, while reads for Clone12 averaged 500nt in 

length.  The outlier in Figure 2.8b with a Unique ratio of over 3.0 is due to removal of plasmid 

reads.  

 

     From Table 2.4 and Figure 2.9, it is clear that Clone12 has lost 2 copies of region 14. Determin-

ing which copy it has lost was not straightforward since regions 14 and 40 are flanked by identical 

sequences. By aligning reads to region 18, it is clear that the region 18 copy is intact. This means 

that Clone12 has either lost both copies of region 14 in LR1 region, or it has lost one copy in LR1 

and lost the region 40 copy. 

 

 

  

Figure 2.9 Unique region read coverage for 

Clone12 (in black) and TIGB03 (in blue). 

Figure 2.10 Region 14 unique region is flanked 

by two identical sequences in Region 14 and 

Region 40, Region 18 flanking sequences are 

different. 
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Table 2.4 Copy number of regions in genomes of Clone12 and TIGB03 

 

*Yellow signifies regions with different copy numbers between strains, while green are regions with same copy numbers but ap-

pearing at least twice in the genomes; red signifies differences due to presence of plasmid 

 

     In either case, Clone12 has lost at least a copy of region 14 in the LR1 region. One mechanism 

by which this could occur is that region 14 is surrounded by long inverted repeats (LIR) of ISFTU1 

sequence (Figure 2.11), the LIR in the lagging strand could anneal during replication and form a 

loop. As a result, a breakage could occur at the site of the loop, resulting in the deletion of region 

14. The mechanism for this deletion is shown in Figures 2.11 A and B.  

 

 

Start End Clone12 TIGB03 Start End Clone12 TIGB03

0 2894 1 1 1 932018 1073110 33 1 1

4735 7901 2 1 1 1074458 1084971 34 1 1

10152 100916 3 1 1 1086519 1121164 35 1 1

105515 142275 4 1 1 1122429 1153544 36 1 1

144640 185735 5 1 1 1154997 1229610 37 1 1

187092 218732 6 1 1 1231190 1249848 38 1 1

219899 233996 7 1 1 1252196 1282850 39 1 1

235358 242456 8 1 1 1284678 1285778 40 2 4

243804 259321 9 1 1 1288113 1330821 41 1 1

260669 269183 10 1 1 1332857 1370061 42 1 1

270531 287319 11 1 1 1371326 1406939 43 2 2

288669 323603 12 2 2 1409144 1429194 44 1 1

324899 350844 13 2 2 1431142 1474835 45 1 1

352842 353815 14 2 4 1476983 1482740 46 1 1

355214 357022 15 2 2 1484005 1497943 47 1 1

358386 363226 16 2 2 1499036 1516112 48 2 1

364574 378618 17 1 1 1517377 1531249 49 1 1

379854 381268 18 2 4 1532654 1575825 50 1 1

382120 383384 19 1 1 1577090 1609350 51 1 1

384647 453026 20 1 1 1611155 1647817 52 1 1

454431 534191 21 1 1 1650165 1663891 53 1 1

535539 578134 22 1 1 1666139 1676902 54 1 1

579482 582247 23 1 1 1679334 1682835 55 1 1

583512 606643 24 1 1 1685183 1706889 56 1 1

607908 710437 25 1 1 1709137 1737820 57 1 1

711785 743989 26 1 1 1740184 1759818 58 1 1

745337 752911 27 1 1 1762166 1764875 59 3 1

754199 784680 28 1 1 1767023 1799894 60 2 2

787085 797970 29 1 1 1802142 1830813 61 1 1

800318 838952 30 1 1 1833161 1843811 62 1 1

840300 876411 31 1 1 1846107 1867820 63 1 1

877676 930613 32 1 1 1870127 1891802 64 1 1

TI0902 Chromosome Copy Number TI0902 Chromosome Copy Number
Region # Region#
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A 

 

B 

Figure 2.11 A: Long inverted repeats result in formation of DNA loop in the lagging strand. B: 

DNA breakage occurs via action of nucleases and the DNA repair joins the two ends together 

through homology 

 

2.5 TIGB03 vs avp-[wbtK+]TIGB03 SNPs 

     There were no SNPs observed between the two strains.  To try to better understand the phe-

notypic differences between the different strains, RNAseq was carried out for strains TI0902, 

TIGB03, and the avirulent-protective wbtK complemented mutant (Clone12) as well as an addi-

tional avirulent (but not protective) wbtK complemented mutant (Clone06),  and a virulent wbtK 

complemented mutant (Clone01). The aim of the RNAseq study was to determine how gene ex-

pression in the avirulent protective clone confers protection compared to other clones. The re-

sults for these will be discussed in Chapter 3. 

 

Figure 2.12  Genome plot of Clone12 with plasmid 
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2.6  Strain TI0902 vs virulent A1 strains 

2.6.1 Variable Number Tandem Repeats  

     F. tularensis genomes have numerous repeats and some of these repeats are in tandem. Due 

to a mutational process called slipped strand mispairing [33], the numbers of tandem repeats can 

either increase or decrease and generate variability in the number of repeats ( and thus the 

phrase Variable number of tandem repeats or VNTR) that are in tandem. F. tularensis has such 

tandem repeats, most of which are located in the mobile element ISFTU1. A study was published 

in 2001 that described the VNTRs [1, 34, 35] that are on F. tularensis genomes and the markers 

identified in that study will be used to describe differences in typ1 A1 strains. 

       There are 5 VNTRs markers [1, 36] that are different between TI0902 and SCHUS4. The most 

abundant differences (12 in total) are found in the VNTR-4 marker that is adjacent to a terminal 

repeat that flanks insertion sequences ISFTU1, ISFTU2, ISFTU4, ISFTU5, and ISFTU6.  In contrast, 

there is only one difference in VNTR-4 marker between NE061598 and SCHUS4.  It is interesting 

that most VNTR-4 marker differences are found in the locus of ISFTU1 sequences. This may sug-

gest that most of the chromosomal rearrangements seen in F. tularensis species may be medi-

ated by ISFTU1 sequences.   

 

      The FT-M3 [1, 8] marker is in a tetratricopeptide repeat domain protein (FTT_0294) which is 

annotated as a pseudo gene in SCHUS4 only.  The TI0902 equivalent of FTT_0294 is split into two 

hypothetical proteins with gene loci FTV_0291 and FTV_0292. The product of FTV_0291 matches 

100% of hypothetical membrane of NE061598. However, FTV_0292 product has 27 less amino 

acids than the NE061598 equivalent.  VNTR-2 is in a noncoding region of SCHUS4 and a deletion 

of the 11-mer in TI0902 doesn’t seem to have any upstream of downstream effects. Similarly, 

differences in FT-M23 [1, 8] between TI0902 and SCHUS4 do not have upstream or downstream 

effects. The FT-M17 [1, 8] marker is found within a hypothetical gene FTT_1800c.  The insertions 

in the gene locus changed the open reading frame (ORF) from first ORF to third ORF and the start 

codon from ATG to TTG. How the insertions in TI0902 changed the chemical properties of the 

protein product is unknown.  The resulting protein product in TI0902 has 30 additional amino 
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acids consisting of repeated KY motifs, and this observation from this study is found in another 

virulent type strain FSC033. 

 

     A study has shown that some chromosomal rearrangements between A1 and A2 clade of F 

.tularensis subspecies are due to 36 ISFTU1 sequences [37]. Earlier it was stated that there was 

one inversion between strains NE061598 and SCHUS4, this inversion is flanked by three ISFTU1 

sequences.  In addition, the two chromosomal rearrangements between strains SCHUS4 and 

NE061598 are also flanked by ISFTU1 sequences.  

 

    The FT-M3 marker is in a tetratricopeptide repeat domain protein (FTT_0294) which is anno-

tated as a pseudo gene in SCHUS4 only.  The TI0902 equivalent of FTT_0294 is split into two 

hypothetical proteins with gene loci FTV_0291 and FTV_0292. The product of FTV_0291 matches 

100% of hypothetical membrane of NE061598. However, FTV_0292 product has 27 less amino 

acids than the NE061598 equivalent.  VNTR-2 is in a noncoding region of SCHUS4 and a deletion 

of the 11-mer in TI0902 doesn’t seem to have any upstream of downstream effects. Similarly, 

differences in FT-M23 between TI0902 and SCHUS4 do not have upstream or downstream ef-

fects. The FT-M17 marker is found within a hypothetical gene FTT_1800c.  The insertions in the 

gene locus changed the open reading frame (ORF) from first ORF to third ORF and the start codon 

from ATG to TTG. How the insertions in TI0902 changed the chemical properties of the protein 

product is unknown.  The resulting protein product in TI0902 has 30 additional amino acids con-

sisting of repeated KY motifs, and this observation from this study is found in another virulent 

type strain FSC033. 

 

2.6.2 Single Nucleotide Polymorphisms 

       There were in total 100 SNPs between strains TI0902 and SCHUS4 (Table 2.5). Of these 100 

SNPs, 89 SNPs were in coding sequences of which 63 were non-synonymous mutations. There is 

a mutation in a gene annotated as FTT_1209c that is a pseudo gene in SCHUS4. It appears that 

this gene has an early stop codon in strain SCHUS4 compared to strain TI0902. Other strains such 
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as FSC198 and NE061598 have the same early stop codon mutations also.  The gene codes for a 

protein product metallopeptidase family M13 protein that is 721 amino acids in TI0902 but is 

only 651 aa long in SCHUS4. This gene also appears intact on the genomes of the strains FSC033 

and MA002987. How this gene affects virulence in these strains is unknown. Compared to 

FSC033, strain TI0902 has only 52 SNPS. Of these 52 SNPs, 46 are in protein coding regions. The 

strain FSC033 differs from strain TI0902 in that FSC033 has two identical copies of the gene ostA2 

annotated as an organic solvent protein. The rest of the A1 strains have a degenerate copy of the 

first copy of this gene. The strain MA002987 is even closely related to TI0902 than FSC033 is 

because only 45 SNPs were observed between the two strains. Of these 45 SNPs, 38 are found in 

protein coding regions.  

Table 2.5 Summary of SNP differences between TI0902 genome and other A1 strains 

 TIGB03 MA002987 FSC033 SCHUS4 FSC198 NE061598 

Type of Substitution       

Transitions       

A:T>G:C 3 22 24 40 40 40 

G:C>A:T 43 13 16 38 44 38 

% of all SNPs 100% 78% 77% 78% 77% 76% 

Transversions       

A:T>T:A 0 5 6 4 4 5 

A:T>C:G 0 4 5 10 10 11 

G:C>T:A 0 1 1 5 7 7 

G:C>C:G 0 0 0 3 4 2 

% of all SNPs 0% 22% 23% 22% 23% 24% 

Non Coding Region 6 7 6 14 12 11 

Coding Region 40 38 46 86 97 92 

Total SNPs 46 45 52 100 109 103 

 

     As Table 2.5 shows, it is interesting that the rate of transition mutations is at least 4 times that 

of transversion mutations in these strains. The rate of 100% transition rate for TIGB03 compared 



26 
 

to wildtype strain TI0902 is due to the use of a nitrosoguanidine that induces transition mutations 

with the majority being G->A and C->T substitutions [38]. Interestingly, this chemical mutagen 

induced a few transversion mutations in other bacteria [38]. Compared to strains MA002987 and 

FSC033, the strains SCHUS4, FSC198, and NE061598 have at least twice the number of transver-

sion mutations Compared to strains MA002987 and FSC033, the strains SCHUS4, FSC198, and 

NE061598 have at least twice the number of transversion mutations. However, this is due to their 

overall SNPs being at least twice that of FSC033 and MA002987. The genome of the type A1 strain 

MA002987 was also corrected and draft assembly made for comparisons in this study. 

 

2.6.3 Chromosome structure 

      Although there are few differences in SNPs among all these strains, their chromosomes have 

over 60 mobile sequences that range from 463 nucleotides to over 1000 nucleotides. A Mauve 

[39] alignment shows structural differences between some of these strains. An alignment was 

computed for strains TI0902, FSC033, SCHUS4, and NE061598. There is a large inversion in the 

FSC033 strain with respect to all the other strains. This inverted region covers a length of almost 

1Mb and is flanked by ISFTU1 sequences. Strains SCHUS4 and NE061598 also have an inverted 

region towards the end of the chromosome. In addition to this region, strain NE061598 has a 

region (shaded orange) that has translocated towards the end of the chromosome. There is also 

an inversion and a translocation of a small region colored green in FSC033. This region is inverted 

in strain NE061598 compared to the other strains. 
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Figure 2.13 Mauve alignment showing structural differences in virulent type A1 strains TI0902, 

SCHUS4, FSC033, and NE061598 

 

       These genomes show that even though the bacterial strains are all virulent their chromosome 

structures differ, suggesting that the mobile elements on the genome contribute to genomic in-

stability. Thus, it should not be a surprise that the genomes of the chemical mutant and its wbtK 

complemented clone are different. How the presence of a foreign body such as a plasmid affects 

gene expression will be shown in the next Chapter. 

 

2.7 Conclusion 

        There were overall few SNPs between TI0902 and other virulent type A1 strains. The largest 

differences in SNPs was 109, while the least SNPs differences was 45. The strain TI0902 is closely 

related to strains FSC033 and MA002987 than strains SCHUS4, FSC198, and NE061598. The most 

common SNPs are transition mutations at 77.2%, while transversion substitutions were low at 

22.8%. This is important since transversion mutations can lead to gene disruption.  Although the 

SNPs differences were few, most of the differences were due to the transposable elements and 

tandem repeats of small sequences. For example, there are translocations and inversion events 
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mediated by mobile elements. These mobile elements will be discussed in detail in chapter to 

show in detail the other differences among these strains.  

            

     The chemical mutant’s genome has a tandem duplication of a region that is at least 75Kb in 

length due to the presence of transposable elements. Complementation of the wbtK gene via a 

plasmid seems also to have changed the genome of Clone12 via loss of 2 copies of region 14. This 

region is also flanked by transposable elements. The presence of these elements can mediate 

duplication and deletion events through recombination with unequal crossover and thus contrib-

ute to genome instability in Francisella tularensis bacterium. Additionally, the transposable ele-

ments also mediate chromosome translocation events as evidenced by inversions of some re-

gions between type A1 strains.  This genome instability should raise concerns especially when 

designing live vaccine strains whose genomes are highly prone to change.  
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Chapter 3: Complementation of wbtK gene in a plasmid alters 
the gene expression profile of at least 300 genes in F. tularensis 
subsp. tularensis  

 

Abstract:  

RNASeq technology was used to analyze differences in gene expression in 5 different strains of 

F. tularensis: virulent TI0902, avirulent mutant TIGB03, and three  wbtK complemented clones: 

virulent- [wbtK+]TIGB03-Clone1, avirulent- [wbtK+]TIGB03-Clone6, and an avirulent-protective- 

[wbtK+]TIGB03-Clone12. Statistical analysis showed that the presence of the vector plasmid in-

creased expression of over 300 genes between TIGB03 and the clones. Furthermore, expression 

of virulence associated genes mglA and mglB was down-regulated in the complemented clones 

compared to TIGB03.  This includes some genes in the FPI region that were down-regulated in 

the clones. Surprisingly, the FPI region was severely suppressed in the virulent Clone1 compared 

to all other strains suggesting that this virulent clone may use a different mechanism for virulence 

that does not use the FPI region for to cause disease. Additional analysis showed that the virulent 

Clone1 lost the extra copy of the LR1 region that is found in the avirulent clones and the avirulent 

mutant strain TIGB03 and then duplicated another large LR2 region of at least 80kb, increasing 

gene dosage of sspA, another virulence associated transcription factor.  
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3.1 Introduction 

 F. tularensis subspecies differ in virulence even though their genomes are more than 90% 

identical. Understanding of the mechanisms that are responsible for differences in virulence be-

tween the subspecies would give a clue to what genes enhance or reduce virulence. For example, 

gene dosage effects of the FPI region are known to increase virulence. This is from the observa-

tion that the genomes of highly virulent F. tularensis subsp. tularensis type A1 strains have two 

copies of the Francisella Pathogenicity Island (FPI) region. Deleterious mutations in the FPI re-

gions leads to attenuation [1].   

Previously, the genomes of TIGB03, TI0902, and Clone12 were assembled (see chapter 2 

and [2]). The strain TIGB03 is an attenuated chemical mutant of the virulent wildtype strain 

TI0902 whereas Clone12 is an avirulent, wbtK complemented mutant of TIGB03. Comparative 

genomics revealed no differences in SNPs between TIGB03 and Clone12. However, there was a 

region (#14) that differed in copy number between TIGB03 and Clone12. The parent strain TIGB03 

has 4 copies of this region while Clone12 has only two copies of this region (see Figure 2.9). What 

is not known is what effect gene dosage has on expression of a gene (FTV_0329) in this region 

and if there are also downstream effects on other genes due to differences in copy number. The 

gene in this region has a glycosyl transferase motif and varies in copy numbers in F. tularensis 

subsp. tularensis, holarctica, and mediasiatica.  F. tularensis subsp. novicida strains do not have 

this region in their genomes at all. 

The genomes of TIGB03 and Clone12 have two copies of a region named LR1 (Chapter 2) 

that is 75.5Kb long compared to the virulent wildtype strain TI0902. This region is rich in riboso-

mal proteins and has chaperones as well as transcription factors. It is unknown if the presence of 

the LR1 region could also be contributing to differences in virulence between the strains. The 

other unknown factor that could impact virulence is the presence of a plasmid in Clone12. Since 

wildtype F. tularensis subsp. tularensis type A1 strains do not have plasmids, the presence of a 

vector plasmid can affect expression of some genes. Since RNAseq has not been done for F. tu-

larensis subsp. tularensis type A1 strains, this study is the first to mine such data to determine 
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how factors such as presence of a plasmid, gene dosage, and mutation affect mRNA transcript 

levels.  

3.2 Methods 

3.2.1 Mapping of Reads 

     RNAseq data for each strain was aligned on the reference wildtype strain TI0902 using Bowtie2 

[3]. Because the genome of TI0902 has  50 copies of  ISFTU1 sequences as well as two copies of 

the Francisella Pathogenicity Island (FPI) [4-6], the value of k was set to 50 in bowtie2 to allow 

for reads to have multiple alignments up to 50 times. Thereafter, SAMtools [7] was used to get 

read coverage and SNPs. A Perl script was used to extract read coverage per base for each strain 

from the SAMtools output file. RNAseq data for the strains avp- [wbtK+]TIGB03-Clone12, an avir-

ulent av- [wbtK+]TIGB03-Clone6, and a virulent  vir- [wbtK+]TIGB03-Clone1 were generated in 

duplicate while data for strains TI0902 and TIGB03 did not have any replicates. The gene coordi-

nates were extracted from gff files for reference strain TI0902. Also chromosomal coordinates 

for regions without coding sequences were included in the file to determine if there was any 

transcription in noncoding regions. Coverage for regions known to have rRNAs was set to zero to 

remove any bias this might introduce during normalization. The read coverage and gene coordi-

nate files were input into the R-Bioconductor package and processed with the DESeq2 software 

package [8].  

 

3.2.2 Data Normalization 

     The package DESeq2 [8] comes with two data normalization algorithms: regularized log trans-

formation (rlog) and variance stabilization transformation. Data were normalized with these two  
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       Legend 

 

Figure 3.1 Boxplots of different normalization techniques on RNAseq data 

 

algorithms as well as a Quantile Normalization [9] algorithm from the preprocessCore package. 

Boxplots (Figure 3.1) for the different normalization techniques on raw data were generated and 

then compared to select which normalization to use. Figure 4.1 A. shows that, in the raw data 

before normalization, strain TIGB03 data have the shortest interquartile range while data for 

Clone6_1 show slight skewness above the median. The medians for each dataset are different 

and thus for comparisons to be made, the data must be normalized. The variances between bio-

logical replicates for Clone1, Clone6, and Clone12 are similar but different. The rlog() Normaliza-

tion normalizes the data to the same median albeit with different interquartile ranges. 
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Figure 3.2 Standard deviation Vs Mean for different normalization Methods 

     The same is true for the Variance Stabilization technique. The data for Quantile Normalization 

method has normalized the data samples to the same median and interquartile range. To deter-

mine if the variance of the data is dependent upon the mean, the standard deviation was plotted 

against the average mean for each gene across all samples.  This is shown in figures 3.2A-D. For 

raw data (Figure 3.2A), the variance is high for low gene counts and low for highly expressed 

genes. The trend in variation is downward (red line) as gene expression increases. The rlog Nor-

malization (Figure 3.2B) shows a decrease in variation from low gene counts to mid-expressed 

gene counts. However, that trend is reversed at rank (mean) value of 1500, at which point the 

variance increases. Also, the highest standard deviation is decreased to slightly above 1.0 com-

pared to the raw data, which had the highest value of 2.5. The same variation trend which is 
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shaped in a trough-like manner can also be seen for the Variance Stabilization Normalization. In 

contrast, the standard deviation in Figure 3.2C has higher values than values seen in Figure 3.2B. 

The variance seen in Figure 4.2D for Quantile Normalization shows variance that is independent 

of mean and remains fairly constant across the means. Additionally, the highest variance values 

are comparable to the raw data. Since DESeq2 is conservative in its estimates, the Quantile Nor-

malization was used for the rest of the analysis. 

3.2.3   Design Models used for RNAseq Analysis 

Comparison1: Plasmid Effect: this comparison tested whether the presence of a plasmid affected 

expression of certain genes. The plasmid is shown in Appendix C. The plasmid has a kanamycin 

resistance gene, and an ampicillin resistance gene in addition to wildtype wbtK and other shuttle 

vector genes. The aim of this comparison is to test if presence of this plasmid had any effect on 

gene expression in the complemented clones. The same model was run using both DESeq2 and 

LIMMA to calculate the relative expression values and the list of differentially expressed genes 

was compared for consistency. Strains used were the avirulent TIGB03 (has no plasmid), Clone6, 

and Clone12. The strain Clone1 was not used in this comparison since it is virulent, and adds 

another factor to the comparison. 

            Table 3.1 Design to test for effect of presence of plasmid on gene expression 

Data condition strain 

TIGB03 no-plasmid TIGB03 

Clone6_1 plasmid Clone06 

Clone6_2 plasmid Clone06 

Clone12_1 plasmid Clone12 

Clone12_2 plasmid Clone12 

 

Comparison 2: Virulence 1: The avirulent mutant strain TIGB03 was compared with virulent com-

plemented Clone1 to identify virulence associated genes. 
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Table 3.2 Design to identify genes associated with restoration of virulence 

Data condition strain 

TIGB03 virulent TIGB03 

Clone1_1 virulent Clone01 

Clone1_2 virulent Clone01 

 

Comparison 3: Virulence 2: The wildtype virulent strain, TI0902, was compared with the virulent 

complemented Clone1 to identify genes associated with different mechanisms of virulence. 

             Table 3.3 Design to identify genes associated with differences in virulence 

Data condition strain 

TI0902 virulent TI0902 

Clone1_1 virulent Clone01 

Clone1_2 virulent Clone01 

 

Comparison 4: Avirulent but protective: The model shown in Table 3.4 tested for genes that make 

Clone12 protective compared to Clone6. 

            Table 3.4 Design used to test for clone protectiveness  

Data condition strain 

Clone6_1 Not protective Clone06 

Clone6_2 Not protective Clone06 

Clone12_1 protective Clone12 

Clone12_2 protective Clone12 

 

3.3   Results 

3.3.1 Bowtie2 Alignment Results Show Presence of a Plasmid Effect on FPI Region 

     Table 3.5 shows the summary of alignments from Bowtie2 [3]. The reads were also mapped 

onto repeat regions ISFTU1, ISFTU2, and the Francisella Pathogenicity Island (FPI). As mentioned 

before, there are two copies of this region on the genome of the virulent strain TI0902. For 

Clone1, an average of 1.98% of total reads are aligned on repeated regions such as ISFTU1. This 
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number is very low compared to the wildtype strain TI0902 (11.99% of total reads) and the parent 

strain TIGB03 (10.94% of total reads). Additionally, Clone1 has the lowest proportion of reads 

that align to the FPI region. The FPI region has been shown to be crucial for virulence and thus it 

is a surprise that this virulent clone has the lowest expression of the FPI region compared to all 

the other clones. The other clones also have lower percentage of reads aligning on repeated re-

gions. By looking at the read numbers aligned on the FPI region it appears that the presence of 

the vector plasmid combined with unknown biological factors may have played a role in down-

regulation of genes in the repeated regions in the clones. Another possibility for why the number 

of reads aligned on the FPI region is low in the clones compared to the parent strain could be that 

the Clones have lost a copy of the FPI region. However, alignment of the reads at the ends of 

both copies of the FPI region shows that both copies of the FPI region are present in the Clones 

1 and 6 and 12.  

 

3.3.2 Not All Copies of Mobile Elements are Transcribed 

      It is also peculiar that the mutant strain TIGB03 has an unusually higher number of reads that 

align to the ISFTU1 and ISFTU2 mobile elements compared to all the other strains (Table 3.5).  

The proportion of reads for strain TIGB03 that align on ISFTU1 and ISFTU2 are at least twice the 

proportion of TI0902 reads that align on these regions. Since TIGB03 has 3 additional copies of 

ISFTU1, it is possible that one of the ISFTU1 copies that gets expressed is in the duplicated region 

LR1. The LR1 region also has a copy of ISFTU2, and this could explain why expression of mobile 

elements is higher in TIGB03 than in TI0902. This observation suggests that not all copies of the 

mobile elements are transcribed.   

 

3.3.3 Clone1 has lost a copy of the LR1 region  

     The RNAseq data was also aligned on the LR1 region to determine how duplication of this 

region affects transcription dynamics between strains TI0902 and TIGB03. Bowtie2 alignment 

shows that the increased dosage of genes in TIGB03 resulted in much higher expression (3.61%) 

compared to the wildtype strain TI0902 (1.96%). Surprisingly, the proportion of reads aligning on 

this region in Clone1 were about half the proportion of reads in the other clones. Furthermore, 



39 
 

percentage of reads aligning on this region was higher in TI0902 compared to Clone1. There are 

only two ways this can happen. One explanation is that genes in LR1 region in Clone1 are down-

regulated. However, this seems unlikely since this region is over 75Kb in length with genes on 

both plus and minus strand and in different operons. The only explanation left is that Clone1 has 

lost one copy of LR1 unlike the other clones or that it has lost some regions in LR1. 

  Table 3.5 Summary statistics of Bowtie2 alignment of RNAseq on the genome of TI0902 

 
  (red color signifies values that are different from the rest of the values) 

 

3.4 RNAseq Statistical Analysis 

3.4.1 Comparison 1: Plasmid Effect  

Up-regulated genes in the clones: DESeq2 was run on the data for TIGB03, Clone6, and Clone12 

to determine if addition of the plasmid to TIGB03 affected expression of some important genes. 

Data was selected using an adjusted p-value of at most 0.01. This yielded data with an absolute 

log2 fold change range of 0.58 to 3.8 (or fold change of 1.5 to 13.9).  A list of a total of 301 

annotated genes was generated. Of these 301 genes, 254 were up-regulated in complemented 

clones compared to mutant strain TIGB03, while 47 genes were down-regulated. Almost 84% of 

all differentially expressed genes are up-regulated compared to 16% genes that are down-regu-

lated. Table 3.6 lists the up-regulated genes in avirulent clones from RNAseq statistical analysis. 
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              Table 3.6 List of up-regulated genes in the avirulent wbtK complemented clones 

 

 (bold red color signifies genes known to be in an operon) 
 

genes 

dnaA rplA holB deoD dnaB guaB lpxA 

dnaN rplJ yhbY rplU rplI serS fabZ 

aspS rplL hemB rpmA rpsR fbaB FTV_1501 

nuoG rpoB yibK fabI rpsF pyk dxr 

nuoH rpoC accB FTV_0763 talA pgk ung 

nuoI FTV_0139 accC thrS FTV_1055 gapA minC 

nuoJ metK trxB infC secF rpmF minD 

nuoK rpsP sucD rpmI secD plsX FTV_1533 

nuoL rimM sucC rplT yajC FTV_1314 hemK 

nuoM trmD FTV_0471 FTV_0796 putA fabG FTV_1545 

nuoN rplS grxC FTV_0836 aroB acpP glpX 

infB xerD mdh aspC1 aroK fabF FTV_1558 

rbfA FTV_0155 FTV_0520 FTV_0845 pilQ panB pyrD 

hisS hemA FTV_0521 purCD FTV_1106 panC pyrF 

rluC rpsA potG purN FTV_1107 panD emrA2 

atpE lpxC potH lpnA FTV_1108 FTV_1331 FTV_1575 

atpF purH FTV_0575 lpnB FTV_1132 proS carA 

atpH hpt FTV_0576 FTV_0866 rne FTV_1353 carB 

atpA acpA phoH ileS lgt nusB ribD 

atpG orn yleA bioF thyA FTV_1376 ribB 

atpD efp clpP bioB serA rho ribA 

atpC ddg clpX aroG glyA wbtM ribH 

gltA yidC lon ffh FTV_1189 wbtL def3 

sdhB FTV_0219 miaA leuS emrA1 wbtK groES 

sucA rnpA hflX pheT FTV_1204 wzx groEL 

apt cydB rplY pheS dnaJ1 wbtJ tolC 

glmM cydA hslU FTV_0973 dnaK wbtE yegQ 

tpiA secY rpsO rpoD rpsI wbtD kdpD 

secG rpoA1 rpoZ dnaG mglA wbtC secB1 

acnA accD FTV_0662 FTV_0993 mglB wbtB recA 
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     The genes that are highlighted in bold red are part of operons with at least two genes. There 

are 8 operons identified to be up-regulated due to the presence of a plasmid. Some of these 

operons are involved in cellular respiration, protein metabolism, lipid A biosynthesis, and amino 

acid biosynthesis. As expected, the gene wbtK was up-regulated in the plasmid due to the pres-

ence of wbtK on the plasmid. However, upregulation of the O-antigen [10] cluster of genes wbtB, 

wbtC, wbtD, wbtE, wbtJ, wbtK, wbtL, wbtM and wzx was unexpected. It is not clear if upregulation 

of this gene cluster is due to over expression of wbtK on the plasmid. Also the virulence associ-

ated genes mglA [11-13] and mglB are up-regulated in the avirulent clones compared to TIGB03. 

What is also interesting is that genes involved in DNA repair via recombination (recA [14, 15] and 

xerD [16]) are up-regulated and could suggest a contribution to genome instability. 

               Table 3.7 List of genes that are down regulated in the complemented clones 

 

 

 

     Since the proportion of aligned reads on the FPI region was lower in the complemented clones 

in comparison to strain TIGB03, it is a surprise that only 3 genes were identified to be down-

regulated from the FPI region as shown in Table 3.7 (FTV_1627, iglD2 and iglC2). This could be 

due to the stringent adjusted p-value cut off of 0.01 that was used. Another reason could that 

 Genes  

proP FTV_0288 FTV_1032 

FTV_0011 FTV_0289 FTV_1069 

FTV_0023 folA FTV_1092 

lysA1 FTV_0336 csp 

FTV_0025 FTV_0472 yjdL 

FTV_0026 FTV_0506 iglD1 

appB FTV_0599 iglC1 

oppD FTV_0701 FTV_1378 

oppF FTV_0735 FTV_1423 

FTV_0245 FTV_0799 FTV_1448 

yajR FTV_0801 FTV_1522 

FTV_0271 FTV_0802 FTV_1627 

FTV_0281 FTV_0885 iglD2 

nfnB FTV_0886 iglC2 

FTV_0284 FTV_1029 FTV_1700 

fumC FTV_1030  
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there was a lot of variation in the expressed transcripts between the clones in the FPI region that 

reduced sensitivity of detection of differences in expression via statistical analysis.  

Table 3.8 Metabolic networks for differentially expressed genes due to presence of plas-

mid 

 

 

     Of the 254 up-regulated genes in the clones, 165 of these are found in 16 metabolic net-

works[17] (Table 3.8). In contrast, only 11 genes of the 47 down-regulated genes are found in 7 

metabolic networks. Forty-five genes that were upregulated are known to be involved in net-

works associated with protein metabolism, while 21 upregulated genes are known to be associ-

 up-regulated down-regulated 

Amino Acids and Derivatives 7 2 

Carbohydrates 13  2 

Cell Division and Cell Cycle 3 0 

Cell Wall and Capsule 8 0 

Cofactors, Vitamins, Prosthetic Groups, Pigments 16 1 

DNA Metabolism 3 1 

Fatty Acids, Lipids, and Isoprenoids 12 0 

Membrane Transport 1 3 

Nucleosides and Nucleotides 12 0 

Phosphorus Metabolism 2 0 

Potassium Metabolism 1 0 

Protein Metabolism 45 0 

Respiration 21 1 

RNA Metabolism 11 1 

Stress Response 8 0 

Virulence, Disease and Defense 2 0 

Total  165 11 
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ated with cellular respiration. Interestingly, 8 genes were upregulated that are known to be as-

sociated with cellular stress. This implies that the bacterial complemented clones are experienc-

ing higher cellular stress compared to TIGB03. 

 

3.4.2 Comparison 2: Virulence: TIGB03 vs Clone1  

 

Up-regulated genes in vir- [wbtK+]TIGB03-Clone1: Because Table 3.5 shows that there is a pos-

sibility that Clone1 lost a copy of the LR1 region, the comparison of TIGB03 versus Clone1 was 

done separately without including all the other clones. A total of 386 genes were differentially 

expressed between TIGB03 and Clone1 using an adjusted p-value cut off of 0.01 as in the com-

parison of TIGB03 to the other clones. Of these 386 genes that were different, 271 genes were 

up-regulated in Clone1 compared to same genes in TIGB03 while 115 were down-regulated in 

Clone1. This means that there were 85 more genes that were differentially expressed between 

TIGB03 vs Clone1 than TIGB03 vs Clone6 and Clone12.  

 

      Of the genes shown above, 155 genes are also up-regulated in Clone6 and Clone12 (shown in 

bold red). There also seems to be a region of genes from TI0902 locus tag FTV_0409 to FTV_0476 

that is up-regulated in Clone1 compared to TIGB03. A plot of expression data for all the strains is 

depicted in Figure 3.3 for rlog() normalized data (DESeq2 uses rlog() normalization by default). 

This region, which we shall name Large Repeat Region2 (LR2), is flanked by ISFTU1 mobile se-

quences and seems to be duplicated in vir- [wbtK+]TIGB03-Clone1 compared to all the other 

strains including the virulent wildtype strain TI0902. This could explain why some of the plasmid 

effect genes were not seen to be up-regulated in vir- [wbtK+]TIGB03-Clone1. 

 

      There were only 155 up-regulated genes shared by all complemented clones when compared 

to mutant parent strain TIGB03. For instance, the whole O-antigen gene cluster is not up-regu-

lated in vir- [wbtK+]TIGB03-Clone1 in contrast to what was observed in avir- [wbtK+]TIGB03-

Clone6 and avp- [wbtK+]TIGB03-Clone12 . These results were not confirmed via qrt-PCR. The only 
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up-regulated genes from the O-antigen cluster in vir- [wbtK+]TIGB03-Clone1 are the genes on the 

plasmid. In addition, the operon with genes panB, panC, panD, and FTV_1331 is only up-regulated 

Table 3.9 Up-regulated genes in vir- [wbtK+]TIGB03-C1 compared to mutant strain TIGB03 

 

 (Bold red are genes that are also upregulated in Clone6 and Clone12) 

Genes 

dnaA ftsZ hemB FTV_0520 FTV_0830 FTV_1055 fabF 

dnaN lpxC yibK FTV_0521 aroC secF suhB 

nuoC hpt ansB potG aspC1 FTV_1079 wbtL 

nuoG orn FTV_0432 potH FTV_0843 cphA wbtK 

nuoH efp argS potI FTV_0845 putA wzx 

nuoI FTV_0215 ostA1 FTV_0545 purM FTV_1101 deaD 

nuoM ddg surA aroA purCD FTV_1106 lpd 

nuoN yidC ksgA FTV_0575 purN FTV_1107 aceF 

atpB FTV_0219 apaH FTV_0576 lpnA FTV_1108 FTV_1428 

atpE rnpA aroD phoH parA FTV_1119 lpxB 

atpF rpmE accB yleA parB FTV_1150 lpxA 

atpH folC accC clpX FTV_0864 gidA fabZ 

atpA accD FTV_0441 lon FTV_0865 FTV_1155 ung 

atpG ndk msc miaA ileS queA FTV_1507 

atpD gdh poxA hflX ribF visC minC 

atpC glmU birA hflC maeA rne glpX 

gltA glmS recJ elbB bioF lgt FTV_1553 

sdhA pulB perM prsA aroG thyA FTV_1558 

sdhB glgB FTV_0447 rpsO ffh serA pyrF 

sucA pgm potF pnp infA emrB emrA2 

sucB malP FTV_0449 rpoZ leuS emrA1 FTV_1575 

apt FTV_0409 FTV_0450 rumA pheT FTV_1204 groES 

glmM FTV_0410 FTV_0451 eno FTV_0965 nadE groEL 

tpiA tet FTV_0452 ftsB FTV_0966 dnaJ1 tolC 

acnA FTV_0413 mutL FTV_0706 FTV_0973 dnaK yegQ 

deoC FTV_0414 FTV_0454 cspA dxs rplM FTV_1648 

nupC1 glnS trxB glyS guaA rpsI kdpD 

tufA pckA FTV_0457 rplU FTV_0981 mglA glpe 

rplK mraY cutC rpmA FTV_0982 mglB secB1 

rplA murD FTV_0462 fabI dacD rnhB recA 
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in clones av-[wbtK+]TIGB03-Clone6 and avp-[wbtK+]TIGB03-Clone12 when comparisons are 

made to TIGB03.  One of the most important genes in the LR2 region is sspA, [13, 18, 19] a poly-

merase associated transcription factor that affects virulence in the bacteria. Expression of this 

gene is up-regulated 2.82 fold with an adjusted p-value of 2.24E-10 only in vir-[wbtK+]TIGB03-

Clone1. How the dosage effect of this gene alters the bacterium’s transcription profile has yet to 

be determined by examining the genes that are known to be regulated by it.  

 

Figure 3.3 Up-regulated region in vir- [wbtK+]TIGB03-Clone1  

 

Down-regulated genes in vir- [wbtK+]TIGB03-Clone1 

     As mentioned earlier in the previous section, there were 115 genes that are down-regulated 

in the vir-[wbtK+]TIGB03-Clone1. This is in contrast to 47 genes that were down-regulated in 

clones avir-[wbtK+]TIGB03-Clone6 and avp-[wbtK+]TIGB03-Clone12. The list of down-regulated 
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genes is shown in the table below as well as genes shared by all clones. There were only 19 genes 

shared 

by all clones and are shown is bold red on the table. The LR1 region is represented by genes  

FTV_0257 to FTV_0336. The genes in the LR1 region are highlighted in bold italic. There are 30 

  Table 3.10 Down-regulated genes in vir- [wbtK+]TIGB03-C1                       

 

 (bold red signifies genes also down-regulated in Clone6 and Clone12, italic represents genes found in 
the FPI region) 

 

Genes 

FTV_0023 moxR folA FTV_0776 FTV_1292 FTV_1623 

lysA1 FTV_0270 uppS add1 FTV_1293 FTV_1624 

FTV_0025 FTV_0271 cdsA FTV_0915 FTV_1294 FTV_1625 

FTV_0026 FTV_0272 dut FTV_0936 pdpC1 FTV_1626 

ampG FTV_0274 pgsA FTV_0937 FTV_1296 FTV_1627 

FTV_0094 pcp rpsL FTV_0945 iglD1 pdpC2 

ampD FTV_0276 rpsM ndh iglC1 FTV_1629 

ybgL holC FTV_0329 FTV_1041 iglB1 iglD2 

ilvE valS FTV_0333 FTV_1042 iglA1 iglC2 

leuA FTV_0279 FTV_0334 FTV_1090 pdpD1 iglB2 

FTV_0236 FTV_0280 FTV_0335 FTV_1168 FTV_1327 iglA2 

FTV_0237 FTV_0281 FTV_0336 FTV_1208 FTV_1442 pdpD2 

FTV_0249 lldD1 FTV_0350 cbs FTV_1513 fopA2 

yajR nfnB FTV_0354 FTV_1285 FTV_1570 FTV_1687 

cyoA FTV_0284 FTV_0391 FTV_1286 FTV_1586 FTV_1702 

cyoE fumC FTV_0517 FTV_1287 FTV_1618  

lpxD2 gltX FTV_0571 FTV_1288 FTV_1619  

FTV_0266 FTV_0287 FTV_0573 FTV_1289 FTV_1620  

pdxY FTV_0288 FTV_0626 FTV_1290 FTV_1621  

FTV_0268 FTV_0289 dgt FTV_1291 FTV_1622  
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genes alone that are down-regulated in vir- [wbtK+]TIGB03-Clone1 in the LR1 in contrast to the 

other clones suggesting that the clone vir- [wbtK+]TIGB03-Clone1 maybe have lost the second 

copy of LR1. However, by looking at the expression profile of LR1 for strains TIGB03, vir- 

[wbtK+]TIGB03-Clone1 , avir- [wbtK+]TIGB03-Clone6 , and avp- [wbtK+]TIGB03-Clone12 in Figure 

3.4, there is a region close to the end of LR1 (FTV_0330 to FTV_0332) in which the expression 

profiles are overlapping.  This could suggest that vir- [wbtK+]TIGB03-Clone1 retained some parts 

of the LR1 duplication. DNA sequencing of this virulent clone can reveal all duplication and dele-

tion events that occurred in vir- [wbtK+]TIGB03-Clone1.  

 

 

Figure 3.4 Expression profile of the LR1 duplicated region in TIGB03 for the mutant strain and 
all complemented clones 

 

     As stated earlier, the virulence associated transcription factor sspA (see Appendix B) is up-

regulated almost 3 fold in the virulent Clone1. On the list of down-regulated genes is a transcrip-

tion factor gene that is known to be regulated by the SspA protein: FTV_0354 (also known as fevR 
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or pigR, see Appendix B).  The expression of FTV_0354 is severely suppressed 16.56 fold with an 

adjusted p-value of 1.07E-61. The protein product of FTV_0354 has been known to be crucial for 

expression of the FPI region. Thus, it may not be a surprise that all genes in the FPI region in clone 

vir-[wbtK+]TIGB03-Clone1 are down-regulated as well. These are the genes FTV_1285 to 

FTV_1301 (or pdpD1). There are two copies of the FPI region and thus the other listed genes are 

FTV_1618 to FTV_1634 (or pdpD2). These genes are highlighted with a green background in table. 

Of the overall list of down-regulated genes listed in Table 3.10, 37 have been shown to be regu-

lated by SspA. Thus, there appears to be a strong gene dosage effect of sspA in the virulent com-

plemented clone. Table 3.11 shows down-regulated genes that are affected by SspA.  

Table 3.11 Down-regulated genes known to be regulated by SspA 

log2FoldChange adjPvalue Symbol   log2FoldChange adjPvalue Symbol 

-1.82 1.91E-04 FTV_0023   -2.76 2.10E-16 pdpC1 

-2.34 7.52E-09 lysA1   -4.06 3.10E-60 iglD1 

-2.69 9.03E-13 FTV_0026   -4.46 3.40E-93 iglC1 

-1.18 3.23E-04 ampG   -3.96 1.08E-64 iglB1 

-1.48 1.27E-06 ilvE   -3.89 5.30E-55 iglA1 

-1.13 3.46E-04 leuA   -1.72 7.18E-08 FTV_1327 

-3.16 1.16E-33 pcp   -3.08 7.70E-18 FTV_1586 

-2.65 1.20E-15 holC   -2.59 8.39E-07 FTV_1622 

-3.09 4.23E-39 FTV_0289   -2.90 1.33E-15 FTV_1624 

-4.06 1.07E-61 FTV_0354   -2.45 3.30E-13 FTV_1625 

-1.56 3.24E-07 FTV_0391   -2.66 2.03E-11 FTV_1626 

-1.88 7.70E-07 FTV_0571   -2.78 1.10E-16 pdpC2 

-3.18 6.27E-11 FTV_0573   -4.07 2.17E-60 iglD2 

-4.73 8.24E-94 FTV_0936   -4.43 4.62E-93 iglC2 

-1.71 4.40E-04 FTV_0945   -3.98 3.84E-66 iglB2 

-2.60 9.47E-07 FTV_1289   -3.88 9.64E-53 iglA2 

-2.83 1.15E-14 FTV_1291   -1.31 6.32E-03 fopA2 

-2.35 3.79E-12 FTV_1292   -3.37 5.22E-34 FTV_1687 

-2.56 1.00E-10 FTV_1293         
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     Therefore, of the 115 down-regulated genes in the complemented virulent Clone1, the differ-

ential expression of 75 genes can be accounted for. For example, there is down regulation due 

to the apparent loss of LR1 region (39genes in total), there is also down regulation of genes due 

to presence of a plasmid shared by all clones (19 genes in total), and by being down regulated by 

gene dosage effects of sspA (37 genes).  The other 40 genes must be down-regulated due to other 

factors, such as genes in the duplicated LR2 region or due to the loss of a copy of the LR1 region.  

Table 3.12 Metabolic networks impacted by differentially expressed genes for virulence 

 up-regulated down-regulated 

Amino Acids and Derivatives 15 3 

Carbohydrates 8 2 

Cell Division and Cell Cycle 5 0 

Cell Wall and Capsule 10 3 

Cofactors, Vitamins, Prosthetic Groups, Pigments 13 4 

DNA Metabolism 7 0 

Fatty Acids, Lipids, and Isoprenoids 10 4 

Membrane Transport 1 2 

Metabolism of Aromatic Compounds 2 0 

Nucleosides and Nucleotides 10 2 

Phosphorus Metabolism 2 0 

Potassium metabolism 1 0 

Protein Metabolism 35 4 

RNA Metabolism 7 0 

Regulation and Cell signaling 0 0 

Respiration 19 3 

Stress Response 9 0 

Virulence, Disease and Defense 5 0 

Total 159 27 
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To check if loss of a copy of the LR1 region could be responsible for downregulation of the 

remaining 40 genes, comparisons between the virulent TI0902 strain and the virulent Clone1 will 

be made since TI0902 does not have two copies of LR1.  If the 40 genes are still down-regulated 

from this contrast, then LR2 is responsible for downregulation of the 40 genes.  

 

3.4.3 Comparison 3: Virulence: TI0902 vs vir- [wbtK+]TIGB03-Clone1 

Unlike the mutant strain TIGB03, there were in total 245 differentially regulated genes 

between the virulent wildtype strain TI0902 and virulent Clone1. Seventy-three of these genes 

were up-regulated in the clone, while 172 genes were down-regulated.  Fifty-two of the 73 up-

regulated genes were from the LR2 region. These genes are also on the list of up-regulated genes 

for the contrast of TIGB03 vs vir- [wbtK+]TIGB03-Clone1 with the exception of one gene. This 

exception might be due to the p-value filter applied to the data. Of the remaining 21 genes, 20 

also appear in the generated gene list when the virulent Clone1 is compared to the mutant strain 

TIGB03. The one gene that does not appear is a gene coding for a hypothetical protein FTV_0272.  

Of the 172 down-regulated genes, 79 of these genes matched those found in the comparison of 

the virulent clone to the mutant strain TIGB03. The 40 down-regulated genes that couldn’t be 

accounted for in the previous section are on the list of the 79 genes that are shared by the com-

parisons of the mutant and the wildtype strain.  The remaining 93 down-regulated genes must 

be due to the effect of the plasmid combined with the effect of the duplicated region LR2.  

 

The virulence of clone vir- [wbtK+]TIGB03-Clone1 employs a mechanism not seen before 

since it suppresses the crucial genes in the FPI region. Suppression of these genes has been asso-

ciated with avirulence [6, 20-22] . However, Clone1 is still virulent despite the entire FPI region 

being severely suppressed. Comparison of metabolic networks for up-regulated genes and down-

regulated genes show a pattern that there is a stark contrast to the results shown in Tables 3.8 

and 3.12. These tables show more up-regulated genes than down-regulated genes associated 

with metabolism in the previous comparisons.  In contrast, there is almost twice as many metab-

olism associated genes down-regulated in Table 3.13 for the vir- [wbtK+]TIGB03-Clone1 com-

pared to the virulent strain TI0902.  This implies that unlike TI0902, the vir- [wbtK+]TIGB03-
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Clone1 is using a novel pathway for virulence that has not been studied or observed before since 

there are more down-regulated genes in comparison to a virulent wildtype strain. The 37 meta-

bolic genes that are up-regulated are also shared by the list generated from the comparison of 

TIGB03 to vir- [wbtK+]TIGB03-Clone1. So genes from the list of 37 up-regulated genes cannot be 

useful to study to discover novel virulence mechanisms. Of the 66 down-regulated metabolism  

Table 3.13 Metabolic networks affected by combined effect of plasmid and LR2 

 Genes 

up-regulated 

Genes 

down-regulated 

Amino Acids and Derivatives 3 11 

Carbohydrates 3 5 

Cell Division and Cell Cycle 1 0 

Cell Wall and Capsule 4 4 

Cofactors, Vitamins, Prosthetic Groups, Pigments 3 7 

DNA Metabolism 2 2 

Fatty Acids, Lipids, and Isoprenoids 4 2 

Membrane Transport 0 3 

Metabolism of Aromatic Compounds 1 0 

Nucleosides and Nucleotides 1 3 

Phosphorus Metabolism 1 0 

Protein Metabolism 6 13 

RNA Metabolism 0 2 

Regulation and Cell signaling 0 1 

Respiration 1 5 

Stress Response 2 7 

Virulence, Disease and Defense 4 1 

Total  37 66 

 

associated genes, 42 of these are unique to the comparison of TI0902 to vir- [wbtK+]TIGB03-

Clone1. It is possible that further research into these genes can identify other virulence mecha-

nisms by which the bacteria uses to cause disease when the FPI region is suppressed. This is im-

portant since the FPI region is flanked by mobile sequences and copy numbers of the FPI region 



52 
 

do vary between different strains of Francisella. The copy of the FPI region that has experienced 

deletion events in other type A strains is the region that is flanked by ISFTU1 transposable ele-

ments. Thus a live vaccine strain with only a single copy of the FPI region may still regain virulence 

if it duplicates the LR2 region. 

 

Table 3.14 Clone1 down-regulated genes unique to TI0902 versus vir- [wbtK+]TIGB03-Clone1 

Gene adjPvalue COGs ID 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Gene adjPvalue COGs ID 

glpA 9.99E-05 COG0578,COG0665 rplI 5.01E-04 COG0359 

glpF 7.57E-05 COG0580 rpsR 3.47E-06 COG0238 

metK 5.33E-05 COG0192 rpsF 6.74E-08 COG0360 

cydA 5.78E-04 COG1271 metN 7.05E-04 COG5265 

rplN 1.65E-03 COG0093 rpiA 3.04E-04 COG0120 

rpsU1 2.95E-07 COG0828 dedA2 1.93E-03 COG1238 

gcvH1 3.81E-03 COG0509 yfiO 6.53E-03 COG4105 

gcvP1 1.39E-03 COG0403,COG3844 FTV_1199 1.09E-08 NA 

yqaB 6.27E-06 COG1011 rplM 1.04E-03 COG0102 

sdaA 3.74E-03 COG1760 rpsI 4.29E-03 COG0103 

ispG 5.11E-03 COG0821 pepA 2.90E-03 COG0260 

FTV_0569 1.91E-13 COG0024 rpoA2 3.03E-04 COG0202 

FTV_0570 7.01E-04 COG1864 trxA1 2.41E-06 COG4232 

hupB 2.56E-10 COG0776 rho 3.20E-03 COG1158 

hfq 5.57E-05 COG1923,COG1958 ppiC 3.99E-03 COG0760 

grxB 2.02E-08 COG2999 galT 4.50E-03 COG1085 

rplY 1.87E-05 COG1825 kdtA 1.57E-03 COG1519 

glpT 2.49E-06 COG2814 ribD 1.37E-03 COG1985,COG2131 

rpsU2 5.30E-03 COG0828 pta 1.44E-03 COG0280 

msrB 2.61E-04 COG0229 trpA 3.51E-06 COG0159 

folK 9.08E-05 COG0801 FTV_1680 2.67E-04 COG4656 
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     Table 3.14 shows the list of 42 genes that are found down-regulated only in vir- 

[wbtK+]TIGB03-C1 and are not associated with SspA or LR1 region. The table lists the gene sym-

bols as well as their corresponding Clusters of Orthologous Groups (COGs accession number).  

The list of accession numbers were used to generate the protein interaction network of these 

genes using the STRING v10 online resource [23]. Figure 3.5 shows that there is strong association 

of the protein products of these down-regulated genes, and these need further studying to de-

termine what other virulence mechanisms the bacteria can employ to infect host cells.  

 

 

Figure 3.5. The unique down-regulated genes in the comparison TI0902 vs vir- 
[wbtK+]TIGB03-Clone1 form a network of protein interactions 

 

There were 25 COGs IDs that are known to interact in curated databases and were experimentally 

determined. There are COGs: COG0024, COG0093, COG0102, COG1825, COG0103, COG0359, 
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COG0238, COG0828, COG0360, COG1923, COG1158, COG0202, COG1958, COG0801, COG0509, 

COG0403, COG0578, COG0665, COG0260, COG4656, COG1271, COG1011, COG1985, COG1760, 

and COG0159.  These networks include gene clusters involved in the glycine cleavage system 

(GCS) [24], regulation of translation, riboflavin synthesis [25], and tryptophan biosynthesis [26]. 

It is interesting that a there is a study in which a tryptophan auxotroph for a F. novicida strain 

was virulent in some mice strains [26]. Furthermore, there is a study that implicates the GCS as 

important for pathogenesis of F. tularensis in mouse infection model [24]. Although, these net-

works were studied individually, the combined effect of suppressing both networks has not been 

studied. Addition of predicted interactions added other networks such as aerobic tryptophan 

degradation via kynurenine formamidase [27]. These networks need to be studied in detail de-

termine how the bacterium was able to remain virulent even though the FPI region was severely 

suppressed.  

3.4.4 Comparison 4: Avirulent but Protective 

The purpose of the comparison was to identify genes that make the avirulent and protective 

strain, avp- [wbtK+]TIGB03-Clone12, a potential vaccine candidate against virulent type A1 

strains. There were in total 57 genes that were differentially expressed between the two avirulent 

clones. Only three genes were up-regulated in the avirulent protective clone. These were 

FTV_0354, hupB, and FTV_1687. However, the average fold change for these genes was 1.45, 

even though the adjusted p-values were very low.  The majority of the differentially expressed 

genes were down-regulated in the avirulent protective clone avp- [wbtK+]TIGB03-Clone12.  Six-

teen of these genes are in the duplicated LR1 region. It is also interesting that the expression of 

sspA is higher in avir- [wbtK+]TIGB03-Clone6 than in avp- [wbtK+]TIGB03-Clone12. Downregula-

tion of pigR [18] (FTV_0354) in the protective Clone12 should not come as a surprise since PigR 

regulated by SspA. Although, these genes are down-regulated in the protective Clone12, there 

were no differences in the expression of the FPI region genes. Also 10 of the 54 down-regulated 

genes were chaperones.  The down-regulated genes are listed in Table 3.15.  From these genes 

it is not clear what could be responsible for the protection that is seen in clone avp- 

[wbtK+]TIGB03-Clone12. A virulent clone with a similar chromosome structure to TIGB03 and 
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avp- [wbtK+]TIGB03-Clone12 must be used in the comparisons to eliminate some of the genes 

on this list. 

Table 3.15 Genes down-regulated in avp- [wbtK+]TIGB03-C12 compared to avirulent clone 

padj Gene COGs ID   

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

padj Gene COGsID 

1.04E-03 nuoF COG4656 3.64E-04 rpsH COG0096 

8.62E-05 FTV_0044 COG0779 3.74E-03 pyrG COG2071 

1.57E-03 nusA COG0389 1.44E-03 sspA COG0695 

4.68E-04 infB COG5258 5.94E-03 FTV_0477 COG2022 

1.94E-03 sdhA COG1249 5.56E-04 tig COG1047 

3.10E-04 sucB COG1038 3.22E-03 clpP COG0740 

7.39E-05 tufA COG5258 8.27E-03 clpX COG3284 

7.61E-05 secE COG0690 9.95E-03 FTV_0615 COG0217 

4.78E-03 nusG COG0250 3.50E-03 FTV_0658 COG0316 

9.19E-04 rplK COG0080 9.22E-03 rplU COG0261 

4.31E-03 rplA COG0081 2.65E-04 folD COG0190 

5.58E-03 ftsZ COG0206 2.83E-04 purM COG2144 

5.87E-03 tsf COG0264 4.37E-03 FTV_0873 NA 

4.07E-03 pyrH COG2054 1.94E-04 FTV_1072 NA 

2.73E-03 uppS COG0020 3.05E-06 FTV_1189 COG0277 

5.23E-03 cdsA COG4589 3.22E-03 nadE COG0482 

2.04E-05 dut COG0756 2.04E-05 dnaJ1 COG5407 

2.68E-03 pgsA COG0558 9.78E-06 dnaK COG4820 

2.31E-05 rpsL COG0048 1.67E-07 grpE COG0576 

3.33E-07 rpsG COG0049 5.36E-03 hflB COG2256 

4.31E-03 rpsJ COG0051 4.16E-03 guaB COG4535 

3.05E-06 rplC COG0087 3.22E-03 wbtF COG3320 

1.86E-06 rplD COG0088 7.19E-14 dnaJ2 COG5407 

1.12E-06 rplB COG0090 8.52E-04 groES COG0234 

1.53E-05 rpsS COG0185 1.04E-03 groEL COG0459 

2.65E-04 rplV COG0091 5.08E-03 clpB COG5271 

3.60E-04 rpsC COG0092 1.30E-03 FTV_1704 NA 
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3.5 Conclusion 

Plasmid presence affects expression of MglA/SspA regulated genes: The RNASeq data for com-

plemented clones shows that the presence of a plasmid combined with unknown biological fac-

tors affect expression of genes that are regulated by transcription factors SspA and MglA. This is 

important since these genes were down-regulated in the bacteria with plasmids.  

 

Duplication of LR2 severely downregulates expression of FPI genes: RNAseq data for the virulent 

Clone1 was surprising since the expression of FPI region was severely down-regulated. This is in 

contrast to what has been observed in virulent type A1 strains whereby expression of the FPI 

genes is up-regulated during infection. Duplication of LR2 (80 kb long) increases copy numbers of 

about 80 genes including the transcription factor sspA, which is required for expression of the FPI 

region. The other transcription factor required for expression of the FPI region genes is pigR 

(Pathogenicity Island Response Regulator), which is also severely suppressed due to increased 

dosage effect of LR2. Since Clone1 is still virulent in mice, there must be another virulence mech-

anism that is activated by the increased dosage effect of LR2, and this virulence mechanism does 

not require expression of the FPI genes. 

The Genome of F. tularensis subsp. tularensis type A1 is unstable under stress: This is evidenced 

by Clone1 losing a copy of LR1 and duplicating LR2 with the addition of the plasmid. Also, Clone12 

lost two copies of a region containing the gene FTV_0329.  

 

Not all copies of FTV_0329 are transcribed: FTV_0329 is the gene that differs in copy number 

between TIGB03 and the candidate vaccine Clone12. Expression of this gene is shown in Figure 

3.6 below. If all copies of this gene were transcribed, then we would expect expression to be the 

highest in TIGB03 and Clone6. However, transcription of this gene is highest in TI0902 that only 

has 3 copies of this gene.  Since Clone12 has two copies of this gene that are slightly different in 

terms of flanking sequences, it is possible that only one of the FTV_0329 copies is transcribed 

while the other copy that matches the copies found in LR1 in TIGB03 are not transcribed.  
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Figure 3.6 Expression of FTV_0329 among all strains and respective copy numbers of 
FTV_0329 

 

It is still unclear what makes Clone12 protective in mice compared to the avirulent, but not pro-

tective Clone6. This is because some of the genes that differ in expression have pleiotropic effects 

such as the gene sspA.  
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Chapter 4: Mobile elements promote genome diversity and 
genome instability in F. tularensis subsp. tularensis 

 
Abstract:  
Although a number of studies have identified genomic variations in the genomes of F. tularensis 

subsp. tularensis [1-4], the mechanisms by which these occur have not been discussed in detail. 

Moreover, there is little comparative genomics among Type A1 strains and the possible 

processes by which genomic structural differences occur in these strains in the literature. Some 

studies have observed that genomic structural differences such as inversions and duplications 

are flanked by mobile sequences or insertion (IS) elements [1, 3]. Additionally, other studies 

have identified differences in variable numbers of tandem repeats (VNTRs), and most of these 

are located within the ISFTU1 insertion element. This chapter aims to characterize the main IS 

elements responsible for most of the genomic structural variations observed in F. tularensis 

species and to describe the processes by which this IS element introduces genomic variation. 

This chapter also introduces the complete sequenced genomes of Type A1 virulent strains 

FSC033, MA002987, vir-[wbtK+]-TIGB03-C1 (virulent wbtK complemented mutant Clone1 or 

TIGB03-C1), and vir-[wbtK+]-TIGB03-C9 (virulent wbtK complemented mutant Clone9 or 

TIGB03-C9). The latter two virulent strains are complemented clones of the avirulent mutant 

TIGB03 [5].  
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4.1 Introduction 
 

There is currently no literature on the characterization of Francisella tularensis 

subspecies insertion (IS) elements ISFTU1 and ISFTU2 and the roles that they play on genome 

stability and chromosome structure of F. tularensis species. Since some of the multiple-locus 

VNTRs markers [6-8] used for strain typing Francisella isolates has markers located at the sites 

of transposable elements (TEs), it is possible to misclassify a strain due to the presence of TEs 

since ISFTU1 TE has internal tandem repeats and is prone to slipped-strand mispairing. 

Additionally, the TE ISFTU2 has a 8mer palindromic sequence. Although these elements appear 

to be responsible for extensive chromosome structural arrangements among strains of 

Francisella tularensis subspecies, no work has been done to characterize them.  

 

The purpose of this chapter is to make a contribution to the Francisella scientific 

community with regard to problems that these TEs can pose in research. For instance, The TE’s 

number more than 60 in most Francisella genomes [3]. This can create difficulties with de novo 

assemblies. Furthermore, large area translocations and inversions at sites adjacent to these TEs 

have been described in studies before [8, 9].  Genome assembly of the complemented wbtK 

clones of a chemical mutant TIGB03 [5] showed that the genomes of all the sequenced clones 

were different mainly due to TEs. There were large area duplications and deletions in regions 

flanked by ISFTU1 and ISFTU2 elements. In 2010, the Inzana laboratory sequenced the genome 

of a candidate live vaccine strain clone12 via Roche’s 454 titanium platform. In 2015, the 

bacteria was grown again and sequenced with Illumina platform using the Nextera mate pair 

kit. Assembly of the genome showed that the live vaccine strain had mutated and duplicated a 

large region with at least 100kb. This region was flanked by ISFTU1 mobile elements.   

 

Figure 4.1 shows how the chromosomes of F.t. subspecies tularensis type A1 strain 

TI0902 [5], F.t. subspecies tularensis type A2 strain WY96-3418 [3], F.t. subspecies holarctica 

strain FSC200 [10, 11], and F.t. subspecies mediasiatica strain FSC147 [12, 13] differ in 

arrangement. The Mauve diagram was generated with data from NCBI.   
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Figure 4.1 Chromosome structural arrangements due to insertion elements in strains of 

different subspecies of Francisella tularensis 

 
All of the regions that have rearranged as shown in Figure 4.1 are mostly flanked by ISTU1 

mobile elements (another mobile element responsible for some rearrangements is ISFTU2). 

 

4.2 TEs Contribute to Genomic Variation of Inzana laboratory 
Strains 
 
Assembly of virulent complemented clones vir-[wbtK+]-TIGB03-C1 and vir-[wbtK+]-TIGB03-C9 

Sequencing of DNA from each clone was done via Illumina technology with the Nextera mate 

pair kit. The size of the inserts was 4000 base pairs and this was chosen because the genomes 

of F. tularensis subsp. tularensis have more than 60 copies of mobile elements that reach 

lengths of 1000 bases.  To prepare the reads for de novo assembly, the software NextClip [14] 

was used to remove junction adapter sequences from the raw data. Ray [15-17] software was 

then used for de novo assembly of the two genomes. The Ray assembler produced 33 contigs 

for vir-[wbtK+]-TIGB03-C1 with the largest contig of 750872 bases and a median contig size of 

232962 bases. Surprisingly, the Ray assembler produced only 22 contigs for vir-[wbtK+]-TIGB03-

C9. Of these 22 contigs, the largest was 949,366 bases while the median contig size was 
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308,325 bases. Because the assembler cannot use read coverage to determine whether regions 

are duplicated or not, the assembler only extended large tandem duplications by approximately 

5000 bases.  These were fixed using Perl and Bioedit [18]. The fully assembled chromosome of 

vir-[wbtK+]-TIGB03-C1, had 1,977,125 base pairs while the clone vir-[wbtK+]-TIGB03-C9 had a 

chromosome of length 1,970,083 base pairs (bp).  The clone vir-[wbtK+]-TIGB03-C1 will be 

referred to as TIGB03-C1 whereas vir-[wbtK+]-TIGB03-C9 will be referred to as TIGB03-C9 in the 

text. 

Assembly of avirulent complemented av-[wbtK+]-TIGB03-C6 and av-[wbtK+]-TIGB03-C12 

The same methodology was implemented as above.  There were 15 contigs for av-[wbtK+]-
TIGB03-C6, and 18 contigs for av-[wbtK+]-TIGB03-C12.  
 
Because the purpose of this section is to show variations due to mobile elements, figures of 
read depth on a reference genome were generated with the software Geneious[19].  
 

 

Figure 4.2A  Mapping of TIGB03 reads on the genome of TI0902 shows LR1 duplication event 
mediated by mobile elements 

 

Figure 4.2B  Mapping of avirulent Clone6 reads on the genome of TIGB03 shows no major 
duplication events mediated by mobile elements 



64 
 

 

Figure 4.2C  Mapping of virulent Clone1 reads on the genome of TIGB03 shows LR1 copy 
deletion and the LR2 duplication events mediated by mobile elements  

 
Figure 4.2D  Mapping of virulent Clone9 reads on the genome of TIGB03 shows no large 
region mutational events mediated by mobile elements  

 

 
Figure 4.2E Mapping of Clone12 2010 DNA sample reads on  the genome of TIGB03 shows no 
large region mutational events mediated by mobile elements 

 
Figure 4.2F Mapping of Clone12 2015 DNA sample reads on the genome of TIGB03 shows 
large duplication event mediated by mobile elements 
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From Figure 4.1, it is clear that these mobile elements (over 66 in total have contributed to 

variations in chromosome structure among different subspecies of Francisella tularensis.  

Additionally, the mobile elements are responsible for large area duplications and deletions as 

depicted in Figures 4.2A, C and F for F. tularensis subsp. tularensis strains from the Inzana 

laboratory. Figure 4.2A shows the duplication event of LR1 found in the avirulent strain TIGB03.  

Figure 4.2B shows that no large region mutational occurred in Clone6. However, about 30% of 

the reads had a translocation that was due to a repeat close to ISFTU1 element. The Ray de 

novo assembler produced one such large contig. This implies that some of the Clone6 bacteria 

that were isolated from culture had a chromosomal arrangement.  Figure 4.2C shows the 

deletion of a copy of LR1 (also mediated by ISFTU1) and a duplication of a region named LR2 on 

the genome of a virulent wbtK complemented virulent Clone1. The copy of LR2 (about 80Kb) 

was duplicated in tandem in Clone1.  Figure 4.2D is a mapping of reads from a different virulent 

wbtK complemented virulent Clone9. The genome of Clone9 has two copies of LR1 and has only 

a single copy of LR2 in contrast to Clone1. However, the genome of Clone9 has a 4kb region 

that is duplicated in tandem and is not clearly visible in the figure due to the resolution and the 

noisy read depth.  Figures 4.2 E-F show mapping of reads of the avirulent and protective 

Clone12 whose DNA samples were from cultures grown in 2010 (and sequenced with 454 

technology described in Chapter 2) and grown again in 2015 (and sequenced with the Illumina 

technology described in the present chapter), respectively. The DNA samples from 2015 show 

the presence of another duplication event over a large area exceeding 100Kb. This regions is 

also flanked by ISFTU1 mobile sequences. The regions close adjacent to the ISFTU1 elements 

are 4Kb in length and make completing the genome assembly of Clone12 from 2015 difficult 

due to gap sizes of 4.2Kb that were chosen for the Nextera mate pair kit. 

 

Since these mutational events are mediated by mobile elements, it is thus important to 

characterize the mobile elements and the processes by which they impact genomic instability 

of each F. tularensis subspecies. The virulent Francisella tularensis subsp. tularensis type A1 

strain TI0902 has 50 copies of ISFTU1 mobile element and 16 copies of ISFTU2 TEs. These 
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numbers differ within F. tularensis subspecies and across species. A study of these transposable 

elements (TE) will shed light on how they contribute to genomic diversity and also reveal 

mechanisms by which they alter chromosome structure and gene dosage. 

  

4.3 ISFTU1 Transposable Element 

4.3.1 Sequence Structure of ISFTU1 
 

The structure of the ISFTU1 transposable element (TE) is shown in Figure 4.3. This 

mobile element consists of a 12 base long (12mer) terminal inverted repeat (TIR) adjacent to a 

variable number 16mer tandem repeat (VNTR). A spacer of 20 nucleotides separates these 

direct repeats and the transposase gene, while a spacer of 87nt separates the ISFTU1 gene and 

the other 12mer TIR.  

 

Figure 4.3 General structure of transposable element ISFTU1 
 

 

 

 

 

 

The sequences for each component in the structure shown above is listed below:  

>ISFTU1 12mer TIR sequence 
TAGTTAATCCGA 
 
>ISFTU1 16mer VNTR sequence 
AAGATATTTGTAGAAA 
 
>ISFTU1 20mer spacer 
TGTTATAATGTCTAATAAAA 
 
>ISFTU1 87mer spacer 
GCTAACTTTAAAAAAATATTTAGAAAAGTGAATAATAGTTTTGAAAAATTTTGTGATGCTATCTCTTATGT
GTTTAACAAAATACTC 

ISFTU1 Transposase:  
785 nucleotides 

N 16mers in 

tandem 

12mer 

TIR 

12mer 

TIR 

87nt 20nt 



67 
 

 
 
>ISFTU1 Transposase 
ATGCCATCATATAGCCAAGATTTTAGAGACATCGTAATTAATAAACATGAAGAAGGTATGACGGAGTTC
GAGCTGAGTAAGTTTTTTAACATAGATAAGCGTACAGTTGTTTCATGGATAGAGTTTTATAAAAGAACCG
GAGATTATAGTTCAAAGCAAGGAGTTGGTTGTGGCAGAGTCGCTAGCTTTACCGATAAAACATTGATTG
AACAGTATTTGATAGATCATCCAGATGCAAGTGCATTAGATATAAAAGAAGCATTAGCCCCTGATATTCC
AAGAAGTACATTTTATGATTGTCTTAATAGACTTGGTTTTAGTTTTAAAAAAAGACTCCAAAATATAAGCA
AAGAAAAGAACATGAAAGGTTGGAGTATATAGAAAAACTAAAAGAAATAGCTCAAAACTTGTTATTTTA
TATAGATGAGATGGGGTGTGACAATAAGCTTTCTATCCTAAGAGGATGGTCACTAATTGGTGAGCCTAG
TTATGGTGAGGTTTTAGCATATCAAACACAAAGAAGAAGTATTGTTGCTGGATATAATTATGCAGATAAA
AAGATTATAGCTCTATTAGAGTACAGCGGATATACCAATACTGAAATTTTTAATCAATGGTTTGAGGAAC
ACTTATGCCCATCATTAAAACCTAAAACTACTATAGTAATGGATAATGCTAGTTTCCATAAATCCTCTAAG
CTGATTGAAATAGCCAATAAATTTGATGTACAAATATTATATCTACCTCCGTACTCTCCAGATTTAAATCCT
ATTGAAAAGGTTTAG 
 
A nucleotide sequence alignment of these sequences from different species of F. tularensis and 

F. novicida show high conservation of the ISFTU1 12mer TIR, ISFTU1 16mer VNTR, ISFTU1 

20mer spacer, and ISFTU1 87mer spacer. These sequences are identical regardless of species! 

However, there are mutations in the coding region of the transposase as shown in Figure 4.4 

below.  Representative sequences for Tularensis_A1 and Tularensis_A2 were from strains 

TI0902 and WY96-3418. 

Figure 4.4 Multiple sequence alignment of ISFTU1 coding sequence from various F. tularensis species  
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4.3.2 ISFTU1 Coding Sequence 

The protein product of ISFTU1 in Type A1 and Type A2 F. tularensis and holarctica strain is 261 

amino acids long and has an N-terminal DNA binding domain and a C-terminal DDE3 domain as  

 
Figure 4.5 Protein domain profile of ISFTU1 transposase 
 

shown in Figure 4.5. The ISFTU1 gene has an internal stop codon at position 379-381 (Figure 4.4 

and 4.6 A, B, E). However there is a programmed translational frameshifting signal (aaaaaag) 

close to the STOP codon [20, 21]. When the ribosome encounters this signal, the ribosome 

changes reading frames from +1 to +3, thus resulting in a protein with both the DNA binding 

domain and the DDE3 domain involved in DNA recombination and DNA repair that has 

endonuclease activity. From Figure 4.6, most of the differences in the coding region of ISFTU1 

across all species are SNPs with the exception of deletions on the F. novicida strain U112 (12 

nucleotides) and F. mediasiatica FSC147 (130 nucleotides).  

 

The first deletion in F. novicida U112 of 12 bases does not cause a frameshift but the second 

deletion (base 169 in Figure 4.4) causes a frameshift and an early stop codon (bases 203-205 in 

Figure 4.4). This leads to a truncated DNA binding domain of the transposase and thus a non-

functional copy of the transposase. Although, the 130 nucleotide deletion in F. mediasiatica 

FSC147 is before the internal stop codon, the deletion causes a frame shift and an early stop 

codon. The deletion also results in a truncated DDE3 motif that increases the likelihood of the 

transposase being non-functional in this species. 
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A  

 

B 

 
C 

 

D 

 
E 

 
Figure 4.6 Open reading frames of the coding region of ISFTU1 using NCBI ORFfinder 
 

4.3.3 ISFTU1 Transposase Family 

 The ISFTU1 mobile element is a member of a super family of IS630 Tc-1 mariner transposons 

[22]. This family inserts the TE at positions with “TA” target sequences [23-26]. The IS630 

transposases have a high target specificity for dinucleotides “TA” with a putative target motif 

5’-CTAG-3’[26]. Insertion of the TE at a new site is usually flanked by “TA” direct repeats while 

transposition is via a cut and paste mechanism [23-26]. The ISFTU1 insertion sites were 

analyzed on all sequenced genomes by removing all ISFTU1 copies on all sequenced genomes 

and then joining the ends to show that ISFTU1 is flanked by “TA” dinucleotides. This is depicted 

in a sequence LOGO graph in Figure 4.7A. Since different Francisella species and subspecies 

have different copy numbers of ISFTU1 and insertion sites, a sequence LOGO graph was created  



70 
 

  
Figure 4.7A ISFTU1 sites are flanked by TA 
dinucleotides 

Figure 4.7B Sequence logo of ISFTU1 target site 

 

to identify the ISFTU1 target sequence by using sites that have ISFTU1 in some strains but not in 

others. (Figure 4.7B). Figure 4.6B shows that the target site of ISFTU1 is a “TA” dinucleotide, 

confirming that the Francisella ISFTU1 is a member of the IS630 Tc-1 mariner transposons. 

However, the putative target motif 5’-CTAG-3’ is not evident in the graphs. The target motif 

identified from Figure 4.7B is 5’-GTTAT-3 which also differs from the upstream motif from 

Figure 4.7A. This should not be a surprise since, in Figure 4.7A, there is evidence of mutations 

having occurred in the “TA” dinucleotides flanking the ISFTU1 in other F. tularensis species at 

the target site. Thus, it is possible that the target motif is obscured by mutational events.  

4.3.4 Distribution of ISFTU1 on the genome of strain TI0902 

The ISFTU1 TEs are distributed differently across different subspecies of F. tularensis. For 

example, Figure 4.8 shows how TEs are distributed using the genome of TI0902 as a reference. 

The white and dark shaded regions on the TI0902 genome are regions flanked by the ISFTU1 

TEs on the genome of TI0902.  A comparison of how ISFTU1 TE’s are inserted in different 

subspecies of F. tularensis is shown in Figure 4.8. The strain TI0902 belongs to the subspecies 

tularensis while FSC200 belongs to the holarctica subspecies. As mentioned earlier, there are 50 

ISFTU1 TEs found in TI0902. In contrast, strain FSC200 has 59 ISFTU1 sequences. Of the 59 

insertions, 49 of these are identical between the two strains. Strain FSC200 is missing an  
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 insertion sequence in a locus 

denoted by a blue circle as shown 

in Figure 4.8. The figure also shows 

that FSC200 has 10 additional 

insertions at different loci when 

mapped onto strain TI0902. This 

suggests that there was a time that 

the IS elements were functional 

and active. It has been suggested 

that subspecies tularensis is an ancestor of subspecies holarctica due to holarctica strains 

missing some genes that are present in tularensis strains [27]. However, it is a surprise that 49 

ISFTU1 insertion loci are identical after divergence of these subspecies which is predicted to 

have occurred more than 2000 years ago [3, 12]. This suggests that divergence occurred before 

inactivation of the mobile elements. 

4.3.5 Variability of ISFTU1 Sequences on the Genome of Strain TI0902 

The ISFTU1 TE’s can differ by the numbers of Terminal Inverted Repeats (TIR) at the beginning 

and end, the numbers of Variable Number 16mer Tandem Repeats (VNTR), the presence of the 

20nt and 87nt spacer, and the length of the enclosed transposase, even within a single species. 

The 8 different forms of the TE ISFTU1 on the genome of wildtype strain TI0902 are shown in 

Table 4.1 numbered 1.1 through 1.8. Both the structures 1.3 and 1.7 have transposase 

sequence deletions (less than 785 Bp), although the deletions are different. Structure 1.7 has an 

internal deletion while structure 1.3 has a truncation at the end of the ISFTU1, as shown in 

Figures 4.9 and Figure 4.10. The structure 1.3 is also found to be present in some other Type A1 

strains FSC033, MA002987, TIGB03, TIGB03-C1, and TIGB03-C9, while Type A1 strains SCHUS4, 

NE061596, and FSC198 do not have this deletion. Possible mechanisms by which this deletion 

occurred in some A1 strains will be discussed later. The structure 1.7 is found in all Type A1 

strains and other subspecies. Structure 1.8 does not have a transposase deletion but has an 

insertion of a different TE (named ISFTU2) into a location adjacent to the start of the 

 
Figure 4.8 Distribution of TI0902 ISFTU1 TEs and FSC200 
ISFTU1 TEs on the genome of TI0902 
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transposase. This insertion resulted in the beginning (12mer TIR and 16mer VNTR) of the ISFTU1 

TE to be located somewhere else on the genome. 

 
Table 4.1 Variation in structure of ISFTU1 in F. tularensis strain TI0902  

 Structures in TI0902 Frequency  

        (TIR, VNTR, Spacer, Transposase, Spacer, TIR) Forward Reverse Total length 

1.1 (1, 7, 20nt, 785nt, 87nt, 1) 1 1 2 1028nt 

1.2 (1, 5, 20nt, 785nt, 87nt, 1) 0 3 3 997nt 

1.3 (1, 4, 20nt, 684nt, 00nt, 0)  0 1 1 780nt 

1.4 (1, 3, 20nt, 785nt, 87nt, 1) 1 1 3 964nt 

1.5 (1, 2, 20nt, 785nt, 87nt, 1) 21 15 36 948nt 

1.6 (1, 1, 20nt, 785nt, 87nt, 1) 1 0 1 932nt 

1.7 (1, 2, 20nt, 404nt, 157nt, 1) 1 2 3 637nt 

1.8 (0, 0, 00nt, 785nt, 87nt, 1)  0 1 1 884nt 

 Total 25 25 50   
 

 

  

Figure 4.9 Deletion structure (1.7) of three 
partial ISFTU1 mobile elements found in all 
A1 strains as well as holarctica subspecies. 

Figure 4.10 Deletion structure (1.3) of a 
truncated ISFTU1 mobile element found in 
TI0902, FSC033, and MA002987 

 

4.3.6 ISFTU1 16mer Variable Number Tandem Repeat (VNTR) 

The TE elements found in the F. tularensis typically have a 16mer VNTR between the 

12mer TIR and a 20mer spacer sequence (Figure 4.3). However, this VNTR varies in number 

within clades and species. It is speculation at this point that the original ISFTU1 sequence had 

two 16mers in tandem since these are the most abundant ISFTU1 structures found in most F. 

tularensis genomes (Tables 4.1 and 4.2). For example, the type A1 strain TI0902 has 39 of these 

tandem 16mers compared to other ISFTU1 structures with different numbers of 16mers (Table 



73 
 

4.1).  The rest of the 16mer VNTR are shown in Table 4.2 for other F. tularensis subspecies 

tularensis and holarctica strains.  

One possible explanation for the variation seen in the  number of 16mer tandem 

repeats is that these sequences underwent slipped-strand mispairing [28] of the tandem 

repeats during replication that would have led to either an increase in the numbers of 16mers 

or a decrease. This could explain why there are as many as eighteen 16mer VNTRs in some 

genomes such as strain SCHUS4. The table also shows that this process can occur in daughter 

cells. Compared to the parent strain TIGB03, TIGB03-C1 has forty ISFTU1 loci with two 16mers, 

whereas the parent strain TIGB03 has forty one ISFTU1 regions with two 16mers. Additionally, 

TIGB03-C1 lost one copy of ISFTU1 that has three 16mers compared to strain TIGB03. Strain 

TIGB03-C9 has 5 copies of ISFTU1 with three 16mers while TIGB03 has 4 copies of such ISFTU1. 

Unlike TIGB09-C9, TIGB09-C1 has only three copies of the ISFTU1 that carries three 16mers. This 

means that the clones vary in copy numbers of different types of ISFTU1 further showing the 

genome plasticity contributed by these TE elements. 

Table 4.2 Differences in 16mer VNTR among F. tularensis subspecies 

    16mer VNTR   TEs 

Subspecies Strain Type 18 11 9 8 7 6 5 4 3 2 1 Total 

tularensis TI0902 A1 0 0 0 0 2 0 3 1 3 39 1 49 

tularensis TIGB03 A1 0 0 0 0 2 0 4 1 4 41 1 53 

tularensis TIGB03-C1 A1 0 0 0 0 2 0 4 1 3 40 1 51 

tularensis TIGB03-C9 A1 0 0 0 0 2 0 3 1 5 41 1 53 

tularensis FSC033 A1 0 0 0 0 1 2 1 2 2 39 2 49 

tularensis MA002987 A1 0 0 0 0 1 1 2 3 2 39 1 49 

tularensis SCHUS4 A1 1 0 0 0 0 0 0 3 1 43 1 49 

tularensis FSC198 A1 0 1 0 0 0 0 1 2 1 43 1 49 

tularensis NEB061598 A1 0 0 1 1 0 0 1 0 1 44 1 49 

tularensis WY96 A2 0 0 0 0 0 0 0 0 0 37 14 51 

holarctica FSC200 B 0 0 0 0 0 0 0 0 0 59 0 59 

holarctica LVS B 0 0 0 0 0 0 0 0 0 59 0 59 

holarctica OSU18 B 0 0 0 0 0 0 0 0 0 51 8 59 

holarctica F92 B 0 0 0 0 0 0 0 0 3 52 2 57 

holarctica 
FTNF002-
00 

B 0 0 0 0 0 0 0 0 2 55 2 
59 
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Table 4.2 also shows that there is a stark contrast between clade A1 versus clades A2, 

and B. For example, there is more variation in 16mer VNTRs in clade A1 than all other clades. 

This observation could be due to a lack of more data from Francisella genomes that have not 

been sequenced. Clade A2 has more ISFTU1 structures (14 in total) with a single 16mer than all 

other clades. Within the F. tularensis subsp. holarctica, most of the variation is between one 

and three versus the double 16mer VNTR as shown by strains LVS and FSC200 versus strains 

OSU18.  

 

4.3.7 Transcription of ISFTU1 

 Since the 16mer VNTR is in the 5’ UTR of the ISFTU1 Transposase, it would be interesting to 

determine if all the copies of the ISFTU1 are transcribed and if different copy numbers of 16mer 

VNTRs affect transcription. In Chapter 3, a genome wide RNAseq study, using the Illumina 

platform, was described for the following 5 strains: TI0902, TIGB03, TIGB03-C1 (Clone1, a 

virulent wbtK complemented clone of TIGB03), TIGB03-C6 (Clone6, an avirulent non-protective 

wbtK complemented clone of TIGB03), and TIGB03-C12 (Clone12, an avirulent protective wbtK 

complemented clone of TIGB03). Data for TIGB03-C1, TIGB03-C6, and TIGB03-C12 was 

generated in duplicate while the wildtype strains TI0902 and parent strain TIGB03 did not have 

replicates. Roche’s gsMapper and Bowtie[29] were used to align reads to the ISFTU1 coding 

region to determine differences in the number of transcripts per strain. A summary table of 

these alignments is shown below in Table 4.3. The table shows an unusually high level of 

expression of the ISFTU1 TEs in all the strains with TIGB03 having the highest proportion of 

reads that align on the TE. Compared to the wildtype strain TI0902, TIGB03 has at least twice 

the expression of ISFTU1. This could be due to the presence of the duplicated LR1 region since 

it has additional ISFTU1 genes, but since expression is at least twice, the additional duplicated 

region alone cannot account for this stark contrast. Although TIGB03-C12 also has the LR1 

duplicated region, expression of ISFTU1 is not as high as the parent strain TIGB03. It is possible 

that the presence of the plasmid has affected expression of one of the ISFTU1 loci leading to 

the lower transcript expression of ISFTU1 on all complemented clones.  To determine if all the  
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Table 4.3 Number of RNAseq reads that aligned on the coding region of ISFTU1 TE for each 
sample and replicates. 
 Total Reads Aligned Reads on 

ISFTU1 transposase 
% of Total reads 

TI0902            8,008,093       54,394  0.68 

TIGB03            7,489,749     113,740  1.52 

TIGB03-C1 #1            8,457,531       66,230  0.78 

TIGB03-C1 #2            6,663,872       63,426  0.95 

TIGB03-C6 #1            5,717,255       47,883  0.84 

TIGB03-C6 #2            4,835,235       46,928  0.97 

TIGB03-C12 #1            6,769,499       65,844  0.97 

TIGB03-C12 #2            5,323,735       50,973  0.96 

 

ISFTU1 loci are expressed, sequences covering the promoter regions of all ISFTU1 loci were 

extracted. These included unique regions that are adjacent to the 12mer TIR. Now, since all the 

Illumina reads are only 93 bases long, the sequences for the 16mer VNTRs with copies greater 

than three did not include a unique region. This is shown in Figure 4.11. This means that regions 

with five and seven 16mer VNTRs will have identical extracted Illumina sequences. These 

regions were then BLASTed against RNAseq BLAST databases of each respective strain, as well 

as the TI0902 genome BLAST database, to determine uniqueness. The resulting read counts (for 

reads with alignment of at least 80 bases for all regions) were normalized using total reads per 

database. The results are shown in Figure 4.12. Surprisingly not all ISFTU1 loci are expressed in 

these genomes! There are two common loci (#8 and #10 in Figure 4.10) with higher expression 

of ISFTU1 found in all strains. However, strains TI0902 and TIGB03 have an additional ISFTU1 

locus (loci # 23) with a high expression of ISFTU1 compared to the complemented clones. The 

lower ISFTU1 expression in the complemented clones at this locus could be due to the presence 

of plasmid.  The gene annotation files for TIGB03 and TI0902 show that at the loci with high 

expression of ISFTU1 (loci #8, #10, and #23), the ISFTU1 TE is inserted at the end of a gene and 

that these genes themselves  
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Figure 4.11 The upstream region of ISFTU1 TEs used to determine loci in which ISFTU1 is 
expressed 
 

are highly expressed in TI0902 and 

TIGB03. In contrast, the gene next to the 

ISFTU1 locus #23 is down regulated in 

the clones compared to the strains 

TI0902 and TIGB03. This implies that 

transcription of ISFTU1 transposase 

depends on expression of neighboring 

genes. It is unclear at this point if the 

number of 16mer VNTRs affects 

transcription or not, since the loci with 

high expression of ISFTU1 has two 

16mer VNTRs. 

 

 

 
Figure 4.12 ISFTU1 TEs loci in which ISFTU1 is 
transcribed 
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4.3.8 ISFTU1 and Genome Instability 

As mentioned above, the genomes of F. tularensis subsp. tularensis are riddled with at 

least 50 copies of the ISFTU1 sequences (see Figure 4.7). These ISFTU1 sequences have 

different structures (Tables 4.1 and 4.2) and orientation. Already the presence of the 16mer 

VNTR has been shown to contribute to genome instability by introducing variation via slipped 

strand mispairing of the tandem sequences during replication (Table 4.2).  There is no evidence 

to date that the transposase is actively involved in transposition to new sites.  However, there is 

evidence that the presence of the ISFTU1 sequences has contributed to genomic instability and 

variation [1]. The mechanisms by which these occur have not been discussed in detail or 

predicted.  

There are a number of ways that the insertion sequences can be arranged that can lead 

to chromosomal recombination resulting in large scale duplications, deletions and 

chromosomal rearrangements. 

Direct Repeat Orientation: The first way that the ISFTU1s can be arranged is a region being 

flanked by two ISFTU1s in the same orientation (Figure 4.13 A). This structure is equivalent to a 

region being flanked by direct repeat sequences of at least 900 nucleotides (if 16mer VNTR’s 

are not included).  These direct repeats can result in either a deletion or duplication of a region 

via recombination. Recombination with unequal cross over between two  copies of the 

chromosome (in the process of cell division)  can lead to tandem duplication of region D or a 

deletion of region D as shown in Figure 4.14 below. During replication, a direct repeat at the 

end of the region D in one sister chromatid can align with the direct repeat immediately before 

region D and after region C in the second sister chromatid. This scenario is depicted in Figure 

4.14. A recombination event leads to cells with a deletion of region D and cells with a tandem 

duplication of region D. This may be mechanism in which the strain TIGB03 duplicated the LR1 

region in tandem. This region is duplicated in tandem just as shown in figure 4.14 for tandem 

duplication of region D. 
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Figure 4.13 Different ways ISFTU1 are arranged on the genomes of F. tularensis subsp. 
tularensis 
 

Two other strains, all Type A1 

strains SCHERM and NIH B-38, 

exhibit evidence of this 

mechanism in the deletion of 

a second copy of Francisella 

Pathogenicity Island (FPI) that 

is also flanked by direct 

repeats of ISFTU1. Another 

example is provided by  strain 

TIGB03-C1,  which shows 

deletion of a second copy of 

LR1 while it also shows a tandem duplication of one short region (2208 bases long) and another 

large region, LR2 (80159 bases long).  

Inverted Repeat Orientation:  The other way that the ISFTU1 TEs can be positioned is that of 

inverted repeats as shown in Figure 4.13B. Inverted repeats on various genomes have been 

 
Figure 4.14 Duplication and deletion of region D flanked by 
direct repeats of ISFTU1 mobile sequences via unequal cross-
over of sister chromatids 
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shown to induce deletion events as well as chromosomal rearrangements, especially inversions 

[30-36] of regions flanked by inverted repeats. Figure 4.15 shows a flow gram of how inversion 

can occur via reciprocal recombination in the cell. 

 Evidence of these inversions is shown 

in Figure 4.15 which depicts inversions 

in Type A1 strains TI0902, FSC033, and 

NEB061596, respectively. These 

inversions are flanked by inverted 

repeats or ISFTU1s in opposing 

orientations.  There is a large inversion 

between TI0902 and FSC033 of at least 

900Kb. In contrast, only part of this 

region is inverted in strain NEB061598, while there is another region towards the end of the 

genomes of TI0902 and FSC033 that is inverted in the genome of NEB061598. All these regions 

are flanked by inverted ISFTU1 mobile sequences. Inverted repeats have also been implicated in 

deletion events [37, 38].  

 
Figure 4.16 Mauve alignment of virulent type A1 strains TI0902, FSC033 and NE061598 

 

 

 

 

Figure 4.15.  Chromosomal inversion model for 
regions flanked by inverted repeats of ISFTU1 TEs 
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4.4 ISFTU2 Transposable Element 

4.4.1 Sequence Structure of ISFTU2 
 

Unlike the ISFTU1 TEs, the ISFTU2 TE does not have tandem sequences within its 

sequence. The terminal inverted repeat (TIR) of ISFTU2 is 17 bases long and is adjacent to a 76 

base spacer that is next to a 744 nucleotide coding sequence. After the coding sequence, there 

is an eight palindromic nucleotide spacer that is immediately followed by the 19base TIR. This is 

shown in Figure 4.17 below.  

Figure 4.17 General structure of transposable element ISFTU2 
 

 

 

 

 

 

The sequences for each component in the structure shown above is listed below:  

>ISFTU2 17mer TIR 
GGTTCTGTGCACAAAAA 
>ISFTU2 76nt spacer 
ACTTAAATTATATTGAAAATAGCTAAACCGCTGTTATTTAAGATTTGAAAAGCAATAAATATCAATGGTT 
TAGCAA 
 

>ISFTU2 744nt Coding sequence 
ATGAATTATCATATAAAAGAAGTATTCTGGTCAATTATTTTATCATTCTTAAAATCACAAAAAGGTATACA
TACCAATGATGAAGCCAAATTAAGATTGTTTATTGAAGCTGTATTTTATGTGTTACGTACAGGCTGTCAA
TGGAGAATGTTACCATTTTATTATGGTAAATATAGATCAATACATAAGCGTTTTAAAGATTGGTGTGATA
AAGATATATTTTCTAGATTATTTAAATCAGTACAAAACCCTGATTTACAAGAAGTCATGCTTGATTCAACA
ATAGCAAGAGCACATGCTTGTGCTACGGGATATGATAAAGATGATAACCAAGCAATTGGTAGATCAGTT
GGTAGGATAACCACTAAAATCCATGCTATGACTGATGCTTTAGGTAATCCAATAGAAATATTGTTGTCAG
AGGATAAAACTCATGATAGTAAAGTAGCTATAGATTTACTAAAAAATGTATATAATACAAAAGTTATCGC
TGATAGAGCATATCATTCTAATGAAATCAGGCAGCATATTCAAGGTATATCCTCTGAAGCTGTTATCCCTT
GTAAATCAAATACTCTAAACCATATACCTTTTGATAGTCATGTATATAAAGAAAGACATTTGATAGAGAA
TTTCTTTTCTAAAATTAAGCATTTTAGAAGAGTATTCTCTAGATTTGATAAAACCATTTTAGCATATATAG
GAATGATTAAATTAGCTTGTACTTTTATTTGGTTACGATGA 
 

ISFTU2 Transposase:  
744 nucleotides 

17mer 

TIR 

17mer 

TIR 

8nt 
Palindrome 

76nt 
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>ISFTU2 8nt palindromic spacer 
AAATATTT 
 

Like the ISFTU1 sequence, the ISFTU2 sequence is conserved among all F. tularensis subspecies. 

However there are variations in the ISFTU2 TE in different subspecies. For example there are 

variations in the 17mer TIR that is a target sequence during excision of the Transposable 

element. 

4.4.2 Sequence conservation of the ISFTU2 17mer TIR 

Table 4.4 Unique ISFTU2 17mer TIR variants across all F. tularensis subspecies 

Variant Sequence Variant ID Length 

GGTTCTGTGCACAAAAA 𝑣1 17nt 

GGTTCTATGCACAAAAA 𝑣2 17nt 

GGTTCTGTGCATAAAAA 𝑣3 17nt 

GGTTCTGTGTACAAAAA 𝑣4 17nt 

GGTTCTGTTCACAAAAA 𝑣5 17nt 

- GTTCTGTGCACAAAAA 𝑣6 16nt 

----TTCTGTGCACAAAAA 𝑣7 15nt 

------TCTGTGCACAAAAA 𝑣8 14nt 

 

The ISFTU2 17mer TIR is highly conserved among the four subspecies of F. tularensis. By taking 

all the copies of the 17mer TIR from the 19 strains listed in Table 4.4 and comparing them to 

one another, the resulting unique variant sequences are only 8 in number, and these are shown 

in Table 4.4.  Four of the variant sequences are 17 bases long while the rest are 16nt, 15nt, and 

14nt long.  

F. tularensis subsp. mediasiatica:  The strain FSC147 has 25 copies of this sequence on its 

genome. Of these 25, there are three variants. The first variant 𝑣1 has 21 copies while the 

variant 𝑣2 has 3 copies. The third variant 𝑣8 has only one copy in the genome.  

 

F. tularensis subsp. novicida: Four strains from this subspecies that were used were U112 [39], 

WY96 [40], F6168 [40] and D9876 [40]. The strain U112 has a total of 34 copies of the 17mer 

TIR with only two variants. The 𝑣1 variant has 33 copies, while the 𝑣7 variant appears only once 

on the U112 genome. Surprisingly, the F. tularensis subsp. novicida strain WY96 has 76 identical 
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copies of the 𝑣1 variant. The strain F6168, on the other hand, has 35 copies of the 𝑣1 variant. 

There are numerous differences in the copy numbers of the ISFTU2 17mer TIR in the F. 

tularensis subsp. novicida strains compared to other subspecies. The copy numbers range from 

a minimum of 10 to a maximum of 76 on a strain isolated from Wyoming, USA.  

 

F. tularensis subsp. holarctica: The genomes used from the holarctica subspecies were F92[41], 

FSC200 [42], VT68 [40], LVS [40], OSU18 [43], and FTNF002-00 [44].  Like the F. tularensis subsp. 

novicida strains, the strains from the holarctica subspecies show variance in the number of copy 

numbers of the ISFTU2 17mer TIR on their genomes. Of the strains used in this study, the strain 

OSU18 has the lowest copy numbers of 72, while strains LVS and FTNF002-00 have the highest 

copy number of 82.  Additionally, the types of ISFTU2 17mer TIR variants differ per genome. 

This is not surprising, since these strains were isolated from different geographical areas.  

 

F. tularensis subsp. tularensis type A2: The genomes of the type A2 strains that were used 

were LARSEN, NIH-B38, DPG_3A_IS, WY-00W4114, and WY96-3418. Unlike the subspecies of 

novicida and holarctica, all the strains have a single variant 𝑣1 and no other variants. However, 

there are differences in the copy numbers of the ISFTU2 17mer TIR. For example, the strain 

LARSEN has 27 copies, while WY96-3496 and WY-00W4114 have 29 and 32 copies respectively.  

 

F. tularensis subsp. tularensis type A1: The genomes of the type A1 strains that were used 

were FSC033, MA002987, FSC198, NR28534, and TI0902, wbtK complemented clones TIGB03-

C9, and TIGB03-C1. Similar to the genomes of type A2 strains, the genomes of type A1 strains 

are homogenous in the variant sequence of ISFTU2 17mer TIR (variant 𝑣1). All the genomes of 

the wildtype strains have 27 copies of the variant 𝑣1. 

 

Table 4.5 shows much variation in the copy number of ISFTU2 in the subspecies tularensis 

compared to novicida and holarctica subspecies. By looking at the genome of the tularensis, the 

insertion loci of ISFTU2 on the novicida genomes is different to the ISFTU2 loci on type A 

strains.   
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Table 4.5 Copy numbers of ISFTU2 17mer TIR variants in F. tularensis subspecies 

F. tularensis 
subsp. 

Strain 𝒗𝟏 𝒗𝟐 𝒗𝟑 𝒗𝟒 𝒗𝟓 𝒗𝟔 𝒗𝟕 𝒗𝟖 Total 
Copies 

mediasiatica FSC147 21 0 0 3 0 0 0 1 25 

novicida   U112 33 0 0 0 0 0 1 0 34 

novicida   WY96 76 0 0 0 0 0 0 0 76 

novicida   F6168 34 0 0 0 0 1 0 0 35 

novicida   D9876 8 0 1 0 0 0 1 0 10 

holarctica      F92 75 1 1 0 0 3 0 0 80 

holarctica       FSC200 74 2 0 0 0 1 0 0 77 

holarctica     VT68 73 1 0 0 1 1 0 0 76 

holarctica     LVS 78 2 0 0 0 1 0 0 81 

holarctica     OSU18 72 1 0 0 1 1 0 0 75 

holarctica     FTNF002-00 76 1 1 0 0 3 0 0 81 

tularensis type A2 LARSEN 27 0 0 0 0 0 0 0 27 

tularensis type A2 NIH-B38 27 0 0 0 0 0 0 0 27 

tularensis type A2 DPG_3A_IS 29 0 0 0 0 0 0 0 29 

tularensis type A2 WY-00W4114 32 0 0 0 0 0 0 0 32 

tularensis type A2 WY96-3418 29 0 0 0 0 0 0 0 29 

tularensis type A1  FSC033 27 0 0 0 0 0 0 0 27 

tularensis type A1  MA002987 27 0 0 0 0 0 0 0 27 

tularensis type A1  NR28534 27 0 0 0 0 0 0 0 27 

tularensis type A1  FSC198 27 0 0 0 0 0 0 0 27 

tularensis type A1  TI0902 27 0 0 0 0 0 0 0 27 

tularensis type A1  TIGB03 29 0 0 0 0 0 0 0 29 

tularensis type A1  TIGB03-C9 29 0 0 0 0 0 0 0 29 

tularensis type A1  TIGB03-C1 27 0 0 0 0 0 0 0 27 

 

4.4.3 Coding Sequence of ISFTU2 

The coding sequence of the ISFTU2 elements produces a protein product that is 247 amino 

acids long and has two domains. The first domain belongs to the transposase of the IS4/IS5 

family that transpose via a cut and paste mechanism [45, 46]. The second domain is a DDE 

domain characteristic of transposases. Not all of the subspecies have a coding sequence that 

codes for the full ISFTU2 protein product. The F. tularensis subspecies mediasiatica, holarctica 

and tularensis type A2 strains have a truncated protein product. This is shown in Figure 4.19 

which shows the multiple sequence alignment of ISFTU2 proteins product for the strains. The 

type A2 strains are missing the entire DUF4096 domain (IS4/IS5 domain), while the holarctica 
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strains have a partial DUF4096 domain.  It is not clear how the ISFTU2 proliferated on the 

genomes of these subspecies and then subsequently ended up with truncated copies of all the 

ISFTU2 elements.  

 

Figure 4.18 Protein domains of ISFTU2 coding sequence 

 

Figure 4.19 Multiple sequence alignment of ISFTU2 coding sequence products  

 

4.4.4 ISFTU2 Transposase Family 

As mentioned in the previous subsection, the ISFTU2 belongs to the family of IS4/IS5 

transposases family that move around the genome via a cut and paste method. This family has 

different target sites for transposition. In F. tularensis, ISFTU2 preferentially targets a region 

that has the motif shown in Figure 4.20B. This motif is similar to the ISFTU1 motif (Figure 4.7B) 

and thus it is not a surprise that there are regions on the genomes of Francisella subspecies 

where the two mobile elements target the same locus and are adjacent to each other without 

any gaps. These regions of the genome appear to be the most unstable since they often result 

in varying copy numbers in different strains.  
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Figure 4.20A ISFTU2 sites are flanked by TA 
dinucleotides 

Figure 4.20B Sequence logo of ISFTU2 target 
site 

 

Since the mechanisms for mutational events of ISFTU1 are similar to ISFTU2, the 

characterization of ISFTU2 will not be discussed further. 

 

4.5 Conclusion 

This work has shown how IS elements ISFTU1 and ISFTU2 contribute to not only 

variation but genome instability of Francisella tularensis strains. Slipped strand mispairing is 

already a mechanism that contributes to genome instability due to improper pairing of repeats 

that are in tandem. ISFTU1 has 16mers in tandem and these have created diversity among type 

A1 strains as well as type B strains. The most prevalent impact of IS elements seems to be large 

area effects such as translocations, deletions and duplications. It is clear that development of a 

live vaccine strain whose genome is riddled with these TEs will be prone to mutational events 

that can either increase or reduce gene dosage. The candidate live vaccine strain Clone12 

mutational event in the year 2015 has increased copy numbers of about 100 genes. Since, this 

new strain has not be tested for virulence yet, it is not known if it is still protective.  

 

The other important discovery from this work is that complementation of Francisella 

genomes with a foreign DNA molecule can trigger recombination events and thus it is always 
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safer to sequence the clones. This ensures that the complemented mutant’s genome differs 

from the parents by whatever mutation was rescued with no other differences besides the 

plasmid.  This in turn can validate experimental results.   

The ISFTU1 and ISFTU2 are highly clonal in Francisella tularensis subspecies. As more 

environmental samples are sequenced, it will be known in the near future what other bacteria 

and organisms have these kinds of IS elements. This would create a more complete history of 

the evolution of Francisella tularensis species, and how the subspecies eventually diverged.  At 

the time of writing this chapter, there is one hit of other bacteria that has ISFTU1 protein 

sequence that is almost a perfect match but: Listeria fleischmannii subsp. Coloradonensis. 

However, L. fleischmannii subsp. Coloradonensis only has a partial copy of ISFTU1.   
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Chapter 5   

5.1 Genome Instability and Variability Obscure Virulence Mech-

anisms 

Our work has shown that the mobile elements ISFTU1 and ISFTU2 contribute a great deal 

to variability in the genomes of F. tularensis subsp. tularensis type A1 strains. However, this ob-

servation is not limited to the virulent type A1 strains. Strains from other subspecies of F. tularen-

sis have greater number of mobile elements compared to type A1 strains. Comparative genomics 

of these strains shows heterogeneity in chromosome structure.  The Francisella tularensis bacte-

rium obviously benefits from having an unstable genome since it can evolve rapidly to adapt to 

changes in the environment. From our work, we have shown that the bacterium can either lose 

large regions of at least 70kb to reduce gen copy number or it can also duplicate large regions to 

increase gen dosage or gene copy numbers. This makes it difficult to identify the bacterium’s 

arsenal of virulence mechanisms stored on its already unstable genome. For example, the com-

plemented wbtK Clone1 is virulent but severely suppresses a known virulence mechanism involv-

ing the type VI secretion system [1-3]. Unlike wildtype virulent type A1 strains, Clone1 has two 

copies of the transcription factor sspA on its genome in addition to 80 other genes. It is possible 

that the virulence of Clone1 could be the result of a combined effect of the presence of the plas-

mid and the loss of a copy of LR1 region that is duplicated in the attenuated chemical mutant 

strain TIGB03. However, this is not sufficient enough to explain the severe downregulation of the 

FPI genes.  

Clone1 could be studied further to determine what makes it so unique. The region of LR2 

could also be duplicated in wildtype bacteria to determine if the bacteria would still remain viru-

lent while suppressing expression of FPI genes. This would validate that increased gene dosage 

can activate unknown virulence mechanisms in wildtype bacteria.  
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5.2 Francisella has Complex Transcription Machinery  

    As mentioned in Appendix A, Francisella has two different alpha subunits (FTV_0327 or α1 and 

FTV_1377 or α2) that attach to the polymerase during transcription. Additionally, the genome of 

Francisella has two sigma factors [4] (RpoD-FTV_0991 or σ70 and RpoH-FTV_1063 or σ32) that add 

to the level of complexity of the bacteria’s transcription machinery. Since a recent ChIPseq ex-

periment has shown that RNA Polymerase (RNAP) + SspA + MglA are found at all promoters on 

the chromosome of the bacterium [5], this implies that the number of different species of RNA 

polymerase of the bacterium is at least 15 (See Appendix A) if homodimers of α2 do not form in 

vivo.  

        

      This is an opportunity for future work to mathematically model the bacterium’s complex tran-

scription machinery and show how variations in the concentrations of certain species of RNAP 

can impact phenotype and hence virulence. For example, the models could show that increased 

dosage of SspA compared to MglA increases SspA-SspA homodimers. Thus, RNAP species with 

the homodimers SspA-SspA would outnumber RNAP species with SspA-MglA at promoter sites. 

This would eventually lead to suppression of PigR and hence the downregulation of the FPI genes. 

ChIPseq could then be used to determine the concentration of SspA relative to MglA at promoter 

sites when the gene dosage of sspA in increased. This experimental design would explain the 

results seen in the virulent wbtK complemented Clone1.  

 

5.2 Live Vaccine Strain Future Work 

    The aim of the work shown in Appendix B to produce an ancestor strain genome sequence, 

before invasion by ISFTU1 and ISFTU2 mobile sequences, was to pave the way for future research 

in live vaccine strain development to consider using tools like CRISPR[6] to excise the mobile el-

ements. This would reduce the chances of the live vaccine strain regaining virulence through gene 

loss or gene duplication via mutational events mediated by TEs. The mobile elements are not the 

only repeats on the genome of Francisella. Therefore, there is still a chance that large area mu-

tational events can happen albeit at a low frequency. Taking the precaution of remaining with 
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single gene copies only would effectively minimize chances of large area mutational events. The 

challenge of using CRISPR on Francisella genome is that the genome is unstable and there is a 

chance that some regions will mutate.  Until gene editing systems can be used safely on Fran-

cisella without triggering mutational events, for now subunit vaccine or conjugate vaccines [7] 

should be used to enhance our immune systems against Francisella tularensis.  
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Appendix A 

Appendix for Chapter 1 and 3: SspA and MglA transcription Factors 

F. tularensis subs tularensis has two proteins that are homologous to stringent starvation 

protein (SspA) found in Escherichia coli, SspA (FTV_0425) and MglA (FTV_1218). The SspA in E. 

coli has been observed to be upregulated during conditions of stress and nutrient deprivation 

[1-3]. In 1979 SspA was identified to be associated with RNA polymerase By Ishihama et al.[1]. 

In their study, free SspA inside cells was found to exist as dimers with the dimers associating 

with RNAP in a 1:1 ratio in vitro. Since RNAP has two alpha subunits with Carboxy-Terminal 

Domains that bind transcription factors, this suggests that the SspA dimer always bound to only 

one of the alpha subunits and not both. Additionally, SspA was observed to associate with the 

holoenzyme form of RNAP (holoRNAP) having sigma factor 70 (σ70 or RpoD) and not the active 

RNAP form involved in elongation. This implies that SspA binds to holoRNAP before initiation of 

transcription and dissociates from RNAP when the sigma factor also dissociates from holoRNAP 

after initiation of transcription. Furthermore, the study showed that as more SspA bound to 

holoRNAPs, transcription was reduced[1] for T7 DNA-directed RNA synthesis while transcription 

was not reduced for the RNAPs without bound SspA. This implies that SspA-holoRNAP complex 

inhibits transcription of genes with characteristic RpoD -35 and -10 motifs in the promoter re-

gion[4]. There is also additional evidence in E. coli that SspA is a suppressor of promoter regions 

with typical RpoD -10 and -35 motifs since SspA was found to suppress activity of Histone like 

protein (H-NS) (Figure A1), a nucleoid associated protein that is a suppressor of genes that play 

a role in cold shock, acid resistance, multidrug resistance, oxidative stress, osmotic stress and 

motility [3]. Hansen et al. showed that induction of SspA expression upon entry into stationary 

phase in E. coli reduced the activity of H-NS and thereby increasing activity of genes regulated 

by H-NS[3].  In the same study, a deletion mutant of SspA (ΔsspA) did not show any changes in  
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activity of H-NS in stationary phase in con-

trast to wildtype cells in which H-NS activity 

was downregulated in stationary phase. 

Regulation of H-NS by SspA, although shown 

to be only at posttranscriptional level by Han-

sen et al.  , is not consistent with microarray 

results of a time series experiment in which 

H-NS was severely suppressed at stationary 

phase. What the authors did was use primer 

extension analysis to quantify transcripts of 

H-NS and ompA which was used as a control. 

The relative expression of H-NS to ompA was 

used a quantitative measure to conclude that the transcript levels of H-NS were not changed 

between the wildtype and ΔsspA strain. The use of ompA as a control is bewildering since ompA 

expression, like H-NS, is downregulated during stationary phase[5]. The microarray data for mu-

tants with deletion of H-NS do not show any downregulation of ompA in stationary phase while 

that of the wildtype shows downregulation of ompA in the stationary phase. This suggests that 

H-NS might indirectly participate in the regulation of ompA in the stationary phase. Thus, use of 

ompA transcripts as a control to determine whether H-NS is regulated by SspA at transcriptional 

level was not valid.  This should not come as a surprise since the promoter region of H-NS has 

the -35 and -10 motifs that are recognized by RpoD[4, 6]. ChipSeq data of binding sites of RpoD 

also shows that H-NS transcription is initiated by RpoD[7]. Transcriptional activity at these mo-

tifs has been shown to be inhibited by SspA-holoRNAP complex[1]. In summary, in E.coli SspA is 

crucial for stationary phase expression of genes involved in acid tolerance, nutrient deprivation, 

multi drug resistance, oxidative stress, osmotic stress, and motility. Regulationof these genes by 

SspA is via inhibition of H-NS, a transcription factor that supresses expression of stress related 

genes.  

 

Figure A1 Simple SspA transcription level reg-

ulation of H-NS, a global regulator of tran-

scription of stress related genes  
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 The ΔSspA mutants in Hansen et al. 

study had a higher mortality rate at 

extended stationary phase and in 

minimum nutrient media compared to 

wildtype cells. Thus, SspA is crucial for E. 

coli cells to adapt to stress conditions 

such as nutrient deprivation and acid 

shock. 

 

In bacteriophage P1, SspA also acts as repressor of RpoD regulated genes[2]. However, Late P1 

genes that do not have a -35 motif characteristic of RpoD are activated by SspA with the help of 

a DNA binding protein Lpa[2].  Hansen et al, showed that Lpa binds to a motif that is upstream 

of -10 RpoD motif but is downstream of where the -35 RpoD motif could have been (Figure A2). 

This study shows that although, SspA reduces transcription of HoloRNAP with RpoD, there are 

also some configurations of motifs that are RpoD dependent but are activated by SspA. 

 

F. tularensis SspA:Stringent Starvation Protein A(FTV_0425): Unlike E. coli, F. tularensis sub-

species do not have H-NS in their genomes and thus global regulation of stress related genes is 

expected to be via a different mechanism. There have been at least 10 publications of studies 

done to determine genes regulated by SspA in F. tularensis. The ΔsspA mutants of F. tularensis 

subsp. holarctica were shown to be avirulent in mice mainly due to inability to grow inside mac-

rophages. The list of F. tularensis genes that were downregulated when macrophages were in-

fected with ΔsspA mutants are shown in Table A2 [8]. These results were a microarray study by 

Charity et al. Some of the downregulated genes have been identified as virulence factors such 

as PigR[9] and the 17 genes found in the Francisella Pathogenicity Island (FPI)[8, 10-13].  These 

genes have been shown to be crucial for phagosome escape and intracellular replication during 

infection in vitro and require SspA for transcription. Like in E. coli and bacteriophage P1, SspA in 

F. tularensis forms a complex with holoRNAP. In anti-body precipitation studies, SspA was 

found to co-precipitate with RNAP and RpoD[8]. In most gram negative bacteria, sspA is always 

 

Figure A2 SspA transcription model of P1 late 

genes 



95 
 

found adjacent to sspB (or stringent starvation protein B, a protease) in the same chromosomal 

locus. Conversely, in F. tularensis sspA is not found in the same locus as sspB. However, a 

homolog of sspA named mglA is found adjacent to sspB 

 

SspA-Protein Domain Profile: F. tularensis SspA has the characteristic two GST domains on both 

the N-terminal and the C-terminal (Figure A3). Additionally, the SspA motif is full length on SspA 

protein in contrast to the MglA protein. Since SspA has two dimer interfaces, this suggests that 

it can form a multi-heterodimer complex with other proteins it interacts with.  Even though 

SspA acts as a transcription factor it has no direct DNA binding motifs. 

 

Figure A3 Protein domain profile for SspA 

 

 

 

MglA-macrophage growth locus A (FTV_1218): This is a transcription factor that has been ex-

perimentally shown to be crucial for virulence and adaptation in F. tularensis subspecies tu-

larensis and holarctica [8, 11, 14-18]. For example, deletion (ΔmglA) or mutations in the gene 

have led to mutants that were severely attenuated for virulence in mice and in human macro-

phages [8, 11, 14, 16, 18, 19]. Also, ΔmglA mutants were shown to have a defect in adaptation 

to oxidative stress [18]. Additionally, Brotcke et al. [14] was able to identify using microarrays 

the list of genes that are regulated by MglA in F. tularensis subspecies (Table A2).  A subset of 

these regulated genes was observed to occur in a cluster that was activated during intracellular 



96 
 

replication. This cluster of genes is in the same chromosomal locus that has been characterized 

as a Francisella pathogenicity island (FPI) [10, 11, 20].  Deletion of MglA or point mutation of 

MglA results in suppression of gene expression in the FPI region [8, 11, 14, 16-19, 21-24].  

MglA-Protein Domain Profile: MglA is a protein of 205 amino acids. Although MglA is a homo-

log of SspA (stringent starvation protein A), it lacks a second GST domain that is characteristic of 

SspA proteins. SspA proteins have two GST domains: An N-terminal (GST_N_SspA) domain and 

a C-terminal (GST_C_SspA) domain. As shown in Figures B3 and B4, the MglA protein has one 

GST domain (GST_N for N-terminal) and lacks an additional C- terminal GST domain. Although 

not shown, The GST domain has dimer interfaces on both the N-terminal side and C-terminal 

side of the protein.  Thus, MglA should be able to form dimers with other proteins using the 

GST_N_SspA motif. Even though MglA acts as a transcription factor it has no direct DNA binding 

motifs. 

 

 

Figure A4. Protein domain profile for MglA 

 

 

 

MglA has a partial SspA motif. Since it is in the same locus as MglB, also an SspB homolog (in 

other gram-negative bacteria, SspA and SspB are adjacent to each other), it is possible that 

MglA had the full SspA motif before a duplication event occurred to preserve SspA function as 

MglA mutated. As shown in Figure A5, SspA is closely related to SspA from other bacteria than 

MglA is. Thus, it should not come as a surprise that MglA is still an RNAP associated protein 

even though it needs SspA to form a complex with RNAP via dimerization.   



97 
 

Dimerization of MglA and SspA: There is experi-

mental evidence of hetero-dimerization of MglA 

and SspA both in vivo and in vitro.  An SDS-PAGE 

analysis of proteins that co-precipitated with MglA 

revealed presence of SspA and RNAP subunits as 

well as a sigma factor protein RpoD (σ70)[8]. How-

ever, JC Charity et al showed that in the absence of 

SspA, MglA does not form a complex with RNA pol-

ymerase (RNAP). Additionally, the authors did a 

protein fusion experiment to show direct interac-

tion between MglA and SspA.  The protein fusion 

experiment also provided evidence of homo-

dimerization of MglA and SspA. Thus at any given 

time in the pathogen, there are homodimers of the 

MglA and SspA species as well as heterodimers of MglA and SspA. 

Protein Interactions: As already mentioned above, MglA forms a heterodimer with SspA that 

forms a complex with RNAP and RpoD. Since neither MglA nor SspA have any DNA binding mo-

tifs, they must interact with other proteins or transcription factors to regulate genes. For exam-

ple, AP Wrench et al performed a study to show that Inorganic Polyphosphate (polyp-

FTV_1492) stabilizes the heterodimer MglA-SspA. In their study, polyP bound to the MglA-SspA 

complex with high affinity. The binding was postulated to occur at the heterodimer interface 

based on the size exclusion chromatography data. Additionally, another molecule that is in-

volved in promoting transcription of MglA-SspA-RNAP is Guanosine tetraphosphate or ppGpp 

(synthesized by RelA- FTV_1439 and SpoT-FTV_0764). The molecule ppGpp promotes optimal 

interaction between PigR and the MglA-SspA-RNAP complex. The model for this interaction is 

shown below in Figure A6 as suggested by JC Charity et al.  In the model, MglA-SspA dimer 

forms a complex with the holoRNAP having RpoD, Thereafter, ppGpp molecules promote inter-

action between PigR and the MglA-SspA-RNAP complex to initiate transcription. The Proteins 

that have been shown to interact with the MglA-SspA complex are:   

 

Figure A5. SspA phylogeny across gram-

negative bacteria  
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1. PigR (FTV_0354): PigR (pathogenicity island gene regulator) is an ortholog of FevR 

(Francisella effector of virulence regulation) and is a DNA binding protein that has been 

shown to bind directly to the MglA-SspA-RNAP complex [9, 15, 25]. However, PigR needs 

ppGpp for optimal binding to the MglA-SspA-RNAP complex. MglA-SspA-RNAP complex 

requires PigR to activate transcription. Transcription of pigR is regulated by the MglA-

SspA-RNAP complex [15, 25]. 

Figure A6. Putative model for PigR, MglA-SspA-RNAP interaction 

[8] 

 

 

2. PmrA (FTV_1485):  PmrA is a response regulator that is part of a two component regula-

tory system. PmrA is phosphorylated by KdpD in Francisella tularensis subs tularensis. A 

study by Bell and colleagues[26] provided evidence that PmrA interacts with MglA-SspA-

RNAP complex. Their results also showed that the interaction happens before the MglA-

SspA-RNAP complex binds to DNA.  Basically environmental stress signals are sensed by 

MigR, CphA and TrmE [9, 15]which then modulate production of ppGpp to promote in-

teraction between PigR and either PmrA-MglA-SspA-RNAP or MglA-SspA-RNAP to initi-

ate transcription of MglA/SspA regulon. 

 

 

Development of a transcription model: Although MglA regulated genes have been studied ex-

tensively, little work has been done to develop an accurate transcription model that is specific 

to F. tularensis subs tularensis. The current MglA-SspA virulence model as shown above in Fig-

ure A6 for activation of MglA/SspA has σ70 sigma-factor -35 motif and -10 motif. However, in E. 
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coli[2], SspA regulates genes that do not have a σ70 sigma -35 motif but have a   -10 motif and 

another motif within the -35 region that is bound by a different transcription factor. The models 

being used so far have both -10 and -35 motif that is characteristic of σ70 sigma factor  [6]. We 

propose the model shown in Figure A7, in which the transcription factor PigR binds an unknown 

motif in contrast to the -35 motif. Another change we propose to add to the model is that we 

predict that a response regulator binds the sequence motif upstream (UP) of the unknown mo-

tif in some MglA-SspA regulated genes. The reason behind adding a response regulator to the 

model is that studies  [ref] have shown that the MglA-SspA-RNAP complex also binds to a re-

sponse regulator annotated as FTV_1485 in the genome of the strain TI0902[26]. With this 

model, it should be easier to experimentally identify all MglA regulated genes as well as SspA 

regulated.  If the two proteins do indeed regulate the same genes, then ChIP-seq of SspA and 

MglA should reveal identical binding sites.  

 

Figure A7. Modified transcription model for MglA-SspA regulated genes 

 

Since MglA is a homolog of SspA, it is possible that an antibody for MglA might pull down SspA 

as well. Thus, to design a ChIP-seq experiment PigR will be used since MglA regulated genes 

need PigR for their expression to be activated. The ChIP-seq data can then be used to discover 

MglA-SspA binding motifs. However, discovery of such motifs is not an easy task since there ap-

pears to be no direct relationship between protein sequences and their DNA binding targets. It 

is therefore not a surprise that discovery of DNA binding motifs for DNA binding proteins has 

been an area of active research for at least 20 years. 
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Complexity of Transcription in F. tularensis subspecies: Although F. tularensis subs tularensis 

has only two sigma factors (RpoD-FTV_0991 or σ70 and RpoH-FTV_1063 or σ32), the transcrip-

tion networks of the pathogen has remained a mystery largely due to a complex transcription 

machinery. Unlike most pathogenic prokaryotes, F. tularensis subs tularensis RNA Polymerase 

has two different α subunits (FTV_0327 or α1 and FTV_1377 or α2) that are homologs of each 

other[8, 27]. Each of these subunits has a DNA binding domain (in the Carboxy-Terminal Do-

main or CTD) that can bind to sequences upstream (UP) of the -35 motifs (Figure A8).  Addition-

ally, transcription factors can also bind to α subunits of the RNAP via CTD to initiate transcrip-

tion. The α subunits (α1 and α2) can also form homodimers (α1-α1 or α2-α2) or heterodimers (α1-

α2 or α2-α1) suggesting that RNAP of this pathogen can have four different forms.  Thus at any 

given time in the cell, there could be as many as 8 different species of RNAP since F. tularensis 

subs tularensis has two sigma factors.  This level of complexity could help explain inconsisten-

cies in in-vitro and in vivo infection results. Since SspA can form an RNAP complex with either  

MglA or SspA, there could be as many as 4 different 

MglA-SspA-RNAP species as well as an additional SspA-

SspA-RNAP species, further compounding efforts to 

elucidate the complex transcription network of this 

intracellular pathogen. An example of an experiment 

showing changes in transcript levels of alpha subunits 

of this pathogen is a time series macrophage infection 

[28] by F. tularensis subs tularensis type A1 in which 

transcript levels of α2 drastically change an hour after 

infection relative to bacteria in growth media. Howev-

er, transcript levels of α1 were not affected by the 

change in environment Experimental evidence also 

shows differences in gene expression of α subunits in 

different strains expression level of α subunits in different strains grown in identical conditions. 

The strain TIGB03 and its complemented strains (with wbtK) vir-TIGB03 [wbtK+] and avir TIGB03 

Table A1. Possible forms of RNA spe-

cies in  F. tularensis subs tularensis 

Forms of RNAP species 

 

α1 α1 β β’σ70 

α1 α2 β β’σ70 

α2 α1 β β’σ70 

α2 α2 β β’σ70 

α1 α1 β β’σ32 

α1 α2 β β’σ32 

α2 α1 β β’σ32 

α2 α2 β β’σ32 
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[wbtK+] have two copies of α1 in their genomes unlike the wildtype parent strain TI0902. Alt-

hough, the different subunits introduce complexity into the transcription machinery, research-

ers studying transcription mechanism with MglA and SspA have observed that the MglA-SspA-

RNAP complex has both types of α subunits. 

 

MglA-SspA regulated genes:  Experimental evidence suggests that the MglA-SspA regulon con-

sists of about 102 genes [8, 25] that are also regulated by ppGpp and PigR. The PmrA regulon 

includes a subset of these 102 genes.  The list of 102 genes is provided below and compares  

data  for gene expression changes in a recent RNASeq study of a virulent F. tularensis subs tu-

larensis type A1 strain vir-TIGB03 [wbtK+] that suppresses expression of pigR with microarray 

experiments of mglA deletion (mglA) and sspA deletion (sspA) of the F. tularensis subs holarctica 

strain LVS [6]. 

 

Table A2. List of genes regulated by MglA-SspA-RNAP complex 

FTT locus Fold Change 

in mglA 

Fold  Change 

in sspA 

Fold change in  

vir-TIGB03 [wbtK+] 

p-value 

vir-TIGB03 [wbtK+] 

FTT_0026c -2.2 -2.6 -4.22 0.0990 

FTT_0027c -2.1 -2 -6.32 0.0596 

FTT_0029c -3.4 -3.1 -7.87 0.0448 

FTT_0070c -3.8 -4.3 -2.89 0.0055 

FTT_0083 2.4 1.3 -1.15 0.0831 

FTT_0092c -2.9 -3.1 -2.73 0.4991 

FTT_0178c -2 -2 -2.56 0.3317 

FTT_0218c -2 -2.8 -2.09 0.4997 

FTT_0233c 2.4 2 2.01 0.1320 

FTT_0251 -3.6 -3.1 -4.24 0.0036 

FTT_0252 -3.7 -2.7 -3.74 0.0008 

FTT_0296 -4.4 -4.3 -10.40 0.0012 

FTT_0298 -2.7 -3.3 -7.72 0.0051 

FTT_0311c -1.9 -2.1 -9.56 0.0611 
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FTT_0356 1.9 2.2 -2.42 0.0687 

FTT_0380c -1.9 -2.1 1.92 0.0483 

FTT_0383 -10.7 -10.2 -22.45 0.0002 

FTT_0384c 2.1 2.4 -1.33 0.3231 

FTT_0403 -2.2 -2.4 -5.05 0.0018 

FTT_0407 -2.1 -2.4 -1.42 0.1000 

FTT_0410 -2 -1.9 -1.35 0.0294 

FTT_0415 2 2.4 2.24 0.0025 

FTT_0416 2.2 2.1 2.00 0.0085 

FTT_0421 -4.4 -5.8 -3.38 0.0003 

FTT_0430 -3.3 -3.9 -1.84 0.0416 

FTT_0431 -4 -2.5 -1.53 0.1814 

FTT_0464 3 1.5 3.42 0.0012 

FTT_0465 2.1 1.9 4.22 0.0000 

FTT_0488c 2.5 1.7 4.28 0.0340 

FTT_0511 -2.1 -3 1.88 0.0361 

FTT_0512 -2.9 -3.2 1.76 0.0298 

FTT_0556c -2.1 -1.8 -1.80 0.0663 

FTT_0595c -2.1 -2.5 -1.41 0.3306 

FTT_0611c -3.6 -3.1 -5.06 0.0012 

FTT_0613c -2.7 -3.1 -8.61 0.0011 

FTT_0665c 1.6 2.3 1.19 0.2951 

FTT_0668 -2.2 -2.3 -2.23 0.0203 

FTT_0718 2.4 1.7 1.45 0.2862 

FTT_0721c 2.7 2.2 1.42 0.4665 

FTT_0728 2.1 2 -1.76 0.3010 

FTT_0735 2.3 2.6 -2.05 0.4287 

FTT_0776c 2.3 3.1 1.82 0.0524 

FTT_0800 2.2 2 2.37 0.1163 

FTT_0831c -2.3 -1.9 -2.25 0.0204 

FTT_0852 -6.2 -7 -4.18 0.0122 



103 
 

FTT_0865 2 1.4 1.67 0.2210 

FTT_0875c 2 2.4 2.19 0.0000 

FTT_0883 -1.7 -2.1 -1.90 0.2793 

FTT_0905 -2.4 -2.3 -1.66 0.3694 

FTT_0928c 2.2 2.5 1.60 0.3152 

FTT_0933 2.3 2 -1.86 0.4458 

FTT_0935c 2 1.7 1.78 0.0560 

FTT_0936c 3.2 3.4 1.64 0.0394 

FTT_0937c 2.1 2.7 1.34 0.2230 

FTT_0953c -2.7 -2.1 -1.63 0.0315 

FTT_0971 1.9 2 1.34 0.1736 

FTT_0975 -2.3 -1.9 -1.72 0.0568 

FTT_0976 -2.6 -2.1 1.30 0.0900 

FTT_0980 -10.6 -10.7 -41.72 0.0001 

FTT_0981 -5.8 -5.5 -9.38 0.0103 

FTT_0989 -3.5 -3.5 -4.25 0.0040 

FTT_0991 -2.3 -1.6 1.22 0.0900 

FTT_1035c 2.7 2.4 1.28 0.2921 

FTT_1095c 1.8 2.2 1.17 0.1421 

FTT_1098c 2.3 2.2 2.13 0.0839 

FTT_1103 -2.3 -2.2 1.58 0.1464 

FTT_1149c 2 1.3 -1.94 0.1175 

FTT_1161 -2.1 -1.7 -1.54 0.0052 

FTT_1168c -2.3 -1.9 1.12 0.2532 

FTT_1180 -2.3 -2.3 -3.22 0.0031 

FTT_1201c -2.4 -2.3 3.01 0.0184 

FTT_1258 2.1 1.4 3.57 0.0064 

FTT_1270c 2.4 3.5 -1.40 0.4429 

FTT_1278c 2.1 1.7 1.96 0.0358 

FTT_1324 -2.5 -2.5 -1.46 0.4656 

FTT_1348 -3.1 -2.8 -6.47 0.0150 
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FTT_1350 -5.3 -4.4 -8.06 0.0046 

FTT_1351 -3.5 -4.4 -6.13 0.0031 

FTT_1352 -4.5 -5.5 -6.89 0.0030 

FTT_1353 -3.1 -2.8 -5.44 0.0219 

FTT_1354 -2.8 -3.8 -7.07 0.0012 

FTT_1356c -3.2 -3.8 -26.27 0.0020 

FTT_1357c -9.7 -16.1 -33.88 0.0011 

FTT_1358c -16.4 -21.2 -17.31 0.0003 

FTT_1359c -23.9 -21.4 -17.41 0.0004 

FTT_1365c -2.3 -2.4 -1.76 0.0447 

FTT_1367c -2.8 -2.1 -1.70 0.0527 

FTT_1368c -2 -2.4 -1.80 0.0316 

FTT_1373 2.2 2.4 1.53 0.0311 

FTT_1378 2.7 2.2 2.59 0.0320 

FTT_1379c 2.2 1.8 -2.25 0.0358 

FTT_1388 -3 -2.3 -6.40 0.0009 

FTT_1389 -4.4 -4.4 -2.88 0.0059 

FTT_1390 -4 -3.2 -2.41 0.0102 

FTT_1391 -3.5 -3.5 -2.19 0.0094 

FTT_1392 -3.3 -3.6 -1.97 0.0272 

FTT_1400c -2.4 -1.5 #N/A #N/A 

FTT_1415 3.9 2.4 -1.39 0.4333 

FTT_1428c 2.1 1.8 -1.64 0.4122 

FTT_1441 -2.5 -2 1.21 0.2111 

FTT_1450c 2.1 1.2 2.09 0.4152 

FTT_1474c 2.1 2.2 -1.30 0.4005 

FTT_1487 -2.3 -1.9 1.44 0.1628 

FTT_1498c -3 -2.2 1.32 0.0020 

FTT_1529 -2 -2.3 1.38 0.0438 

FTT_1539c -2.3 -2.3 1.26 0.1497 

FTT_1542c -3.3 -3.6 -1.84 0.0016 
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FTT_1564 2.1 2.2 1.25 0.0555 

FTT_1578c 3.3 1.9 2.40 0.1579 

FTT_1579c 2.9 3.2 2.47 0.0193 

FTT_1622c 2 1.9 1.67 0.1425 

FTT_1623c 2.2 1.4 1.55 0.1317 

FTT_1653 1.7 2.1 1.17 0.3794 

FTT_1666c -13.4 -14.3 -8.70 0.0005 

FTT_1684 2.4 1.6 -1.67 0.4190 

FTT_1690 2.5 2 -1.98 0.1043 

FTT_1734c -3.3 -4 -2.90 0.0731 

FTT_1771 -2.5 -4.2 -11.29 0.0003 

FTT_1773c -2.6 -2 -2.07 0.0008 

FTT_1783 2.6 3 -1.64 0.3400 

 

Expression of MglA-SspA regulon in virulent mutant Clone1:  The vir-TIGB03 [wbtK+] or Clone1 

is a virulent complement clone of an avirulent chemical mutant strain TIGB03. RNAseq data 

shows that the expression of PigR is severely suppressed in vir-TIGB03 [wbtK+] and thus we ex-

pect the list of genes in Table A2 to be differentially expressed between vir-TIGB03 [wbtK+] and 

any other strain. However, this is not the case. In total, there were only 43 genes shown in Ta-

ble A3 that were significantly differentially expressed between the two conditions 

(p=value<0.05 and fold change >0.7 while values in background noise were ignored). The rest of 

the genes did not show any changes.   
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Table A3: Differentially expressed genes 

TI0902 Lo-

cus tag 

Regulation 

Effect 

TI0902 TIGB03 TIG1211 TIG1212 TIG111 TIGB121 P-value Minimum 

Fold 

Change 

(abs) 

FTV_0936 yes 12.65 12.13 11.89 12.01 7.21 7.32 0.000 4.69 

FTV_0354 yes 11.66 11.34 11.13 11.28 7.18 7.17 0.000 4.03 

FTV_1298 yes 14.72 14.30 13.18 13.17 9.71 9.58 0.001 3.54 

FTV_1299 yes 12.12 11.94 11.47 11.41 8.09 7.92 0.000 3.44 

FTV_1300 yes 11.70 11.73 11.07 10.95 7.68 7.54 0.000 3.40 

FTV_1687 yes 10.11 10.30 9.96 10.13 6.67 6.93 0.000 3.24 

FTV_1297 yes 12.04 11.45 10.46 10.43 7.43 7.21 0.002 3.12 

FTV_1570 yes 9.04 9.37 9.22 9.26 5.91 6.46 0.000 2.85 

FTV_1290 yes 10.76 10.85 10.28 10.33 7.31 7.63 0.000 2.84 

FTV_1288 yes 9.94 9.63 8.98 9.17 6.28 6.20 0.000 2.83 

FTV_1301 yes 9.94 9.85 9.40 9.39 6.63 6.65 0.000 2.75 

FTV_1041 yes 8.58 8.34 7.61 7.78 5.14 5.25 0.001 2.50 

FTV_0573 yes 7.06 7.35 6.66 6.61 4.09 4.39 0.000 2.40 

FTV_1285 yes 8.82 8.73 7.81 7.87 5.44 5.55 0.001 2.34 

FTV_0275 yes 9.58 10.67 9.88 9.97 7.31 7.27 0.001 2.29 

FTV_0988 yes 8.06 8.16 7.88 7.97 5.59 5.84 0.000 2.21 

FTV_1286 yes 8.96 8.68 7.75 7.85 5.57 5.63 0.002 2.20 

FTV_1291 yes 8.72 8.86 7.95 8.00 5.85 5.85 0.001 2.12 

FTV_0571 yes 8.52 8.35 8.17 8.42 6.10 6.27 0.000 2.11 

FTV_1295 yes 8.89 8.87 8.06 8.27 6.08 6.06 0.001 2.09 

FTV_1293 yes 8.51 8.44 7.76 7.85 5.75 5.69 0.001 2.08 

FTV_1292 yes 8.73 8.91 8.15 8.27 6.26 6.32 0.001 1.92 

FTV_1287 yes 8.18 7.94 7.01 7.22 5.26 5.19 0.002 1.89 

FTV_1296 yes 9.16 9.19 8.28 8.37 6.39 6.49 0.002 1.88 

FTV_1327 yes 9.60 8.98 9.76 9.91 7.08 7.23 0.001 1.82 

FTV_1042 yes 8.15 7.94 7.50 7.66 5.63 5.89 0.000 1.82 
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FTV_0094 yes 11.02 10.66 10.44 10.40 8.70 8.68 0.000 1.73 

FTV_0276 yes 7.67 9.02 7.84 7.94 5.89 6.16 0.006 1.65 

FTV_0277 yes 7.88 9.19 8.22 8.37 6.12 6.37 0.003 1.64 

FTV_0234 yes 9.78 9.36 9.25 9.35 7.71 7.69 0.000 1.60 

FTV_1128 yes 7.88 7.93 7.90 8.07 6.17 6.43 0.000 1.58 

FTV_0945 yes 7.30 7.11 6.73 6.84 5.19 5.23 0.000 1.57 

FTV_0391 yes 9.05 9.27 9.18 9.27 7.48 7.55 0.000 1.53 

FTV_0806 yes 6.76 7.35 6.50 6.74 5.06 5.51 0.003 1.33 

FTV_0235 yes 9.47 9.23 9.84 9.81 7.93 7.91 0.001 1.31 

FTV_0066 yes 9.12 8.95 8.82 8.91 7.56 7.61 0.000 1.28 

FTV_0915 yes 9.07 9.05 8.97 9.03 7.95 7.95 0.000 1.05 

FTV_0990 yes 9.46 9.79 9.21 9.16 8.27 8.23 0.003 0.93 

FTV_1230 yes 8.84 8.61 8.23 8.36 7.29 7.45 0.003 0.92 

FTV_1471 yes 10.45 10.40 10.30 10.45 9.57 9.57 0.000 0.81 

FTV_0833 yes 7.57 7.66 7.14 7.26 6.46 6.38 0.003 0.79 

FTV_0930 yes 9.01 9.10 9.16 9.31 8.15 8.34 0.001 0.76 

FTV_1601 no  5.63 6.43 5.37 5.71 4.17 4.80 0.014 1.06 

FTV_1289 no 7.04 6.98 5.76 5.93 4.36 4.35 0.008 1.49 

FTV_0943 no 5.50 6.22 5.41 5.29 4.37 4.45 0.009 0.94 

FTV_0236 no 6.98 7.36 6.47 6.71 5.76 6.01 0.014 0.71 

FTV_0798 no 4.96 6.90 5.15 5.50 5.90 6.13 0.296 0.69 

FTV_1319 no 6.50 6.96 6.43 6.40 5.74 5.84 0.008 0.62 

FTV_1091 no 8.35 9.50 8.61 8.66 7.63 7.95 0.032 0.56 

FTV_0916 no 7.99 8.25 8.05 8.00 7.46 7.47 0.001 0.53 

FTV_0514 no 5.95 7.11 6.62 6.63 7.68 7.56 0.022 0.51 

FTV_1466 no 7.74 8.12 8.14 7.92 7.23 7.26 0.003 0.49 

FTV_0989 no 6.54 7.25 7.33 7.32 6.01 6.11 0.011 0.48 

FTV_1096 no 7.61 7.53 8.04 8.11 7.12 7.02 0.013 0.46 

FTV_0477 no 8.02 8.43 8.11 7.80 8.90 8.83 0.008 0.44 

FTV_0249 no 6.66 7.85 6.80 6.66 6.20 6.24 0.074 0.44 

FTV_1330 no 8.83 8.36 9.05 9.07 7.93 7.93 0.011 0.43 
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FTV_1140 no 4.01 6.15 4.26 4.72 4.73 5.09 0.437 0.42 

FTV_0954 no 5.30 6.16 5.37 5.50 5.78 5.79 0.263 0.35 

FTV_1486 no 6.39 7.55 6.71 6.85 5.96 6.12 0.043 0.35 

FTV_0289 no 8.55 11.45 9.72 9.85 8.11 8.28 0.066 0.35 

FTV_0117 no 4.68 6.71 4.88 5.25 5.25 5.58 0.483 0.35 

FTV_0681 no 6.05 6.78 5.55 5.75 5.12 5.50 0.080 0.34 

FTV_0478 no 7.75 8.23 8.09 7.99 8.55 8.59 0.011 0.34 

FTV_1095 no 7.65 8.01 8.41 8.58 7.29 7.35 0.027 0.33 

FTV_1659 no 4.91 5.96 4.79 5.33 5.27 5.42 0.412 0.28 

FTV_0944 no 3.82 4.94 4.59 4.95 3.77 3.34 0.036 0.26 

FTV_0004 no 4.38 6.81 5.31 5.26 5.27 5.82 0.451 0.26 

FTV_0515 no 5.86 7.28 6.26 6.27 7.07 7.00 0.123 0.25 

FTV_1652 no 6.31 7.61 6.65 6.61 5.90 6.26 0.090 0.23 

FTV_1672 no 7.33 8.32 7.58 7.66 6.95 7.26 0.067 0.22 

FTV_0931 no 6.69 7.04 6.35 6.56 6.26 6.25 0.066 0.20 

FTV_1493 no 6.31 7.28 6.52 6.61 5.97 6.27 0.079 0.19 

FTV_0183 no 6.16 6.54 5.61 5.79 5.34 5.68 0.096 0.19 

FTV_0611 no 5.88 6.79 5.64 5.60 5.37 5.50 0.131 0.19 

FTV_0288 no 5.75 8.50 7.03 7.16 5.43 5.72 0.072 0.18 

FTV_0516 no 5.15 6.40 5.47 5.80 6.22 6.23 0.132 0.18 

FTV_0860 no 6.78 7.35 6.37 6.49 6.56 6.67 0.353 0.17 

FTV_0680 no 5.90 6.65 6.14 6.08 6.13 6.40 0.396 0.16 

FTV_1231 no 7.75 8.20 7.96 8.16 8.37 8.34 0.048 0.15 

FTV_1077 no 9.59 9.37 9.54 9.60 9.18 9.28 0.013 0.14 

FTV_1232 no 5.91 7.36 5.85 6.19 6.01 6.28 0.377 0.13 

FTV_0838 no 6.53 7.71 6.87 6.95 6.67 6.89 0.287 0.13 

FTV_0204 no 4.43 6.10 4.93 4.91 4.92 5.16 0.464 0.12 

FTV_0572 no 4.65 6.04 4.73 5.04 4.50 5.01 0.258 0.11 

FTV_1072 no 7.64 8.60 8.14 7.83 8.03 7.73 0.309 0.11 

FTV_1158 no 5.78 6.72 6.27 6.37 6.53 6.73 0.155 0.09 

FTV_0683 no 8.36 8.21 7.81 7.84 8.12 8.19 0.330 0.06 



109 
 

FTV_1459 no 9.23 8.94 8.83 8.82 9.33 9.25 0.043 0.06 

FTV_1189 no 5.87 7.31 6.58 6.84 6.62 6.90 0.408 0.05 

FTV_1462 no 9.36 9.00 8.36 8.54 8.95 8.95 0.358 0.05 

FTV_0226 no 6.70 7.20 6.86 6.91 6.72 6.97 0.353 0.04 

FTV_1144 no 6.44 7.51 6.75 6.84 7.44 7.50 0.079 0.04 

FTV_0115 no 5.02 6.81 5.25 5.62 5.39 5.55 0.376 0.04 

FTV_0114 no 5.77 6.96 5.89 6.00 5.57 5.94 0.200 0.02 

FTV_0704 no 9.50 8.96 9.04 9.10 9.45 9.58 0.061 0.01 

FTV_1043 maybe 7.41 7.55 6.75 7.08 5.82 6.08 0.006 0.96 

 

Possible Regulation by MglA and SspA  

Since deletion of mglA shows suppression of gene expression of a number of genes, it is possi-

ble that MglA acts as an inducer while SspA acts as a suppressor of transcription. Thus, as levels 

of MglA increase and pigR expression increases, the MglA-SspA regulon is activated. However, 

the question that remains to be investigated is whether SspA-SspA regulon is the same as MglA-

SspA or if there is overlap depending on the number of RNAP species present. RNAseq data for 

vir-TIGB03 [wbtK+], shows that even though mglA expression is at wildtype levels, sspA expres-

sion is at least twice the expression sspA of wildtype levels (see Figure A8).  Since RNAseq data  

 results show only overlap of 

55% of genes from deletion of 

mglA it is possible that the PigR 

regulon is a subset of MglA-

SspA regulon.  This would imply 

that MglA-SspA promoter sites 

are not all the same as that of 

PigR. Another possibility is that 

at some promoter sites SspA-

SspA-RNAP  

complex may not function as a 

suppressor at all but would 

 

Figure A8 Transcript levels of sspA and mglA in different 

type A1 strains of F. tularensis subs tularensis.  (vir means 

virulent, and avir stands for avirulent) 
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otherwise still be required to activate transcription. Since the MglA is present, it is also possible 

that SspA-SspA-RNAP complex may interact with MglA to activate transcription of these genes. 

Possible associations of MglA and SspA with RNAP: Since each alpha subunit of RNAP has an 

interacting domain in its CDT, there are different ways in which MglA and SspA can form a 

complex with RNAP. The Table below shows the different configuration for SspA and MglA to 

be associated with RNAP via the alpha subunits and is based on the in vitro results from the 

Mukhamedyarov et al. study[27] in which no homodimers of α2 were seen to activate tran-

scription. In Table A4 below, the  

Table A4. Possible associations of MglA and SspA with RNAP represented in a matrix form 

1st RNAP α 2nd RNAP α Configuration # 

α1 α2 SspA MglA α1 α2 SspA MglA 

1 0 1 1 1 0 1 1 1 

1 0 1 1 1 0 2 0 2 

1 0 1 1 1 0 0 0 3 

1 0 1 1 0 1 1 1 4 

1 0 1 1 0 1 2 0 5 

1 0 1 1 0 1 0 0 6 

1 0 2 0 1 0 1 1 7 

1 0 2 0 1 0 2 0 8 

1 0 2 0 1 0 0 0 9 

1 0 2 0 0 1 1 1 10 

1 0 2 0 0 1 2 0 11 

1 0 2 0 0 1 0 0 12 

1 0 0 0 1 0 1 1 13 

1 0 0 0 1 0 2 0 14 

1 0 0 0 1 0 0 0 15 

1 0 0 0 0 1 1 1 16 

1 0 0 0 0 1 2 0 17 

1 0 0 0 0 1 0 0 18 

0 1 1 1 1 0 1 1 19 
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numbers represent number of molecules present in either the first RNAP alpha subunit or the 

second alpha subunit.  The different configurations are based on the assumptions that interac-

tions are stochastic in nature and therefore can depend of the number of available molecules. 

For example, as shown in Figure A9, in F. tularensis subs tularensis strain SCHU S4, the concen-

tration of mglA is about 4 times that of sspA, therefore we would expect a higher number of 

RNAP species with configurations 4, 16, 19, 25 at 1 hour post infection compared to 0 hours 

post infection. This is due to the concentration of α1 being almost the same as that of α2 at 1 

hour post infection, while at 0 hours post infection the ratio α1:α2 ≈ 2:1.  For strain TI0902, alt-

hough the ratio of α1:α2 ≈ 3:1, there appears to be no differences in gene expression in MglA-

SspA regulated genes between TI0902 and its chemical mutant TIGB03 which has the ratio 

α1:α2 ≈ 1:1. In D Mukhamedyarov et al study, RNAP species with heterodimers of α1 and α2 

had a strong transcription activity while RNAP species with α1 homodimer had weak transcrip-

tional activity. As mentioned before, this was an in vitro study and not an in vivo study.  It is 

possible that homodimers of α1 have strong transcriptional activity in vivo. However, it seems 

that the molecules that would affect transcription of MglA-SspA regulated genes are MglA and 

SspA.  For genes whose expression was not affected by suppression of PigR in vir-TIGB03  

[wbtK+] but were down-regulated in mglA and sspA deletion studies, it is possible that tran-

scription of these genes is activated by RNAP species with configurations 2, 5, 7,10,22,25. A 

quick look at the expression of genes that code for proteins that interact with MglA-SspA-RNAP 

complex did not show any differences when compared to other strains (Figure A10).  

 

0 1 1 1 1 0 2 0 20 

0 1 1 1 1 0 0 0 21 

0 1 2 0 1 0 1 1 22 

0 1 2 0 1 0 2 0 23 

0 1 2 0 1 0 0 0 24 

0 1 0 0 1 0 1 1 25 

0 1 0 0 1 0 2 0 26 

0 1 0 0 1 0 0 0 27 
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Figure A9. Comparison of expression of genes (read counts) that code for products that interact with 

MglA-SspA-RNAP complex. 

 

This implies that besides the proteins that promote formation of MglA-SspA-RNAP and activa-

tion of MglA-SspA regulon, there is another factor that is responsible for the suppression of 

PigR. Since the strain vir-TIGB03 [wbtK+] has a higher concentration of SspA, it is possible that 

the majority of the RNAP species present are the ones with the configurations 2, 5, 7, 8, 9, 10, 

11, 12, 14, 17, 20, 22, 23, 24, and 26. In total, these configurations account for more than 50% 

of the possible RNAP species (15 out of 27) listed in Table A4.  Since the promoter of PigR needs 

both SspA and MglA, these 15 RNAP species could repress transcription of PigR and hence all 

PigR regulated genes. A stochastic simulation model could be developed to show how these 

RNAP species could influence transcription of PigR regulated genes as long as values such as 

reaction constants for suppression and activated could be estimated from experiments.  
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Appendix B: 

Draft Genome of an Ancestor strain of Francisella tularensis subspecies 

  It is important to have knowledge of the genome of an ancestor strain of pathogenic bac-

teria especially if the genus has species and subspecies that have wide a spectrum of virulence 

such as the genus Francisella. An ancestor strain can give clues to evolutionary mechanisms that 

contributed to pathogenesis such as gene loss or gain.  In humans the subspecies F. tularensis is 

more virulent than F. novicida [1], F. philomiragia [2, 3], F. noatunesis [4, 5], F. endociliophora[6], 

and F. guangzhouensis [7]. Additionally, F. tularensis subspecies tularensis has been isolated from 

over 250 species of mammals underscoring the urgency to determine why this pathogen is able 

to adapt to different environments and evade host cell immune response. 

Gene loss has been described as one of the mechanisms by which non-virulent strains can evolve 

to become pathogenic [8, 9]. The genes lost to achieve such a virulent state are described as anti-

virulence genes[10]. The current thought is that loss of these genes makes the pathogen rely on 

the host for factors such as amino acids and other chemical compounds which the pathogen can-

not synthesize [10]. However, this is based on the assumption that the pathogen can survive in 

the hostile host environment. The bacterium F. tularensis subsp. tularensis is unique in the sense 

that it has a wide host range. Thus, it is crucial to understand how gene loss/gain has enabled 

this subspecies to survive in wide range of hostile environments. The objective of data mining all 

sequenced genomes to discover the genome of the ancestor strain is to determine how gene 

loss/gain and mutations have affected virulence of F. tularensis subspecies and how these can 

affect efficacy of a live vaccine strain.  

One of the objectives of this study is to create an annotated hypothetical ancestor refer-

ence sequence for F. tularensis subspecies. Having a reference sequence creates a framework for 

future annotation of new strains as well as shedding light on evolutionary processes the pathogen 

is currently undergoing.  The first step in constructing the Ancestor strain is to determine the 

order of genes on the ancient F. tularensis bacterium. Since strains from the species F. tularensis 

subs tularensis are the most virulent, regions that were chosen are the ones that are flanked by 

mobile sequences ISFTU1 and ISFTU2.  
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Construction of Region Order 

F. tularensis subs tularensis regions were generated by identifying segments of DNA that 

are flanked by ISFTU1 and ISFTU2 transposable elements (TEs), whether partial or full sequences. 

This led to 64 unique regions (see Table B1.1). The sequential numbering of the regions is in the 

order they are arranged on the genome of TI0902. Thus, R01 is the first region flanked by the first 

transposable element (TE) from the start of the genome. And R064 is the last region on the ge-

nome of TI0902 adjacent to the last mobile element.  A FASTA sequence file was created with 

Perl for these regions, and then BLAST was run to see how these regions align on the genomes of 

F. novicida, F. philomiragia, F. noatunesis, and F. endociliophora. The following genomes were 

used: F. novicida strains U112 [1], F6168 [11] , WY96 [11] (in the respective publication, the strain 

was incorrectly assigned to F. tularensis subsp tularensis- this work shows that the strain belongs 

to the subspecies novicida), Fx1 [12], F. noatunesis strains LADL-07-285A [13], FNO12 [13] and 

Toba04 [5], F. philomiragia strains ATCC25017 [5] and FSC153 [11] , F. endociliophora strain 

FSC1006 [6] and Francisella sp. TX077308 [14].   

Although different Francisella genomes share much of the same genes and DNA sequences, the 

order of these segments can be completely different in different species due to the mobility of 

the genome segments bounded by transposable elements.  

 

To decide which two regions were adjacent to each other in the Ancestor strain, the fol-

lowing rules were used:  

Junction Rule 1: There cannot be a TE joining two different regions together in the An-

cestor strain unless all genomes have a TE joining the same two regions. Then this means 

that the Ancestor strain had this TE at that Locus. 

Junction Rule 2: If different genomes have a region surrounded by different regions then 

select two adjacent regions that are found in majority of genomes as long as there is 

heterogeneity in the species. 

Junction Rule 3: If Junction Rule 2 is true then check the integrity of the region se-

quences, select the region junction with the highest sequence comparison to the re-

spective TI0902 region 
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Junction Rule 4: If a gene is disrupted by a TE and overlaps two regions next to each other 

in different strains, then the Ancestor strain had these two regions adjacent to each 

other. 

 

Table B1.1  TI0902 regions generated from TEs insertion sites on TI0902 genome 

TI0902 Region Region Length (bases) 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

TI0902 Region Region Length (bases) 

R01 3105 R33 141494 

R02 4171 R34 11115 

R03 93197 R35 35106 

R04 39601 R36 31519 

R05 41513 R37 75783 

R06 32050 R38 19660 

R07 14411 R39 32256 

R08 7500 R40 1272 

R09 15919 R41 44310 

R10 8916 R42 37665 

R11 17190 R43 36017 

R12 35354 R44 21652 

R13 26372 R45 45095 

R14 1272 R46 6218 

R15 2210 R47 14341 

R16 5242 R48 17537 

R17 14446 R49 14276 

R18 1272 R50 43633 

R19 1724 R51 32664 

R20 68781 R52 38063 

R21 80162 R53 15328 

R22 42997 R54 12165 

R23 3226 R55 4303 

R24 23537 R56 23308 

R25 102876 R57 30085 

R26 32606 R58 21235 

R27 8035 R59 4211 

R28 30908 R60 33673 

R29 13287 R61 30173 

R30 39035 R62 11952 

R31 36573 R63 23115 

R32 53341 R64 26280 
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     The table below summarizes the way the regions were likely ordered in an Ancestor strain of 

F. tularensis subs. tularensis. The value 1 represents observed presence of region junction while 

the value 0 represents absence of observed region junction on the respective genome. 

 
Table B1.2 TI0902 region junctions observed on various strains from the genus Francisella 

Region  
Order 

STRAINS 

U112 F6168 WY96 Fx1 LADL07
.. 

FNO12 Toba04 ATCC2.. FSC153 FSC1006 TX077
.. 

Total 

R01->R57  1 1 1 1 1 1 1 0 1 1 1 10/11 

R57->R10 1 1 1 1 1 1 1 1 1 0 1 10/11 

R10->R09 1 1 1 1 1 1 1 1 1 0 1 10/11 

R09->R08 1 1 1 1 1 1 1 1 1 0 1 10/11 

R08->R58 1 1 1 1 1 1 1 1 1 0 1 10/11 

R58->R62 1 1 1 1 1 1 1 1 1 0 1 10/11 

R62->R02 1 1 1 1 1 1 1 1 1 0 1 10/11 

R02->R11 1 1 1 1 1 1 1 1 1 0 1 10/11 

R11->R06 1 1 1 1 1 1 1 1 1 0 1 10/11 

R06->R07 1 1 1 1 1 1 1 1 1 0 1 10/11 

R07->R12 1 1 1 1 1 1 1 1 1 0 1 10/11 

R12->R13 1 1 1 1 1 1 1 1 1 0 1 10/11 

R13->R15 1 1 1 1 1 1 1 1 1 0 1 10/11 

R15->R17 1 1 1 1 1 1 1 1 1 0 1 10/11 

R17->R56 1 1 1 1 1 1 1 1 1 0 1 10/11 

R56->R55 1 1 1 1 1 1 1 1 1 0 1 10/11 

R55->R53 1 1 1 1 0 0 0 1 1 0 1 7/11 

R53->R54 1 1 1 1 0 0 0 1 1 1 1 8/11 

R54->R31 1 1 1 1 1 1 1 1 1 1 1 11/11 

R31->R32 1 1 1 1 1 1 1 1 1 1 1 11/11 

R32->R20 1 1 1 1 1 1 0 1 1 1 0 10/11 
R20->R21 1 1 1 1 1 1 1 1 1 1 0 10/11 
R21->R26 1 1 1 1 1 1 1 1 1 1 0 10/11 
R26->R27 1 1 1 1 1 1 1 1 1 0 0 9/11 
R27->R42 1 1 1 1 1 1 1 1 1 0 0 9/11 
R42->R29 1 1 1 1 1 1 1 1 1 0 0 9/11 
R29->R49 1 1 1 1 1 1 1 1 1 1 0 10/11 
R49->R28 1 1 1 1 0 0 0 0 0 1 0 5/11 
R23->R24 1 1 1 1 1 1 1 1 1 0 0 9/11 
R24->R35 1 1 1 1 1 1 1 1 1 0 0 9/11 
R28->R14  

Only Strain 3523 (not shown here) has R14, All the above strains do not have R14 in their genomes 
R14->R23  

R35->R33 1 1 1 1 1 1 1 1 1 1 1 11/11 

R33->R22 1 1 1 1 0 0 0 0 0 1 0 5/11 

R22->R25 1 1 1 1 0 0 0 1 1 0 0 6/11 
R25->R36 1 1 1 1 0 0 0 1 1 1 1 8/11 
R36->R37 1 1 1 1 1 1 0 0 0 0 0 6/11 
R37->R30 1 1 1 1 1 1 0 0 0 0 0 6/11 
R30->R38 1 1 1 1 1 1 0 1 1 0 0 8/11 
R38->R39 1 1 1 1 1 1 0 1 1 0 0 8/11 
R39->R41  

Repeats and rearrangement of R41 resolved since R41 is still intact in most F. tularensis type A1 strains R41->R43  

R43->R44  

R44->R45 1 1 1 1 1 1 0 1 1 1 0 9/11 
R45->R46 1 1 1 1 1 1 0 1 1 1 0 9/11 
R46->R47 1 1 1 1 1 1 0 1 1 1 0 9/11 
R47->R48 1 1 1 1 1 1 0 1 1 0 0 8/11 
R48->R51 1 1 1 1 1 1 0 1 1 0 0 8/11 
R51->R52 1 1 1 1 1 1 0 1 1 1 0 9/11 
R52->R50 1 1 1 1 1 1 0 1 1 1 0 9/11 
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R50->R19 1 1 1 1 1 1 0 1 1 1 0 9/11 
R19->R16 1 1 1 1 1 1 0 1 1 0 0 8/11 
R16->R59 1 1 1 1 1 1 0 1 1 0 0 8/11 
R59->R05 1 1 1 1 1 1 0 1 1 0 0 8/11 
R05->R04 1 1 1 1 1 1 0 1 1 0 0 8/11 
R04->R03 1 1 1 1 1 1 0 1 1 0 0 8/11 
R03->R61 1 1 1 1 1 1 0 1 1 0 0 8/11 
R61->R63 1 1 1 1 1 1 1 1 1 0 0 9/11 
R63->R64 1 1 1 1 1 0 1 1 1 1 1 10/11 
R64->R01 1 1 1 1 1 0 1 1 1 1 1 10/11 

*1 represents observed presence of region junction while 0 represents absence of region junction  
 

   Although the number of observed region junctions is low for some regions as shown in 

Table B1.1, some of the observed junctions have genes that overlap regions. An example is the 

junction R49->R28 that has a gene Deoxyadenosine deaminase that overlaps the two regions (see 

Table B1.2) even though the frequency of the observed region junction is only 5 out of 11 strains.  

The frequency of junction R33->R22 is also observed to be below 50% (5/11) of all the 11 ge-

nomes used.  Region R22 seems to have degenerated in the strains with the value 0 since these 

strains have on average region length of 25kb compared to region R22 length of 42.9kb (Table 

B1.1). Since R22 region was truncated for these strains, they did not meet the criteria of Rule 3 

and thus only region junctions from strains U112, Fx1, F6168, and WY96 were used. 

 

     Table B1.3 shows the TI0902 region junctions that had evidence of a gene that spanned or 

overlapped two regions. There were a total of 23 genes that were targeted by TEs ISFTU1 and 

ISFTU2 on the genome of TI0902. Of the 23 gene disruptions, 20 were caused by ISFTU1 TE (genes 

1-20) while two were caused by ISFTU2 TE (genes 21-22). Finally, there was one gene that over-

laps two regions flanked by different mobile elements. This is not a surprise since there are re-

gions on the genomes of various F. tularensis strains that have the two TEs directly adjacent to 

one another. For example, TI0902 regions R13, R14, R17, R18, R03, R04, R40, and R41 are flanked 

by ISFTU1 adjacent to ISFTU2. Thus, out of the 60 observed TI0902 region junctions observed in 

other strains, 38% or 23 of these junctions had additional evidence of gene overlap. The rest of 

the junctions (37) were generated using junction Rules 1-3. 
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Table B1.3 Adjacent regions with evidence of gene overlap 

 
     The Ancestor strain had 60 unique regions as shown in Table B1.4. This number is less than 

the 64 regions from the genome of TI0902 because some of the regions in TI0902 have more than 

one copy. For example, the Francisella pathogenicity Island (FPI) region is found in strain TI0902 

regions R43 and R60 while region R14 is identical to regions R18 and R40.  Another reason is that 

TI0902 region R34 is missing from the above genomes that were used to generate the table. The 

full length region TI0902:R34 is found on the genomes of F. tularensis subs tularensis, holarctica 

(one genome has the region while the rest of the strains used in this study do not), and medi-

asiatica. However, there are partial small fragments of this region (600-950 nucleotides) in other 

species of the genus Francisella. This suggests that the Ancestor strain had region TI0902:R34 

prior to mutational events that led to loss of this region in other subspecies. Therefore this region 

will be placed before region TI0902:R035 on the Ancestor strain since these two regions are 

found adjacent to one another in both F. tularensis subs tularensis type AI and AII strains. 

 
 

Gene 
No. 

Region 
Order 

Gene 
Overlap 

TEs causing 
gene disruption 

Gene Description 

1 R57->R10 Yes ISFTU1 3-isopropylmalate dehydrogenase 

2 R10->R09 Yes ISFTU1 Conserved hypothetical protein 

3 R09->R08 Yes ISFTU1 Metabolite proton symporter 

4 R08->R58 Yes ISFTU1 LysR family transcriptional regulator 

5 R58->R62 Yes ISFTU1 NhaP-type Na+/H+ or K+/H+ antiporter 

6 R62->R02 Yes ISFTU1 Succinate semialdehyde dehydrogenase 

7 R11->R06 Yes ISFTU1 Hypothetical membrane protein 

8 R56->R55 Yes ISFTU1 Hypothetical membrane protein 

9 R31->R32 Yes ISFTU1 Heavy metal cation transport ATPase 

10 R20->R21 Yes ISFTU1 tRNA/rRNA methyltransferase 

11 R29->R49 Yes ISFTU1 Acid phosphatase/phosphotransferase 

12 R33->R22 Yes ISFTU1 Histidine acid phosphatase 

13 R36->R37 Yes ISFTU1 Conserved hypothetical protein 

14 R37->R30 Yes ISFTU1 M13 family metallopeptidase 

15 R30->R38 Yes ISFTU1 Conserved hypothetical protein 

16 R38->R39 Yes ISFTU1 Proton-dependent oligopeptide transporter 

17 R39->R41 Yes ISFTU1 Pirin family protein 

18 R44->R45 Yes ISFTU1 Hypothetical protein 

19 R51->R52 Yes ISFTU1 Cyclopropane fatty acid synthase, Methyltransferase 

20 R59->R05 Yes ISFTU1 Conserved hypothetical protein 

21 R06->R07 Yes ISFTU2 Serine permease 

22 R49->R28 Yes ISFTU2 Deoxyadenosine deaminase 

23 R19->R16 Yes ISFTU2,ISFTU1 Conserved hypothetical protein 
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Table B1.4 TI0902 regions as they are ordered on the ancestor strain 

Ancestor Region TI0902 Region Strand 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Ancestor Region TI0902 Region Strand 

A01 R01 plus A31 R23 minus 

A02 R57 minus A32 R24 plus 

A03 R10 minus A33 R35 minus 

A04 R09 plus A34 R33 plus 

A05 R08 minus A35 R22 minus 

A06 R58 minus A36 R25 minus 

A07 R62 plus A37 R36 plus 

A08 R02 plus A38 R37 plus 

A09 R11 plus A39 R30 minus 

A10 R06 plus A40 R38 plus 

A11 R07 plus A41 R39 plus 

A12 R12 plus A42 R41 plus 

A13 R13 plus A43 R43 plus 

A14 R15 plus A44 R44 plus 

A15 R17 minus A45 R45 plus 

A16 R56 minus A46 R46 plus 

A17 R55 plus A47 R47 plus 

A18 R53 plus A48 R48 plus 

A19 R54 minus A49 R51 plus 

A20 R31 plus A50 R52 plus 

A21 R32 plus A51 R50 plus 

A22 R20 plus A52 R19 minus 

A23 R21 plus A53 R16 plus 

A24 R26 plus A54 R59 minus 

A25 R27 plus A55 R05 minus 

A26 R42 minus A56 R04 minus 

A27 R29 plus A57 R03 minus 

A28 R49 plus A58 R61 plus 

A29 R28 plus A59 R63 plus 

A30 R14 minus A60 R64 plus 

 
  
     Table B1.4 shows that the genome of F. tularensis subs tularensis type AI strain TI0902 has 

undergone numerous chromosomal structural changes that have shuffled the regions flanked by 

TEs elements. Out of all the predicted 60 region junctions on the Ancestor strain, the strain 

TI0902 has only retained 37% of the region junctions that the Ancestor strain had (Figure B1.1). 
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These results provide a clue as to how the presence of the TEs elements on the genome of TI0902 

have impacted genome plasticity, evolution, and virulence of the Ancestor strain over time. 

 

Generation of Consensus Sequence 

To get a clear picture and understanding of nu-

merous mutational events that the Ancestor 

strain has undergone to result in the subspecies 

novicida, tularensis, horlactica and mediasitica, a 

consensus sequence for each TI0902 region was 

generated from 44 strains of F. tularensis subspe-

cies tularensis (Table B1.5). Of these 44 strains 10 

belonged to the novicida and tularensis A2 subspe-

cies, while 11 were holarctica subspecies and 12 be-

longed to the tularensis A1 subspecies. The subspecies mediasiatica was underrepresented since there 

was only strain FSC147 found online.  

 
 Table B1.5 Strains used to build consensus sequence for ancestor strain 

# Bioproject Subspecies Strain   # Bioproject Subspecies Strain 

1 PRJNA62751 novicida Fx1   23 PRJNA244555 
tularensis 
A2 LARSEN 

2 PRJNA244559 novicida FAI   24 PRJNA240113 
tularensis 
A2 NIH B-38 

3 PRJNA235892 novicida D9876   25 PRJNA288604 
tularensis 
A2 DPG 3A-IS 

4 PRJNA236045 novicida F6168   26 PRJNA81045 
tularensis 
A2 

WY-
00W4114 

5 PRJNA30119 novicida FTE   27 PRJNA18459 
tularensis 
A2 WY96-3418 

6 PRJNA30447 novicida FTG   28 PRJNA170747 
tularensis 
A2 70102010 

7 PRJNA19573 novicida 
GA99-
3548   29 PRJNA170751 

tularensis 
A2 831 

8 PRJNA19019 novicida 
GA99-
3549   30 PRJNA170752 

tularensis 
A2 AS_713 

9 PRJNA16088 novicida U112   31 PRJNA170180 
tularensis 
A2 70001275 

10 PRJNA240119 novicida WY96   32 PRJNA189041 
tularensis 
A2 3571 

 
Figure B1.1 TI0902 region junctions versus 
ancestor strain region junctions  

37%

63%

Identical
Region
junctions

Different
Region
junctions



124 
 

11 PRJNA19571 mediasiatica FSC147   33 PRJNA244561 
tularensis 
A1 FTV 

12 PRJNA288396 holarctica T01   34 PRJNA240118 
tularensis 
A1 SCHERM 

13 PRJNA242267 holarctica FTT_1   35 PRJNA261819 
tularensis 
A1 FSC033 

14 PRJNA240115 holarctica VT68   36 PRJNA17375 
tularensis 
A1 FSC 198 

15 PRJNA240117 holarctica 425   37 PRJNA261847 
tularensis 
A1 MA002987 

16 PRJNA281242 holarctica 
OR96-
0246   38 PRJNA38289 

tularensis 
A1 NE061598 

17 PRJNA175244 holarctica F92   39 PRJNA9 
tularensis 
A1 SCHUS4 

18 PRJNA16087 holarctica FSC200   40 PRJNA270247 
tularensis 
A1 NR-28534 

19 PRJNA20197 holarctica 
FTNF002-
00   41 PRJNA64439 

tularensis 
A1 TI0902 

20 PRJNA16421 holarctica LVS   42 PRJNA64441 
tularensis 
A1 TIGB03 

21 PRJNA32025 holarctica OSU18   43 NA 
tularensis 
A1 TIGB03-vC1 

22 PRJNA230014 holarctica 
PHIT-
FT049   44 NA 

tularensis 
A1 TIGB03-vC9 

 
 
     The strain sequences were aligned together per region using the multiple sequence alignment 

(MSA) software Kalign. The aim of aligning the sequences was to determine the hypothetical con-

sensus sequence of the ancestor strain. The resulting output files were output in the CLUSTALW 

format. Thereafter, a Perl script was used to output the consensus sequence of each of the 64 

regions with all the INDELS from the alignments. The consensus sequences of each region were 

then processed using GeneMark for gene prediction and protein coding sequences. The official 

annotations for the strains were not used to remove software specific bias from different soft-

ware such as RAST [15], GLIMMER [16] and GeneMark [17]. GeneMark was also used to predict 

coding sequences for each strain sequence used in the alignment. The predicted proteins from 

the consensus sequence were then queried against a BLAST database of the predicted proteins 

of all the strains. A Perl script was utilized to extract the longest protein matches matching the 

longest protein from the database. These were then used to extract coding sequences that were 

then used to fix the consensus sequence. For example, for some protein coding genes that are 
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truncated in the consensus sequence compared to the predicted proteins from various strains, 

the nucleotide sequences that lead to truncation were edited to fix the gene lengths.  The edits 

were done by first determining a gene consensus sequence from MSA of the coding sequences 

for that gene from the strains with the largest predicted proteins. This gene consensus sequence 

was then queried against a BLAST database of the Ancestor region consensus sequence. The con-

sensus coding sequence was then inserted into the region where it hits the consensus sequence 

to replace the sequence of that region. The reason why BLAST was used was to accomplish this 

coding sequence correction was to avoid large gaps that maybe introduced by global alignment  

due to local repeats.  An example of this process is described below for TI0902 regions R01 and 

R057 that correspond to regions A01 and A02 of the Ancestor strain. 

 
Here we will provide two illustrations of the application of this algorithm: 

Consensus Sequence for A01: Before determining the consensus sequence for the ancestor 

strain an optimum alignment for region R01 must first be produced. A multiple sequence align-

ment of all the sequences using Kalign algorithm produces the result depicted in Figure 2.  The 

overall pairwise identity was 95.4% with 47.4% of sites being identical.  

 

 
Figure B1.2 Region R01 Multiple sequence alignment (MSA) for all strains 

 
     Region R01 is located at bases 1-3105 on the genome of TI0902.  This region on strain TI0902 

consists of two full genes dnaA (FTV0001), dnaB (FTV0002) and a pseudo gene (FTV0003). The 

genes dnaA and dnaB are intact on all the genomes. However, FTV0003 is intact on the genomes 
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of F.t subs novicida only. It appears all other subspecies have a mobile element ISFTU1 that is 

flanking R01 and is responsible for truncation of the rest of the region. From the figure, it is clear 

that this region experienced a lot of TEs activity due to some novicida strains having ISFTU2 mo-

bile elements. Additionally, there is presence of an integron on all the all F.t subs novicida strains 

with the exception of strain Fx1. Since Figure B1.2 shows a lot of variation among F.t subs novicida 

strains, MSA was computed using Kalign with default values for only the novicida strains in this 

region to determine if there are subgroups within this subspecies. The alignment of the F.t subs 

novicida has 80.2% pairwise identity with 48% identical sites (Figure B1.3). This implies that the 

novicida strains contributed to almost all the variation observed for MSA of all 44 strains from 

Figure B1.2. 

 

 
FigureB1.3 Multiple sequence alignment for F.t subs novicida strains only 

 
     From Figure B1.3, there are 3 subgroups within this subspecies. Subgroup 1 has strains FTG, 

FTE, and U112 while subgroup 2 has strains Fx1, D9876, and GA99-3548. The final subgroup 3 has 

strains FAI, WY96, F6168, and GA99-3549 and is the group that seems to have experienced 

ISFTU2 activity in this region compared to the other groups. MSA for subspecies tularensis A1 had 

100% pairwise identity with 100% identical sites while tularensis A2 had 100% pairwise identity 

(%PI) with 99.9% identical sites (%IS). Lastly, MSA of subspecies holarctica strains had 100% PI 

with 99.8% identical sites. To determine how the three F.t subs novicida subgroups are related 

to the rest of the subspecies, MSA was computed per subgroup against each different subspecies 

.The F.t subs novicida subgroup with the highest %PI to type A1 strains is the subgroup 1. Alt-

hough the highest %PI to strains from F.t subs tularensis A2 and F.t subs holarctica is from sub-

group 1, the highest %IS for these strains is from F.t subs novicida subgroup 3 with an average of 

98.75%. This is in contrast to the %IS value of 92.9% between A1 and subgroup 3. To determine 
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the consensus sequence, the strains from subgroup 1 were used since they are the most similar 

of all the subgroups to the virulent type A1 strains.  Figure B1.2 and B1.3 show that strain FTG 

has about 5.7kb insertion in the integron region. The genes in this region are predicted to be 

involved in type II secretion system. This suggests that the Ancestor strain of F. tularensis species 

had the capability to not only survive extracellularly but also had the machinery to infect host 

cells. To determine the consensus sequence of this region, MSA was computed for strains without 

novicida subgroups 2 and 3. A Perl script was used to generate the consensus sequence from the 

alignment CLUSTALW file. GeneMark software was then used to predict coding regions for the 

consensus sequence. The predicted amino acid products were then queried against a protein 

blast database containing GeneMark predicted proteins for all strains. The table above shows the 

predicted genes for the consensus sequence A01. Since INDELs were included in generating the 

consensus sequence, a four base insertion from strain FTG caused a  

Table B1.6 Pairwise statistics from MSA alignments 
 novicida 

subgroup 1 
novicida 

subgroup 2 
novicida 

subgroup 3 
holarctica A2 A1 

% PI % IS % PI % IS % PI % IS % PI % IS % PI % IS % PI % IS 

A1  99.6 98.6 99.6 98.5 99.5 92.9 99.9 99.5 99.9 99.6 100 100 

A2 99.6 98.6 99.5 98.5 99.5 98.8 99.9 99.6 100 99.9 99.9 99.6 

holarctica 99.6 98.5 99.5 98.4 99.5 98.7 100 99.8 99.9 99.6 99.9 99.5 

 
Table B1.7 GeneMark predicted genes for A01 consensus sequence and novicida strains for 
TI0902 region R01 

Gene# A01 FTE FTG U112 
  
  
  
  
  
  
  
  
  
  
  
  
  

Gene# A01 FTE FTG U112 

1 1521 1521 1518 1521 12 1362  1362  

2 1104 1104 1104 1104 13 1119  1119  

3 408 1254 405 1254 14 1014  1014  

3 807  807  15 1677  1677  

4 1524 1524 1524 1524 16 180 180 180 180 

5 972 972 972 972 17 222 222 222 222 

6 468 468 468 468 18 900 900 900 900 

7 318 318 318 318 19 897 897 897 897 

8 873 873 873 873 20 180 180 180 180 

9 183 183 183 183 21 675 675 675 675 

10 171 171 171 171 22 1242 1242 1242 1242 

11 435 435 435 435  
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frameshift mutation that resulted in early truncation of the third predicted gene highlighted in 

red (Figure B1.4). After running a first iteration of aligning predicted nucleotide coding sequences 

to the consensus sequence and 

 
 

 
Figure B1.4 Alignment shows that there is a four base insertion in strain FTG compared to 
strains FTE and U112 
 

running a Perl script to fix errors in the consensus sequence, the insertion was removed and a 

new updated consensus sequence was output to a file and processed via GeneMark again. As 

shown in Table B1.8, the third gene was fixed. The final A01 consensus sequence had 22 genes 

with the third gene being 1 amino acid longer than the 3rd gene for other strains. This is due to 

an early start codon. 

Table B1.8 GeneMark predicted genes for A01 consensus sequence after edits  

Gene# A01 FTE FTG U112   Gene# Raw.v1 FTE FTG U112 

1 1521 1521 1518 1521   12 1362   1362   

2 1104 1104 1104 1104   13 1119   1119   

3 1257 1254 405 1254   14 1014   1014   

4 1524 1524 1524 1524   15 1677   1677   

5 972 972 972 972   16 180 180 180 180 

6 468 468 468 468   17 222 222 222 222 

7 318 318 318 318   18 900 900 900 900 

8 873 873 873 873   19 897 897 897 897 

9 183 183 183 183   20 180 180 180 180 

10 171 171 171 171   21 675 675 675 675 

11 435 435 435 435   22 1242 1242 1242 1242 

 

Consensus Sequence for A02: The region adjacent to A01 in the Ancestor strain is the strain 

TI0902 region R57. The length for this region on the strain TI0902 is 30085 nucleotides or about 

30.1Kb. A boxplot comparing the variation in region length for each subspecies is shown in Figure 

B1.5.   
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Figure B1.5 Boxplots for how region R57 differs among F. tularensis subspecies 

 
     The subspecies tularensis type A1 had no variation in length in this region. Two tularensis type 

A2 strains LARSEN and NIH_B_38 had only 3783 bases matching region A02. The rest of the 

strains had lengths of 30005 nucleotides. Interestingly, F.t subspecies holarctica had a higher re-

gion length than type A1 strains. From the figure, F.t subspecies novicida had the highest varia-

tion with region length range from 29088 to 60769 nucleotides. The reason for differences are 

made clear after computing multiple sequences alignment for this region among all the strains. 

The novicida Strains FTE and U112 have an insertion of approximately 24.7kb.  

 

     A homology search has shown similarities of genes in this region to some genes in the Fran-

cisella Pathogenicity Island (FPI).  Thus, it is possible that the Ancestor strain had two copies of 

the FPI region. This second copy found in strains FTE and U112 may have undergone extensive 

mutational events compared to the copy of the FPI region that is found usually duplicated in 

subspecies tularensis and holarctica. However, the two copies are flanked by different TEs. One 

copy of FPI region is flanked by ISFTU2 and ISFTU1 TEs while another copy is flanked by ISFTU1 

TEs. The insertion loci is not the same for ISFTU1 and ISFTU2. The copies are also different lengths 

of 36Kb and 32Kb respectively. Since the 24.7Kb is not found in other F.t subspecies novicida 

strains sequenced to date, the mechanism by which the strains lost this region is most probably 
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excision via mobile elements. In F. tularensis subspecies, there is evidence of excision of this re-

gion since there are truncated genes in the deleted region edges. There is also a target motif for 

the both ISFTU1 and ISFTU2 TEs at sites of excision of this 24.7Kb region.  

 

 
Figure B1.6 Multiple sequence alignment of strain sequences for region R57 or A02. 

 

     To determine the consensus region for region A02, the method used for region A01 was used. 

The number of coding sequences that GeneMark predicted for the consensus sequence was ini-

tially 77. The 77 proteins were queried against a BLAST database of predicted proteins of all 

strains from this region. Of the 77 predicted coding sequences of the A02 consensus sequence, 

33 (43%) of the protein coding genes were observed to be truncated when being compared to 

the protein sequences from BLAST database. Unlike region A01 where a subgroup of F.t subspe-

cies novicida was selected and used to generate a consensus sequence, all the sequences were 

used to generate a consensus sequence. Thus it is no surprise that as many as 43% of the pre-

dicted coding sequences are truncated. To edit the consensus sequence and fix the pseudo genes, 

coding sequences for genes (from strains having proteins with the largest length) were aligned 

on the consensus sequences. Kalign values for opening gap penalty were modified to 80 to in-

crease probability that the aligner kept the gene sequences intact. Additionally, the value of gap 
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extension was changed to 10 and terminal gap penalty changed set to 3. The bonus parameter 

was set to 0. A Perl script was written to automate the correction of coding sequences of the A02 

consensus sequence. After correction of all 33 genes, the total number of genes for region A02 

was reduced from 77 to 65. That’s a reduction of 12 genes, suggesting that some genes were split 

into 3 or more fragments in the initial uncorrected consensus sequence. A multiple sequence 

alignment of all 44 strains including the A02 consensus sequence is shown in Figure 6. The align-

ment as shown is prior to the removal mobile elements from the A02 consensus sequence.   

 
 
The consensus sequence is available upon request.  
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Appendix C: Plasmid Genome Structure 

 

 

Figure C1 The genome structure of the plasmid used to rescue TIGB03 wbtK mutation  
 
 
npt gene has a protein product : kanamycin resistance protein 
 
bla gene has a protein product : ampicillin resistance protein 
 
 

 

 

 

 

 

 



134 
 

 

 

Appendix D: 3D models of TI0902 and TIGB03 WbtK proteins 

 

 
 

Figure D1. TI0902 WbtK 3D model Figure D2 TIGB03 WbtK 3D model 

 

1. Biasini, M., et al., SWISS-MODEL: modelling protein tertiary and quaternary structure 

using evolutionary information. Nucleic Acids Research, 2014. 42(W1): p. W252-W258. 
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