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ABSTRACT 

COLD SHOCK PROTEINS IN FRANCISELLA NOVICIDA 

Tayyaba Feroze, M.S. 

George Mason University, 2017 

Thesis Director: Dr. Monique L. van Hoek 

 

Francisella tularensis is a facultative intracellular pathogen causing the zoonotic 

disease tularemia. The mechanisms employed by Francisella to adapt to cold 

temperatures, harsh intracellular environments, and being able to survive within host 

macrophages are not clearly understood. Cold- shock proteins (CSPs) are involved in 

growth at low temperatures as well as other stressful conditions and Francisella novicida 

encodes two CSPs: cspA and cspC. In this study we showed that at 10°C there was 

discernible growth defect between wildtype and ∆cspA and ∆cspC. We studied the 

expression of cspA and cspC genes in Francisella under cold temperature, hydrogen 

peroxide, and low pH as determined via quantitative reverse transcription PCR. Our 

results suggest that overall cspA plays a general role in stress response. During osmotic 

stress, ∆cspC was more sensitive compared to ∆cspA and the parental strain and 

significantly made more biofilm. These findings suggest that Francisella’s ∆cspA and 

∆cspC genes make essential contributions to allowing the bacteria to adapt to cold 



 

xii 

 

temperatures and other harsh conditions encountered within the host. In addition, there 

are some differential roles being played by cspA and cspC that need further investigation. 

Information from this this study is critical to our understanding of how this pathogen 

responds to and survives in diverse environments.  
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CHAPTER ONE: LITERATURE REVIEW 

Temperature 

Temperature is an important parameter for life and influences the response of 

bacteria by its effects on growth rate, cell composition, enzymatic activity, and nutritional 

requirements (1). In addition it serves as an important cue for gene regulation in many 

bacteria and as a result, organisms have evolved to detect various signals and respond to 

sudden temperature change. According to the type of temperature change, this response 

has been labeled heat shock response or cold shock response (2). During the heat shock 

response, a specialized sigma factor has been shown to play a regulatory role in 

controlling expression of genes primarily required to cope with the altered protein 

conformation. RpoH is the main sigma factor that has been identified across various 

organisms which induces heat chaperones such as dnaK, groES, and groEL (3, 4).  

On the other hand, no cold specific sigma factor has been identified for the cold 

shock, suggesting that the cold shock response might be organized as a complex network 

instead of relying on a specific sigma factor. In various studies, during cold shock, a 

unique pattern of gene expression is immediately observed and cold shock proteins 

(CSPs) are dramatically induced (5). Cold temperature can become an obstacle for 

growth and one of the major causes is the formation of stable DNA and RNA secondary 

structures. These stabilized structures are an impediment to efficient DNA replication, 
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and mRNA transcription and translation. (6)  In addition, enzymatic and metabolic 

activities of many genes are suppressed by cold temerature. Moreover, the cell membrane 

fluidity changes and starts to stiffen yielding in decreased efficiency of the transport 

proteins and protein folding is inefficient, hampering the ribosome function. Therefore, in 

order to combat the detrimental effects of cold temperature, CSPs are induced to mediate 

the stress response in the bacteria (7).  

Cold Shock Proteins 

Cold shock proteins (CSPs) are small proteins (approximately 7.4 kDa in size) 

that are widely distributed in plants, animals, and bacteria (8). These proteins contain an 

evolutionary conserved cold shock domain (CSD) that is found amongst most species and 

share a high homology between the human Y-box proteins, a family of eukaryotes genes 

involved in transcription and translation.  Within in the cold shock domain, CSPs also 

have DNA and RNA binding sites which allows them to bind to DNA and RNA targets 

and facilitate their function in various cellular processes such as adaptation to low 

temperatures, DNA packaging, RNA degradation, osmotic stress, cellular growth, and 

nutrient stress.  Although the production of the cold shock proteins are strongly induced 

upon dramatic temperature downshift, other environmental stresses such as acidic, 

osmotic, oxidative , nutrient stress, as well as host cell invasion also yield induction of 

CSPs, suggesting that CSPs may have a wider role in stress tolerance of bacteria (9).   

Structurally, CSPs are highly conserved and the three-dimensional structures of 

cspA from Escherichia coli and cspB from Bacillus subtilis show that the proteins consist 

of five antiparallel β-strands (β1 to β5) that form a β-barrel structure with two β-sheets. 
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Two RNA-binding motifs, RNP-1 and RNP-2, are located on the β2 and β3 strands, 

allowing them to bind to nucleic acids (10, 11).  

CSPs are almost immediately observed upon temperature downshift. In E. coli, 

CSPs have been divided into classes: Class I and Class II. Class I CSPs are usually not 

present at 37°C or are expressed in low levels; however, their expression is dramatically 

increased upon cold shock. Class II CSPs are constitutively expressed at 37°C and are 

only moderately induced after cold shock (12). In E.coli, a temperature down shift from 

37°C to 10°C results in growth lag period during which most cellular processes are 

transiently inhibited and cold shock proteins are induced. E. coli encodes nine 

homologous cold shock proteins (cspA to cspI), out of which only cspA, cspB, cspG, and 

cspI are cold inducible. However, amongst these cold inducible proteins, only cspA is 

abundantly induced and is considered essential for cold adaptation (13). Interestingly, 

cspA is shown to be induced only at low temperatures and is not synthesized in high 

amounts at 37°C due to the instability of the cspA mRNA at that temperature (14). 

  Due to the binding properties of cspA, in E. coli it has shown to act as an RNA 

chaperone to facilitate low level translation by melting the secondary structures in the 

mRNA, allowing for efficient translation to occur (15-16). Also, in other studies cspA 

chaperones have been shown to serve as transcription antiterminators by binding and 

resolving hairpin structures in nascent RNA that can act as transcriptional terminators, 

leading to transcription elongation, thus allowing the bacteria to survive in cold 

temperatures (17). Not only is the cspA able to help facilitate adaptation to cold 
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temperature, but it has been shown to activate other cold shock proteins such as GyrA by 

binding to the ATTGG promoter region following a shift from 37°C to 10°C  (18).   

Among the non-cold inducible proteins in E.coli, cspC and cspE are constitutively 

produced at 37°C, and have been suggested to act as regulators of rpoS, a global stress 

response regulator and uspA, a protein involved in stress response. This proposes that 

cspC in E. coli serves as a regulatory element for stress proteins during stress response 

(19). Another constitutively produced cold shock protein, cspD has been shown to play a 

role with the nucleoid in E. coli during the late exponential phase of growth (20), where it 

can bind to single stranded regions of the replication fork, and when overexpressed can 

lead to cell death by blocking DNA replication (21). Results from different studies of the 

CSPs in E.coli show that although these proteins contain the cold shock domain and share 

high homologies with each other, not all are cold inducible and they maybe controlled by 

different stress regulators.  

B. subtilis also encodes a homolog of the E. coli cspA, named cspB and these two 

proteins share 61% homology (22). Three cold-inducible csps, cspB, cspC, cspD, have 

been identified in B. subtilis and analysis of individual deletion mutants has revealed that 

at least one copy of a cspA family of cold shock proteins is required for proper cellular 

functions at normal temperatures and cspB is the major cold inducible cspA family 

member in B. subtilis. Apart from being induced by cold stress, both cspB and cspC have 

shown to be induced during stationary phase and cells with the double deletion mutant of 

cspB and cspC displayed pleiotropic changes in protein synthesis and affected their 

ability to form endospores (23, 24).  Comparable to E. coli, different csps are induced and 
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involved in the regulation of both cold adaptation, normal growth, and stationary phase 

stress adaptation in B. subtilis. 

 

CSPs in Other Stress Responses 

CSPs have been discovered in other bacteria such as Bordetella bronchiseptica, 

Listeria monocytogenes, Clostridium botulinum, and Brucella melitensis. The genome of 

B. bronchiseptica, encodes five CSPs (cspA to cspE) of which only cspA, cspB, and cspC 

are cold inducible. Sharing high homology with the cspA protein from E coli, cspA B. 

bronchiseptica was significantly expressed at 15°C compared to cspB and cspC. 

However, cspC protein was more responsive when the bacterium was exposed to 2 M 

NaCl, indicating its possible role is osmotic stress (25).   

In L. monocytogenes, the cspA protein is significantly induced 23-fold under cold 

shock at 4°C degrees and is required for growth as the deletion of the cspA gene 

completely impaired its growth in the cold. In addition, when exposed to NaCl stress, 

both cspA and cspD genes were induced, but cspD was more sensitive than cspA. 

Furthermore, a single deletion of cspA or cspB did not affect the growth of the bacteria 

under NaCl stress; however the double deletion mutant was unable to grow properly, 

suggesting that at least one CSP gene is needed for L. monocytogenes to properly grow 

during osmotic stress (26, 27). 

Clostridium botulinum encodes three CSPs, (cspA, cspB, and cspC), and 

interestingly, cspC played a role in cold shock response as opposed to cspA. Not only did 

the cspC mutant exhibit impaired growth at low temperatures (15°C and 20°C) but also at  
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37°C, suggesting that cspC has a role in the overall physiology of C. botulinum (28). The 

cspA mutant did not show any growth deficiency at low temperature, suggesting that 

maybe it is not required for proper growth.  Besides cold temperature, the researchers 

also studied the CSP mutants during osmotic and ethanol stress and discovered that 

during NaCl stress, both cspB and cspC mutants were more sensitive and had a longer lag 

phase indicating their involvement in NaCl stress adaptation. During ethanol stress both 

cspB and cspC mutants grew slower than the wild type suggesting their possible roles 

during ethanol stress. Overall, cspB was proposed to be the major cold shock protein and 

have a universal role in stress response in C. botulinum (29).  

In gram-negative bacteria such as Brucella melitensis, cspA protein plays an 

important role in cold, acidic, and oxidative stress adaptation. Although there was no 

visible growth defect at 37°C and 15°C, the mRNA expression of cspA was induced by 

the cold temperature. The cspA mutant showed increased sensitivity to both exogenous 

hydrogen peroxide and acidic stress, indicating the significant role of cspA during the 

stress adaptation. While the cspA gene expression was significantly induced in all stress 

conditions, it was more pronounced under acidic conditions. Overall, the results from this 

study indicate that cspA in this organism maybe be associated with different phenotypes 

rather than just the overall growth (30).  

 

CSPs and Virulence 

So far not many CSPs have been identified that are involved in virulence; 

however, in B. melitensis, cspA protein acts as a virulence factor both in vivo and in vitro 
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models. In the study mutants lacking cspA failed to replicate and establish infection in 

macrophages and mouse models demonstrating that cspA was required to replicate. 

Moreover, whole transcriptome studies using RNA-seq revealed that 446 genes were 

differentially regulated by cspA. From these 446 genes, 324 were up-regulated and 122 

were down-regulated. The down-regulated genes included the two-component systems, 

ABC transporters, T4SS, and the virB operon, indicating that cspA is an important 

regulator, affecting the expression of many metabolic and virulence-related genes (31).  

Similar study was done in Enterococcus faecalis, in which cspR protein was 

studied for its role in virulence both in vivo and in vitro. The cspR mutant was less 

virulent in Galleria mellonella compared to the parental strain and the survival rate in the 

macrophages was lower than the wild type. Moreover, proteomics analysis revealed that 

19 proteins were differentially regulated by the cspR mutant, and that the cspR acted on 

the posttranscriptional level (32). 

 

Regulation of CSPs during Cold Shock 

The exact mechanism of how of cold shock proteins are induced and regulated is 

still under investigation. However, many studies on cspA in E. coli have shown that the 

regulation and the production of CSPs are controlled at several different levels including 

transcription, translation, and mRNA stability (33, 34, 35).  

  A unique feature of most CSPs is the existence of an unusually long 5’ 

untranslated region (UTR) in the mRNA.  Within the 5’UTR a “cold box” region has 

been discovered that is associated in the regulation of CSPs. The cold box region consists 
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of 11 base pair sequence located in the 159 base of the cspA mRNA in E. coli, which has 

been linked in the autoregulation of cspA. Studies have shown that this cold box in E. 

coli forms a stem-loop structure and is able to prolong the synthesis of cspA during cold 

shock (34, 37, 40). This region is vital for the proper induction of cspA because deletions 

in the cold box have shown to destabilize and reduce the induction of cspA quite 

drastically (37).  

The cold box is presumed to be a transcriptional pause site and acts a regulatory 

element in the repression of cspA expression, once the bacteria is acclimated to the cold.  

It is assumed that RNA polymerase bypasses the pausing site in the cspA mRNA 

immediately following a temperature downshift;  however, when the cspA concentration 

increases and the bacteria is adapted to the low temperatures, cspA starts to bind its own 

mRNA to destabilize the elongation complex of RNA polymerase, resulting in 

attenuation of transcription (41, 42). Therefore, the cold box not only serves as a site of 

expression but also plays a regulatory role in controlling the overexpression of cspA.  

Another interesting feature is the presence of an AT-rich sequence (UP-element) 

upstream the -35 region of the cspA promoter, which enhances the transcription at low 

temperature (34, 36) by interacting with the α-subunit of the RNA polymerase. This AT 

rich region is often contributed to the high promoter activity of cspA and in increasing 

transcription at low temperatures (44). In fact deletion in that area significantly 

diminished the promoter activity of cspA gene significantly (34), making it an important 

regulator for the synthesis of cspA.   
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In addition, studies have revealed that the cspA mRNA of E.coli acts as a 

thermosensor and is able to sense temperature downshifts and modulate the translation of 

cspA at low temperatures. The cspA mRNA is transiently and dramatically stabilized 

immediately following cold shock and undergoes temperature dependent structural 

rearrangements. For example, at 37°C the mRNA structure is more prone to degradation 

but at low temperatures the structure becomes stabilized and is allowed to effectively 

translate (44). Therefore, the stability of the cspA mRNA becomes a control for 

expression of cspA in E. coli and is a major factor that leads to induction of cspA at low 

temperature (39).  Since cspA is induced almost immediately after the temperature 

downshift, at high temperatures induction of cspA might be repressed through a specific 

repressor which could be inactive at lower temperatures. So far there are no specific cold 

shock inducible sigma factors responsible for inducing “cold shock”, it appears that the 

regulation of cold shock proteins relies on the mRNA stability (45). Since not all CSPs 

homologs are induced at the same concentration or expression, it has been proposed by 

researches that variability in the 5’UTR mRNAs regions could result in the differentially 

regulated expressions of CSP homologs at low temperature (46, 47).   

Within the cspA mRNA there is a conserved sequence downstream of the 

initiation codon called the downstream box (DB). This DB has been suggested to be vital 

for effective formation of a translation initiation complex as it facilitates the interaction 

of mRNA with ribosomes to enhancing translation (34).  Remarkably, it has been 

observed that all genes in the cspA family that are cold shock inducible contain as DB 

suggesting that it is an essential feature for cold shock induction. In fact, deletion analysis 
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carried out in this region showed that when E. coli cells were exposed to cold 

temperature, there was no significant increase of the cspA mRNA, signifying that this 

region plays a role in efficient translation (48). 

Another possible regulator of cold shock is the guanosine 5’triphosphate-

3’diphosphate ((p)ppGpp).  It has been observed that during cold shock, the level of the 

(p)ppGpp decreases, which indirectly enhances the synthesis of cold shock proteins (49). 

As a matter of fact, in E.coli, there is a direct correlation between temperature and the 

(p)ppGpp levels. As the temperature increases the (p)ppGpp level increases and the 

downshift in temperature results in a decrease (50). One study revealed that increasing 

the (p)ppGpp level prior to the downshift in temperature resulted in decreased induction 

of many cold shock proteins, suggesting that not only does the (p)ppGpp positively affect 

the synthesis of cold shock proteins but is also part of an adaptive response (51).   

 

Regulation of CSPs during Stress Response 

Several studies illustrate the probable roles of CSPs in helping the bacteria adapt 

to various stressors such as hydrogen peroxide, high salt concentrations, ethanol, as well 

as acidic environments. However, the exact mechanisms behind how they are induced 

and by what major transcriptional regulators have not been elucidated. Never the less, 

several genome-wide transcriptome studies carried out on mutants some of the major 

stress response regulators have been revealed to possibly regulate the expression of cspA 

and cspC in E.coli and Francisella.  
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MglA (Macrophage growth locus A) is an important stress response and virulence 

regulator in many bacteria including Francisella. In fact, mglA has been characterized as 

a transcriptional regulator of the Francisella Pathogenicity Island (FPI) (52) and has 

shown to regulate the expression of cspC along with a number of other stress response 

proteins. Since mglA regulates the expression of cspC during different stresses it is 

logical to assume that mglA is possibly controlling the expression of cspC (52). In 

another proteomics study, researchers studied the effects of the ∆oxyR mutant and the 

different genes it regulates in Francisella. OxyR regulates stress response and oxidative 

stress at the transcription level against reactive oxygen species in F. tualrensis LVS (53). 

The results revealed that over 128 proteins in Francisella were differentially regulated 

and one protein that was downregulated by the ∆oxyR, included cspC. The absence of the 

oxyR gene downregulated cspC, which illustrates that oxyR directly regulates genes 

involved in oxidative stress response including cspC (54). 

Hfq (Host factor I for bacteriophage Q beta replication), an RNA chaperone, has 

been implicated in the regulation of stress response in F. novicida and other gram- 

negative organisms (55).  In E.coli, cspC upregulates the expression of rpoS, a global 

stress response regulator that induces many stress related proteins and is found in a 

number of bacteria including E. coli (56). In one study, researchers proved that the 

amount and stability of the rpoS transcripts were enhanced by the overexpression of cspC 

and cspE.  Moreover, the overexpression of cspC up-regulated rpoS related proteins such 

as proP and katG, alluding to the possible role of cspC in the regulation of expression of 

stress response proteins. Both proP and katG are induced during osmotic and oxidative 
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stress and because cspC is able to regulate these genes, it suggests that maybe cspC plays 

a role under theses stressors (57, 58, 59). Hfq is also required to facilitate the translation 

of rpoS transcripts in E.coli (60) and has shown to interact with cspC. Using a pull-down 

assay, Cohen-or et al, exhibited that cspC and hfq both interact with each other through 

mRNA molecules (62). Based on this observation, it can be speculated that during stress 

response, cspC is induced by hfq and together they couple with RNA molecules to form 

complexes to help alleviate the stress (61).  This theory is highly plausible since both 

cspC and hfq control the regulation of rpoS stress response.  

Hfq and its potential interaction with cspA was also investigated and it was 

discovered that multiple hfq hexamers could bind to the 3’ end of the cspA mRNA with 

relatively high affinity. It is supposed that this binding allows hfq in protecting the cspA 

mRNA from degradation and keeping it stabilized for effective translation (63). Although 

studies linking hfq and cspA in Francisella have not been done, it is plausible that hfq 

regulates cspA during stress response.  

 

Francisella  

Francisella tularensis is a gram- negative, facultative intracellular organism, and 

is the etiological agent for tularemia. Tularemia is a zoonotic disease that can be lethal if 

not treated in time and affects humans, rabbits, and rodents (64). There are several modes 

of transmission including airborne transmission, oral route, vector borne, and handling of 

infected animals.  It has been categorized as a class A biological threat due to its low high 

infectivity dose and the ease of aerosolization (365).  
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There are 4 different strains and the human pathogenic species includes F. 

tularensis subspecies tularensis (F. tularensis), F. tularensis subspecies holarctica (F. 

holarctica), and F. tularensis subspecies mediasiatica (F. mediasiatica), and F. tularensis 

subspecies novicida (F. novicida). These four subspecies differ in their overall global 

distribution and their ability to cause disease. While not considered to be a human 

pathogenic species, F. novicida does cause tularemia like disease in mice and rabbits.  

Therefore, F. novicida serves as a good experimental model because it shares the same 

family of virulence genes as F. tularensis and is able to establish disease in mice (66). 

 

Intracellular Lifestyle 

One of the main components of the Francisella’s pathogenicity is its ability to 

replicate within the host; specifically, in the phagosome of the macrophages and in the 

cytosol after the phagosomal escape.  To successfully establish infection and replicate, 

Francisella is dependent on the expression of the Francisella Pathogenicity Island (FPI) 

genes, which are required for intracellular proliferation. The FPI is a cluster of 17 genes 

that not only facilitate the effective phagosomal escape and virulence but also encode for 

the putative type VI secretion system (T6SS) (67,68, 69).  

 

Tularemia 

Tularemia, also known as rabbit fever can be transmitted to humans through 

various routes including aerosol inhalation, arthropod bites, handling of infected animals, 

and indigestion of contaminated food or water. So far, there has been no person-to-person 
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spread of tularemia (70, 71, 72) and can be classified as two main types: ulcerglandular 

and pneumonic. 

Ulceroglandular form of tularemia is the most common form which is mainly 

spread through insects, ticks, and mosquitoes. Flu-like symptoms appear and an ulcer 

forms at the site of the insect bite. The ulcer causes the local draining lymph nodes to 

become enlarged, which can spread and sometimes cause organ failure.  

On the contrary, pneumonic tularemia is the most fatal form which starts off as 

fever and dry cough. When aerosolized, F. tularensis can be lethal and takes as little as 

10 microbes to result in a mortality rate of 30-60%. However, if appropriate antibiotics 

such as ciprofloxacin and doxycycline are administered, the overall fatality rate can drop 

to as low as 2% (72).   

 

Epidemiology 

Francisella species are mainly endemic in the Northern Hemisphere and is found 

in much diverse ecology. Cases of diseases have been reported in U.S., Russia, Europe, 

and Japan (73, 74).  F. holarctica is found throughout the Northern Hemisphere whereas, 

F. tularensis is mainly found in the U.S. Subspecies F. novicida and mediasiactica are 

mainly found in Asia and Australia.  In the U.S., tularemia has been reported in every 

state except for Hawaii, but most cases have been reported in Arkansas, Missouri, 

Oklahoma, and South Dakota. Being a zoonotic pathogen, reservoirs of F. tularensis 

include mice, rodents, rabbits, hares, squirrels, voles, arthropods, insects, and fresh water 



 

15 

 

protozoans (75). Interestingly, some Francisella species also have a unique preference 

for aquatic environments, particularly brackish and salt water bodies (76, 77).  

F. tularensis possess an extraordinary ability to adapt to different environments 

including temperature, by up or down regulating the expression of many genes (79). 

Recent discoveries have identified an aquatic Francisella like species in the cold North 

Sea and the Western Coast of the United States. Studies show that some Francisella 

species are grown for extended periods of time at very cold temperatures with limited 

nutrients; cells grown in these harsh conditions enter a hypothetical state of viable but 

non-culturable (VBNC) state where their metabolism decreases to the basal level (78).  It 

is plausible that housekeeping genes and possibly cold shock proteins in Francisella are 

being expressed to not only help these bacteria survive in the cold environments but also 

in other adverse conditions.  

 

CSPs in Francisella 

Most of the information regarding cold shock proteins stems from studies done in 

E. coli and B. subtilis, however information regarding CSPs in Francisella is limited. 

Although no specific studies have been conducted to explore CSPs in Francisella before 

this one, they have been mentioned in several gene expression studies as being altered 

under various conditions.  

Microarray analysis of F. tularensis LVS from 26°C to 37°C was studied to look 

at the change of gene expression during temperature upshift. The results showed that 

almost 11% of the genes in F. tularensis LVS were differentially regulated. This study 
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provided new insight to the mechanism of gene expression as well as induction of 

virulence genes in response to upshift in temperature, and it showed that the expression 

of both cspA and cspC was downregulated when temperature was upregulated from 26°C 

to 37°C (79).  

Other studies have investigated Francisella’s response to high temperatures (42-

44°C), which has been shown to have dramatic effects and led to increased production of 

heat shock proteins including dnaK, groEL, groES, clpB, and the cold shock protein 

cspA. After a temperature upshift from 37°C to 44°C, cspA was shown to induce 2.3 fold 

(80). Although the mechanism behind how cspA was upregulated during heat shock is 

not known, it is possible that cspA serves as a general stress response protein during heat 

shock. 

In a different study, authors investigated the role of MglA during stress including 

starvation and oxidative stress. They performed proteomics analysis and discovered that 

cspC was one of the proteins that was induced and regulated by MglA during oxidative 

stress response (81). MglA is an important regulator for facilitating the adaptation of F.  

tularensis LVS to oxidative stresses. This is an interesting find, because MglA has been 

shown to also regulate virulence genes in the (FPI) in F. tularensis, and this study 

indicates that the regulation of cspC might be different from cspA. 

In another proteomics study, researchers studied the effects of the ∆oxyR mutant 

and the different genes it regulated. OxyR regulates stress response and oxidative stress at 

the transcription level against reactive oxygen species in F. tualrensis LVS (82). The 

results revealed that over 128 proteins were differentially regulated and from the proteins 
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that were downregulated by the ∆oxyR, included cspC. The absence of the oxyR gene 

downregulated cspC, which illustrates that oxyR directly, regulates genes involved in 

oxidative stress response including cspC (83). Collectively, these two studies demonstrate 

the possible involvement of cspC during oxidative stress and present the possibility that 

this gene is regulated by more than one response regulator. These transcriptome studies 

are our only current knowledge on their roles in Francisella. 

The genome of F. novicida encodes two CSPs genes: cspA FTN_0723 and cspC 

FTN_0488. These genes sit in different operons and are from different locations in the 

genome. 

 
Figure 1: Schematic illustration of the two CSPs and their loci. Both cspA and cspC are 

encoded from different locations in the genome.  
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Figure 2: Predicted three dimensional Structures of CSPs in Francisella. (A) Predicted 

structure of cspA. (B) Predicted structure of cspC. This figure represents the three 

dimensional view of proposed structures of CSPs modeled by Chimera following I-

TASSER prediction. Both proteins have 5 antiparallel β-sheets colored in purple.  
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Figure 3: Amino acid sequence comparison of F. novicida cspA and cspC. Boxed 

sequences are the highly conserved nucleic acid binding motifs (RNP-1 and RNP-2) of 

the cold shock domain proteins. Alignment of the amino acid sequences of F. novicida 

CSPs with E. coli cspA and B. subtilis cspB and cspC reveals that all F. novicida cold 

shock proteins harbor the two conserved RNA-binding motifs (RNP-1 and RNP-2). F.n., 

F. novicida, B.c., B. subtilis cspC, E.c., E. coli.  

 

Table 1: Amino acid sequence comparison matrix of CSPs of F. novicida and other 

bacteria. 

 

Organism and protein Sequence identity (%) 

 

Franicsella novicida 

 

cspA cspC 

Francisella novicida 

  cspA 100 54.69 

cspC 54.69 100 

   Escherichia coli 

  cspA 53.73 53.73 

cspB 47.76 55.22 

cspC 50.75 60.61 

   Bacillus subtilis 

  cspA 53.03 50.79 

cspB 46.97 53.97 

cspC 53.03 50.79 

   Brucella melitensis 

  cspA 65.67 51.56 

   Listeria monocytogenes 

  cspA 51.52 57.14 
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cspB 46.97 57.14 

cspC 51.52 52.38 

Sequences were aligned using CLUSTAL-W omega program.  

 

CSPs of F. novicida are more than 54% identical among each other and share between 

46-60% homology with CSPs of other gram-negative and gran-positive bacteria. Of the 

two cold shock proteins in F. novicida, cspA shares the highest level of amino acid 

sequence identity with cspA in B. melitensis and cspC shares the highest sequence 

identity with cspC from E. coli. 

 

At present little is known about the roles and regulation of cold shock proteins in 

F. novicida during stress response. Therefore, the goal of this thesis was to address the 

following specific aims: 

 

1. To investigate the roles of cspA and cspC on the growth of F. novicida at low 

temperatures. 

2. To investigate the roles of cspA and cspC during hydrogen peroxide, osmotic, ethanol, 

and acidic stress. 

3. To investigate the involvement of cspA and cspC in virulence. 
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CHAPTER TWO: COLD SHOCK 

Introduction 

Bacteria adapt to continuous changes in the environment whether its changes in 

the nutrients, chemical, physical changes in the surroundings, or temperature. 

Temperature is an important environmental factor that serves as a cue for all organisms to 

respond to either a sudden increase or decrease in temperature. The cold shock response 

is a physiological response of living cells to temperature downshift that causes 

detrimental effects on basic cellular growth, membrane composition and fluidity, as well 

as protein synthesis. Most of the studies of bacterial cold shock response have been done 

on E. coli and  B. subtilis, where a set of specialized proteins called the cold shock 

proteins (CSPs) are  induced to high levels by cold (24, 6, & 10).  

  CSPs are small highly conserved proteins that contain the evolutionary conserved 

cold shock domain (CSD).  CSPs have been identified in almost all psychrotrophic, 

mesophilic, thermophilic, and hyperthermophilic bacteria examined so far (24). These 

cold shock proteins harbor two putative nucleic acid binding sites RNP-1 and RNP-2, 

allowing them to bind to single-stranded DNA and RNA as well as function as RNA 

chaperones. They perform variety of functions including destabilizing the formation of 

secondary structures to help facilitate effective transcription and translation (6, 10, & 11).  
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The intracellular pathogen F. novicida has been extensively studied because of its 

wide distribution, metabolic versatility, and environmental importance.  It has been 

shown to habitat in different niches and ecologies. Mainly endemic in the Northern 

Hemisphere, Francisella species are found in diverse ecologies including fresh water 

protozoans, brackish water, soil, rabbits, hares, arthropods, and fish (12, 76, & 77). In 

recent years, more attention has been paid to the genetic structure, gene functions, and 

regulatory networks directly linked to stress response. However, mechanisms by which 

this bacterium survives and adapts to various environmental stresses remain largely 

unexplored. So far, there have been no studies conducted to explore the roles of cold 

shock proteins and on the cold shock response of F. novicida. In this study, we show the 

growth characteristics, gene expression, and proteomics analysis of Francisella’s 

response to low temperature.  

 

Materials and Methods  

Bacterial strains and growth conditions 

F. tularensis subsp. novicida (ATCC 15482) was obtained from the American Type 

Culture Collection (Manassas, VA, USA). The transposon mutant ∆cspA and ∆cspC were 

obtained from BEI Resources (Seattle, WA, USA). The strains and primers used in this 

study are listed in Table 1.  

All bacterial strains were streaked onto TSB-C plates and single colonies were inoculated 

into Tryptic Soy Broth supplemented with 0.1% (w/v) cysteine (TSBC) and grown at 

37°C. When required, the media was supplemented with kanamycin (50μg/mL). 
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Growth characteristics of the ∆cspA and ∆cspC mutant at different temperatures 

To investigate the effect of the ∆cspA and ∆cspC on the growth of F. novicida, several 

colonies from each strain were inoculated into 5mL of TSB-C medium and grown to mid-

log phase in a shaking incubator at 37°C. OD readings were obtained every hour at 37°C. 

For the 10°C growth curve, readings were taken every day using the spectrometer and 

then plotted in excel. Growth curves were done at 10°C, while the gene expression 

studies were done at 4°C. 

 

LC-MS/MS 

To study protein expression during cold adaptation in F. novicida, WT cultures were 

grown at 37°C and 10°C. Once the samples reached an OD of 0.5-0.6 (mid-logarithmic 

growth), whole cell lysates were prepared and submitted for mass spectrometry analysis 

performed by Dr. Weidong Zhou. This protocol included the following steps. Proteins 

were reduced by 10 mM dithiothreitol, alkylated by 50 mM iodoacetamide, and digested 

by trypsin for 4 hours at 37 °C. The digestion mixture was desalted by ZipTip. The 

peptides from each sample were analyzed by reversed-phase liquid chromatography 

electrospray tandem mass spectrometry using Orbitrap Fusion mass spectrometer 

(ThermoFisher). The raw MS data were searched by Proteome Discoverer (version 2.1) 

to match the peptides in F. novicida database from NCBI.  Two biological replicates were 

submitted for proteomics analysis. 
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Cold shock experiment for gene expression 

 5 ml of TS B broth was inoculated with F.  novidica and grown overnight. For the cold 

shock experiment, the overnight culture was transferred to the 4⁰C. Prior to the cold 

shock, 1 ml aliquot was taken for the 0 hour time point. After 1, 4, and 8 hours, 1 ml 

aliquots were taken, spin down, decanted and stored at -80 for RNA extraction.  

 

RNA extraction 

 Total RNA was extracted from exponential- phase bacteria using the RNeasy Mini Kit 

(Qiagen). RNA was eluted with 30 μl of nuclease free water.  

 

Real-time quantitative RT-PCR (qRT-PCR)  

For the cold shock experiment, RNA samples were isolated before temperature down-

shift from 37°C to 4°C and after 1, 4, and 8 hours incubation at 4°C. To make the cDNA 

template, 1μg of RNA was reverse-transcribed using the Universal cDNA Synthesis Kit 

II (Exiqon) according to the protocol provided by the manufacturer. Real time PCR was 

performed with the gene specific primers using the Bio-Rad CFX Connect Real-Time 

PCR detected and the SsoAdvanced SYBR Green Supermix (Applied Biosystems). To 

calculate and compare the gene specific transcript, the amounts of gene transcript were 

normalized to 16s rRNA. 

 

Table 2: List of bacterial strains used in this study 

Strain Locus Tag Name Transposon  Orf position 

WT --- Franicsella novicida U112 --- --- 
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CspA FTN_0723 tnfn1_pw060323p04 T18 65(201) 

CspC FTN_0488 tnfn1_pw060323p02 T20 75(201) 

 

 

Table 3: Oligonucleotide primers used in this study. Primers were designed using 

Invitrogen primer design software. 

Primer       Sequence (5’-3’) 

cspA-F TCGGATTCATAGAGCCTCAAG 

cspA-R CAGCCATTTTGCCTCTGTTT 

cspC-F TTTGGTTTCATTACGCCTGA 

cspC-R GCTTCAGGACCTTTTCTACCTTC 
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Results 

 

 
Figure 4A. Growth curve at 37°C between WT, ∆cspA, and ∆cspC. Experiment was 

repeated three times, a representative graph shown. 

 

At 37°C there was  no discernible growth difference between the WT and the mutant 

strains that lacked the cold shock proteins.  
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Figure 4B.  Growth curve of WT, ∆cspA, and ∆cspC at 10°C. Experiment repeated three 

times, a representative curve shown. 

 

  When grown at 10°C, there was a discernable growth difference between WT and 

the cspA and cspC mutants. After a lag time of 150 hours, WT started to grow, however 

the mutants did not grow at all. This result indicates that both cspA and cspC are essential 

for growth at cold temperatures.  No growth of the WT was observed at 4°C for the time 

measured. 

 

Table 4: Relative expression levels of the two genes at different time points after cold 

shock at 4°C. 

Gene  1 hour 4 hour 8 hour 
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cspA 2.87 3.56 8.58 

cspC 1.80 1.62 1.67 

All values were normalized to the 16s RNA expression. The presented values represent 

the means of three experiments performed in triplicate (n=3).  

 

 
Figure 5: Graphical display of gene expression of cspA and cspC at different time points 

following cold shock at 4°C .Values derived from Table 4. 

 

The mRNA levels of the both the CSP genes of the F. novicida increased after the 

cold shock in relation to their levels before the cold shock.  The up-regulation after cold 

shock was relatively mild in the beginning, increasing from 1.8 to 2.87 and 8.58 fold 

compared to their expression at optimal temperature.  The relative expression of the cspA 

significantly increased between 4 to 8 hours. In contrast, the relative expression of cspC 

also increased slightly after 1 hour but decreased down to 1.67 fold between 4 to 8 hours. 
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The expression of the 16s RNA remained steady throughout the experiment, thus proving 

to be an appropriate reference gene for the study (data not shown). 
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Figure 6: Proteomics data of WT grown at 10°C categorized by KEGG pathway. All 

proteins were categorized into KEGG pathways and plotted against change in protein 

expression (WT F. novicida at 37°C / WT F. novicida 10°C)
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Table 5: List of Proteins that are Up-regulated by cold shock at 10°C (cutoff of 2 fold or higher). 

 

Protein Name Gene Locus 

MW 

[kDa] Calc. pI WT 37°C WT  10°C Fold Change 

- FTN_0393 39.719 8.59 9 18 2.00 

grxC FTN_0762 9.445 8.12 3 6 2.00 

- FTN_1154 46.023 8.92 1 2 2.00 

fumA FTN_0337 54.915 5.52 57 119 2.04 

- FTN_0635 51.904 8.97 6 13 2.08 

- FTN_0911 78.559 6.62 73 162 2.13 

- FTN_0088 25.856 5.62 22 47 2.14 

pyrC FTN_0024 50.289 6.42 15 35 2.17 

iglA FTN_1324 20.96 6.87 18 37 2.18 

aroC FTN_0402 37.997 7.93 16 34 2.21 

rnfB FTN_1034 23.307 8.15 7 16 2.21 

asd FTN_0524 40.687 6.44 8 16 2.22 

gapA FTN_1332 35.348 6.1 99 242 2.23 

- FTN_0574 33.206 7.75 2 5 2.25 

adhC FTN_0409 39.566 5.87 23 55 2.26 

deaD FTN_0690 63.966 8.7 48 102 2.26 

katG FTN_0633 82.081 5.85 30 74 2.27 

glgX FTN_0512 122.31 6.93 20 46 2.28 

udk FTN_0612 25.276 9.29 3 7 2.29 

- FTN_0509 130.108 6.35 5 10 2.33 

upp FTN_0628 22.753 8.07 9 19 2.37 

- FTN_0752 13.162 6.37 4 11 2.38 

sufD FTN_0853 43.07 5.25 7 15 2.38 
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- FTN_1757 36.51 5.72 10 25 2.39 

cscK FTN_0646 32.784 6.62 11 23 2.40 

pyrH FTN_0229 26.643 5.52 8 16 2.42 

- FTN_0682 7.138 7.08 6 14 2.42 

cysK FTN_1302 34.411 7.71 6 17 2.42 

slt FTN_0496 76.917 9.03 8 22 2.43 

leuC FTN_0061 51.613 7.31 31 74 2.43 

- FTN_0225 34.897 7.39 7 14 2.50 

folA FTN_0226 21.498 9.41 5 10 2.50 

- FTN_0089 29.9 8.44 1 2 2.50 

- FTN_1240 10.126 9.57 3 7 2.50 

- FTN_1774 13.088 8.85 3 9 2.50 

- FTN_1472 32.062 9.36 3 9 2.50 

pnp FTN_0609 75.376 5.86 42 105 2.58 

proC FTN_1467 30.066 6.79 3 8 2.67 

chiA FTN_0627 95.53 4.78 14 42 2.67 

pth FTN_1003 21.11 8.9 1 3 2.67 

- FTN_0892 26.438 7.12 1 3 2.67 

potF FTN_0572 45.138 8.65 5 16 2.67 

- FTN_1399 27.672 9.38 5 13 2.68 

trpA FTN_1740 28.908 5.06 17 36 2.69 

manC FTN_1418 52.278 6.38 4 13 2.71 

kdsB FTN_0683 28.209 5.73 10 23 2.72 

- FTN_1192 66.443 5.24 10 26 2.75 

- FTN_0791 9.739 6.29 2 7 2.75 

yqhD FTN_0989 42.813 5.6 10 29 2.84 

- FTN_1326 41.693 5.8 6 18 2.86 
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cynT FTN_1087 25.421 7.59 6 22 2.88 

hisS FTN_1658 48.172 5.6 7 19 2.93 

fadD FTN_1436 63.026 7.74 8 23 2.94 

ipdC FTN_0116 62.137 5.66 17 49 2.97 

- FTN_0861 46.951 8.88 7 15 2.97 

mglA FTN_1290 23.58 7.24 5 17 2.99 

ribC FTN_0113 22.238 8.22 1 2 3.00 

uvrA FTN_0666 104.91 7.4 12 34 3.01 

- FTN_1235 17.756 4.84 2 7 3.08 

- FTN_0033 20.767 9.14 11 40 3.08 

- FTN_1738 58.529 5.77 14 42 3.13 

- FTN_0632 50.466 7.53 6 23 3.13 

engB FTN_1045 22.29 9.28 3 12 3.20 

- FTN_1710 36.916 7.01 6 16 3.23 

- FTN_0957 21.595 6.81 6 15 3.25 

- FTN_1252 42.536 8.54 11 34 3.32 

ggt FTN_1159 64.999 8.31 3 10 3.33 

deoC FTN_1601 27.563 5.03 3 10 3.37 

- FTN_1442 9.105 6.38 15 45 3.40 

- FTN_0095 24.976 7.97 3 6 3.50 

truB FTN_1462 33.896 7.8 2 4 3.50 

trmD FTN_1560 28.101 5.55 1 4 3.50 

nth FTN_1035 24.229 9.31 2 10 3.50 

- FTN_1603 27.966 6.06 4 19 3.63 

rnr FTN_1461 87.53 8.87 11 51 3.66 

yrbI FTN_0905 20.065 6.58 2 9 3.75 

- FTN_0700 39.097 5.27 2 11 3.75 
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leuB FTN_0059 39.505 5.59 11 38 3.77 

aroE FTN_0078 27.991 8.43 3 8 3.83 

- FTN_0806 62.288 5.64 3 7 3.92 

pepN FTN_1768 97.943 6.25 26 123 3.96 

- FTN_1122 14.027 9.32 1 5 4.00 

- FTN_1167 7.658 5.11 1 6 4.00 

engA FTN_0446 52.429 9.11 7 22 4.20 

- FTN_0345 40.671 8.06 3 8 4.33 

glsA FTN_0171 57.146 5.96 3 12 4.34 

- FTN_0080 32.378 5.58 2 9 4.42 

sufS FTN_0751 45.123 6 4 19 4.48 

- FTN_1280 20.686 6.2 4 12 4.50 

- FTN_1533 44.161 7.87 1 6 4.67 

mdaB FTN_0840 22.488 7.27 6 31 4.67 

trpB FTN_1739 42.979 6.84 8 22 4.68 

- FTN_1064 36.608 7.03 4 18 4.75 

sun FTN_1347 49.074 8.66 1 5 4.75 

- FTN_1254 42.21 9.23 2 13 4.75 

- FTN_0798 83.627 8.05 16 60 4.81 

ppdK FTN_0064 97.526 5.81 28 86 4.83 

pyrB FTN_0019 35.336 6.89 3 8 4.83 

bglX FTN_1474 42.672 6.3 1 3 5.00 

- FTN_0965 50.949 6.35 10 32 5.00 

- FTN_0281 16.726 6.93 1 6 5.00 

- FTN_1771 16.062 4.37 1 6 5.00 

rpiA FTN_1185 24.437 5.78 4 27 5.04 

pip FTN_1731 35.677 5.3 4 20 5.25 
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- FTN_0827 34.344 7.72 2 14 6.00 

- FTN_0900 69.372 6.37 4 30 6.00 

cspC FTN_0488 7.381 5.29 19 142 6.18 

- FTN_1701 50.796 5.8 2 17 6.25 

- FTN_1211 25.842 5.38 2 17 6.58 

- FTN_1261 54.722 9.36 11 82 8.89 

- FTN_0788 31.081 8.37 1 9 9.00 

cspA FTN_0723 7.33 7.25 2 21 9.75 

- FTN_0831 48.557 9.83 1 11 16.50 

 

 

Table 6: List of Proteins that were Down-regulated by growth at 10°C (cutoff at 0.5 or less). 

 

Protein Name Gene Locus 

MW 

[kDa] calc. pI WT 37°C WT 10°C Fold Change 

- FTN_0158 20.013 9.09 8 1 0.12 

nadA FTN_0692 37.995 5.9 15 2 0.13 

- FTN_0042 21.141 5.03 13 2 0.15 

- FTN_0358 49.186 5.19 17 3 0.17 

- FTN_0916 7.805 11.4 17 3 0.18 

- FTN_1621 37.595 7.18 9 2 0.18 

- FTN_1451 19.773 9.11 60 11 0.20 

- FTN_0396 24.825 6.2 5 1 0.20 

- FTN_1769 16.702 5.87 36 9 0.21 

potG FTN_0739 42.27 7.18 12 3 0.21 

lepA FTN_0107 65.497 5.68 5 1 0.23 

- FTN_0141 49.422 5.11 16 4 0.23 

coaE FTN_1496 23.42 9.11 15 4 0.28 
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- FTN_0465 22.684 5.43 5 2 0.28 

- FTN_1216 28.089 8.57 3 1 0.29 

- FTN_0134 21.044 4.65 7 3 0.30 

- FTN_1772 26.804 8.1 15 6 0.30 

fimV FTN_1596 49.22 4.74 7 2 0.31 

- FTN_0429 19.352 9.47 8 3 0.31 

- FTN_0134 24.681 5.57 5 2 0.33 

- FTN_0109 37.054 7.43 15 3 0.33 

groEL FTN_1538 57.281 5.1 585 151 0.33 

- FTN_1355 27.903 7.46 11 4 0.33 

aroK FTN_1136 19.725 5.53 23 8 0.33 

dnaA FTN_0001 55.792 8.43 11 3 0.34 

- FTN_0090 57.745 6.1 16 5 0.35 

gmk FTN_0691 21.794 5.07 5 1 0.35 

- FTN_1452 26.355 6.16 2 1 0.35 

groES FTN_1539 10.238 5.55 70 19 0.36 

- FTN_1077 27.711 6.61 3 1 0.37 

lipB FTN_0909 23.337 8.48 4 1 0.38 

kdpD FTN_1715 100.794 8.98 4 1 0.38 

- FTN_1150 32.837 9.5 2 1 0.38 

fopA FTN_0756 41.151 5.4 36 14 0.38 

- FTN_0602 19.949 6.93 10 3 0.40 

kpsF FTN_1222 35.24 6.81 8 4 0.40 

- FTN_1534 18.021 9.5 2 1 0.42 

nusB FTN_1384 16.391 5.03 3 1 0.42 

- FTN_1372 40.013 8.9 3 1 0.42 

- FTN_0925 37.512 9.35 3 1 0.42 
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- FTN_0292 7.987 9.57 4 2 0.42 

cyoB FTN_0196 76.173 7.96 4 2 0.42 

- FTN_0565 25.269 6.55 9 4 0.42 

wbtQ FTN_1430 41.472 5.74 30 15 0.45 

- FTN_0714 196.705 5.76 76 33 0.46 

- FTN_0279 27.738 5.55 29 14 0.47 

clpB FTN_1743 96 5.52 107 53 0.50 

- FTN_1609 50.029 9.51 6 3 0.50 

secE FTN_1574 17.645 9.94 2 1 0.50 
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To investigate the effect of cold shock on F. novicida protein expression, we grew 

WT F. novicida at 37°C and 10°C and once the samples reached an OD of ~0.5, we 

extracted the protein, and subjected it to LC-MS/MS. In our analysis, we found that 162 

out of 1,287 proteins registered above or below a 2-fold cutoff (see Table 5 and 6). As 

part of the analysis, we categorized each gene into KEGG pathways (Figure 6). 

Immediately noticeable was the increased synthesis of cspA and cspC as they were 

produced in higher quantities compared to most proteins at 10°C. CspA was synthesized 

~9.5 fold whereas cspC was up-regulated ~6  fold. Notably, at 37°C, the concentration of 

cspC was more abundant compared to the relatively low concentration of cspA, 

indicating that cspC has an unidentified role in cellular functions at 37°C.  

Another protein that was identified as changed at 10°C was deaD, an RNA 

helicase involved in destabilizing the negative coiling of RNA (8, 9). The proteomics 

analysis showed that it was up-regulated 2.6 alongside with mglA and iglA both up-

regulated at 2.99 and 2.18 fold.  Most of the genes that were down-regulated at 10°C 

included heat shock proteins and chaperones such as  groEL, and groES as well as clpB.  
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Figure 7: Comparison of amino acid sequence alignment of the 5’UTR promoter region 

of cspA from E. coli with cspA and cspC from F. novicida.   

 

There is 50.56% homology of the 5’UTR between the cspA and cspC in F. 

novicida and between 51-61% to 5’UTR of cspA in E.coli. The E. coli 5’UTR region is 

longer compared to cspA and cspC in F. novicida. 
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Discussion 

 

Mutants in F. novicida cold shock proteins exhibited a characteristic effect when 

grown at cold temperature. The inactivation of genes encoding cspA and cspC resulted in 

significant growth defect of F. novicida grown at 10°C compared to that grown at 37°C. 

At 37°C, the mutants did not exhibit any discernible growth defects; conversely, at 10°C 

both strains were not able to grow, suggesting that both cspA and cspC are needed for 

growth at 10°C.  On the contrary, in other organisms such as B. subtilis and E. coli only 

multiple deletions of CSPs led to impaired growth in the cold temperatures, but in 

Francisella, inactivation of one CSP was sufficient for impaired growth. Interestingly, in 

B. subtilis, the presence of at least one CSP was crucial for viability not only at low 

temperatures but also at 37°C (86, 24). 

Temperature downshift results in a dramatic cellular response and change in gene 

expression patterns in many bacteria. Overall the synthesis of the majority of the proteins 

involved in metabolic and enzymatic functions decreases while the expression of specific 

groups of proteins increases to combat the detrimental effects of low temperature. The 

proteomics data showed that at 37°C cspC was present in higher amounts but cspA was 

barely detectable, which suggests that cspC might have a specific cellular function at 

optimal temperature different from cspA. In E .coli, both cspC and cspE have been 

shown to be expressed constitutively at 37°C. Another possibility as to why not many 

cspA peptides were detected at 37 °C could be due to the instability of the mRNA at 

37°C. Studies with cspA in E.coli have shown that the half-life of the mRNA transcripts 
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decrease rapidly at 37°C as opposed to 15°C or 10°C. Therefore, it possible that the cspA 

in F. novicida is not stable at 37°C and is induced and is more stable at lower 

temperatures (36).  

By proteomics analysis at 10°C, our results showed that cspA protein was 

increased by 9.75 fold compared to cspC, which was increased 6.18 fold. This strong 

induction of CSPs after downshift in temperature is similar to that of E. coli and B. 

subtilis (87, 88, & 89). Beside the classical CSPs, a protein belonging to the RNA 

helicase group called deaD was also increased at 10°C. This cold inducible deaD protein 

has been classified as an RNA chaperone to help unwind the double stranded RNA under 

the cold temperatures to help in facilitating effective translation and is also required for 

the suppression of heat shock proteins. This deaD protein has also been termed as an 

“RNA chaperone” because similar to cspA in E. coli, it is immediately induced at high 

levels following cold shock and helps to destabilize the formation of secondary structures 

(84, 90). MglA and iglA were both up-regulated at low temperatures suggesting that 

maybe mglA is response regulator and is induced under cold stress. Previous studies have 

shown that mglA is a transcriptional regulator of many genes associated with virulence 

and stress response including iglA (91, 92). Since our proteomics data showed that both 

mglA and iglA were induced at 10°C suggests that during low temperature the expression 

of iglA in the FPI is regulated by mglA. This result reveals that the cold shock response 

induces the synthesis of not only cold shock proteins but general stress regulators as well. 

Amongst the proteins that were significantly downregulated included the heat 

shock chaperones groEL, groES, and clpB. Heat shock proteins are generally suppressed 
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after temperature downshift (93).  It seems reasonable that Francisella has no need for 

heat shock proteins at low temperature and can save energy and synthesize proteins 

essential for cold adaptation. Interestingly, clpB is not only a heat shock protein but, a 

known virulence factor in F. tularensis. ClpB in F. tularensis is required for 

multiplication in target organs as well as stress tolerance (94). Since this protein was 

down-regulated at 10°C it suggests that at low temperatures, F. novicida may not be as 

virulent.  

The RT-PCR data demonstrated that the mRNA levels of both CSPs genes of F. 

novicida increased at one or more points after cold shock compared to their levels before 

the cold shock. The maximal induction of cspA expression was 8.58 fold and only 1.8 for 

cspC. The results suggest that cspA plays a major role in the cold shock response in F. 

novicida and increasing mRNA levels of cspA suggests that it plays a role in long-term 

adaptation to low temperatures. Since cspA was induced in higher amounts and needed 

for long-term adaptation compared to cspC, these two genes might be regulated 

differently during cold shock. Studies done in Staphylococcus aureus show that the cspC 

promoter was induced very weakly, similar to the results we achieved (95).  

Low temperature has shown to stabilize cspA mRNA and thus could be a reason 

why the increased levels are observed after cold shock (96, 97). The regulation and 

induction of CSPs and their stabilization has been reported to happen immediately after 

cold shock.  Regardless of the reason behind the increased cspA mRNA levels it is 

apparent that more mRNA is available for translation into cspA at low temperature than 

at 37°C.  Recent studies have shown that the 5’UTR region of the CSPs play an important 
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role in the stability of the mRNA and in controlling the expression of the CSPs in E. coli, 

B. subtilis, and other organisms (98, 44). When comparing the 5’UTR regions of 

Francisella, CSPs are not as long as when compared to 5’UTR of E. coli cspA, and share 

between 51-61% amino acid identities to the 5’UTR region in E. coli. This differential 

expression could be attributed to the 5’UTR and the promoter regions of the cspA and 

cspC.   

Collectively, these studies confirm that CSPs in Francisella are indeed induced by 

low temperatures and are indispensable for growth at 10°C. Although cspA and cspC 

share similar protein structures and share high homology with each other, their 

expressions in cold temperature is quite different. Based on the proteomics and qRT-PCR 

data, cspA is more sensitive to cold temperature and is expressed in higher 

concentrations, indicating that cspA is the major cold shock protein in F. novicida. In 

addition, the proteomics data showed appreciable synthesis of cspC at both 37°C and 

10°C whereas cspA was only detected after temperature downshift, further highlighting 

that these two genes are indeed differentially regulated by temperature. Additional 

investigation of the role of these cold shock genes and stress-related genes and their 

regulation in F. novicida will help scientists to better understand the survival of this 

pathogen during cold shock. 
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CHAPTER THREE: OTHER STRESS RESPONSE 

Introduction 

Most pathogenic bacteria encounter fluctuating environmental conditions during 

their growth and interactions with host cells and they have evolved a number of 

mechanisms for coping with stress and adapting to change. Of the many stress related 

proteins the bacteria encode, cold shock proteins (CSPs) have been of great interest. 

Although strongly induced in low temperatures, CSPs perform various biological 

functions and many bacteria encode for multiple cold shock proteins (5). While some are 

constitutively expressed, others are only induced during cold shock, exposure to toxic 

chemicals, osmotic, and even nutrient depravation (8, 9). Their relatedness in the 

regulatory network behind general stress response has recently been a subject of interest. 

Francisella is an intracellular pathogen and an etiological agent for Tularemia 

(65). Like most pathogenic bacteria, Francisella is exposed to adverse environmental 

conditions. It is able to survive in diverse reservoirs and niches, and so far has been 

identified in over 250 species ranging from arthropods, protozoans, and mammals (65).  

Given the repertoire of its habitats, high infectivity, and ease of aerosolization has 

categorized this bacteria as a Class A biothreat organism by the CDC (99).  

The intracellular pathogen F. novicida has been extensively studied because of its 

wide distribution, metabolic versatility, and environmental importance. In recent years, 
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more attention has been paid to the genetic structure, gene functions, and regulatory 

networks directly linked to stress response.  Although many-stress associated proteins 

have been identified in Francisella, the mechanisms by which Francisella resists the 

harsh environmental and intracellular conditions are not fully understood. 

  It is anticipated that knowledge of Francisella’s responses to environmental 

stresses will be useful in elucidating the specific mechanisms enabling cellular survival 

and adaptation to stress. In this study, we explore the roles of cspA and cspC through 

gene expression and stress phenotypic studies in F. novicida during oxidative, osmotic, 

ethanol, acidic stress, and biofilm formation.  
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Materials/Methods 

Bacterial strains and growth conditions  

F. tularensis subsp. novicida (ATCC 15482) was obtained from the American Type 

Culture Collection (Manassas, VA, USA). The transposon T2 mutant ∆cspA and ∆cspC 

were obtained from BEI Resources (Seattle, WA, USA). The strains and primers used in 

this study are listed in Table 1. All bacterial strains were streaked onto Tryptic Soy Agar 

supplemented with 0.1% (w/v) cysteine TSA-C plates and single colonies were 

inoculated into Tryptic Soy Broth supplemented with 0.1% (w/v) cysteine (TSB-C) and 

grown at 37°C. When required the media was supplemented with kanamycin (50μg/mL). 

 

Oxidative resistance assay 

100μl sample of each strain was cultured with 100μl of H2O2 (freshly diluted in PBS) at 

final concentrations of 0.1mM, 0.2mM, and 0.5mM in a 96 well microtiter plate. The 

plate was incubated at 37°C for 2 hours, and after incubation, the cells were rapidly 

diluted with PBS and plated onto TSA-C plates. The results were expressed as the 

percentage of viable bacteria relative to the bacterial numbers prior to the H2O2 

challenge. The experiments were performed twice with 5 replicates (n=5).  

 

Osmotic stress experiment 

100μl sample of each strain was cultured with 100μl of 5% NaCl in TSB-C media in a 96 

well microtiter plate. The plate was incubated at 37°C for 2 hours, and after incubation, 

the cells were rapidly diluted with fresh TSB-C media and plated onto Chocolate agar 
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plates. The results were expressed as the percentage of viable bacteria relative to the 

bacterial numbers prior to the osmotic stress challenge. The experiments were performed 

three times with 5 replicates (n=5).  

 

Ethanol stress experiment 

100μl sample of each strain was cultured with 100μl of 10% EtoH in TSB-C media in a 

96 well microtiter plate. The plate was incubated at 37°C for 2 hours, and after 

incubation, the cells were rapidly diluted with fresh TSB-C media and plated onto TSA-C 

plates. The results were expressed as the percentage of viable bacteria relative to the 

bacterial numbers prior to the ethanol challenge. The experiments were performed three 

times with 5 replicates (n=5). 

 

Acid stress experiment: 

100μl sample of each strain was cultured with 100μl of media adjusted to pH of 4 and 2.5 

in a 96 well microtiter plate. The plate was incubated at 37°C for 2 hours, and after 

incubation, the cells were rapidly diluted with fresh TSB-C media and plated onto TSA-C 

plates. The results were expressed as the percentage of viable bacteria relative to the 

bacterial numbers prior to the acid challenge. The experiments were performed three 

times with 5 replicates (n=5) 
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Gene expression studies 

The levels of cspA and cspC expression were detected via RT-PCR under different 

conditions. F. novicida was grown overnight to mid-log phase in 5 mL of TSB-C at 37°C 

in a shaking incubator. For each stress condition, 1 mL of bacterial sample was 

challenged to 0.1 mM hydrogen peroxide, 10% ethanol, 7% NaCl, and pH of 4 for 1 and 

4 hours. The total RNA samples were prepared for the challenged and unchallenged F. 

novicida from each set of conditions. 

 

RNA extraction  

Total RNA was extracted from exponential- phase bacteria using the RNeasy Mini Kit 

(Qiagen). RNA was eluted with 30μl of nuclease free water.  

 

Real-time quantitative RT-PCR (qRT-PCR) 

To make the cDNA template, 1μg of RNA was reverse-transcribed using the Universal 

cDNA Synthesis Kit II (Exiqon) according to the protocol provided by the manufacturer. 

Real time PCR was performed with the gene specific primers using the Bio-Rad CFX 

Connect Real-Time PCR detected and the SsoAdvanced SYBR Green Supermix (Applied 

Biosystems). To calculate and compare the gene specific transcript, the amounts of gene 

transcript were normalized to 16s rRNA. 
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Results 

 

Figure 8: Survival rates of WT, ∆cspA, and ∆cspC under oxidative conditions. After 2 

hour exposure to H2O2, the survival rates of each strain were calculated. The presented 

values represent the means of two experiments, and the error bars indicate SD. 

Significant differences between the strains are indicated by an asterisk (P<0.05). 

 

To determine the effect of cspA and cspC proteins on stress tolerance, F. novicida 

survival was evaluated under various hydrogen peroxide conditions. The survival rates of 

WT, ∆cspA, and ∆cspC were calculated after 2 hour exposure to hydrogen peroxide at 

concentrations of 0.1, .0.2, and 0.5mM at 37°C. The survival rates for ∆cspA were 25%, 

* 

* 
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10%, and 0%, whereas the survival rates for ∆cspC were 75%, 27%, and 0%. There was a 

significant difference in the survival rates of ∆cspA at both 0.1mM, and 0.2mM 

compared to the parental strain (p <0.5). The ∆cspC exhibited similar survival as wild 

type but was not significantly sensitive at any hydrogen peroxide concentrations. Merely, 

∆cspA was more sensitive compared to ∆cspC, indicating that only cspA contributes to 

oxidative stress resistance in F. novicida.  

 

Table 7: The gene expressions of cspA and cspC at 1 and 4 hours when exposed to 0.1 

mM H2O2 

Gene 1 hour 4 hours 

cspA 0.98 3.91 

cspC 2.03 6.63 

 The values represent the mean values of two independent experiments with three 

replicates each (n=3). All values were normalized to 16s RNA.  
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Figure 9: Graphical display of gene expression of cspA and cspC at 1 and 4 hours during 

0.1 mM hydrogen peroxide stress. The values were derived from Table 7. 

 

To further study the expression of CPSs upon 0.1 mM H2O2 stress, the gene 

expression of both cspA and cspC was observed after 1 and 4 hours. Within an hour, the 

expression of cspC was noticeably expressed to 2-fold whereas the expression of cspA 

was still close to the basal level. However, at 4 hours, the expression of cspA increased to 

~4 fold and the expression of cspC continued to increase to ~6.5 fold.  
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Figure 10: Survival rates of WT, ∆cspA, and ∆cspC under ethanol stress. After 2 hour 

exposure to 10% ethanol, the survival rates of each strain were calculated. The presented 

values represent the means of two experiments, and the error bars indicate SD. 

Significant differences between the strains are indicated by an asterisk (P<0.05). 

 

After 2 hours exposure to 10% ethanol stress, the survival rates of WT, ∆cspA, 

and ∆cspC were calculated. The cell viability of all three strains decreased to 30% or less. 

The survival rate for WT was at 26%, for ∆cspA it was 15%, and for ∆cspC it was close 

to 30%. The ∆cspA was more sensitive and displayed a significant decrease in cell 

mortality compared to WT and ∆cspC.  This result shows that during ethanol stress cspA 

expressing cell are more responsive and sensitive compared to cspC expressing cells. 
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Interestingly, the ∆cspC showed slightly better survival compared to both WT and the 

∆cspA, but was not statistically relevant (P>0.05). 

 

Table 8: Gene expression of cspA and cspC at 1 and 4 hours during 10% ethanol stress. 

Gene 1 hour 4 hours 

cspA 0.07 0.06 

cspC 0.23 0.13 

The values represent the mean values of two independent experiments with three 

replicates each (n=3). All values were normalized to 16s RNA.  

 

 

Figure 11: Graphical display of gene expression of cspA and cspC at 1 and 4 hours during 

10% ethanol stress. The values were derived from Table 8.  
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The gene expression of both cspA and cspC during ethanol stress were 

downregulated alluding to the possibility that maybe during ethanol stress the promoters 

of these genes are not altered and may be suppressed. After one hour, cspA was inhibited 

to 0.07 fold and 0.06 fold after 4 hours showing no significant change. For cspC the 

downregulation was 0.23 after one hour and 0.13 fold after 4 hours. 

 

 

 

Figure 12: Survival rates of WT, ∆cspA, and ∆cspC under osmotic stress. After 2 hour 

exposure to 7% NaCl, the survival rates of each strain were calculated. The presented 

values represent the means of two experiments, and the error bars indicate SD. 

Significant differences between the strains are indicated by an asterisk (P<0.05). 

**** 
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After being exposed to 7% NaCl for two hours, the cell survival of all the strains 

decreased to less than 10%. There was a significant difference in cell viability exhibited 

by ∆cspC (less than 3%) compared to ∆cspA which displayed ~7% cell viability, and WT 

at almost 10%  Although ∆cspA mutant showed decreased cell viability compared to WT, 

the difference was not statistically significant. This result displays that during osmotic 

stress, cspC protein plays a major role in adaptation to osmotic stress as opposed to cspA.   

 

Table 9: Gene expression of cspA and cspC at 1 and 4 hours during 7% NaCl stress. 

Gene 1 hour 4 hours 

cspA 0.27 0.073 

cspC 0.06 0.013 

The values represent the mean values of two independent experiments with three 

replicates each (n=3). All values were normalized to 16s RNA.  
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Figure 13:  Graphical display of gene expression of cspA and cspC at 1 and 4 hours 

during 7% NaCl stress. The values were derived from Table 9.  

 

The induction of cspA and cspC gene was strongly repressed during osmotic 

stress. After one hour, cspA was expressed only 0.27 fold of wild type and 0.073 fold 

after four hours. On the other hand, cspC was expressed at 0.06 fold after one hour and 

0.013 fold after four hours. 
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Figure 14: Survival rates of WT, ∆cspA, and ∆cspC under acid stress. After 2 hour 

exposure to pH of 4, the survival rates of each strain were calculated. The presented 

values represent the means of two experiments, and the error bars indicate SD. No 

significant differences were observed between the strains (P>0.05).  
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Figure 15: Survival rates of WT, ∆cspA, and ∆cspC under acidic stress. After 2 hour 

exposure to pH of 2.5, the survival rates of each strain were calculated. The presented 

values represent the means of two experiments, and the error bars indicate SD. 

Significant differences between the strains are indicated by an asterisk (P<0.05).  

 

To determine whether CSPs help Francisella adapt to low pH, we subjected the 

WT, ∆cspA and, ∆cspC strains to pH 4 and pH of 2.5. After a two hour exposure to pH 4, 

WT showed 43.5% bacterial viability, ∆cspA showed 38%, and 51% for ∆cspC (figure).  

When exposed to pH 2.5, the overall cell viability across all strains decreased. The cell 

viability for WT was 24%, 5% for ∆cspA, and 30.5% for ∆cspC. These results indicate 
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that at pH of 4 none of the strains showed differential sensitivity. On the other hand, 

when exposed to pH of 2.5 the ∆cspA was more sensitive to low pH, suggesting that it 

plays a significant role in acid stress response. 

 

Table 10: The gene expressions of cspA and cspC during pH 4. 

Gene 1 hour 4 hours 

cspA 12.72 9.43 

cspC 20.2 19.77 

The values represent a means of two independent experiment with three replicates for 

each time point (n=3). All values were normalized to 16s RNA.  

 

 

Figure 16: Graphical display of gene expressions of cspA and cspC at 1 and 4 hours 

during pH 4. The values were derived from Table 10.  
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For the acid sensitivity assays, after a 1 and 4 hour exposure to pH of 4 at the 

gene expression for both cspA and cspC increased immediately within an hour, indicating 

their initial role in acid stress. The cspA gene increased 12.72 fold after one hour and then 

decreased to 9.43 at four hours. On the contrary, cspC was induced 20.2 fold after one 

hour and slightly decreased to 19.77 after 4 hours.  

 

 

 

Figure 17: Growth and biofilm formation by WT, ∆cspA and ∆cspC. All strains were 

assayed for biofilm formation using crystal violet staining after 48 hours of static growth 

in TSB-C broth at 37°C. The presented values represent the means of three experiments, 
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and the error bars indicate SD. Significant differences between the strains are indicated 

by an asterisk (P<0.05).  

The ability to form biofilms is one of the most prominent features of Francisella 

and contributes to its virulence (100). Because Francisella has been shown to produce 

biofilms, we decided to test biofilm formation by WT F. novicida, ∆cspA, and ∆cspC 

strains (101). All three strains showed similar growth; however, ∆cspC exhibited 

increased crystal violet staining compared to wild-type and ∆cspA, suggesting that ∆cspC 

formed more biofilm. 
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Discussion 

During an infection, Francisella is exposed to lethal reactive oxygen 

intermediates (ROIs), which are one of the defense mechanisms employed by the 

macrophages to combat various intracellular pathogens (102). Therefore, the oxidative 

resistance of the CSPs was studied and we observed that only ∆cspA were sensitive to 

varying concentrations of hydrogen peroxide. Moreover, ∆cspA was sensitive to more 

than one concentration whereas ∆cspC did not display any sensitivity when exposed to 

hydrogen peroxide. Similar responses to oxidative stress have been observed in Brucella 

melitensis and Staphlococcus aureus (95, 30).  

The functional contributions of both cspA and cspC to oxidative stress tolerance 

in Francisella are not clearly understood; however, multiple transcriptome studies have 

revealed the possible regulators of CSPs during oxidative stress. In one study researchers 

investigated the role of mglA during stress including starvation and oxidative stress. They 

performed proteomics analysis and discovered that cspC was one of the proteins that was 

induced and regulated by mglA during oxidative stress response (81). MglA is an 

important regulator for facilitating the adaptation of F.  tularensis to oxidative stresses 

This is an interesting find because mglA has also been shown to regulate virulence genes 

in the (FPI) in F. novicida, and this study indicates that the regulation of cspC might be 

different from cspA during oxidative stress.  

In another proteomics study, researchers studied the effects of the ∆oxyR mutant 

and the different genes it regulated. OxyR regulates stress response and oxidative stress at 
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the transcription level against reactive oxygen species in F. tualrensis LVS (82). The 

results revealed that over 128 proteins were differentially regulated and from the proteins 

that were down-regulated by the ∆oxyR, including cspC. The absence of the oxyR gene 

down-regulated cspC, which illustrates that oxyR directly regulates cspC during 

oxidative stress response (83).  

Collectively, these two studies not only demonstrate that during oxidative stress 

the cspC gene is regulated by more than one transcriptional regulator which is why we 

observe an increase in the gene expression of cspC even though it does not exhibit a 

phenotypic change. In addition, other proteins that have been implicated to help 

Francisella cope with the effects of ROS include sodB, sodC, katG, and moxR (103-

106).  

Ethanol produces membrane leakage and disrupts the nucleic acids and proteins 

ultimately perturbing efficient transcription and translation (107, 108). The results from 

the experiment showed that the ∆cspA was more sensitive to 10% ethanol stress 

compared to ∆cspC and WT, suggesting that ∆cspA is more sensitive to membrane 

leakage and serves as a general stress responder. In other bacteria such as C. botulinum, 

the growth of both cspB and cspC mutants was impaired compared to wild type 

suggesting that the CSPs were essential during ethanol stress (29). In one study, moxR 

like protein in F. tularensis LVS was shown to be involved in ethanol stress. When 

exposed to 10% ethanol, the cell viability of ∆moxR rapidly decreased after 2 hours, 

signifying that moxR like protein contributes to ethanol stress adaptation (106).  
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The exact mechanisms by which cold shock proteins alleviate the ethanol stress is 

unknown. One possible explanation is that when exposed to membrane-insults, such as 

ethanol or LL-37, cold shock proteins may alter general gene expression, due to their 

nucleic acid binding properties and their involvement in translation. This explanation is 

supported by the decreased growth of ∆cspA when exposed to alcohol. Since ∆cspC did 

not exhibit significant difference in cell viability compared to the decrease seen in ∆cspA, 

the role of cspC might not be as prominent during ethanol stress. In addition, the gene 

expression studies indicated that both cspA and cspC gene were not induced after one and 

four hours during ethanol stress. An explanation for this observation could be that the 

promoters of cspA and cspC are not as responsive during ethanol stress. 

Interestingly, in a related study performed in our lab, we showed that LL-37, an 

antimicrobial peptide had a strong impact on F. novicida gene expression. Some of the 

genes that were affected included chitinases, relA, genes within the FPI, as well as cspA. 

The expression of cspA was induced 5.5 fold when treated with LL-37. The mode of 

action that LL-37 employs is to create pores and destroy the cell membranes causing 

membrane leakage, similar to that of ethanol stress (109, 110). Despite sharing a 

potentially similar membrane action, the cspA gene was not induced during ethanol stress 

but was up-regulated when exposed to LL-37, suggesting that once again different 

signaling pathways could be involved.  

The role of CSPs in osmotic stress adaptation has been reported in Bordetella 

bronchiseptica, where the expression of cspC gene was significantly induced when 

exposed to 2 M NaCl (25). In Listeria monocytogenes the mRNA expression of both 
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cspA and cspD genes were significantly induced under osmotic stress (27). When 

comparing the roles of cspA and cspC in F. novicida, ∆cspC displayed significantly 

lower cell viability compared the ∆cspA and WT, signifying its role during osmotic 

stress. The gene expression data showed that both cspA and cspC where not induced after 

one or four hours when exposed to high salt concentrations. Similar to ethanol stress, 

osmotic stress does not cause a significant change in gene inductions of cspA and cspC.  

Within host macrophages, Francisella replicates in the endoplasmic reticulum 

(111). While early acidification of has been shown to be beneficial for intracellular 

survival for Francisella, the pH of the phagocytic vacuoles is observed to be low and 

very acidic, indicating that Francisella must adapt to the low acidic environment (112). 

The obtained results indicate that both ∆cspA and ∆cspC were not sensitive to pH of 4. 

However, at pH of 2.5 ∆cspA exhibited significant decrease in viability, indicating that 

cspA plays a major role during acid stress. The mRNA expression of both cspA and cspC 

was significantly upregulated after 1 and 4 hours of acid stress. The increased expression 

of cspC compared to cspA indicates that cspC may be regulated by more than one 

transcriptional regulator during acid stress. These results suggest that although ∆cspC did 

not exhibit significant phenotype during acid stress it does play a role in the initial 

response to low pH. Furthermore, I would like to predict that the cspA mutant will not 

replicate as well in macrophage cells. 

Biofilm formation plays an important part in the transmission and environmental 

persistence of many bacterial pathogens. Because F. novicida has recently been shown to 

form biofilms on natural and chitin surfaces (101, 113, & 114), we wanted to examine 
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whether cspA and cspC contribute to biofilm formation in F. novicida. Our results 

showed that ∆cspC significantly made more biofilm compared to ∆cspA and WT.   

Hfq, an RNA chaperone has been linked with the formation of biofilm in 

Francisella. In one study, the ∆hfq mutant in F. novicida has shown to make significantly 

increased biofilm compared to the parental strain. This result was supported by the idea 

that maybe the loss of hfq gene resulted in some changes in the outer membrane proteins, 

increasing the formation of biofilm (55). Interestingly, past studies have shown that hfq 

regulates cspC in E. coli during stress response (115, 62). Because ∆cspC made more 

biofilm it is plausible that similar to ∆hfq, maybe loss of cspC gene caused changes in 

outer membrane protein architecture or biofilm related gene expression and resulted in an 

increase in biofilm formation. In addition, our proteomics analysis showed that there was 

an abundance of hfq protein in ∆cspC compared to WT and ∆cspA (data not shown), 

which could account for the increased biofilm production.  Although further expression 

studies are needed to confirm this hypothesis, there seems to be an interesting link 

between of hfq and cspC protein during biofilm production in F. novicida.  
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CHAPTER FOUR: VIRULENCE 

Introduction 

Francisella is facultative intracellular pathogen that is capable of infecting many 

different types of cells including macrophages, phagocytes, neutrophils, monocytes, 

dendritic, and alveolar type II cells (116-119). Although Francisella infects and 

extensively replicates in a variety of Eukaryotic cells, macrophages are mainly used an in 

infection model to study the virulence factors and lifecycle of Francisella.   

Francisella enters the host cell through opsonization, which results in 

phagocytosis most probably mediated by a distinct pseudopod loop formation (120). 

Once inside the phagosome, Francisella encounters reactive oxygen species (ROS) and 

low pH which it is able to avoid through the help of specialized stress response proteins 

(121). The phagosome fuses with the lysosome in an attempt to destroy the pathogen 

however; many intracellular pathogens evade this by releasing toxins. However, 

Francisella does not encode for such toxins. For escape it relies on expression of the 

Francisella’s Pathogenicity Island (FPI).   

To successfully establish infection and replicate, Francisella is dependent on the 

expression of the Francisella Pathogenicity Island (FPI) genes, which are required for 

intracellular proliferation. The FPI is a cluster of 17 genes that not only facilitate the 

effective phagosomal escape and virulence but also encode for the putative type VI 
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secretion system (T6SS) (67-69).  After escaping the phagosome, the bacterium enters the 

cytosol, where it profusely multiplies and proceeds with the infection (121).  

Although the exact mechanism of how FPI regulates the escape of Francisella 

from the phagosome remains unknown, but recent studies have suggested that the 

regulation of the FPI genes are dependent on several transcription regulators. MglA, a 

global transcription factor regulates over 100 genes in Francisella including the genes 

within the FPI (91). It forms a heterodimer with SspA and RNA polymerase to facilitate 

the transcription of many genes (122). FevR is also another regulator that has shown to be 

involved in ppGpp signaling, which also plays a role in regulating many of the FPI genes 

(123).  

 

Involvement of Francisella CSPs in Virulence 

Transposon mutagenesis screens have contributed significantly in identifying 

genes that are involved in allowing Francisella to replicate inside the host (124). To see 

if cold shock proteins were previously identified as being involved in virulence we 

performed literature review.   

MglA is involved in modulating the expression of the igIC, one of the many genes 

found in the FPI (125). Regulating over 100 genes, MglA coordinates virulence, 

intracellular growth, and phagasomal escape in mice. MglA has also been classified as a 

general stress response regulator and has shown to regulate many genes during oxidative 

stress such as cspC in Francisella LVS (91). 
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In an effort to better understand the pathogenesis of F. tularensis, many 

mammalian in vivo and in vitro infection models were used to perform genome-wide 

screens to identify for virulence factors (126, 127).  Kraemer et al performed direct 

screening of genes required for establishing pulmonary and systemic infection in mice. 

Using an inhalation mouse model, they screened over 2,998 mutants in Francisella 

novicida to monitor infection in the lung and the diffusion to the liver and spleen. Most of 

the mutants were able to colonize; however, cspC (FTN_0488) was unable to establish 

effective infection in the spleen, indicating its possible role in virulence (128). 

In another study, the authors presented a global transcriptional profiling of the F. 

tularensis Schu S4 strain during its intracellular cycle within the macrophages, to identify 

pathogenic determinants based on their intracellular expression profiles.  As expected the 

expression of the FPI genes such as iglA, iglC, and clpb were significantly upregulated 

during intramacrophage growth; however, the expression of cspA (FTT_0721c) was 

significantly downregulated (129). The downregulation of the cspA during intracellular 

infection in this study suggests that cspA does not contribute to virulence in this strain.  

Because we showed the in vitro sensitivity of cspA and cspC to various environmental 

stresses, some of which are predicted to be encountered in the host macrophages, 

prompted us to investigate the effect of the cspA and cspC protein on the virulence of F. 

novicida.  
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Materials and Methods 

Bacterial strains and growth conditions 

F. tularensis subsp. novicida (ATCC 15482) was obtained from the American Type 

Culture Collection (Manassas, VA, USA). The transposon mutant ∆cspA and ∆cspC were 

obtained from BEI Resources (Seattle, WA, USA). The strains and primers used in this 

study are listed in Table 1. All bacterial strains were streaked onto Tryptic Soy Agar 

supplemented with 0.1% (w/v) cysteine TSA-C plates and single colonies were 

inoculated into Tryptic Soy Broth supplemented with 0.1% (w/v) cysteine (TSB-C) and 

grown at 37°C. When required the media was supplemented with kanamycin (50μg/mL). 

 

In vivo Infection Assay 

Galleria mellonella (wax moth caterpillars) were obtained from Vanderhorst Wholesale 

(Saint Marys, OH, USA). Survival assay of wax moth caterpillar was conducted as 

previously described (91). Briefly, 10 caterpillars of equal size/weight were randomly 

assigned to each group and placed into labeled petri dishes. A 1-mL tuberculin syringe 

was used to inject 10 μl of 2 × 10
4
 CFU/ml of F. novicida into each caterpillar’s 

hemocoel. The caterpillars were observed daily for their survival status. 

 

Statistical analysis 

All graphs were generated using GraphPad Prism. Student’s T-test was performed to 

analyze data. A p-value of <0.05 was considered to represent a significance difference. 
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Results 

 

Figure 18: In vivo infection model.  G. mellonella were infected with 10 μl of 

2 × 10
4
 CFU/ml of F. novicida, ∆cspA, ∆cspC, and PBS into each caterpillar’s hemocoel. 

Three independent experiments were carried out. The graph displays the values of one 

representative experiment. 

 

To determine if cspA and cspC are important for the ability of F. novicida to 

cause disease, G. mellonella were infected with WT, ∆cspA and ∆cspC. G. mellonella 

has been used as a popular in vivo model to study infections and the effects of treatments 

of different antibiotics and antimicrobial peptides (130-132).  Therefore, in this study G. 

mellonella was used as an alternative to the mouse model of Francisella infection to test 

whether cspA and cspC contributed to virulence. G. mellonella infected with WT did not 

survive past 72 hours post infection. The groups infected with ∆cspA and ∆cspC did not 
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exhibit prolonged survival compared to WT. The survival rate amongst the WT, ∆cspA, 

and ∆cspC was not significantly different demonstrating that cspA and cspC are not 

involved in virulence in G. mellonella because the mutation of the gene did not prolong 

the survival of the waxworms due to the bacteria. Perhaps if fewer bacteria were infected, 

a difference may be observed, possibly a prolonged survival time. 

 

Discussion 

To see if cspA and cspC contributed to virulence in F. novicida, in vivo study was 

conducted using G. mellonella waxworms. The results from the experiment showed that 

the survival of G. mellonella infected with ∆cspA and ∆cspC was similar to that of WT. 

There was no significant difference between the parental strain and the mutants, 

indicating that cspA and cspC do not contribute to virulence in F. novicida in waxworms.  

So far not many CSPs have been identified that are involved in virulence; 

however, in B. melitensis, cspA protein acts as a virulence factor both in vivo and in vitro 

models. In the study mutants lacking cspA failed to replicate and establish infection in 

macrophages and mouse models demonstrating that cspA was required to replicate. 

Moreover, whole transcriptome studies using RNA-seq revealed that 446 genes were 

differentially regulated by cspA. From these 446 genes, 324 were up-regulated and 122 

were down-regulated. Many of the down-regulated genes included the two-component 

systems, ABC transporters, T4SS, and the virB operon, indicating that cspA is an 

important regulator, affecting the expression of many metabolic and virulence-related 

genes (131).  
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A similar study was done in Enterococcus faecalis, in which cspR protein was 

studied for its role in virulence both in vivo and in vitro. The cspR mutant was less 

virulent in Galleria mellonella compared to the parental strain and the survival rate in the 

macrophages was lower than the wild type. Moreover, proteomics analysis revealed that 

19 proteins were differentially regulated by the cspR mutant, and that the cspR 

functioned on the posttranscriptional level (32).  

Besides the genes found in the FPI, in Francisella many genes involved in 

virulence are actually genes involved in metabolic pathways and amino acid synthesis 

(126). Transposon mutagenesis screenings have contributed considerably to our current 

knowledge of genes involved in virulence. Although, both cspA and cspC have 

previously exhibited sensitivity to various environmental stresses, they did not contribute 

to virulence in Francisella. Perhaps during in vivo infection, Francisella cold shock 

proteins are not required to multiply and successfully establish infection. It could be that 

the effect of their proteins will be seen in enumerated experiments or cold conditions 

only. 
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CHAPTER FIVE 

In conclusion, in this thesis I have established that CSPs in F. novicida play an 

important role in helping this pathogen adapt to various adverse and environmental 

conditions.  

To date CSPs have been identified in many organisms and their potential roles 

have been recognized. This is the first study to describe the impact of the cspA and cspC 

proteins on the adaptation to cold temperatures, harsh environmental stresses, as well as 

the possible roles in virulence of F. novicida. We show that both cspA and cspC are 

strongly induced after temperature downshift and are needed for long term adaptation at 

low temperatures. Besides temperature, cspA contributes to oxidative, ethanol, and acidic 

stress, whereas cspC plays a role during osmotic stress and in formation of biofilm. Also, 

neither cspA nor cspC play a role in establishing virulence in F. novicida.  Information 

from this study is critical to our understanding of how this pathogen responds and 

survives in diverse environments. The regulation and expression of cold shock proteins is 

undoubtedly complex, therefore elucidating the mechanism underlying the effects of the 

CSPs on the stress tolerance of F. novicida will require further investigation.  The CSP 

proteins are highly conserved between F. novicida (Type A) human virulent strain Ftt 

SchuS4 and F. holaractica (Type B) suggesting that the observations made in F. novicida 

will also be found to hold true for the fully virulent strains. 
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Future Directions 

Studying the cold shock response in bacteria is relatively a new and emerging 

field. Much of the efforts of the scientific community focused on extensively exploring 

the heat shock response and the heat shock proteins across a variety of organisms. 

However, the discoveries of the cold shock proteins have caught the attention of many 

researchers and have become a new subject of interest. Despite the studies and 

information gathered thus far, one of the biggest hurdles in studying the roles of CSPs is 

that their specific functions during stress adaptation are not well understood. Even the 

production of knock-out mutants do not always contribute much to the understanding of 

their specific function due to the potential effects of other related cold-shock proteins. 

Studies have shown that in the absence of one CSP, the remaining cold shock proteins 

increase their production to compensate for the loss of that gene, making it difficult to 

pinpoint the exact roles of the proteins.  

To investigate the roles of CSPs in Francisella, the future studies should include 

creating a double knock-out mutant for both cspA and cspC to really get a holistic 

understanding of their contributions in stress adaptations. In addition, studying the down-

stream targets, preferably via RNA-seq of these cold shock proteins can also provide us 

valuable information as to what genes are regulated by these CSPs in Francisella. 
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