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F. tularensis is a Gram-negative bacterial pathogen and it is the causative agent of 

tularemia. It has the ability to replicate to high numbers within a variety of host cells, 

including macrophages. Little is known of its virulence mechanisms; however, all species 

of Francisella contain a cluster of virulence genes known as the Francisella 

Pathogenicity Island (FPI), which is thought to encode a type 6 secretion system. While 

14 of the 18 FPI genes encode products required for intracellular growth in macrophages 

(de Bruin 2011a), the functions of most of these proteins remain to be determined. 

Therefore, further work is required to understand the role played by the FPI in 

Francisella pathogenesis.  

In this thesis, the localization of the core FPI proteins IglA, IglB, IglC and IglD, 

was examined in order to further elucidate of the structure and activities of the FPI-

encoded secretion system. Deletion mutagenesis of pdpA was performed to determine 

how host intracellular signalling might be affected by secretion of the putative FPI 

effector protein PdpA. In addition, variations in virulence between different biotypes of 

Francisella were investigated with respect to the role played by the FPI protein PdpD. 



 iv 

Considering the highly infectious nature of Francisella and the absence of a 

quality vaccine, it is clear that this organism represents an excellent model for proof of 

principle investigations focussing on new vaccine technologies for intracellular 

pathogens. The second half of this thesis describes the construction and characterization 

of live attenuated temperature-sensitive vaccines. These vaccines were created in the 

intracellular pathogen F. novicida through allelic replacement of essential genes with 

naturally-occurring, cold-adapted, thermolabile homologues isolated from Arctic 

bacteria.  

Thus, the objectives of this work were twofold: to provide further characterization 

of the structural components and effector proteins associated with the FPI-encoded 

secretion system, and to develop a new and effective vaccine technology for use against 

intracellular bacteria. 
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Chapter: 1 

 

Introduction 

 

All bacterial species evolve and adapt in order to thrive in different environmental 

niches. An obvious example of such adaptation can be seen in the ability of extremophilic 

bacteria to inhabit locations with severe temperatures, acidity and salt concentrations. 

Intracellular bacteria reside in equally harsh environments, i.e. within other living cells. 

Host disease is often the result of bacterial adaptations to the intracellular environment, 

since an invading bacterium must have evolved mechanisms to overcome the challenges 

of entry, survival, replication and exit from the host cell.  

Entry into host cells can be achieved through attachment and internalization via cell 

surface receptors or through opsonization-induced phagocytosis. Entry may also be 

accomplished by active invasion and manipulation of the host cytoskeleton. Once inside 

the cell, a bacterium must alter, arrest development or escape the phagosome, in order to 

create a suitable environment for replication. Once adequate numbers are attained, most 

bacteria induce cell lysis and are free to infect new cells. Determining the mechanisms by 

which an intracellular pathogen subverts the host immune system or an extremophile 

adapts to environmental conditions not only provides important insights for the 

development of anti-microbial therapies, but also confers a better understanding of the 

bacterium’s lifestyle. 
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1.1. Francisella  

1.1.1.  History 

Francisella tularensis is a Gram-negative, facultative intracellular bacterium 

capable of causing a range of diseases that are collectively known as tularemia. The 

bacterium was first isolated in 1911, from an infected rodent in Tulare county California 

(McCoy 1912). The first confirmed human infection was reported shortly thereafter, in 

Ohio (Wherry 1914). Dr. Edward Francis, an early pioneer in Francisella research, 

suggested that the bacterium be named Bacterium tularense, in honour of the county 

where it was originally isolated. In recognition of Dr. Francis’ research, the name of the 

bacterium was eventually changed to its current form, Francisella tularensis. 

Although F. tularensis rarely infects humans, it has a wide geographical 

distribution and low frequency reports of infections occur in almost every country within 

the Northern hemisphere. However, outbreaks of the disease are more commonly found 

in the U.S.A, Russia, Japan and Scandinavian countries.  

The environmental niches occupied by Francisella species remain unknown. 

Interestingly, increases in human infections are often paralleled by increases in animal 

infections, most notably in rabbits and rodents (Tärnvik, Sandström et al. 1996). 

However, tularemia infections are considered severe in these species and thus, they may 

not function as the primary reservoir for human infection. Other potential reservoirs may 

include infected ticks (Foley and Nieto 2010) and contaminated water supplies (Helvacı, 

Gedikoğlu et al. 2000; USDA 2007; Berrada and Telford Iii 2011). 

F. tularensis has become the focus of a number of Biodefense programs in the 

U.S.A., since it exhibits high infectivity, morbidity and mortality. The earliest reports of 
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F. tularensis weaponization came from Japan between 1932 and 1945 (Harris 1992). 

Shortly thereafter, both the U.S.A and U.S.S.R. instigated programs to weaponize F. 

tularensis. Despite signing the 1972 prohibition on production and stockpiling of 

biological weapons, the U.S.S.R. was rumoured to have continued this research through 

the 1990’s (Alibek 1999).  

1.1.2.  Taxonomy 

There are three recognized species of Francisella and they include F. tularensis, 

F. philamoragia and F. novicida (Pandya, Holmes et al. 2009). There are also three 

subspecies of F. tularensis, subsp. tularensis, holartica and mediasiatica. Most human 

infections are caused by the Francisella subspecies F. tularensis subsp. tularensis 

(biotype A) or F. tularensis subsp. holartica (biotype B). 

Geographically, F. tularensis subsp. tularensis is restricted primarily to North 

America. It is the more infectious of the two subspecies, with an infectious dose of less 

the 10 colony forming units (CFU). It also causes a more severe illness in humans (Bell 

1955). F. tularensis subsp. tularensis can be broken down further into two distinct clades, 

biotype A.I and A.II, with the former being more lethal. (Johansson, Farlow et al. 2004; 

Beckstrom-Sternberg, Auerbach et al. 2007). F. tularensis subsp. holartica causes a 

milder infection in humans; however, it is responsible for the majority of infections 

throughout the Northern hemisphere (Bell 1955; Keim, Johansson et al. 2007).     

The Francisella Live Vaccine Strain (LVS) was developed in the 1950’s by 

scientists in the former Soviet Union. It was created by serial passage of F. tularensis 

subsp. holartica (biotype B strain) in chick embryos and agar plates (Tigertt 1962). LVS 

provides a considerable level of protection against F. tularensis infection and was used 
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successfully by the former Soviet Union for a number of years. However, the genetic 

mutations responsible for the attenuation remain unknown and even with efforts to map 

the mutations, the FDA remains unwilling to license the vaccine in the U.S.A. While 

LVS infection is attenuated in humans, it remains lethal at certain doses in mouse 

infection models. Thus, LVS represents a valuable research tool for studying the effects 

of Francisella infection in vivo. 

F. novicida rarely causes infection in humans, but it does cause a tularemia-like 

disease in mice and is often used as an effective research surrogate for F. tularensis. The 

classification of F. novicida as a separate species and not a subspecies of F. tularensis, 

has been an ongoing source of debate. 16s DNA hybridization and genomic comparisons 

at the nucleotide level (Forsman, Sandstrom et al. 1994; Larsson, Elfsmark et al. 2009) 

suggest that F. novicida is a subspecies, although evolutionary divergence models 

indicate that it is a separate species (Larsson, Elfsmark et al. 2009).    

1.1.3.  Human Disease and Treatment 

In humans, the clinical manifestations of tularemia can vary depending upon the 

species and route of infection. Ulcer glandular infections, which are normally caused by 

F. tularensis subsp. holartica, represent over 90% of the tularemia cases in Europe 

(Tärnvik and Berglund 2003). These infections are generally contracted through the skin 

via vector-borne transmission from ticks, or through mucosal sites, from direct exposure 

to infected animals. A rapid onset of flu-like symptoms occurs 3-5 days post infection, 

typically including a sore throat, headache, fever, chills, joint stiffness, muscle pains and 

general malaise (Christenson 1984; Evans 1985). Generally, an ulcer forms at the site of 

infection and the lesion can persist for months. If left untreated, 30-40% of infections will 
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result in inflammation and they will eventually lead to suppuration of the local draining 

lymph node (Kavanuagh 1935; Helvacı, Gedikoğlu et al. 2000). 

Inhalation tularemia is a relatively uncommon form of the disease. This 

respiratory form of tularemia may be contracted through accidental disruption of infected 

carcasses, handling of infected hay, or accidental handling of infected animal droppings 

(Oyston, Sjostedt et al. 2004). Thus, inhalation tularemia is more prevalent in landscaping 

and agricultural settings (Feldman 2003). While symptoms differ on a case by case basis, 

they usually result in flu-like symptoms. Mild indications of respiratory disease may be 

observed when individuals are infected with biotype B strains (Evans 1985); however, 

inhalation tularemia caused by biotype A strains is usually more severe. BioType A 

infections also involve the rapid onset of flu-like symptoms (Evans 1985). Unlike ulcer 

glandular infections, respiratory tularemia has a mortality rate of up to 30% if left 

untreated (Dienst 1963). Fortunately, the mortality rate drops to less than 2% with the 

appropriate antibiotic treatment (Dennis, Inglesby et al. 2001). Currently the antibiotics 

of choice are doxycycline and ciprofloxacin.      

1.1.4.  Bacterial Lifestyle 

Francisella is a wide-host-range pathogen capable of infecting and replicating 

within many different cell types (Read, Vogl et al. 2008; Santic, Akimana et al. 2009). 

While it is believed that antigen presenting cells (APCs), such as macrophages and 

dendritic cells (Bosio and Dow 2005), serve initially as the primary reservoir for 

Francisella replication (Conlan and North 1992; Fortier, Polsinelli et al. 1992; USDA 

2007), the bacterium can also infect a variety of non-phagocytic cells. These cells include 

type II alveolar epithelial cells, hepatocytes, erythrocytes and fibroblasts (Horzempa J 
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2011). However, strains of F. tularensis incapable of growing in macrophages retain their 

virulence in chick embryo and murine models of infection (Horzempa, O'Dee et al. 

2010). These results suggest that non-phagocytic cells may play a larger role during 

infection than previously thought (Horzempa, O'Dee et al. 2010).  

F. tularensis enters the host cell through a novel process termed looping 

phagocytosis (Clemens, Lee et al. 2005). The bacterium is surrounded by a large, 

asymmetric pseudopod loop that shrinks quickly to the size of the cell being internalized. 

F. tularensis has been shown to induce looping phagocytosis through interactions 

between its lipopolysaccharide (LPS) or capsular material (Clemens, Lee et al. 2005) and 

pathogen-associated molecular profiles (PAMP), or via opsonin deposition of the host 

cell. Professional phagocytes express a large number of receptors capable of recognizing 

and initiating phagocytosis of an invading pathogen. While the end result is 

internalization, the fundamentals of bacterial uptake are very different depending upon 

the route taken. For example, a strong pro-inflammatory response is produced following 

opsonic internalization via Fcγ, but it does not develop as a result of complement-

mediated phagocytosis (Underhill and Ozinsky 2002). A number of different studies have 

shown that F. tularensis can be internalized by both opsonin- and non-opsonin-based 

phagocytosis mechanisms. These processes may involve the following: opsonin-based 

receptors, such as complement receptors CR3 and CR4 (Balagopal, MacFarlane et al. 

2006; Ben Nasr, Haithcoat et al. 2006; Geier and Celli 2011); scavenger receptor A 

(SCRA) (Pierini 2006); and FcγRs (Geier and Celli 2011); as well as the non-opsonin-

based mannose receptor (MR) (Balagopal, MacFarlane et al. 2006) and nucleolin. 

Interestingly, it has been shown that the receptor used to trigger phagocytosis affects 
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intracellular proliferation of F. tularensis, including both phagosomal maturation and 

cytosolic replication (Geier and Celli 2011). These results may explain conflicting data 

surrounding the intracellular fate of F. tularensis.  

Following phagocytic uptake, the bacterium resides within a phagosome that then 

acquires early stage components of the endosomal-lysosome pathway. Within 15 min of 

entry, Francisella-containing phagosomes acquire both early endosomal antigen-1 (EEA-

1) and Rab5 (Clemens, Lee et al. 2004; Santic, Molmeret et al. 2005). These are followed 

by the acquisition of relatively low levels of CD63, lysosome-associated membrane 

glycoproteins 1 and 2 (LAMP-1 and 2) and Rab7; however, phagosomes do not acquire 

the late endosomal marker cathepsin D (Clemens, Lee et al. 2004; Santic, Molmeret et al. 

2005). There is still considerable debate over the timing of and requirement for certain 

events during intracellular proliferation. There are conflicting reports concerning the need 

for vATPase-mediated phagosomal acidification for efficient breakdown of the 

phagosomal membrane (Clemens, Lee et al. 2004; Chong, Wehrly et al. 2008; Santic, 

Asare et al. 2008). There is also considerable debate regarding the rate of phagosomal 

maturation, with bacterial escape being seen anywhere from 1 to 4 h post infection 

(Clemens, Lee et al. 2004; Santic, Molmeret et al. 2005a; Checroun, Wehrly et al. 2006; 

Chong, Wehrly et al. 2008; Child, Wehrly et al. 2010). However, recent research into the 

different routes of F. tularensis internalization may resolve the discrepancies in these 

findings. It was found that non-opsonic internalization of F. tularensis resulted in 

acidification of the Francisella-containing vacuole (FCV) and a more rapid escape from 

the phagosome. In contrast, phagosomal maturation was slowed by opsonic uptake, in 

particular through receptor CR3 (Geier and Celli 2011). Moreover, the phagosomes did 



 

 

8 

not acidify and the bacteria failed to escape efficiently (Geier and Celli 2011). These 

findings suggest that acidification of the phagosome is required for efficient bacterial 

escape.  

Although the mechanisms underlying bacterial degradation of the phagosome 

remain unknown, deletion mutagenesis experiments on the acid phosphatase genes acpA, 

acpB, acpC and hap, have shown that the products of these genes are essential for F. 

novicida escape. However, these findings could not be replicated during similar 

experiments with F. tularensis Schu4 in murine and human macrophages, i.e., cytosolic 

growth of the bacteria was unaffected by mutation of the acid phosphatase genes (Child, 

Wehrly et al. 2010). Once the bacteria have escaped the phagosome, they replicate to 

large numbers within the cytosol and eventually compromise the integrity of the host cell.  

Infection eventually leads to host cell death through both apoptosis and necrosis 

(Lai and Sjostedt 2003; Hrstka, Stulík et al. 2005; Wickstrum, Bokhari et al. 2009). Early 

infection studies performed with LVS in J774 macrophage-like cells showed that 

infection led to mitochondrial release of cytochrome C followed by activation of both 

caspase-9 and -3 (Lai and Sjostedt 2003). These results implied that caspase-3-dependent 

activation of apoptosis was occurring via the intrinsic pathway and not by the extrinsic 

pathway. However, subsequent research has shown that the induction pathway used to 

trigger apoptosis is dependent upon both the origin of the host cell and the species of 

Francisella. In 2007, Henry and Monack independently infected murine bone marrow-

derived macrophages (BMDM) with F. novicida and LVS. They found that apoptosis was 

induced in a caspase-3-independent and caspase-1-dependent manner, with cell death 

occurring through a process of apoptosis termed pyroptosis. Unlike caspase-3-dependent 
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apoptosis, cell death via pyroptosis is accompanied by a large release of pro-

inflammatory cytokines (Henry, Brotcke et al. 2007). More recent studies using biotype 

A strains of Francisella have shown that apoptosis is induced in a caspase-3-dependent 

manner in murine macrophages (Wickstrum, Bokhari et al. 2009).  

Discrepancies created by the different strains have caused much speculation about 

the role played by apoptosis during Francisella infection. Apoptosis can be vital to the 

innate immune system, since it facilitates the early elimination of infected cells and 

removes the microbe’s replicative niche. This scenario appears to hold in F. novicida and 

LVS, which cause more rapid death in caspase-1-deficient mice (Henry, Brotcke et al. 

2007; Parmely, Fischer et al. 2009). However, apoptosis can also serve to rid the host of 

potentially vital immune cells, which are required to fight the infection. In essence, 

infection of these cells may provide the microbe with an immune subversion strategy. 

This seems to be the approach employed by biotype A Francisella, which could not 

disseminate as quickly in caspase-3 deficient mice as in wild-type (WT) (Parmely, 

Fischer et al. 2009; Wickstrum, Bokhari et al. 2009). 

In BMDM, Chercoun et al. (2006) observed the formation of endoplasmic 

reticulum (ER)-based autophagosomes that engulfed cytosolic LVS Francisella 

approximately 20 h after infection (Checroun, Wehrly et al. 2006). These double- 

membrane-derived FCVs represent mature fusogenic autolysosomes, which are 

speculated to function in innate immune system sequestration of cytosolic bacteria to be 

targeted for degradation. However, while autophagy has been observed in murine 

macrophages, it is not seen in human macrophages (Akimana, Al-Khodor et al. 2010). 
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The bacterial lifecycle of Francisella has long been thought to progress as 

follows: infection of the host cell, subversion and escape from the phagosome, replication 

in the cytoplasm, induction of cell death and finally, infection of new host cells. 

However, in vivo mice infections with F. tularensis have shown that most of the bacteria 

are isolated from blood, residing extracellularly in the plasma and not in the leukocytes 

(Forestal, Malik et al. 2007). These findings are in stark contrast to older studies that 

reported intracellular locations for 99% of the Francisella isolated from bacteremic mice 

(Long, Oprandy et al. 1993). This new perspective on the bacterial lifecycle may be 

important for building a more complete understanding of Francisella-based immunity. 

1.1.5.  Pathogenicity Islands 

Like all microorganisms, bacterial pathogens are constantly evolving and adapting 

towards increased fitness and this generally occurs in three distinct ways: modification of 

existing genes, loss of genes, or the acquisition of new genes. Of these three methods, 

procurement of new genes can most drastically affect the bacteria’s phenotype, including 

its virulence. Acquisition of foreign DNA that is independent of cell division is called 

horizontal gene transfer (HGT) and can be obtained by conjugation, bacteriophage 

transduction or transformation (Schmidt and Hensel 2004). Not surprisingly, HGT has 

had a major influence on the creation of pathogenicity islands. 

Pathogenicity islands (PAI) are defined as regions of DNA that encode for genes 

associated with virulence that are not present in closely related non-pathogenic strains 

(Hacker, Bender et al. 1990). PAIs are abundant in nature and have been identified in 

Gram-negative and Gram-positive bacteria, which function as human, plant and animal 

pathogens (Schmidt and Hensel 2004). PAIs can range in size from 10 to 200 kb and 
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typically contain one or more genes (often an operon) associated with virulence. They are 

commonly identified as having an aberrant G+C content and abnormal codon bias (and 

codon pair bias) when compared to the rest of the genome. PAIs regularly contain a 

tRNA gene on one side of the island, since the 3-prime end of the gene can serve as an 

integration site for bacteriophage. In addition, they generally encode mobilising elements 

such as integrases and transposases and are often flanked by inverted repeats, 6-20 bp of 

identical DNA that can serve as potential sites for plasmid or phage integration. Finally, it 

must be noted that the presence of direct repeats and transposases can make certain PAIs 

relatively unstable (Dobrindt, Hochhut et al. 2004; Gal-Mor and Finlay 2006).  

While secretion systems are required by both pathogenic and non-pathogenic 

bacteria, their acquisition through HGT can have dramatic effects upon virulence in 

pathogenic species. PAIs have been found to encode Type I, III, IV, V and VI secretion 

systems; however, the most well-known are types III and IV (Schmidt and Hensel 2004; 

Bingle, Bailey et al. 2008). PAIs encoding type III secretion systems and their effectors 

can be found in Salmonella enterica (SPI-1 and SPI-2) and enteropathogenic Escherichia 

coli, while examples of type IV are present in Agrobacterium tumefaciens, Bordetella 

pertussis, Legionella pneumophila, Brucella spp., and Helicobacter pylori (Dobrindt, 

Hochhut et al. 2004; Schmidt and Hensel 2004; Gal-Mor and Finlay 2006; Bingle, Bailey 

et al. 2008). 

As one would expect, PAIs are not expressed constitutively, rather they respond 

to environmental stimuli such as oxygen level, pH, osmolarity and bacterial growth 

levels. The stimulus is normally directed through an intricate series of regulators that are 
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often encoded within the PAI itself, but may also be from the native chromosome or even 

other PAIs (Dobrindt, Hochhut et al. 2004; Gal-Mor and Finlay 2006).   

1.1.5.1. The Francisella Pathogenicity Island 

Random transposon mutagenesis and subsequent bioinformatic analyses led to 

identification of the Francisella pathogenicity island (FPI) (Nano, Zhang et al. 2004). 

The FPI comprises a region of approximately 30 kb of DNA and contains two major 

operons. The first operon consists of 12 genes and runs from pdpA-pdpE, while the 

second contains 6 genes and runs from anmk-iglD. The FPI possesses a number of 

properties normally associated with PAIs. The G+C contents of the pdpA-pdpE and 

anmk-iglD operons are 26.6 and 30.6%, respectively. Both operons exhibit substantially 

lower G+C contents than the already abnormally low 32.5% average found throughout 

the rest of the genome (Nano, Zhang et al. 2004). In addition to the aberrant G+C content, 

the FPI also encodes transposases and is flanked by 16 bp inverted repeats (Nano, Zhang 

et al. 2004). 

While the FPI is highly conserved across all species and subspecies of 

Francisella, exhibiting 97% nucleotide (nt) identity, there are some notable differences. 

These differences are found primarily in anmK and pdpD (Ludu, de Bruin et al. 2008a). 

In F. novicida, AnmK contains a single ORF encoding 371 A.A.’s. In biotype A.I strains, 

the AnmK sequence is separated into two ORFs, with stop codons at A.A. 190 and 328, 

as well as an additional start codon at A.A. 194. Biotype A.II strains contain a single 

truncated ORF, as well as a stop codon at A.A. 328 (Ludu, de Bruin et al. 2008a). The 

biggest differences lie with biotype B strains, in which both AnmK and PdpD are almost 

completely absent from the FPI. Interestingly, virulence studies on a F. novicida ΔpdpD 
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mutant revealed that while PdpD was not necessary for intramacrophage growth, it was 

required for full virulence in both the chick embryo and mouse infection models (Ludu, 

de Bruin et al. 2008a). These results have led to speculation that absence of PdpD may 

explain the reduced virulence of biotype B strains (Ludu, de Bruin et al. 2008a). 

FPI regulation is complex, with responses to various environmental stimuli and 

control from at least 7 regulatory proteins. However, like most virulence factors, the FPI 

is up-regulated during intramacrophage growth (Baron and Nano 1998; Chong, Wehrly et 

al. 2008; Wehrly, Chong et al. 2009). While all the environmental stimuli have not yet 

been identified, increased expression has been attributed to iron depletion (Deng, Blick et 

al. 2006; Lenčo, Hubálek et al. 2007) and oxidative stress (Lenco J 2005). The 7 

regulatory proteins that affect the expression level of FPI-encoded proteins that have been 

identified thus far are the following: MglA, SspA, FevR, PmrA, KdpB, MigR and Hfq 

(Baron and Nano 1998; Charity, Costante-Hamm et al. 2007; Mohapatra, Soni et al. 

2007; Brotcke and Monack 2008; Buchan, McCaffrey et al. 2009; Meibom, Forslund et 

al. 2009). 

Co-immunoprecipitation experiments have shown that members of the stringent 

response protein A (SspA) family of proteins, MglA and SspA, form a complex with 

FevR. This complex is dependent upon activation of FevR via the stringent response 

alarmone ppGpp, and it is capable of actively binding RNA polymerase for positive 

regulation of FevR expression as well as up-regulation of genes contained within the FPI 

(Charity, Costante-Hamm et al. 2007; Brotcke and Monack 2008; Charity, Blalock et al. 

2009). MigR-mediated up-regulation of FevR has also been implicated in the positive 

regulation of FPI expression (Buchan, McCaffrey et al. 2009). Recent data have shown 
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an interaction between the MglA/SspA/FevR complex and a two-component regulatory 

system involving PmrA and KdpB (Bell, Mohapatra et al. 2010). Upon environmental 

stimulation, KdpB stimulates the phosphorylation of PmrA, which positively regulates its 

own expression as well as that of the FPI (Bell, Mohapatra et al. 2010). Phosphorylated 

PmrA binds to the pdpD promoter region and then recruits MglA/SspA/FevR to initiate 

transcription of the FPI (Bell, Mohapatra et al. 2010). In contrast, Hfq functions as a 

negative repressor of the FPI; however, it only represses genes in the pdpA-pdpE operon 

and the stimulus for regulation remains unknown (Meibom, Forslund et al. 2009). This 

finding and the differing G+C contents between the two operons, has led to speculation 

that the two FPI operons may have separate origins.           

1.1.5.2. The FPI and Type 6 Secretion  

Bioinformatics studies have been unable to identify any classical type III or type 

IV secretion systems in Francisella. These secretion systems are often associated with 

Gram-negative bacteria and are used to translocate effector proteins into the cytosol of 

eukaryotic cells. Recently, researchers have suggested that the FPI encodes the newly-

described type 6 secretion system (T6SS) (Barker JR 2009). In silico analyses have 

identified T6SS in over 120 bacterial species, equating to roughly 25% of all sequenced 

bacterial genomes (Bingle, Bailey et al. 2008). T6SS have been implicated in the 

pathogenicity of a number of bacteria; however, it is speculated that these systems do not 

play a role in virulence in most bacteria (Schwarz, Hood et al. 2010).  

T6SS normally comprise 15-18 genes, 13 of which are thought to be conserved 

(Zheng and Leung 2007). However, the hallmark of T6SS are gene clusters containing 7 

core components: IcmF, DotU, VipA, VipB, VgrG, ClpV and Hcp (Boyer, Fichant et al. 
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2009). The FPI contains genes with sequence identity to IcmF (PdpB), DotU, VipA 

(IglA), VipB (IglB) and VgrG (de Bruin, Ludu et al. 2007; de Bruin 2011). However, 

since Francisella does not contain any loci with sequence identity to ClpV or Hcp, there 

remains considerable debate over whether or not the FPI encodes a true T6SS or a distant 

outlier (Bingle, Bailey et al. 2008; Boyer, Fichant et al. 2009; Schwarz, Hood et al. 

2010). Bönemann et al. have proposed a T6SS model (Fig. 1) that resembles an inverted 

bacteriophage tail tube and spike (Bönemann, Pietrosiuk et al. 2010). In this model, IcmF 

and DotU would reside in the inner membrane and could represent the core of the 

secretion system (Zheng and Leung 2007). VipA and VipB would form membrane-

spanning nanotubules with an inner diameter of 100 A° (Bonemann, Pietrosiuk et al. 

2009) and an outer sheath that envelopes a core tube composed of Hcp. Hcp has been 

shown to polymerize into hexameric tubes with outer and inner diameters of 85 and 40 

A°, respectively (Pell, Kanelis et al. 2009). Moreover, these tubes resemble T4 

bacteriophage gp19 tail tubes (Leiman, Basler et al. 2009). In the Bönemann model, 

VgrG is the proposed cell-puncturing device, since it shows structural similarities to the 

gp27-gp5 proteins that form the T4 bacteriophage tail spike fusion (Pukatzki, Ma et al. 

2007). In addition, some bacteria contain VgrG proteins with a region known as an 

‘evolved domain’. For example, Pukatzki et al. demonstrated that the C-terminal region 

of Vibrio cholerae VgrG interferes with actin cross-linking in the host cell (Pukatzki, Ma 

et al. 2007). Finally, ClpV forms a hexameric ATPase that produces the energy required 

for T6SS function (Bingle, Bailey et al. 2008; Bönemann, Pietrosiuk et al. 2010). 
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Figure 1 Proposed model of the T6SS.  

At the core of the secretion system, DotU and IcmF anchor an outer sheath composed of 

VipA/B. This sheath envelopes an inner tube of Hcp, which along with VgrG, forms a 

cell-puncturing device similar to those seen in bacteriophage. In some instances, the cell-

puncturing device may contain VgrG with an evolved effector domain, while in others 

this protein may separate from the main structure to allow for secretion of other effectors. 

Reprinted with the permission of John Wiley and Sons (Bönemann, Pietrosiuk et al. 

2010)  
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While the FPI does not contain homologues for all 13 of the conserved or 7 core 

genes thought to identify a T6SS, there is increasing evidence to suggest that there is a 

strong resemblance between the FPI proteins and those of a T6SS. Among the different 

FPI-encoded proteins, IglA and IglB share the strongest sequence identity to their T6SS 

counterparts (Nano, Zhang et al. 2004). Other than dimerization, there is no physical 

evidence to suggest the formation of tubules; however, IglA and IglB stabilize each other 

via an essential α-helix motif that is conserved among the VipA and VipB homologues in 

a number of T6SS (Broms, Lavander et al. 2009). Thus, it is possible that IglA and IglB 

form the outer sheath of the FPI secretion system. Although the FPI encodes potential 

homologues to IcmF (PdpB) and VrgG (VgrG), PdpB does not contain a Walker A box, a 

motif normally associated with IcmF. Moreover, the FPI VgrG is severely truncated and 

lacks an evolved domain. As mentioned above, Francisella does not contain genes with 

sequence identity to Hcp or ClpV. Although there are no strong hypotheses to explain the 

source of energy for the FPI, some scenarios have suggested the involvement of an Hcp-

like protein. The FPI protein IglC has been shown to be up-regulated during 

intramacrophage infection (Golovliov, Ericsson et al. 1997). Despite limited secondary 

sequence identity, IglC exhibits tertiary structure similarities to both Hcp and T4 

bacteriophage tail tube proteins, and thus, may represent a functional homologue of Hcp 

(de Bruin 2011). 

While there is an increasing amount of in silico information on the FPI-encoded 

secretion system, there is very little physical evidence with which to determine function. 

Recently, Barker et al. demonstrated that overexpressed Flag-tagged and CyaA fusions of 

IglI and VgrG were secreted into the cytosol of macrophages and the supernatant of 
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cultures. Interestingly, VgrG was secreted in an FPI-independent manner, since secretion 

was observed in a ΔFPI mutant (Barker JR 2009). 

Whether or not the FPI encodes a true T6SS or a distant outlier, remains to be 

determined. However, it is clear that it shares a convincing likeness to other T6SS. This 

similarity may be the result of divergent and/or convergent evolution from multiple 

bacteriophage acquisition events (de Bruin 2011).  

1.1.6.  Immune Response 

Infection with Francisella invokes both the innate and adaptive arms of the 

immune system. Standard immune principles are involved in control and clearance of the 

infection. These include the induction of IFN-γ and TNF-α, as well as reactive nitrogen 

species (RNS) and reactive oxygen species (ROS). Ongoing evidence continues to show 

that CD4
+
 and CD8

+
 T-cells are required for bacterial clearance. However there is new 

evidence indicating a role for newly-defined T-cell subpopulations and other factors such 

as IL-17a and TLR-2 playing a role in Francisella immunity. In addition, while it has 

long been thought that cell-meditated immunity is required for protection, a new role for 

B cells is just beginning to be determined. 

There is a wealth of information regarding the host response to F. tularensis 

infection. Most non-human data were collected using mouse models and various 

Francisella strains, while human data have come primarily from older vaccination studies 

with LVS. The many different methodologies used in the collection of immunological 

data have made between-study comparisons extremely difficult.  



 

 

19 

1.1.6.1. Host Response to Infection 

1.1.6.1.1. Natural Infections 

While natural Francisella infections are often described as immuno-suppressive, 

infected individuals typically yield robust B- and T-cell responses. Infections are 

characterized by an increase in the expression of genes regulated by IFN-γ, as well as 

those associated with apoptosis. However there is also a down-regulation of genes 

associated with the innate and adaptive immune responses. At 2 weeks post infection, 

individuals show high serum levels of IgM, IgG and IgA, with specific immunoglobulin 

levels peaking after 2 months (Koskela and Salminen 1985) and persisting for decades. 

Starting at 2 weeks post infection, researchers demonstrated ex vivo Th-1-like cytokine 

production with detectable levels of IFN-γ, TNF-α and IL-2 in peripheral blood 

lymphocytes (PBL’s), as well as in CD4
+
, CD8

+
 and Vγ9/VS2 T-cells (Koskela 1980; 

Surcel, Syrjala et al. 1991; Poquet, Kroca et al. 1998). Elevated serum levels of T-cells 

have been shown to persist for up to 30 years post infection (Ericsson, Sandström et al. 

1994). 

1.1.6.1.2. Complement 

The ability of Francisella to survive extracellularly means that it must be resistant 

to the anti-microbial effects of serum-based components such as complement. 

Complement is the heat-labile components of plasma that lyse bacteria directly via 

assembly of a membrane attack complex (MAC), or indirectly by enhancing opsonisation 

by phagocytic cells. While there are three enzymatic pathways that complement may use 

to achieve its anti-microbial effects (classical, mannose lectin-binding and alternative), 

they all converge on the assembly of complement C3 convertase (Gros, Milder et al. 
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2008). C3 convertase allows for the conversion of C3 to C3b, a complement factor that 

can directly promote opsonisation or generate complement factor C5, a necessary 

component for formation of the MAC. However, negative regulation of C3b can result in 

the production of smaller fragments of C3b, including C3bi, C3bg and C3bd (Gros, 

Milder et al. 2008). While these fragments do not have the ability to promote MAC 

assembly, they do promote efficient bacterial uptake via CR3 and CR4 (Van Lookeren 

Campagne, Wiesmann et al. 2007). F. tularensis has also been shown to bind an 

additional complement factor, factor H, which is a co-factor that converts C3b to C3bi 

(Ben Nasr and Klimpel 2008). Therefore, F. tularensis subverts the lytic ability of 

complement by accelerating the accumulation of C3bi, and it promotes efficient bacterial 

uptake through CR3 and CR4.  

Interestingly, although Francisella uses CR3, CR4 and MR’s as receptors for 

entry into the host cell, bacterial uptake by these receptors is not usually associated with a 

robust inflammatory response and thus, may represent another means by which 

Francisella subverts the immune system (Aderem and Underhill 1999; Zhang, Tachado 

et al. 2005). However, it must be noted that this hypothesis appears to contrast with 

reports showing reduced efficiency of phagosomal escape after CR3-mediated uptake 

(Geier and Celli 2011).        

1.1.6.1.3. Lipopolysaccharide (LPS) 

The germ-line-encoded Pattern Recognition Receptors (PRRs) of immune cells 

identify PAMPs. PRRs are considered to be the innate immune system’s first line of 

defence against an invading pathogen. The best characterized family of PRRs are called 

Toll-like receptors (TLRs). There are 11 known human TLRs and 13 murine TLRs, and 
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they are found in the extracellular space as well as bound to both endosomal and 

cytoplasmic membranes. Classically, human TLR4 recognizes the lipid A portion of 

bacterial LPS, which begins a signalling cascade that flows through the adaptor molecule 

myeloid differentiation response gene 88 (MyD88) and ultimately leads to activation of 

NF-Κβ, and transcription of pro-inflammatory response genes (Akira and Takeda 2004; 

Katz, Zhang et al. 2006). Unlike the LPS of most other intracellular pathogens, 

Francisella LPS does not elicit a TLR4-based inflammatory response. The 

immunosuppressive nature of Francisella LPS is due to its unique tetra-acylated and 

mono-phosphorylated composition, which decreases its immunogenicity (Hajjar, Harvey 

et al. 2006).  

1.1.6.1.4. TLR-2 

Despite the lack of TLR4-mediated stimulation, LVS infection does increase the 

expression of pro-inflammatory mRNAs and proteins (Cole, Elkins et al. 2006). In 

murine macrophages and DCs, induction of NF-Kβ, IFN-γ and the ensuing inflammatory 

response, occur in a TLR2 and MyD88-dependent manner (Katz, Zhang et al. 2006). 

There are a number of mice knockout (KO) studies illustrating the importance of both 

TLR2 and MyD88 (Collazo, Sher et al. 2006; Malik, Bakshi et al. 2006; Abplanalp, 

Morris et al. 2009). Interestingly, while TLR2 KO mice are more susceptible than WT to 

infection with LVS, they are able to survive low dose challenges. In contrast, MyD88 KO 

mice are highly susceptible to all doses of LVS. These findings suggest that in addition to 

functioning as an adaptor for TLR2, MyD88 may play other roles in host defence 

(Collazo, Sher et al. 2006; Malik, Bakshi et al. 2006; Abplanalp, Morris et al. 2009). 

Although TLR2-mediated activation of the pro-inflammatory response can occur both 
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inside and outside the phagosome, it does require active protein synthesis, since formalin-

killed LVS is unable to elicit a response (Cole, Shirey et al. 2007). More specifically, 

TLR2 activation is initiated through the binding of two lipoproteins (Tul4 and FT1103) to 

the TLR2/TLR1 heterodimer (Thakran, Li et al. 2008). 

1.1.6.1.5. Cytokines 

As with other intracellular pathogens, the initial control of a Francisella infection 

requires rapid production of Th-1-like pro-inflammatory cytokines. Transcriptional 

analysis of a F. tularensis biotype A pulmonary infection in mice revealed that two 

essential anti-microbial cytokines, IFN-γ and TNF-α, could not be detected until 2 to 4 

days post infection (Andersson, Hartmanová et al. 2006). When challenged with sub-

lethal doses of LVS, mice lacking either IFN-γ or TNF-α, were highly susceptible to 

infection and died within a week (Elkins, Cowley et al. 2007). In macrophages, both 

TNF-α and INF-γ are important precursors to the activation of reactive nitrogen 

intermediates (RNi) including iNOS and peroxynitrate, which have been shown on 

numerous occasions to control murine pulmonary LVS infections (Lindgren, Stenman et 

al. 2005). Therefore, it appears that the initial control of infection requires strong 

induction of both TNF-α and INF-γ, as well as a subsequent increase in RNi molecules. 

Traditionally, Il-17A has been associated with immune responses to extracellular 

bacterial infections and typically, it plays little to no role in host protection against 

intracellular bacteria (Umemura, Yahagi et al. 2007; Aujla, Chan et al. 2008; Schulz, 

Köhler et al. 2008). However, recent research has shown its importance in murine 

pulmonary LVS infections, in which IL-17A induces bacterial killing by up-regulation of 

IFN-γ in both DCs and macrophages (Lin, Ritchea et al. 2009).  
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1.1.6.1.6. Macrophages and Dendritic Cells 

Macrophages and DCs are the primary cells infected during the first 24 h of a 

pulmonary LVS infection in mice (Bosio and Dow 2005; Hall, Woolard et al. 2008). As 

discussed above, IFN-γ-dependent production of RNi and ROS is essential for control of 

LVS infections in macrophages. In vitro experiments show that infected macrophages 

exhibit an initial increase in pro-inflammatory cytokines; however, these cells develop a 

new “alternatively activated” phenotype several hours later. Alternatively activated 

macrophages are characterized by a decrease in the pro-inflammatory response including 

a reduction in iNOS and an increase in anti-inflammatory cytokines such as IL-4, IL-13 

and TGF-β (Shirey, Cole et al. 2008). It has been suggested that this change in 

macrophage state from “classically activated” to “alternatively activated”, may play a 

role in the bacterium’s ability to survive and replicate within the macrophage (Shirey, 

Cole et al. 2008). 

Francisella infection also suppresses pro-inflammatory cytokine expression in 

DCs. When analyzing DCs in a pulmonary infection with F. tularensis Schu4, 

researchers found an increase in the anti-inflammatory cytokine TFG-β, as well as 

reduced expression of CD14. CD14 is an important co-receptor that assists in interactions 

between PRRs and their ligands, including between TLR-2 and the Francisella 

lipoprotein Tul4 (Bosio, Bielefeldt-Ohmann et al. 2007; Chase and Bosio 2010). 

Therefore, it is possible that DCs may become a replicative niche for Francisella, 

allowing transport of the bacterium to the mediastinal lymph node and contributing to 

dissemination of the infection (Chase and Bosio 2010). 
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1.1.6.1.7. B-Lymphocytes 

While Francisella elicits a robust antibody (Ab) response to infection the humoral 

response may not contribute greatly to protection. Older studies have demonstrated that 

transfer of immune serum did not confer protection against virulent biotype A strains of 

Francisella (Thorpe BD 1967); however, moderate success has been achieved with anti-

LVS and anti-Francisella LPS, which conferred protection against challenges with the 

less virulent biotype B strains (Fulop, Mastroeni et al. 2001; Conlan, Shen et al. 2002; 

Kirimanjeswara, Golden et al. 2007; Lavine, Clinton et al. 2007). Clearly, Ab-mediated 

immune responses have been unable to control infections with virulent biotype A 

challenges. For a better understanding of these failures, the role played by the humoral 

response needs to be explored in more depth. Crane et al. showed that in murine 

BMDMs, Ab-mediated opsonisation occurred with both LVS and the fully-virulent 

biotype A strain Schu4, which elicited the same pro-inflammatory responses to infection. 

This finding appears to be in contrast to the virulent biotype A strain’s natural ability to 

suppress immune responses during infection. One explanation may be that unlike LVS, 

Schu4 is able to bind a host cell serine protease, plasmin. Since plasmin can degrade 

opsonising antibodies, it may inhibit Ab-mediated opsonisation of Schu4 (Crane, Warner 

et al. 2009). Under such circumstances, Schu4 was observed to produce significantly less 

pro-inflammatory cytokines. Thus, plasmin binding may represent another method by 

which virulent biotype A strains subvert the effects of B-lymphocytes and Ab-mediated 

immunity (Crane, Warner et al. 2009).      
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1.1.6.1.8. T-Lymphocytes             

Unlike Ab-mediated immunity, cell-mediated immunity is vital for protection 

against infection with F. tularensis. When T-cell-deficient mice are challenged with a 

sub-lethal intraperitoneal (IP) infection with LVS, they develop extremely high organ 

burdens and die approximately 1 month post-infection (Cowley, Hamilton et al. 2005). 

Individually, CD4
+ 

or CD8
+
 T-cells are capable of clearing the infection. Interestingly, 

mice deficient in both CD4
+
 and CD8

+
 T-cells develop a chronic, long-term infection that 

is characterized by a constant bacterial burden. These infections are controlled by a 

subset of T-cells called double negatives (DN) (Cowley, Hamilton et al. 2005).  

Cells of the adaptive immune system effectively control intramacrophage LVS 

infections through the production of IFN-γ and TNF-α. However, the different T-cell 

subsets utilize different cytokines. CD4
+  

are more reliant on IFN-γ and produce little 

TNF-α (Cowley and Elkins 2003), whereas both the CD8
+ 

and DN T-cells, are almost 

completely reliant on the production of TNF-α (Cowley, Sedgwick et al. 2007).      

1.1.6.2. Vaccination Against Francisella 

1.1.6.2.1. Historical Approaches to Francisella Vaccine Development 

The potential use of F. tularensis as a bio-weapon has resulted in a concerted 

effort to develop an anti-tularemia vaccine. One of the first candidates was a whole-cell 

killed vaccine developed by Forshay et al. (Foshay, Hesselbrock et al. 1942); however, it 

was found to have limited efficacy against challenges with the highly virulent biotype A 

strains (Kadull, Reames et al. 1950; Van Metre TE Jr 1959; Eigelsbach HT 1961). 

Another early approach was development of the aforementioned LVS. The efficacy of 

LVS has been demonstrated in a number of studies. Subcutaneous (SC) immunization 
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affords a high level of protection against highly-virulent biotype A strains delivered at 

high doses subcutaneously or at low doses in an aerosol challenge (Saslaw, Eigelsbach et 

al. 1961; Saslaw, Eigelsbach et al. 1961). Although other studies have revealed that 

aerosol immunization provided higher levels of protection against aerosol challenge, the 

dose required for protection could also result in symptomatic side effects (Hornick and 

Eigelsbach 1966). In an effort to determine the genetic mode of attenuation, comparative 

genomics have been performed between LVS and WT F. holartica (Rohmer, Brittnacher 

et al. 2006). More recently, Solomonsson et al. restored LVS to full virulence in mice, 

following re-introduction of two missing virulence genes, pilA and outer membrane 

protein FTT0918 (Salomonsson, Kuoppa et al. 2009). However, due to lack of definitive 

proof as to the mechanisms underlying attenuation in LVS, this vaccine remains 

unlicensed in the U.S.A. Therefore, research into development of an effective tularensis 

vaccine continues, with a number of different approaches being used. 

1.1.6.2.2. Subunit and Whole-cell Killed 

As mentioned above, there has been little success with immunization against F. 

tularensis infection using techniques that rely upon Ab-mediated immunity, such as 

vaccination with whole-cell killed or subunit vaccines. Generally, these methods only 

confer partial protection against LVS and less virulent biotype B strain challenges. 

However, Ab-mediated protection against lethal i.p. and intranasal (IN) LVS challenges 

has been achieved in mice using killed Francisella and the co-stimulatory compound Il-

12 (Baron, Singh et al. 2007; Lavine, Clinton et al. 2007). Huntley et al. have shown that 

repeated (3X) IP immunization with Francisella outer membrane proteins (OMP) can 

provide up to 40% protection against an IN challenge with virulent biotype A (Huntley, 
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Conley et al. 2008). Although these results indicate that Ab-mediated immunity only 

provides partial protection, they also confirm that it plays a role in the immune response 

to infection. 

1.1.6.2.3. Live Attenuated Vaccines  

It has long been considered that a strong cell-mediated immune response is 

required for successful immunization against an intracellular pathogen. This school of 

thought, in association with the relative success of LVS, has resulted in the creation of a 

large number of live attenuated vaccine (LAV) candidates. The majority of candidates are 

first evaluated in level II research facilities for efficacy against LVS and F. novicida, 

prior to progressing to challenges with the biotype A strains. However, a number of 

researchers have focused on creating new LVS-based vaccines by introducing defined 

mutations, thereby increasing attenuation and allowing for higher vaccination doses 

(Bakshi, Malik et al. 2006; Meibom, Dubail et al. 2008; Sammons-Jackson, McClelland 

et al. 2008; Santiago, Cole et al. 2009). The most successful of these efforts has been an 

LVS-based vaccine containing a mutation in the iron superoxide dismutase gene (sodB). 

When compared to LVS, this mutant displayed greater attenuation and immunogenicity, 

thereby providing greater protection against a Schu4 i.n. challenge in mice (Bakshi, 

Malik et al. 2006). Not surprisingly, the majority of these LVS-based mutants show 

similar performance characteristics to vaccinations with LVS (Pechous, McCarthy et al. 

2008).  

It is clear that only limited protection against biotype A strains is achieved by 

immunization with LVS or other biotype B strain vaccines, possibly because of two 

fundamental differences between biotypes A and B. Firstly, the two biotypes exhibit 
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slightly different antigenic determinants on their bacterial surfaces (Conlan, Chen et al. 

2003; Wayne Conlan and Oyston 2007). Secondly, as discussed earlier, there are 

variations in the immune responses generated by different subspecies in different types of 

infected cells. Therefore, it has been suggested that biotype A strains may represent a 

better platform for creating an effective vaccine than biotype B strains (Pechous, 

McCarthy et al. 2008). However, the infectious nature of biotype A strains has made 

finding the balance between attenuation and immunogenicity more difficult than when 

working with LVS. For example, an LVS mutant with a defect in the purine biosynthetic 

pathway (purMCD) was found to be highly attenuated in mice via both the i.p. and i.n. 

infection routes (Pechous, Celli et al. 2006). These immunization studies in mice 

demonstrated that the i.p. vaccination provided a high level of protection against lethal 

i.p. challenges with LVS. Researchers then created a clean purMCD deletion mutant in 

Schu4. This mutant was highly attenuated through both i.p. and i.n. routes of infection; 

however, not only did the i.n. vaccinated mice develop damaged lung tissue, but the 

efficacy was found to be no greater than LVS (Pechous, McCarthy et al. 2008). 

Disappointing results such as these have left researchers questioning the benefits of using 

the highly-virulent biotype A strains instead of a less virulent background.  

Finally, the risks associated with using LAVs have led some researchers to 

explore recombinant expression of immunogenic proteins in a heterologous host. 

However, of all the outer membrane proteins (OMPs), lipoproteins and virulence factors 

tested thus far, only Listeria monocytogenes ΔactA expressing the Francisella virulence 

factor IglC provided protection against lethal i.n. challenges with LVS and biotype A 

Schu4 (Jia, Lee et al. 2009).  
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In contrast to the role of humoral immunity, which may have a greater impact 

than previously thought, the importance of cell-mediated immunity in the clearance of 

Francisella and protection from infection is well recognized. Therefore, to confer high 

levels of protection, a successful vaccine will have to elicit robust humoral and cell-

mediated immune responses. While the method used to employ such a vaccine remains a 

matter of debate, prevailing opinion still leans toward use of an LAV. However, the 

recent success of the IglC-expressing Listeria monocytogenes ΔactA indicates that a 

balance between the safety of a subunit vaccine and immunogenicity of an LAV may be 

achieved.    

1.2. Vaccines 

Vaccines are defined as biological preparations that are used to elicit immune 

protection against infectious disease. Vaccines have been the single most effective tool in 

the fight against infectious disease (Akanmori 2010). Vaccine technologies come in a 

variety of forms and induce varying types of immunological protection; they generally 

include whole-cell killed, subunit, toxoid, DNA and LAV. Therefore, when designing a 

vaccine, one must take into account the pathogenic lifecycle of the cognate pathogen, the 

immune response required to prevent the infection or disease and the overall safety of the 

vaccine.  

Most currently-available anti-bacterial vaccines are directed against extracellular 

pathogens. The successes of vaccines against these pathogens are two-fold: firstly, 

vaccination strategies can be directed at a single antigen; and secondly, these strategies 

are based upon the induction of an Ab-mediated or humoral immune response. 

Antibodies generated in response to immunization can provide immunity in a number of 
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ways. They can form neutralizing antibodies that directly inhibit interactions between an 

antigen and the host. This form of immunization has been well documented in toxoid 

vaccines, where immunization is based upon an inactivated form of the toxin produced by 

a pathogen. Ab-mediated neutralization of toxins has been used successfully against 

tetanus, diphtheria and anthrax (Plotkin and Grabenstein 2008). Vaccines may also 

provide Ab-mediated protection by producing Abs that assist the bactericidal efforts of 

the host. Whole-cell killed and subunit vaccines typically use this strategy. Whole-cell 

killed vaccines involve administration of a pathogen that has been inactivated and is no 

longer viable. Inactivation occurs via a number of methods including heat-killed, 

chemically-attenuated, UV exposure and treatment with antibiotics. Unlike whole-cell 

killed, subunit vaccines rely on immunization with immunogenic proteins either singly or 

as a pool. In addition to being effective against extracellular pathogens, these inactivated 

vaccines are generally considered the safest.  

Unlike extracellular pathogens, intracellular pathogens cause disease by infecting 

and replicating within the host cell. Therefore, the immune response required for 

pathogen clearance is less clearly defined. While Ab-mediated immune responses have 

been shown to provide some defence, they are generally not strong enough to allow for 

complete protection against intracellular pathogens (Baron, Singh et al. 2007; Lavine, 

Clinton et al. 2007). Their ineffectiveness may be due to the fact that the host cell hides 

the antigens from the immune system, reducing the value of Ab-mediated bactericidal 

activities. Thus, the general rule has been that cellular-mediated immunity and 

specifically responses involving CD4
+ 

and CD8
+
 T-cells, is necessary for protection 

against an intracellular pathogen (Allen 1962; North 1973; Orme IM 1983).  
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Traditionally, vaccination against intracellular pathogens has been accomplished 

with the use of LAVs. These modified pathogens are able to replicate within the host, but 

mutations render them incapable of causing disease. Since LAVs are able to mimic 

natural infections, they elicit an extremely strong immune response that includes 

activation of CD4
+ 

and CD8
+
 T cells (Hess, Ladel et al. 1996; Eneslätt, Rietz et al. 2011). 

Currently, only live attenuated vaccines are available for intracellular pathogens. 

However, LAVs have a number of disadvantages. Firstly, they are live pathogens and 

thus, researchers must find an appropriate balance between immunogenicity and 

attenuation. In other words, the vaccine must elicit a protective immune response without 

causing symptoms in the person being vaccinated, including individuals who are 

considered immunocompromised. Secondly, due to safety concerns, governing groups 

such as the Food and Drug Administration (FDA) have imposed increasingly strict 

regulatory requirements. Thirdly, the general public hold a negative perception of LAVs.  

Researchers continue to search for alternative methods of inducing a strong cell-

mediated immune response. Initially, it was thought that DNA vaccines could combine 

the safety of inactivated vaccines with the ability of LAVs to stimulate a cell-mediated 

immune response. However, although it has been possible to deliver naked DNA 

encoding viral or bacterial antigens, and expression of these proteins has been achieved in 

vivo, this technique has not been particularly successful at providing immune protection 

in humans  (Seder and Hill 2000).  

A promising approach has been the addition of adjuvants to subunit vaccines, in 

order to amplify their immunogenicity. Adjuvants are immunogenic compounds that are 

provided along with a vaccine in an effort to direct the immune response. To elicit a T-



 

 

32 

cell-mediated response, an adjuvant must activate the innate immune system; however, 

this activation is normally accompanied by a large inflammatory response (McCartney, 

Vermi et al. 2009; Coffman, Sher et al. 2010). If an adjuvant is destined for human use, 

the inflammatory response must be limited. Therefore, as with LAVs, there is an ongoing 

effort to discover adjuvants that meet the correct balance between activation and 

inflammation.              

There is still a large amount of research needed in the development of 

intracellular vaccines and an ideal candidate should elicit strong, long-lasting Ab and 

cell-mediated immune responses. This result could be achieved through a number of 

different methods. However, optimal immunity is often found in individuals who have 

survived natural infections and when these patients survive, they regularly develop 

lifelong immunity (Ericsson, Sandström et al. 1994). Therefore, despite the problems 

associated with LAVs, it is believed that they warrant further research and development, 

especially in the light of previous successes in providing protection against intracellular 

pathogens and in their ability to mimic natural infections. 

1.2.1.  History of LAVs 

Historically, live attenuated organisms been used successfully to induce an 

immunogenic response. The first LAVs were derived from bacteria that were naturally 

attenuated in humans, yet still provided cross-protection against closely-related 

pathogens. This process was demonstrated originally by Dr. Edward Jenner, who showed 

the protective efficacy of cow pox (Vaccinia vaccine) against small pox (Baxby 1977). 

However, the increasing sophistication of microbial genetics has led to a succession of 

new technologies for creating LAVs. This process began with development of the 
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Bacillus Calmette-Guérin (BCG), a vaccine directed against Mycobacterium tuberculosis 

(Mtb). BCG was created through repeated passage of Mycobacterium bovis, until it 

acquired the necessary mutations to render it attenuated in humans (Calmette LCA 1927). 

Since 1921, various strains of BCG have been administered to over 4 billion people 

worldwide. A similar technique was used by a Russian scientist in the 1950’s to create a 

live vaccine strain (LVS) against F. tularensis. LVS has been shown to provide adequate 

protection against F. tularensis and has been administered to over 40 million Russians 

(Tigertt 1962). Although this technique yields protective vaccines, the reason for 

attenuation often remains unknown. The advent of high-throughput DNA sequencing has 

enabled a more comprehensive genetic analyses of attenuated strains (Salomonsson, 

Kuoppa et al. 2009), but lack of definitive proof regarding the mode of attenuation has 

remained a major deterrent to future use of this technology. 

In the 1970’s, researchers began to use random chemical mutagenesis to create 

LAVs. Once attenuated, they would test the immunogenicity and safety of the vaccine 

candidate. Genetic and biochemical analyses would follow, in order to determine the 

mode of attenuation. While this technique suffers from the same drawbacks as serial 

passage, it has yielded at least one clinically-relevant vaccine, Ty21A, a live attenuated 

strain of Salmonella enterica serovar typhi. Ty21A provides protection against S. 

enterica typhi due to loss of the O-antigen portion of its LPS (Germanier and Fiirer 

1975). This loss was caused by a mutation in galE, which encodes UDP-glucose-4-

epimerase. However, with the regulatory hurdles imposed on LAVs, it is very unlikely 

that any new vaccines will be developed by random mutagenesis. Therefore, to 
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accommodate federal regulating bodies, rational approaches must be used for the 

development of vaccines with clearly-defined mechanisms of attenuation.     

1.2.2.  Rational Approaches to LAV Development 

Modern day microbial genetics and the availability of sequenced genomes, have 

made the targeted deletion of specific genes a relatively easy process in a number of 

bacteria. Thus, researchers can now identify and delete genes associated with virulence 

and nutritional factors. However, as demonstrated by both Mtb and F. tularensis, it can 

still be a difficult task to find the balance between immunogenicity and attenuation 

(Wang, Ribeiro et al. 2007; Pechous, McCarthy et al. 2008; Larsen, Biermann et al. 2009; 

Santiago, Cole et al. 2009). 

Next generation vaccine development often focuses upon the improvement of 

current technologies. In terms of regulatory hurdles, it is often easier to increase the 

efficacy and safety of existing LAVs, than to develop a vaccine de novo. For example, 

one group of researchers has engineered a strain of BCG to secrete immunogens present 

in Mtb but normally absent in BCG, while another group has developed a BCG mutant 

that produces listeriolysin, a protein that enables breakdown of the phagosomal 

membrane (Bao, Chen et al. 2003; Grode, Seiler et al. 2005). Researchers have also 

attempted to introduce additional known attenuations into LVS (Bakshi, Malik et al. 

2006; Meibom, Dubail et al. 2008).     

1.2.3.  Temperature-sensitivity and LAVs 

Temperature-sensitivity (TS) is a common method of attenuating viruses during 

development of LAV. Traditionally, TS viruses were engineered by repeated passage in 

fertilized eggs incubated at progressively lower temperatures; however, in recent years 
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the use of eggs has been replaced by tissue culture (Maassab and DeBorde 1985; 

Matsuno S 1987; Gelb J Jr 1996). This process would often result in mutations that 

generated cold-adapted TS viruses. These viruses could replicate below the body’s core 

temperature, but multiplied poorly between 37-38°C and ceased to proliferate between 

39-40°C. This technique enabled a vaccine to replicate in the upper respiratory tract, 

stimulating a strong and natural immune response, but the virus could not disseminate to 

deeper visceral tissues and cause disease. 

Examples of TS technology can be seen in vaccines against polio, measles, rabies 

and the most recent influenza vaccine, FluMist® (Maassab and Bryant 1999). When 

compared to inactivated flu vaccines, FluMist® was shown to provide greater protection 

against both antigenically-matched and unmatched strains (Belshe, Edwards et al. 2007). 

More importantly, it was also proven safe for use in immunocompromised individuals 

(King, Treanor et al. 2000). 

Due to the greater complexity of bacterial genomes, repeated passage at lower 

temperatures will not necessarily allow for the enrichment of cold-adapted TS bacteria. 

While chemical mutagenesis has led to the development of a number of TS bacteria that 

are used as laboratory strains, there is no known example of a human vaccine that uses 

TS bacteria. Research by Munier-Lehman has suggested that a TS version of Yersinia 

pestis could be created by a single proline
87

serine amino acid (A.A.) substitution in the 

gene encoding for adenylate kinase (Munier-Lehmann, Chenal-Francisque et al. 2003). 

However, the risk of a single A.A. substitution reverting to a temperature-resistant 

phenotype would be a major deterrent to the use of this mutant. 
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However, there are a number of veterinary vaccines that use live-attenuated TS 

bacteria. Chemical mutagenesis with nitrosoguanidine has created TS vaccines in 

Chlamydia abortus (Rodolakis A 1983; Chalmers WS 1997), Bordetella avium 

(Jackwood MW 1985) and Mycoplasma synoviae (Morrow CJ 1998). 

1.2.3.1. Variation in Human Body Temperature 

All TS vaccines are dependent upon a natural temperature gradient found within 

mammals. When designing TS vaccines for humans, one must take into account the 

potential for temperature variation within the body (Fig. 2). Surprisingly, core body 

temperatures remain fairly constant, i.e., between 36-39
o
C, even when considering 

variables such as gender, age, fitness and physical location (Mekjavic, Sundberg et al. 

1991; Lopez, Sessler et al. 1994; Märtha Sund-Levander 2002). However, a more in 

depth view of body temperature can most easily be accomplished by breaking it down 

into two regions, the core and the shell (Wenger 2008). The boundaries between the two 

regions are not clearly defined and they change based upon the core temperature. In cold 

ambient temperatures, the body’s core temperature hovers around 37°C, while the 

extremities vary between 28-31°C. In warm ambient temperatures, vasodilation allows 

warm blood to move further from the core, creating a larger core region and decreasing 

the shell region. As a result of these homeostatic modifications, warm ambient 

temperatures reduce the temperature gradient seen at cold ambient temperatures (White, 

Bosio et al. 2011). 

Acral, or peripheral regions such as the hands, feet, nose and ears, are extremely 

active in temperature regulation and as a result, can exhibit extreme fluctuations in 

temperature based upon ambient temperature (White, Bosio et al. 2011). Therefore, 
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careful consideration must be taken when designing a vaccination strategy for TS 

vaccines. Ideally, a TS vaccine should be designed to persist in the outer extremities of 

the body, without being able to disseminate within the core region. 
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Figure 2 The human body contains a natural temperature gradient.  

Comparison of body temperatures associated with the core and outer shell when subjected 

to cool (A) and warm (B) ambient temperatures. Exposure to a warm ambient temperature 

results in a decrease in the natural temperature gradient, since there is passage of warm 

blood from the core. C) Temperatures normally associated with the head. Acral regions 

(yellow) including fingers, toes, mouth, ears and nose, are subject to extreme variations in 

temperature. Reprinted with the kind permission of Springer Science and Business Media. 

Cell. Mol. Life Sci. (2011) 68:3019–3031 DOI 10.1007/s00018-011-0734-2 (White, Bosio 

et al. 2011).  
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1.2.3.2. Use of Bacterial LAVs  

As mentioned earlier, TS bacterial vaccines are currently being used in 

agricultural settings, a practice that suggests new TS bacterial vaccines may be readily 

accepted. Their primary role would be to provide protection against intracellular 

pathogens such as Brucella abortis, Yersinia enterocolitica, Salmonella enterica and 

Mycobacterium bovis, all of which require strong T-cell-mediated response (Allen 1962; 

North 1973; Orme IM 1983). However, it is not surprising that TS bacterial vaccines 

have not been adapted for human use given the increase in regulatory hurdles and overall 

negative public opinion surrounding LAVs. However, they may fill a niche in the 

development of vaccines against intracellular pathogens, where more accepted vaccine 

technologies have continually failed to produce an adequate immune response. 

1.3. Essential genes in Prokaryotes 

Researchers have long accepted the importance of determining essential genes in 

different bacterial species. An understanding of the genes required for survival can 

provide useful insights into the basic elements of life (Glass, Assad-Garcia et al. 2006). 

In addition, the identification of essential genes can also provide potential targets for the 

development of antimicrobials. The exact definition of what constitutes an essential gene 

has been a continuous source of debate. However, a general consensus states that a gene 

will be deemed essential if it is absolutely required for growth within the richest possible 

media and under all physiological conditions. 

Traditionally, the determination of essential genes was an extremely tedious task. 

Early attempts at identification were performed on a gene by gene basis in E. coli, S. 

enterica and B. subtilis (Kobayashi, Ehrlich et al. 2003; Baba, Ara et al. 2006). However, 
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in the past 10 years, advancements in microbial genetics and DNA sequencing 

technologies have made for a much more efficient process. Essential regions of the 

chromosome cannot be mutagenized and these are now identified using mini-transposon-

based chromosomal saturation mutagenesis, followed by rapid screening through micro 

array-based assays or DNA sequencing (Akerley, Rubin et al. 2002; Gerdes, Scholle et al. 

2003; Kobayashi, Ehrlich et al. 2003; Sassetti, Boyd et al. 2003; Gallagher, Ramage et al. 

2007). In addition to chromosomal saturation mutagenesis, researchers have attempted 

targeted gene deletions of entire chromosomes (de Berardinis, Vallenet et al. 2008), anti-

sense RNA libraries (Ji Y 2001; Forsyth, Haselbeck et al. 2002) and promoter 

substitutions (Judson and Mekalanos 2000). 

Not surprisingly, as with any technique based upon negative results, saturation 

mutagenesis can frequently yield false positives. This can be seen clearly in the case of 

operons, where interruption of an upstream gene may result in a polar effect on an 

essential gene downstream, thus affecting the viability of the cell. However, these 

problems are now offset by the large number of sequenced genomes, which allow for 

comparative genomics to confirm or refute the status of an essential gene. The 

organization of genes within an operon may differ between bacteria and such variations 

may assist with analysis. In addition, essential gene status is more likely when a gene is 

found in many genomes. 

Comparative genomics have allowed for the assessment of universal or highly-

conserved genes. Gerday et al. have combined a number of studies to compile a database 

of universal essential genes. This has resulted in a list of approximately 100 essential 

genes that are thought to be conserved among all bacterial species (Gerdes, Scholle et al. 
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2003). Of those 100 genes this dissertation will more specifically focus on 4 essential 

genes, ligA, pyrG, hemC and dnaK.   

1.3.1.  LigA 

LigA or NAD
+
-dependent DNA ligase, is a bacterial enzyme responsible for the 

formation of phosphodiester bonds in nicked DNA. It is involved in many cellular 

processes including DNA replication, recombination and repair. A ligA homologue has 

been found in every bacterial genome sequenced to date (Wilkinson, Day et al. 2001). In 

addition to its universal distribution, A.A. Blast analyses have revealed 35-50% sequence 

identity between all species when compared to E. coli (Wilkinson, Day et al. 2001). LigA 

has been proven to be essential in the bacterial pathogens E. coli, Salmonella 

typhimurium, Streptococcus pneumonia, Bacillus subtilis, M. tuberculosis Mtb and F. 

novicida (Anthony, Gu et al. 1991; Wilkinson, Day et al. 2001; Akerley, Rubin et al. 

2002; Forsyth, Haselbeck et al. 2002; Gerdes, Scholle et al. 2003; Kobayashi, Ehrlich et 

al. 2003; Glass, Assad-Garcia et al. 2006). However, it is likely that ligA is essential in all 

bacteria due to the nature of its function, high level of homology and broad distribution 

among bacterial genomes.   

NAD
+
-dependent DNA ligases are highly conserved modular proteins consisting 

of four domains, an adenylation domain, an oligomer-binding (OB) β-barrel, a zinc finger 

(zn) helix-hairpin-helix (HhH) motif and a BRCT domain. While NAD
+
-dependent DNA 

ligases are restricted to bacteria, ATP-dependent DNA ligases are present in bacteria, 

eukaryotes, archaea and viruses (Wilkinson, Day et al. 2001). The two types of ligase are 

differentiated by the source of their co-factor AMP, which can be obtained from either 

NAD
+
 or ATP. Most bacteria only contain one ligA homologue; however, some bacteria 
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such as Mtb, have additional ATP-dependent DNA ligases. However, it is important to 

note that the activity of NAD
+
-dependent DNA ligases cannot be rescued by a resident 

ATP-dependent DNA ligase (Korycka-Machala, Rychta et al. 2007). 

1.3.2.  PyrG 

PyrG catalyzes the final step in the pyrimidine biosynthetic pathway. This is an 

essential reaction that provides bacteria with cytidine triphosphate (CTP), a compound 

that is otherwise unavailable from the environment (Zalkin 1985). The reaction converts 

uracil triphosphate (UTP) into CTP in an ATP-dependent fashion, using glutamine as the 

nitrogen source (Zalkin 1985). It has been found that genes encoding the pyrimidine 

biosynthetic pathway and hence pyrG, are conserved in all bacteria sequenced to date 

(Turnbough and Switzer 2008). PyrG comprises two domains, an N-terminal synthetase 

and a C-terminal glutamase. Activation of PyrG occurs upon the binding of its substrate 

and ATP, which allows for a conformational change that results in the formation of an 

active tetramer from an inactive homodimer (Levitzki 1969; Levitzki 1972).  

1.3.3.  HemC 

Porphobilinogen deaminase or HemC, is an intermediate enzyme in the C-5 heme 

biosynthesis pathway (Dailey 1990). In conjunction with HemD, it functions to catalyze 

the formation of tetrapyrroles from monopyrroles. Tetrapyrroles are then converted to 

heme by the insertion of Fe
2+

 in a reaction catalyzed by HemH (Dailey 1990). HemC is a 

monomeric protein that consists of two domains, a porphobilinogen deaminase domain 

and a porphobilinogen binding domain (Frankenberg, Moser et al. 2003). hemC is usually 

the first gene in an operon that contains hemC and hemD. Heme is an essential compound 

used for cellular process involved in energy generation and defence against hydrogen 
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peroxide. HemC is highly conserved among bacteria and has been confirmed as an 

essential protein in Francisella, E. coli and Salmonella (Forsyth, Haselbeck et al. 2002; 

Gerdes, Scholle et al. 2003; Gallagher, Ramage et al. 2007).  

1.3.4.  DnaK 

Heat shock protein 70 or DnaK, is essential for the efficient prevention or repair 

of unfolded or damaged proteins (H Schröder 1993). DnaK forms a chaperone complex 

with co-chaperones DnaJ and GrpE, in which it functions by binding and holding 

unfolded proteins, thereby restricting any unfavourable folding (Flynn GC 1989; 

Goloubinoff, Gatenby et al. 1989). DnaK is a modular protein consisting of an N-terminal 

ATPase domain and a C-terminal substrate-binding domain, which couples the binding, 

hydrolysis and release of ATP, with binding of an unfolded substrate. GrpE functions as a 

nucleotide exchange factor that allows for more efficient release of ADP, while DnaJ 

increases the ATPase activity of DnaK (Goloubinoff, Gatenby et al. 1989; Liberek, 

Galitski et al. 1992). Interestingly, while DnaK was originally believed to be essential in 

E. coli, recent work has demonstrated that DnaK mutants were able to survive under 

some laboratory conditions and therefore, is no longer considered a universal essential 

gene (Kluck, Patzelt et al. 2002).  

1.4. Psychrophilic Bacteria 

Oceans cover 70% of the earth’s surface and have an average temperature of less 

than 5°C. When one includes the 15% of the earth defined as Polar Regions and another 

5% designated as high alpine territory, it suffices to say that the majority of the world is 

covered in cold climates (Margesin and Miteva 2011). Therefore, it is not surprising that 
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cold-adapted micro-organisms are an extremely vast and biologically diverse group. 

Cold-adapted bacteria can be loosely classified into two categories, psychrophiles and 

psychrotrophs. Psychrophiles are broadly defined as cold-loving bacteria that have 

maximum growth temperatures around 20°C and obtain optimal growth around 15°C, 

while psychrotrophs typically exhibit optimal growth temperatures of 5-10°C higher 

(Morita 1975). However, due to these fairly non-specific criteria and the large overlaps 

between categories, all cold-adapted bacteria will henceforth be referred to as 

psychrophiles. 

1.4.1.  Adaptations to the Cold 

Psychrophiles exhibit both structural and physiological adaptations for 

overcoming challenges imposed by cold temperatures. Firstly, psychrophiles exhibit 

reduced phospholipid packing efficiency, which ensures continued membrane fluidity 

(Simon, Wiezer et al. 2009). This is accomplished through an increase in the 

concentration of unsaturated fatty acids and methyl branching, an increase in the 

sterols/phospholipid ratio and a decrease in overall chain length (Russell 2008; Shivaji 

and Prakash 2010). 

Psychrophiles also possess a number of cryoprotectant compounds including 

antifreeze molecules, compatible solutes and cold-shock proteins (CSP). Compatible 

solutes are soluble poly-hydroxylated compounds that decrease the freezing point and 

help stabilize enzymes. They include compounds such as glycine, betaine, glycerol and 

mannitol (Welsh 2000; Borges, Ramos et al. 2002). Antifreeze molecules function by 

binding ice, thereby preventing the further formation of ice crystals and crystal re-growth 

(Gilbert, Hill et al. 2004; Marshall, Fletcher et al. 2004; Middleton, Brown et al. 2009). 
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CSPs are produced by psychrophilic, mesophilic and thermophilic bacteria in response to 

a dramatic decrease in temperature. They function to counter the hindrances that low 

temperatures impose on bacterial replication. These proteins generally include RNA and 

ribosome-binding chaperones, which help ensure proper folding and hence, proper 

transcription and translation (Deming 2002). Contrary to the situation in mesophiles and 

thermophiles, CSP induction does not affect transcription of housekeeping genes in 

psychrophiles (Hébraud M 1999).  

Another physiological effect of low temperature is increased solubility of gases, 

which can be detrimental to bacteria through increased exposure ROSs. To counteract 

these effects, psychrophiles have been shown to produce increased levels of anti-oxidants 

or repress pathways associated with ROS production. For example, Colwellia 

psychrerythraea contains three copies of a gene encoding catalase, as well as one copy of 

a gene encoding superoxide dismutase (SOD) (Methé, Nelson et al. 2005). 

Pseudoalteromonas haloplanktis decreases ROS production by increasing di-oxygen-

consuming lipid desaturates, which in turn increases the production of unsaturated fatty 

acids and thus, increases membrane fluidity (Médigue, Krin et al. 2005).  

Finally, due to the strong influence of temperature on biochemical reactions, the 

enzymes of psychrophilic bacteria are adapted to function at cold temperatures. These 

adaptations often result in the three hallmark properties of psychrophilic bacteria. Firstly, 

the specific activities (Kcat) of psychrophilic enzymes may be up to ten-fold greater than 

their mesophilic counterparts. Secondly, these enzymes show apparent maximal activity 

at a lower temperature (Fig. 3A). Finally, psychrophilic enzymes exhibit greater thermal 
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instability and are prone to uniform unfolding at low to moderate temperatures (Feller, 

Lonhienne et al. 1992) (Fig. 3B).  
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Figure 3 Properties of psychrophilic enzymes.  

(A) Enzyme activity comparisons between psychrophilic (blue), mesophilic (black) and 

thermophilic (red) xylanases (top) and oxidases (bottom). The maximum activities of 

cold-adapted enzymes are typically shifted to a lower temperature. (B) Increased 

thermolability of psychrophilic α-amylases (blue) compared to mesophilic (black) and 

thermophilic (red) homologues, as determined through differential scanning 

microcalorimetry. Adapted from (Feller 2010). 
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The primary physiological adaptation of psychrophilic enzymes is an ability to 

offset a slow reaction rate by an increase in specific activity (Feller 2010). Specific 

activity or turnover number can be defined as the number of substrate molecules an 

enzyme converts to product per unit of time. This change is achieved through an increase 

in the structural flexibility of cold-adapted enzymes (Tsigos, Velonia et al. 1998). Greater 

flexibility is achieved by a number of modifications: clusters of glycines that increase 

local flexibility; a lack of prolines in interdomain loops, which allows for better 

flexibility between structures; and a reduced number of arginines and available ion pairs, 

thereby reducing the formation of salt bridges and hydrogen bonds. Finally, psychrophilic 

enzymes exhibit reduced hydrophobicity, with less non-polar residues in the core, a 

modification that improves flexibility and increases solvent interactions. Essentially, 

there has been strong selection for changes that increase local and global flexibility in 

psychrophilic enzymes (Feller 2003; Casanueva, Tuffin et al. 2010).  

The adaptations of psychrophilic enzymes may be independent of the active site. 

For example, few differences were observed between the 3D structures of active sites in 

alpha amylases from psychrophilic and mesophilic bacteria (Aghajari 1998). Both 

contained high levels of conservation throughout the primary sequence and most of the 

reacting side chains were strictly conserved within the active site. This level of 

conservation indicated that enzymes functioned using the same general catalytic 

mechanisms (Aghajari 1998), but that adaptations elsewhere in the enzyme were 

responsible for activity at cold temperatures. However, active site adaptations have been 

identified in a number of enzymes. As with global protein structure, increased flexibility 

may be observed within the active site (Fields and Somero 1998), allowing for increased 
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access to ligands and a decrease in the energy associated with conformational changes 

(Russell, Gerike et al. 1998). These sites may also exhibit an increase in charged residues, 

resulting in increased interactions with oppositely-charged ligands (Kim, Hwang et al. 

1999; Gorfe, Brandsdal et al. 2000; Leiros, Moe et al. 2003).  

Generally speaking, Kcat increases at the expense of Km, or the affinity of the 

substrate for the enzyme. As a result, ligands are less tightly bound within the active site 

and active sites are more prone to non-specific binding of random ligands (Tsigos, 

Velonia et al. 1998; Siddiqui and Cavicchioli 2006). In terms of energetics, the increased 

specific activity of cold-adapted enzymes is accomplished by lowering activation energy 

(ΔG
#
). Like all enzymatic reactions, the enzyme and substrate must overcome the energy 

required to enter the transition state prior to breaking down into enzyme and product. 

Increased protein flexibility and hence a decreased Km, produces an enzyme-substrate 

complex that has a higher energy ground state than its mesophilic counterpart; therefore, 

this complex requires less energy to achieve the activated state (Fields and Somero 1998; 

Xu, Feller et al. 2003). Secondly, by decreasing the number of enthalpy-driven reactions 

(primarily hydrophobic interactions that need to be broken to achieve the transition state), 

cold-adapted enzymes have reduced their reliance on temperature (D'Amico, Marx et al. 

2003).  

Protein folding and stability is driven primarily by hydrophobic forces. Therefore, 

it is not surprising that increases in Kcat decrease protein stability, which results in 

enzymes that are much more prone to thermal denaturation than their mesophilic and 

thermophilic counterparts (Fig. 3B).     
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1.5. Research Directives and Dissertation Outline    

14 of the 18 FPI genes are required for intracellular growth in macrophages (de 

Bruin 2011a). However, the functions of most of these proteins remain to be determined. 

Further work is required to understand what role the FPI plays in Francisella 

pathogenesis. In addition, the highly infectious nature of Francisella and the lack of a 

quality vaccine have made this an excellent proof of principle organism for the 

development of new vaccine technologies directed at intracellular pathogens. Therefore, 

the objective of this dissertation was to perform further characterization of the structural 

components and effector proteins associated with the FPI-encoded secretion system, as 

well as to develop a new vaccine technology that is effective against intracellular 

bacteria. 

Chapter 1 provides background information on Francisella, including current 

knowledge surrounding its intracellular lifestyle, host response to infection and the FPI-

encoded secretion system. It also provides the information necessary to understand the 

hypotheses and tools used to create TS bacterial vaccines. 

Chapter 2 describes work designed to provide a better understanding of the roles 

played by core FPI proteins associated with the FPI-encoded secretion system. It includes 

an examination of the core FPI proteins IglA, IglB, IglC and IglD, with respect to 

intracellular localization, in an attempt to elucidate the structure and underlying 

mechanisms of the FPI-encoded secretion system. There is also presentation of data 

involving deletion mutagenesis of pdpA, which encodes a putative effector protein 

secreted by the FPI. This gene was knocked out in order to determine the effect of PdpA 

on intracellular signalling in the host. Lastly, this chapter provides information regarding 
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investigations into the functions of FPI protein PdpD, and its potential role in the 

variations in virulence among different biotypes of Francisella.  

Chapter 3 describes the construction and characterization of live attenuated TS 

vaccines. These were created through the allelic replacement of essential genes in F. 

novicida, with naturally-occurring, cold-adapted, thermolabile homologues from Arctic 

bacteria.  

Chapter 4 provides insights into the future developments and potential outcomes 

of these projects.  
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Chapter: 2 

Characterization of FPI structural components IglA, IglB, IglC, and putative 

effectors PdpA and PdpD. 

*Experimentation for figures 5,6,8,9 as well as data produced in table 2 was performed 

by Barry N. Duplantis. 

2.1 Introduction 

Francisella tularensis is a Gram-negative, facultative intracellular, zoonotic 

pathogen that can cause disease following exposure to fewer than 10 aerosolized cells 

(McCrumb 1961). It can be found in Europe, Asia and North America and causes a range 

of diseases collectively known as tularemia. However, regional difference in the severity 

of symptoms and corresponding rates of fatalities has led to the classification of two 

major biotypes: the highly virulent North American biotype A, F. tularensis subsp. 

tularensis and the less virulent pan-Northern Hemisphere biotype B, F. tularensis subsp. 

holartica. Recently generated genomic sequences have allowed a further division of  

biotype A into two clades, A.I and A.II, with A.I being more infectious (Johansson, 

Farlow et al. 2004; Larsson, Oyston et al. 2005; Beckstrom-Sternberg, Auerbach et al. 

2007). Comparative genomics has enable researchers to look for differences that may 

account  for the increased virulence of biotype A strains at a genetic level (Larsson, 

Oyston et al. 2005). However, while there are genetic variations seen through single 

nucleotide polymorphisms and genomic organization, rarely are there examples of genes 

missing from one biotype that are present in another. One example of a biotype-specific, 

virulence-associated genetic locus does exist, namely the presence of the linked anmK 
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and pdpD genes that are found in the type A biotypes but are absent from the type B 

biotype (Nano, Zhang et al. 2004; Ludu, de Bruin et al. 2008a). 

Francisella lacks a number of virulence factors classically associated with Gram-

negative pathogens, including those related to type III and type IV secretion systems. 

However, recent research has suggested that the FPI encodes a type 6 secretion system 

(T6SS) (Ludu, de Bruin et al. 2008a; Barker JR 2009), the most newly discovered and 

least understood of the seven secretion systems known to date. The FPI is composed of a 

30 kb region of DNA consisting of 18 genes encoded in two operons (Nano, Zhang et al. 

2004). The FPI contains genes with sequence identity to core T6SS components, IcmF 

(PdpB), DotU, VgrG, VipA (IglA), VipB (IglB) (de Bruin 2011a), but does not contain 

sequence based homologues to two signature T6SS components ClpV and Hcp. Recent 

bioinformatics analysis has proposed that FPI encoded protein IglC may be a functional 

analogue of Hcp based upon its similar tertiary structure (de Bruin 2011). However, 

recent in silico analysis has suggested that if the FPI does encode a T6SS, it may be a 

distant outlier. (Bingle, Bailey et al. 2008). Regardless of whether the FPI encodes a true 

T6SS, there are numerous examples of the FPI’s role in pathogenicity which includes 

bacterial escape from the phagosome (Santic, Molmeret et al. 2005; Schmerk, Duplantis 

et al. 2009a). 
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Figure 4 Genetic organization of the FPI. 

The FPI is organized into 2 operons consisting of the 12 gene pdpA-pdpE operon and the 

6 gene anmK-iglD. The requirement of each FPI gene for intramacrophage growth is 

indicated by a “Y” or “N” below each gene. Adapted from (de Bruin 2011a).  
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Francisella has been shown to infect both phagocytic and non-phagocytic cells, 

however, macrophages and dendritic cells are thought to serve as the primary site of host 

cell replication (Bosio and Dow 2005).  After internalization through phagocytosis, 

Francisella containing vesicles acquire early endosomal and lysosomal associated 

markers EEA-1, Rab-5, Lamp 1 and 2, but fail to acquire late endosomal marker 

Cathepsin D (Clemens, Lee et al. 2004; Santic, Molmeret et al. 2005; Santic, Asare et al. 

2008). About 1 to 4 hours after cell entry F. tularensis escapes the phagosome and 

replicate in the host cell cytosol. Eventually the high bacterial burden induces cell death 

via apoptosis and necrosis (Child, Wehrly et al. 2010).  

Two FPI proteins, IglC and PdpA have been shown necessary for bacterial escape 

from the phagosome (Santic, Akimana et al. 2009; Schmerk, Duplantis et al. 2009a). 

PdpA does not show any sequence or structural identity to any T6SS component and is 

therefore thought not to be a structural component of the FPI encoded secretion system 

(Ludu, de Bruin et al. 2008a). Thus it has been hypothesized that PdpA may encode for a 

secreted effector.   

Micro-array analyses have been used to determine virulence factors (Weiss, 

Brotcke et al. 2007), the regulatory mechanisms of virulence factors (Mohapatra, Soni et 

al. 2007; Buchan, McCaffrey et al. 2009) and the host cells’ transcriptome response to 

Francisella infection (Andersson, Hartmanová et al. 2006). However, there are no 

examples of a comparison of the host cell response to WT infection against a mutant of a 

virulence factor.  

In this work we explored the role of PdpD in the virulence of Francisella biotypes 

A and B. We examined the intracellular localization of core FPI proteins IglA, IglB, IglC 



 

 

56 

and IglD to help determine the possible structure, mode of action and categorization of 

the suspected FPI encoded T6SS. Finally, we used super array analysis to study the 

function of PdpA as a potential T6SS secreted effector molecule. 

2.2 Materials and Methods. 

Bacterial growth 

F. novicida and LVS strains were grown using Tryptic Soy Broth or Tryptic Soy 

Agar supplemented with 0.1% cysteine (TSBC or TSAC). When required, kanamycin 

(Km) and erythromycin (Em) were added to the media to a final concentration of 

15µg/ml and 30µg/ml respectively. During deletion mutagenesis, sucrose was added to 

the growth media to a final concentration of 10%. 

 

Transformation of Francisella:  

Genetic constructs were transformed into F. novicida using a previously described 

chemical protocol (Anthony, Gu et al. 1991). However, Chamberlains media was 

replaced with TSBC supplemented with 0.4% glucose. Transformation of LVS was 

performed through electroporation following a previously described technique (LoVullo, 

Sherrill et al. 2006), however, strains were grown in TSBC rather than Mueller Hinton 

medium (MHM). All genetic manipulations involving the insertion of DNA from F. 

tularensis Schu4 into LVS were performed and contained within a BSL III facility. 

 

Chicken embryo infection assay 

In vivo analysis of the effect of PdpD on virulence of biotype B strains was 

performed using a previously described chick embryo infection model (Nix, Cheung et al. 
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2006). LVS strains harbouring a plasmid expressing anmK-pdpD (pMP633::anmk-pdpD) 

and its parent strain expressing only the empty vector were grown to an OD600 1.0 and 

diluted with PBS for injection. The resultant inoculation dose was determined through 

retrospective plating on TSAC and subsequent CFU determination. Fertilized White 

Leghorn eggs were acquired from the University of Alberta Poultry Research Station. 

The eggs were incubated for seven days prior to the experiment at 37°C and at high 

humidity. The eggs were also mechanically tilted 45° every 40 min for the duration of the 

experiment. 100µl doses of varying concentrations of bacteria were injected under the 

chorioallantoic membrane (Nix, Cheung et al. 2006) and monitored for 9 days. 

 

Deletion mutagenesis and complementation 

In frame deletion mutants were created through the fusion of approximately 1,000 

base pairs of upstream and downstream regions flanking pdpA with polymerase chain 

reaction (PCR). The fusion PCR product was designed to delete the entire gene except for 

the last 21 bp or 7 amino acids (A.A.), this was performed to ensure the unperturbed 

expression of the downstream gene pdpB. The PCR product was then cloned into 

pWSK29 (pWSK29::ΔpdpA) using XhoI restriction sites. The insert was ligated to the 

integrating cassette pJL-ES-X and used to transform F. novicida JLO. The deletion was 

created following a previously described integration and excision protocol (Ludu, Nix et 

al. 2008). Genomic regions of the sequenced ΔpdpA mutant have been submitted to 

GeneBank with the accession number EU810409.    
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J774A.1 macrophage infection and real time PCR.  

Quantitative real-time PCR (qRT-PCR) assays were performed on mRNA from 

J774A.1 murine macrophages infected with either WT F. novicida, or the ΔpdpA mutant. 

1x10
7
 cells of J774A.1 murine macrophage-like cells grown in complete Dulbecco’s 

Modified Eagle Medium (cDMEM) were seeded in 25cm
2
 flasks and allowed to adhere 

overnight. The different strains of F. novicida were then added to the monolayer with a 

multiplicity of infection (M.O.I.) of 50:1 (bacteria:macrophage). The monolayer and 

bacteria were then incubated at 37°C and 5% CO2 for 1 hour to allow for bacterial uptake 

followed by treatment with gentamycin sulphate for 30 min at a final concentration of 

10µg/ml. The cells were then washed 5 times with sterile PBS to remove gentamycin and 

the extracellular bacteria and returned to 37°C and 5% CO2. Total mRNA was collected 

at the 12 hour mark using the PureLink Micro to Midi total RNA purification system 

according to manufactures protocol. qRT-PCR was performed with 1.5 µg of total RNA 

using the RT
2 

Profiler PCR Array Mouse Signal Transduction Pathway Finder (Super 

Array BioScience) with the Stratagene MX4000 thermocycler as per manufacturer’s 

protocol.   

 

Western blot analysis 

SDS-Page and Western Blot analysis was performed according to standard 

techniques previously described by de Bruin et al. Anti-IglA (de Bruin, Ludu et al. 2007), 

anti-IglB, anti-IglC, and anti-PdpB were all used at a dilution of 1:5000, while anti-VgrG 

and anti-F. novicida was used at 1:10,000.  
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Sub cellular localization of FPI proteins using Sarkoysl fractionation 

A 20 ml overnight culture of F. novicida grown in TSBC was harvested at 

20,000x g and re-suspended in 1 ml of PBS supplemented with a protease inhibitor 

cocktail (Roche, Complete Mini, EDTA-free). The cells were lysed by alternating 

between 30 seconds of sonication and 15 seconds of cooling on ice for a total of 300 

seconds. Lysed cells were then centrifuged 2X at 20,000x g for 20 min at 4°C to remove 

unbroken cells. Soluble and insoluble fractions were separated through 

ultracentrifugation at 100,000x g (Beckman optima TLX ultracentrifuge TLA-100.3 

rotor) for 2 h. The insoluble pellet was then washed with ice cold PBS. Outer and inner 

membrane fractions were then separated through the addition of 1% Sarkosyl (Sigma) 

followed by ultracentrifugation at 100,000x g for 2 h. The Sarkosyl insoluble pellet was 

then washed with ice cold PBS and once again pelleted through ultracentrifugation at 

100,000x g for 2 h. 5 µg of total protein was then used for the western blot analysis, as 

determined through a Bradford Assay (BioRad).   

 

Sub cellular localization of FPI proteins following spheroplast-osmotic lysis. 

Spheroplast osmotic lysis and sucrose gradient fractionations were performed 

according to a previously described technique by Huntley et al. (Huntley, Robertson et al. 

2010). However, unlike the protocol described by Huntley et al. which uses early 

exponential phase broth grown cells for osmotic lysis, LVS was swabbed onto 8 TSAC 

plates and incubated for 3 days at 37°C and  then left at room temperature for 2 days, 

before being re-suspended in 500 ml of PBS. This was performed to help improve the 

visualization of FPI proteins. 30 µl of each fraction was used for western blot analysis. 
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Graphing and statistics 

GraphPad Prism Version 4.301 was used to construct graphs and calculate P values 

through two-way ANOVA grouped analyses. 

  



 

 

61 

Table 1 Strains and vectors used in this study. 

Strain Characteristics Reference 

U112 WT F. novicida ATCC 15482 

JLO U112 with a deletion in FTN_1390, the 

point of integration of the SKX vector. 

Same growth properties as U112. 

(Ludu, Nix et al. 

2008) 

ΔpdpA* JLO with a pdpA deletion (Schmerk, 

Duplantis et al. 

2009) 

ΔpdpA/skx::pdpA Complemented version of ΔpdpA created 

through Integration of pJLSKX::pdpA  

(Schmerk, 

Duplantis et al. 

2009) 

LVS F. holartica live vaccines strain, biotype 

B 

ATCC 29684 

LVS (pMP633)* LVS expressing empty vector pMP633 (Ludu, de Bruin et 

al. 2008a) 

LVS 

(pMP633::anmk-

pdpD)* 

LVS strain expressing pMP633::anmK-

pdpD 

(Ludu, de Bruin et 

al. 2008a) 

Plasmids   

pWSK29 Ap
r
 low copy cloning vector (Rong Fu and 

Kushner 1991) 

pJL-SKX pWSK29 enclosing Km
r
 SKX integrating 

vector  

(Ludu, Nix et al. 

2008) 

pJL-ES-X pWSK29 enclosing Em
r
 ermCsacB 

cassette flanked by XhoI restriction sites 

(Ludu, Nix et al. 

2008) 

pMP633 Francisella shuttle plasmid, Hyg
r 

(LoVullo, Sherrill 

et al. 2006) 

pWSK29::ΔpdpA* pWSK29 harboring the fusion PCR 

product used to construct the ΔpdpA 

mutant  

(Schmerk, 

Duplantis et al. 

2009a) 

pJL-SKX::pdpA pJL-SKX expressing pdpA  (Schmerk, 

Duplantis et al. 

2009a) 

pMP633::anmk-

pdpD* 

pMP633 expressing anmk and pdpD (Ludu, de Bruin et 

al. 2008a) 

*Indicates strains and constructs created by Barry Duplantis. 
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2.3 Results 

2.3.1  Sub cellular localization of IglABCD 

In silico analysis has revealed that IglA and IglB homologues VipA and VipB are 

signature components of the T6SS apparatus in other bacteria. In addition, the close 

association of iglC and iglD to iglA and iglB within the iglABCD operon and continued 

evidence that IglC is required for phagosomal escape has led to the assumption that IglC 

and IglD also participate in T6SS mediated secretion. (Golovliov, Ericsson et al. 1997; 

Santic, Asare et al. 2008). Due to their apparent importance in T6SS and several 

conflicting reports on their sub-cellular localization within F. tularensis, two separate 

techniques were used to determine the sub-cellular localization of IglABCD. From this 

data we then hoped to elucidate the potential roles of IglABCD in the FPI. 

Previous studies have suggested that IglA and IglC are predominately cytoplasmic 

proteins (de Bruin, Ludu et al. 2007).  However, these proteins can be biotinylated on the 

surface of unbroken F. novicida (IglA, IglB and IglC) and LVS (IglA), thus suggesting 

they are also surface exposed (Melillo, Sledjeski et al. 2006; Ludu, de Bruin et al. 2008a). 

In an attempt to resolve this apparent conflict, we first analyzed sub-cellular localization 

through detergent based fractionation with Sarkosyl. Using this technique IglA, IglB, and 

IglC (Fig. 5a-c) were found in all the cellular compartments, with the highest 

concentration of protein being present in the sarkosyl-insoluble fraction. However, IglC 

(Fig. 5c) was reproducibly found at lower levels than IglA and IglB in the sarkosyl 

soluble fraction. In contrast to IglABC, IglD (Fig. 5d) was found predominately in the 

soluble and periplasmic fractions. It should be noted that the localization of IglABC, to 

the soluble fraction could also be due to their presence in the periplasm.  
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The predominance of IglABC in the Sarkosyl insoluble fraction could represent 

true localization to the outer membrane, or it could be argued that the three proteins form 

a complex large enough to be pelleted through ultracentrifugation and are not soluble 

when re-suspended in Sarkosyl. To control for the fractionation we showed that 

previously characterized cytoplasmic, inner and outer membrane proteins MglA, PdpB 

(Schmerk, Duplantis et al. 2009) and FopA (Nano 1988) localized to the soluble, 

Sarkosyl soluble, and Sarkosyl insoluble fractions respectively.   

It should be noted that if IglABC localize to the outer membrane, then their 

localization is occurring via a secretion mechanism not previously described. This is 

because IglA, IglB, and IglC lack an N-terminal secretion signal peptide associated with 

either the Sec, or twin arginine translocation pathways.  
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Figure 5 Intracellular localization of IglA, IglB, IglC and IglD through sonication and 

detergent based fractionation with Sarkosyl.  

IglABC (a-c) predominantly localize to the Sarkosyl insoluble fraction, however there 

were noticeable amounts of IglA and IglB (a-b) in both the soluble and Sarkosyl soluble 

fractions. The uneven migration pattern found in the Sarkosyl insoluble fraction was most 

likely due to the presence of LPS. Unlike IglABC, IglD (d) was primarily localized to the 

soluble fraction. 5µg of protein was loaded in each fraction. Panels e-f represents control 

proteins for each of the fractions. MglB is a cytoplasmic regulator and is primarily 

localized to the soluble fraction, PdpB the Sarkosyl soluble control has previously been 

shown to localize to the inner membrane (Schmerk, Duplantis et al. 2009) and FopA a 

previously characterized outer membrane protein served as the control for the  Sarkosyl 

insoluble fraction (Nano 1988). Reprinted from (de Bruin 2011a).  
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To circumvent any potential artefacts introduced by the sarkosyl fractionation 

procedure we also separated IglABCD using a sucrose-gradient fractionation of cells 

broken by osmotic lysis. Due to the low abundance of FPI proteins and the decreased 

efficiency of cell lysis using this technique, it was found that using LVS allowed for 

better visualization of our proteins when compared to F. novicida. This is most likely a 

result of the two copies of the FPI present in LVS as compared to the one copy found in 

F. novicida. It was also found that visualization of proteins was easier when taken from 

plate grown cells as compared to broth grown cells as suggested by Huntley et al.  

Once again PdpB and FopA were used as our control proteins to determine the 

migration of the inner and outer membrane fractions. While the exact sucrose 

concentration differed between each experiment, the inner membrane was consistently 

found at a sucrose density of 1.15 gm ml
-1

, while the outer membrane migrated to 1.19 

gm ml
-1

. These results were consistent with migration of the inner and outer membrane 

fractions of LVS found by Huntley et al. (Huntley, Robertson et al. 2010)  

Unlike IglB and IglD that were found equally distributed throughout all sucrose 

fractions, IglA and IglC were found in specific sucrose fractions that were not associated 

with either the inner or outer membrane. This third fraction, which also contained IglB 

and IglD was centered at a much lighter sucrose density of 1.11 gm ml
-1

 (Fig. 6). This 

fraction had no association with either FopA or PdpB and could be indicative of IglABC, 

forming a macromolecular structure that is independent of both the inner and outer 

membranes. It should be noted that the samples used for separation of total insoluble 

protein via sucrose gradient were obtained through the ultracentrifugation of lysed cells 

after they were subjected to multiple rounds of high speed centrifugation. 
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Figure 6 Intracellular localization of IglA, IglB, IglC and IglD through spheroplast osmotic 

shock and sucrose ultracentrifugation. 

Separation of core FPI proteins IglA, IglB, IglC, IglD and PdpB from 3 day old plate 

grown LVS (a). Contrast of the panels containing IglC and IglD was adjusted to aid in 

visualization. Panel (b) shows higher reactivity of IglC from a duplicate experiment. 

PdpB served as the inner membrane control, while FopA was the outer membrane 

control. Due to the low resolution arrows were used to indicate visible bands. Reprinted 

from (de Bruin 2011a).  
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2.3.2 The expression of PdpD does not significantly increase virulence in biotype 

B strains. 

The FPI of F. novicida encodes a PdpD protein that is 1,245 A.A. in length, while 

the F. tularensis biotype A.I and A.II strains encode proteins composed of 1,195 A.A. 

While there is 100% A.A. identity found between biotypes A.I and A.II, the 50 A.A. 

difference between the strains of F. novicida and F. tularensis is primarily due to a 

hydrophilic stretch of 48 A.A. inserted near the center of the F. novicida protein. F. 

novicida and F. tularensis biotypes A.I and A.II strains also exhibit genomic differences 

in anmK, the gene found immediately upstream of pdpD (Fig. 7). However, it was 

previously determined that anmK does not play a significant role in the virulence of F. 

novicida (Ludu, de Bruin et al. 2008a). Interestingly, anmk and pdpD are absent from 

biotype B strains. Previous research has shown the presence of pdpD in 5 biotype A 

strains of F. tularensis while also showing the absence of pdpD in 5 biotype B strains of 

F. tularensis (Nano, Zhang et al. 2004). This was an interesting observation due to the 

increased virulence associated with biotype A strains (Bell 1955; Olsufjev 1983).  We 

therefore wanted to investigate the potential link between the presence of pdpD and 

increased virulence of biotype A strains. 
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Figure 7 PdpD is absent in biotype B strains of Francisella 

The anmk and pdpD loci differ between Francisella sub-species and biotypes. F. 

novicida differs from biotype A strains encoding for both full length versions anmk and 

pdpD. While F. tularensis biotypes A.I and A.II encode identical forms of PdpD, they 

both have different forms of truncated AnmK. F. novicida strains U112 and GA99-3548 

encode an AnmK protein of 371 A.A. and a PdpD protein of 1,245 A.A., which is 50 

A.A. larger than the PdpD found in either of the F. tularensis biotype A strains. This 

difference is primarily due to a 48 A.A. stretch of hydrophilic A.A. Biotype A.I strains 

Schu4 and FSC033 encode an anmK gene with premature stop codons at 190 and 328 

A.A. while biotype A.II strains encode a single premature stop codon at A.A. 328. Both 

AnmK and PdpD loci are absent in biotype B strains represented by OSU 18 and LVS. 

Reprinted with the permission of the American Society for Microbiology, Journal of 

Bacteriology, July 2008, p. 4584-4595, Vol. 190, No. 13 doi:10.1128/JB.00198-08  

(Ludu, de Bruin et al. 2008a). 

http://www.asm.org/
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Previous work has shown that a ΔpdpD deletion mutant in F. novicida had 

reduced virulence in both chicken embryo and mouse infection models. Interestingly, 

attempts to restore virulence through in-cis complementation were not successful when 

pdpD was returned to the genome alone, but were successful when pdpD was brought 

back with its upstream gene anmK. While anmK was present in the chromosome during 

the initial experiments it was not directly upstream of pdpD. This lead to the assumption 

that pdpD requires anmK upstream to express properly (Ludu, de Bruin et al. 2008a). It 

was also found that the complementation strain actually reduced the time to death when 

compared to WT in both infection models, though this was only true at a low level of  

statistical confidence (Ludu, de Bruin et al. 2008a). 

After showing that pdpD had an effect on virulence in F. novicida we wanted to 

explore the possibility that the reduced virulence of biotype B strains was due to the 

exclusion of anmK and pdpD, or more specifically, pdpD and its promoter region within 

anmK. Therefore, we compared the virulence of a biotype B (LVS) strain harbouring a 

plasmid expressing anmK-pdpD (pMP633::anmk-pdpD) and its parent strain containing 

the empty vector  in a chick embryo infection model. While the strain expressing anmK-

pdpD was found to consistently cause more rapid death then the parent strain, the 

apparent increase in virulence was not found to be statistically significant (Fig. 8). 
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Figure 8 PdpD does not increase the virulence of biotype B strains. 

The effect of anmK-pdpD on the virulence of the biotype B strain F. holartica LVS in 

chicken embryos. Time to death profile of seven day old chicken embryos infected with 

the control strain F. holartica LVS harbouring the empty vector pMP633 (a-b) and strain 

expressing amnK-pdpD, F. holartica LVS harbouring pMP633::amnK-pdpD (c-d). 

Inoculation doses are shown within each individual graph. Each experiment was 

performed using 12 eggs and was repeated 3 times. While there was an increase in the 

virulence of the amnK-pdpD expressing strain in every experiment, it was not found 

statistically relevant on a consistent basis using two-way ANOVA grouped analyses. 
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2.3.3  pdpA deletion mutant effects the mRNA transcription profile of the host 

cell. 

pdpA is the first gene of the 12 gene pdpA-pdpE operon of the FPI. At 2.4kb in size it is 

also one of the largest genes in the FPI. It has been found to have 97% identity among all 

sequenced strains of F. tularensis and BLAST-P analysis show that it has no significant 

similarities to any other proteins (Schmerk, Duplantis et al. 2009a). Previous work has 

shown that a pdpA insertion mutant was attenuated for intramacrophage growth and 

virulence in mice (Nano, Zhang et al. 2004). However, as seen with previous FPI 

insertion mutants, it produced polar effects on downstream gene products.  We used 

fusion PCR to create an in-frame ΔpdpA mutant with the hope of not effecting 

downstream gene expression. To help ensure the proper expression of the downstream 

gene, pdpB, the final 7 A.A. including the stop codon of pdpA were not deleted in an 

effort to leave its WT ribosome binding site (RBS) intact. The mutant was confirmed 

through PCR analysis and sequencing of the genomic region surrounding the deletion 

(Fig. 9). 
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Figure 9 In-frame deletion of the FPI protein pdpA. 

(a) Internal primers used to show the presence or absence of pdpA in WT, ΔpdpA mutant 

and the in-cis complementation ΔpdpA/SKX::pdpA. (b) The final sequence of the ΔpdpA 

mutant determined through sequencing of the surrounding region. The in-frame deletion 

shows the final 6 A.A. and stop codon are left intact to preserve the RBS of pdpB. 

Copyright 2009 Reproduced with permission of SOCIETY FOR GENERAL 

MICROBIOLOGY in the format Dissertation via Copyright Clearance Center (Schmerk, 

Duplantis et al. 2009). 
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Phenotypic characterization of the ΔpdpA mutant was performed by Crystal 

Schmerck. Firstly, it was found that the mutant did not have polar effects on downstream 

gene expression. Secondly, the ΔpdpA mutant showed attenuated intramacrophage 

growth and reduced virulence in both chicken embryo and mouse infection models. 

Thirdly, attenuation was due to the mutant’s inability to escape the host cells phagosome. 

Finally, all phenotypes seen through the deletion of pdpA could be restored through in-cis 

complementation with a single gene copy (Schmerk, Duplantis et al. 2009; Schmerk, 

Duplantis et al. 2009a).  

These results combined with those that show pdpA is a soluble protein that is not 

necessary for T6SS associated secretion and lacks a sec-associated secretion signal 

peptide, led to the hypothesis that PdpA may be an effector molecule secreted via the FPI 

encoded secretion system.  

Therefore, we wanted to explore the potential role of pdpA in the alteration of 

host cell processes. To do this we used qRT-PCR to compare host J774A.1 macrophage 

like cell mRNA levels of select signalling pathways after infection with either WT or the 

ΔpdpA mutant. A summary of the data is shown in Table 2. The fold change represents 

different experiments from which mRNA levels were measured from macrophages from 

separate infections and mock infections with all runs being performed in duplicate. When 

comparing the mRNA levels of the ΔpdpA infection to WT infection, 28 transcripts were 

found to be increased, while 4 were decreased. Genes were only included in the table if 

there was a fold change greater than 2. Of the 32 genes in the table, 13 were ligands, 5 

were receptors, 6 were pathway components and 8 were effectors. Of the 10 most up 
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regulated genes, 8 of them encoded ligand transcripts. Importantly the results seen for the 

comparison of ΔpdpA and WT infections (Column 2) can be verified through the 

comparison of both the WT VS. uninfected (Column 3) and ΔpdpA VS. uninfected 

(Column 4). 

  



 

 

75 

 

Table 2 mRNA expression levels of select genes from J744A.1 macrophage-like cells 

following infection with F. novicida strains 

 

mRNA 

 

Corresponding Protein 

ΔpdpA infection vs 

WT infection 

WT infection vs 

uninfected J774A.1 

ΔpdpA infection vs 

Uninfected J774A.1 

Fold 

change 

P-value Fold 

change 

P-value Fold 

change 

P-value 

Lep Leptin 454 <0.001 0.41 0.282 184.82 <0.001 

Igfbp3 Insulin-like growth factor-

binding protein 

387 <0.001 2.03 0.142 786.88 0.001 

Wnt1 Wingless-related MMTV 

integration site 1 

305 <0.001 0.57 0.607 174.37 <0.001 

Ccl20 Chemokine (C-C) ligand 

20 

303 <0.001 1.47 0.285 446.34 <0.001 

Wnt2 Wingless-related MMTV 

integration site 1 

191 <0.001 1.65 0.397 315.17 <0.001 

Birc1a Bacloviral I AP repeat-

containing 1 

115 <0.001 2.79 0.213 82.25 0.0167 

Csf2 Colony stimulating factor 

2 

110 <0.001 5.19 0.033 648.07 <0.001 

Fgf4 Fibroblast growth factor 4 82 0.014 1.30 0.702 105.86 0.0095 

Lef1 Lymphoid enhancer 

binding factor 1 

76 <0.001 1 N/A 75.90 <0.001 

Cyp19

a1 

Cytochrome P450, family 

19, subfamily a, 

polypeptide 1 

 

68 0.02 1.86 0.334 126.06 0.0084 

Sele Selectin, endothelial cell 50 <0.001 1.48 0.580 74.54 <0.001 

Tmepa

i 

 

Transmembrane, prostate 

androgen-induced 

RNA 

45 0.04 2.9 0.215 131.23 0.007 

Hhip Hedgehog-interacting 

protein 

21 <0.001 4.21 0.033 86.70 <0.001 

Wisp1 WNT inducible pathway 

protein 1 

8.8* <0.001

* 

6.06* 0.011* 19.62 0.0348 

Hk2 Hexokinase 0.11 <0.001 1.01 0.9817 0.12 0.0015 



 

 

76 

Fasl Fas (TNF super family 

receptor) 

8.5 0.08 0.7 0.767 5.91 0.0092 

Cxcl1 Chemokine (C-x-C) ligand 

1 

7.5 <0.001 1.62 0.341 12.18 0.002 

Igfbp4 Insulin-like growth factor-

binding protein 4 

6.8 0.004 0.08* 0.0013* 0.56* 0.058* 

Lta Lymphotoxin A 6.3 <0.001 0.81 0.489 5.11* <0.001

* 

Il2ra Interleukin 2 receptor a 6.1 0.002 0.72 0.613 4.40* 0.044* 

Il1a Interleukin 1a 4.9 0.035 2.73 0.0211 13.38 0.001 

Ccnd1 Cyclin D1 3.7 <0.001 0.28 0.002 1.02* 0.093* 

Mdm2 Transformed mouse 3T3 

cell double minute 2 

0.3 0.002 3.22 0.0088 0.97 0.901 

Tert Telomerase reverse 

transcriptase 

3.3 <0.001 0.58* 0.053* 1.92 0.008 

Trp53 Transformation-related 

protein 

53 <0.001 0.54 0.019 1.72 0.021 

Nos2 Nitric oxide synthase 2 

inducible, macrophage 

0.31 0.002 11.3* 0.001* 3.49* 0.004* 

Ikbkb Inhibitor of kappaB kinase 

b 

2.8 0.004 0.79* 0.252* 2.24* 0.009* 

FasN Fatty acid synthase 0.38 0.16 0.23 0.028 0.09 0.001 

Il4ra Interleukin 4 receptor a 2.54 0.002 0.52* 0.026* 1.32* 0.22* 

Tfrc Transferrin receptor 2.4 <0.001 0.82* 0.047* 19.3* 0.026* 

Nab2 Ngfi-A-binding protein 2.3 <0.001 0.81* 1.38* 1.85* 0.001* 

Cdk2 Cdk2 Cyclin-dependent 

kinase 2 

2.1 <0.001 0.45* 0.001 0.98 0.877 

 

*Indicates that a value represents the mean of four samples rather than five in an 

experimental run. Adapted from (Schmerk, Duplantis et al. 2009a). 
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2.4 Discussion 

2.4.1  The FPI encodes a T6SS 

Like most intracellular pathogens, F. tularensis circumvents the host cell’s 

defenses and thrives within a normally hostile environment. The bacterium accomplishes 

this through interference with the host cell’s endocytic pathway. F. tularensis alters 

phagosomal maturation and prevents fusion with the lysosome.  About 1 to 4 h after 

formation the F. tularensis-laden phagosome dissolves allowing the bacterium to gain 

access to the host cell cytosol.  It is not fully clear what virulence genes are necessary for 

this process to occur, but it is known that the 30 kb FPI contains a number of genes that 

are required for both intracellular growth and virulence (Golovliov, Ericsson et al. 1997; 

de Bruin, Ludu et al. 2007; Ludu, de Bruin et al. 2008a; Barker JR 2009; Pell, Kanelis et 

al. 2009; Schmerk, Duplantis et al. 2009). Recent work has shown that 14 of the 18 genes 

within the FPI are required for intramacrophage growth (de Bruin 2011a), and more 

specifically PdpA and IglC are required for phagosomal escape (Schmerk, Duplantis et 

al. 2009a). 

 Researchers have hypothesized that the FPI encodes a T6SS (Ludu, de Bruin et al. 

2008a; Barker JR 2009) that secretes effector molecules that are required for full 

virulence and may include mechanisms associated with bacterial escape from the 

phagosome. While there is limited physical evidence showing this connection; recent in 

silico analysis (de Bruin 2011) have made for a more convincing argument. 

  Previous work has shown structural similarities between T6SS proteins and 

bacteriophage tail tube proteins. Due to this association, models have been proposed 

where T6SS mimic bacteriophage machinery to puncture cell membranes and translocate 
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effector molecules much like bacteriophage translocates viral DNA. In these models, 

signature T6SS proteins Hcp and VgrG form the tube and cell puncturing device, while 

proteins VipA and VipB form an outer sheath which envelopes Hcp (Bönemann, 

Pietrosiuk et al. 2010). It is proposed that the contraction of the sheath provides the 

necessary energy for the puncturing of the membrane and translocation of the effector 

proteins.  

These models are based on observations in P. aeruginosa that show Hcp can 

polymerize to form hexameric ring shaped tube structure with inner and outer diameters 

of 40 and 85 A°, respectively. These structures have also been shown capable of spanning 

multiple membranes and are suggested to function as a tube in the transport of proteins 

(Pukatzki, Ma et al. 2007; Pell, Kanelis et al. 2009; Hachani, Lossi et al. 2011). VipA and 

VipB have also been shown to spontaneously form nano tubes 30-100 nm in length with 

an inner diameter of 100 A°, roughly the same diameter as seen in bacteriophage tail 

sheaths (Bonemann, Pietrosiuk et al. 2009).  

Our model (Fig. 10) is an extension of that proposed by Bönemann et al, where 

the FPI encoded VipA and VipB homologues IglA and IglB form the outer sheath while 

the cell puncturing device is composed of the F. tularensis VgrG homologue VgrG. 

Interestingly, based on sequence identity F. tularensis does not have an Hcp homologue. 

It has been suggested that pdpE is a Hcp homologue, however the 5% sequence identity 

shown by the authors is not overly convincing (Barker JR 2009). Recent in silico studies 

have suggested that IglC is a functional analogue of Hcp. de Bruin et al. argue that while 

there is little sequence similarity between IglC and Hcp, analysis of IglC’s tertiary 
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structure reveals similarity to both Hcp and bacteriophage tail tube proteins (de Bruin 

2011).  

 Previous localization experiments of PdpB, along with our results place PdpB in 

the inner membrane (Schmerk, Duplantis et al. 2009). This is consistent with PdpB’s low 

sequence identity to its proposed T6SS homologue IcmF (de Bruin 2011). In F. novicida, 

deBruin et al. verified the location of DotU to the inner membrane and also showed that 

DotU and PdpB were dependent upon each other for stability. This is consistent with 

results found in Legionella pneumophila  (Sexton, Miller et al. 2004; de Bruin 2011a). 

Therefore, both DotU and PdpB were included in our updated model of the FPI encoded 

secretion system (Fig 10).       

If the bioinformatic analyses are correct and IglA and IglB form an outer sheath 

which envelopes an inner tube composed of IglC, one would expect this macro molecular 

complex to run independent of the inner and outer membranes on a sucrose gradient. This 

is exactly what is seen during our spheroplast osmotic shock experiment with the 

complex migrating to a much lighter sucrose density. It could also be argued that the 

predominance of IglABC found in the Sarkosyl insoluble fraction was due to the 

formation of a macromolecular complex which was insoluble in Sarkosyl, yet still large 

enough to be pelleted during ultracentrifugation.  

Interestingly, previous localization experiments suggested that both IglA and IglC 

are primarily cytoplasmic proteins. In these experiments cells were lysed through either 

sonication or with the French Press and fractionated with Sarkosyl. To bridge these 

apparently contrasting results we propose that while IglABC form an insoluble macro-

molecular structure, their monomeric units are in fact soluble. When the cells are exposed 
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to an excess amount of force through either method of cell lysis, the normally insoluble 

structures are broken down into the soluble monomeric units. 

It is believed that our localization results confirm bioinformatic analyses 

suggesting the formation of an IglAB based outer sheath enveloping an inner tube 

composed of IglC. Despite the remaining questions surrounding the energy source of the 

FPI encoded secretion system, we believe the FPI encodes a T6SS. 
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Figure 10 Proposed model of FPI encoded T6SS. 

DotU and PdpB stabilize an outer sheath composed of IglA and IglB which envelopes an 

inner tube composed of IglC. The inner tube is topped with the cell puncturing devices 

VgrG. Compression of the outer sheaths allows for the physical force required to 

puncture the host cell membrane. Reprinted (de Bruin 2011).  
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2.4.2 pdpA deletion mutant effects the mRNA transcription profile of the host cell. 

As researchers begin to determine which genes are required for the structural 

integrity of the T6SS encoded by the FPI, more detailed models of the apparatus have 

begun to appear. These models however, are just the first step in determining the 

functional role of the FPI in relation to bacterial virulence. Interestingly there are a 

number of genes associated with the FPI that are not required for FPI based T6SS 

mediated secretion, yet are still found to be required for either intramacrophage growth 

and full virulence or just full virulence. Two of those genes are pdpA and pdpD 

PdpA is the first gene in an operon that includes signature T6SS homologues 

pdpB, vgrG and dotU. While the nature of PdpA is still unknown, it has been shown that 

it is not required for T6SS mediated secretion (Ludu, de Bruin et al. 2008a). However, 

PdpA has been shown to be required for bacterial escape from the phagosome (Schmerk, 

Duplantis et al. 2009a) and as a result, ΔpdpA mutants are defective for both 

intramacrophage growth and virulence in both chick embryo and mice infection models 

(Schmerk, Duplantis et al. 2009). Because PdpA is required for intracellular growth but is 

not required for secretion, we believe that PdpA may be an effector protein secreted by 

the FPI encoded T6SS. 

We compared the transcriptome response of host cell macrophage during 

infections with WT F. novicida and a ΔpdpA mutant with the hope of gaining insights 

into the mode of action of PdpA. Without knowing the biochemical function of PdpA it 

will be difficult to interpret the effect of PdpA on host cell biology.  However, in the 

absence of bioinformatics or structural biology clues as to the role of PdpA, studying the 
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effect of deleting PdpA on the virulence properties of F. tularensis is one of the few tools 

we have. That being said, distinct differences in the expression level of selected host cell 

mRNA species were observed when comparing infections of WT F. novicida and the 

ΔpdpA mutant. Of the select expression levels monitored, it was interesting to see that the 

predominant number of changes was found in the expression levels of mRNA encoding 

host cell ligands, which were increased in the absence of PdpA. This may be indicative of 

PdpA’s ability to suppress the host cells capacity to signal through growth factors, 

cytokines, or adhesion factors and could potentially play a role in the host cells ability to 

stimulate other immune cells. While this is only the first step in determining PdpA’s role 

in F. novicida infection it does provide some interesting starting points from which 

researchers can look further to decipher the mode of action of PdpA.  

2.4.3  Expression of PdpD does not increase the Virulence of Biotype B strains. 

PdpD is the only FPI encoded protein that is present in the more virulent biotype 

A and absent from biotype B strains, and has been shown to have an effect on the 

virulence of F. novicida (Ludu, de Bruin et al. 2008a).  However, its presence in biotype 

A strains of F. tularensis does not appear to be the sole reason for the increased virulence 

of biotype A strains when compared to biotype B strains. 

While it was felt that the analysis of the effect of PdpD on virulence was an 

appropriate starting point in attempting to determine the differences in virulence between 

biotypes, its presence is the only genomic variation between the strains that is associated 

with a virulence gene cluster. There have been a number of studies that have examined 

the genetic variations at both the genomic and protein level (Broekhuijsen, Larsson et al. 
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2003; Johansson, Farlow et al. 2004) yet the underlying mechanisms that are responsible 

for the difference in virulence between biotypes are still unknown. 
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Arctic bacterial essential genes used to create stable temperature-sensitive bacterial 
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3.1 Abstract 

 All bacteria share a set of evolutionarily conserved essential genes that encode 

products that are required for viability.  The great diversity of environments that bacteria 

inhabit, including environments at extreme temperatures, places adaptive pressure on 

essential genes.  We sought to use this evolutionary diversity of essential genes to 

engineer bacterial pathogens to be stably temperature-sensitive, and thus useful as live 

vaccines.  We isolated essential genes from bacteria found in the Arctic and substituted 

them for their counterparts into pathogens of mammals.  We found that substitution of 

twelve different essential genes from psychrophilic (cold loving) bacteria into 
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mammalian pathogenic bacteria resulted in strains that died below their normal 

temperature growth limits.  Substitution of three different psychrophilic gene orthologues 

of ligA, that encode NAD-dependent DNA ligase, resulted in bacterial strains that died at 

33, 35,  and 37°C.  One ligA gene was shown to render Francisella tularensis, 

Salmonella enterica, and Mycobacterium smegmatis temperature-sensitive, 

demonstrating that this gene functions in both Gram-negative and Gram-positive lineage 

bacteria.  Three temperature-sensitive (TS) F. tularensis strains were shown to induce 

protective immunity after vaccination at a cool body site.  About half of the genes that 

could be tested were unable to mutate to temperature-resistant forms at detectable levels.  

These results show that psychrophilic essential genes can be used to create a new class of 

bacterial TS vaccines for important human pathogens, such as S. enterica and M. 

tuberculosis. 

3.2 Introduction 

All organisms have a group of genes that are indispensible for their viability.  

Members of the Domain Bacteria have a minimal set of about 100 essential genes that 

they all share, with a few exceptions.  Historically the effort to define essential genes 

relied on the painstaking process of attempting to delete an individual gene with and 

without a genetic complement, and showing that a deletion was only possible when 

another copy of the gene was present.  Recently the availability of highly efficient 

transposon mutagenesis techniques together with micro-array analysis has accelerated the 

discovery of candidate essential genes (Sassetti, Boyd et al. 2001; Thanassi, Hartman-

Neumann et al. 2002; Glass, Assad-Garcia et al. 2006; Liberati, Urbach et al. 2006; 

Gallagher, Ramage et al. 2007).  As well, the increased number of sequenced bacterial 
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genomes has augmented the identification of probable essential genes by allowing the 

identification of highly conserved genes that are retained in almost all bacteria (Gerdes 

and Scholle 2003). 

The amino acid (A.A.) sequences of the products of essential genes are highly 

conserved across all of the bacteria, including homologues found in extremophiles such 

as thermophiles (heat-loving) and psychrophiles (cold-loving).  Although it is generally 

assumed that psychrophiles descended from warm-loving relatives, there may have been 

cold environments on the Earth that harboured psychrophiles for as long as 2 billion years 

(Stoeck, Kasper et al. 2007).  Hence, psychrophilic proteins, including essential proteins, 

have probably been adapting to cold environments for millions to billions of years.  The 

observed increased heat sensitivity of psychrophilic enzymes may be due to the changes 

that lead to enhanced activity at lower temperatures or may be due to changes that were 

introduced by genetic drift in the absence of selective pressure for thermal stability 

(Gianese, Argos et al. 2001.; Georlette, Damien et al. 2003; Marx, Blaise et al. 2004); 

both factors may contribute to the thermal lability of many psychrophilic proteins.  

Overall, any change that leads to lower enzyme stability, such as fewer salt bridges 

between protein domains, can be found in psychrophilic enzymes. 

 The introduction of mutations that make an essential gene product TS renders the 

host organism TS.  This approach has been used for decades to create TS viruses which 

are often used as live vaccines (Maassab and DeBorde 1985).  Typically a virus is passed 

repeatedly in eggs or tissue culture at low temperature, and after several passages a TS 

form is isolated and used as a vaccine.  Prominent examples of TS viral vaccines include 

the Sabin polio vaccine (Chapin and Dubes 1956) and the FluMist influenza vaccine 
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(Belshe, Edwards et al. 2007; Chen, Aspelund et al. 2008).  Although there are live 

vaccines for bacterial diseases, most notably the anti-tuberculosis (BCG) vaccine, these 

are usually generated by attenuating the virulence of a pathogen by passaging in vitro or 

by some form of mutagenesis.   

 Most of the gene substitutions performed in this work were done in the Gram-

negative bacterium F. novicida.  This strain of F. tularensis is highly virulent in mice but 

is essentially avirulent in humans.  However, most F. tularensis strains are highly 

infectious to humans and cause the potentially lethal, zoonotic disease tularemia (Oyston 

2008).  F. tularensis is a facultative intracellular pathogen that can grow in several cell 

types, and is frequently found within cells of the monocytic cell lineage in infected 

animals.  Although Ab plays a role in immune protection against F. tularensis it is 

thought that cell mediated immunity plays the dominant role in the immune clearance of 

this organism (Kirimanjeswara, Olmos et al. 2008). 

 In this work we have used the substitution of essential genes from psychrophiles 

into mesophilic (“moderate temperature-loving”) pathogens to create stable, TS strains of 

bacterial pathogens.  We show that these strains can grow in cool sites in the body but fail 

to disseminate to internal organs.  One TS strain was shown to provide protection against 

a subsequent challenge by a virulent form of the pathogen. 

3.3 Methods 

Overlap PCR joining of psychrophilic genes to flanking F. novicida chromosomal 

regions.   

Flanking regions of about 1,000 bp of the F. novicida chromosome were 

amplified by standard PCR methods except that one primer in each set contained 
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sequences corresponding to the psychrophilic gene that would be joined to the flanking 

regions.  The target psychrophilic gene was PCR-amplified with primers that contained 

regions at the outer ends that corresponded to the flanking F. novicida DNA.  Equal 

amounts of products from the first set of amplifications were mixed together and fused 

using 10 cycles without added primers (initial denaturation: 98°C for 2.5 min followed by  

ten cycles of 98°C, 10 sec; 60°C, 35 sec; 72°C, 3 min; final extension of 10 min).  After 

the fusion PCR reaction 3 µl of the product was removed and amplified by standard PCR 

methods using primers that annealed at the ends of the flanking DNA.  Final PCR 

products were cloned into the EcoR V site of pWSK29 (Wang and Kushner 1991).  

Products were designed to have Xho I ends and were excised from pWSK29 by digestion 

with Xho I and ligated to an erythromycin resistant (Em
R
) sucrose hydrolase (sacB) 

cassette (Ludu, Nix et al. 2008), and the ligation mixture was used to transform (Ludu, 

Nix et al. 2008) a restriction enzyme negative strain of F. novicida (Gallagher, McKevitt 

et al. 2008).  The presence of the psychrophilic gene as cointegrates in the Em
R
 

transformants was confirmed by PCR screening.  Several Em
R
 colonies from each 

experiment were exposed to sucrose to enrich for the excision of the Em
R
-sacB cassette 

and the targeted F. novicida essential gene.  Em
S
 colonies were screened by PCR for the 

presence of the psychrophilic gene and the absence of the cognate F. novicida essential 

gene.  Strains found to be TS at 44°C were analyzed by amplifying the chromosomal 

region thought to contain the psychrophilic essential gene and subjecting the cloned PCR-

amplicon to DNA sequencing.  The DNA sequences of integrated psychrophilic genes 

have been submitted to GenBank and have the accession numbers: ligASf: HM003397; 

ligACp: HM003389; ligAPh: HM003396; hemCp: HM003395; pyrGCp: HM003399; 
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dnaKCp: HM003391; murGCp: HM003398; dnaKSf: HM003392; fmtCp: HM003393; 

ftsZCp: HM003394; cmkCp: HM003390; tyrSCp: HM003400.   

 Colwellia psychrerythraea 34H (Methe, Karen E. Nelson et al. 2005) was 

obtained from the American Type Culture Collection.  Shewanella frigidimarina was 

isolated from Arctic Ocean samples collected at 82.32.04N; 62.45.86W (near the 

Northernmost point of Canada).  The species determination was done by analysis of the 

DNA sequence encoding the 16S rRNA gene.  The Pseudoalteromonas haloplantis 

TAC125 ligA gene was made synthetically (GenScript) (GenBank No. HM003401) based 

on the published genome sequence (Médigue, Krin et al. 2005); the ligAPh gene has the 

locus tag PSHAa1083 in the RefSeq NC007481. 

 

Determination of the restrictive temperatures of TS strains.   

To determine the maximal growth temperature of TS strains they were inoculated 

for colony isolation (“streak plate”) on agar medium.  Agar plates were buried in 1 kg of 

aluminum pellets, which buffered the temperature fluctuations of the incubator.  A 

temperature probe connected to a Fluke 53II thermometer (accurate to 0.05%) was 

inserted into the pellets to record the highest and lowest temperatures that occurred 

during the incubation of the plates.  The restrictive temperature assigned to strains in this 

work are whole numbers 0.5-1°C above the highest temperature at which colonies formed 

on agar plates, and these should be considered accurate to about ±0.7°C.   
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Rate of mutation to temperature resistance.  

Cultures of strains of TS F. novicida were grown at 30
o
C and approximately 

1X10
9
 cells of each strain were plated on 10, 150 mm-diameter tryptic soy agar with 

0.1% cysteine (TSAC) petri plates. Agar plates were incubated at a temperature 3°C 

higher than the restrictive temperature for each TS mutant.  The actual CFU plated was 

determined through the plating and examination of serial dilutions of the original cultures 

incubated at 30°C.  The mutation rate was calculated from the number of colonies arising 

on plates incubated above the restrictive temperature divided by the number of viable 

bacterial cells plated.  If the agar plates were incubated too close to the restrictive 

temperature, or if too many cells were plated, a lawn of bacterial growth appeared which 

obscured the growth of temperature-resistant mutants. 

 

Construction of TS M. smegmatis and S. enterica strains.   

M. smegmatis mc2 155(Snapper, Melton et al. 1990) was electroporated with the 

non-replicating plasmid p2NILΔligApGOAL17 (Korycka-Machala, Rychta et al. 2007) 

(gift of Jaroslav Dziadek) to generate a partial merodiploid of the ligA gene.  The 

pGOAL17 cassette encodes kanamycin resistance (Km
R
), sucrose hydrolase (sacB) and 

lacZ.   The codon optimized version of ligACp (GenBank No. HM003401) was cloned 

into the hygromycin-resisitant (Hyg
R
) plasmid pSMT3 (see GenBank DQ115384.1) at the 

Hind III site downstream of an hsp60 promoter.  This plasmid was electroporated into M. 

smegmatis mc
2
/p2NILΔligApGOAL17.  Hyg

R
 (10 µg/ml) colonies were grown at 30°C in 

broth and plated onto M7H9 agar medium containing hygromycin, sucrose and 5-bromo-

4-chloro-3-indolyl-β-D-galactopyranoside (X-gal), and 10% sucrose at 30°C.  Sucrose 
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resistant colonies were replica plated to agar medium at 37°C, and about 20% were found 

to be TS.  PCR was used to verify the deletion of 54% of the chromosomal ligA gene. 

 Plasmid pSUP2716 (chloramphenicol resistant, Cm
R
) (Martinez, Bartolome et al. 

1988) carrying ligACp was electroporated into S. typhimurium LT2 TT18389(Park, 

Olivera et al. 1989) (a gift of John Roth, UC Davis) a strain that contained a Mu dJ 

(Km
R
) insertion in the chromosomal copy of ligA.  A pBR313 (ampicillin-resistant, Ap

R
) 

carrying the Salmonella ligA gene was present and supported growth.  A Cm
R
 

transformant was subcultured 3 times for 2 days in Luria-Bertani broth containing 30 

μg/ml Cm, and dilutions were plated on agar media containing Cm.  Colonies were 

replica plated to agar medium with and without Ap, and all Ap
S
 colonies were found to 

be TS and to contain the ligACp gene. 

 

Growth Shift 

TS and WT F. novicida mutants were grown at room temperatures in TSBC until 

late exponential phase. Cultures were then sub-cultured 1:50 (7µl in 343µl TSBC) in 

triplicate in a 96 well plate. Plates were incubated at 30°C in a BioTek EL808 plate 

reader for 4 h before raising the temperature above the restrictive growth temperature of 

the TS mutant. Plates were shaken for 1 min prior to absorbance readings at an A595 with 

readings being taken every 15 min. The Biotek EL808 incubating plate reader was under 

the control of Gen5 software.  Salmonella growth shifts were performed under the same 

conditions except they were grown in LB broth supplemented with 1% glucose and 

incubated for 1 h before shifting the culture above the maximum growth temperature. 
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TS M. smegmatis mc
2
 155 was grown to late exponential phase in M7H9 broth 

supplemented with 0.05% Tween-80 at room temperature. It was then sub-cultured 1:20 

and incubated in a water bath with shaking at 200 rpm at 30
o
C for 4 h before being 

shifted to 37
°
C.  As cell clumping prevented the use of the plate reader, mycobacterial 

growth was monitored using a Klett-Summerson Photoelectric Colorimeter, and readings 

were taken every 2 h over a 16 h time period.  

 

Intracellular growth assays and animal infections. 

 J774A.1 murine macrophage-like cells were seeded in 96-well cell culture plates 

at a density of 5 X 10
4

 cells per well and allowed to adhere overnight.  F. novicida strains 

were added to the wells at a multiplicity of infection (m.o.i.) of 50:1.  The infected 

monolayers were incubated at 37°C in an atmosphere of 5% CO2 for one hour to allow 

uptake of the bacteria.  Sterile gentamicin sulfate was added to a final concentration of 10 

µg/ml for 1 h.  The monolayers were washed 3 times using sterile DMEM to remove 

external bacteria and gentamicin.  At various times post-infection, the infected J774 cells 

were lysed by the addition of 0.1% w/v deoxycholic acid.  Lysates were serially diluted 

in PBS containing 0.1% w/v gelatin and plated on TSAC for counting.  In some 

experiments the viability of the J774 cells was measured using the fluorescence generated 

by the intracellular cleavage of calcein AM and exclusion of ethidium homodimer-1 

(Live/Dead® Viability/Cytotoxicity kit for mammalian cells, Invitrogen). 

Twelve-week-old female BALB/C mice were used for infection experiments and 

they were handled in accordance with the guidelines of the Canadian Council on Animal 

Care. For vaccination, anesthetised mice were injected using a tuberculin syringe 
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subcutaneously at the base of the tail. Intranasal challenge was via an instillation of 6 μL 

of bacteria into each nostril; for the experiments in Fig. 17 A and B, this is equivalent to 

88 CFU, and for Fig. 17 C and D this volume contained 30 CFU. Bacterial organ burden 

was determined by agar plating of organ homogenates on TSBC agar plates. 

Intramacrophage growth was assessed by plating infected macrophage lysates on agar 

medium, as described previously (Schmerk, Duplantis et al. 2009).  

Intradermal ear pinna infections were performed at the National Institutes of 

Allergy and Infectious Diseases, Rocky Mountain Laboratories (RML).  All research 

involving animals was conducted in accordance with Animal Care and Use guidelines, 

and animal protocols were approved by the Animal Care and Use Committee at RML.  

Female BALB/c mice were purchased from Jackson Laboratories (Bar Harbor, Maine).  

Mice were housed in the BSL-2 animal facility at the RML and were provided with food 

and water ad libitum. 

 The Prism GraphPad v4.03 software was used to create graphs and determine 

statistical values. 

3.4 Results 

We chose to use the pathogenic mesophile F. novicida as the host for essential genes 

from the psychrophile Colwellia psychrerythraea.  The genomic DNA of these Gram-

negative bacteria have similar G+C contents (Larsson, Oyston et al. 2005; Methé, Nelson 

et al. 2005) of 32.5% (Fn) and 38.0% (Cp), and we thought that this similarity should 

facilitate heterologous protein expression.  The maximum growth temperature of F. 

novicida is about 45°C and that for C. psychrerythraea is about 19°C.   
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To maximize the chances that the foreign psychrophilic gene would express 

identically to the homologue that it replaced we integrated the psychrophilic genes into 

the F. novicida chromosome so that transcription was driven by the host promoter, and 

translation of the mRNA was directed by the host ribosome binding site (Fig. 11A-C).  

About 60% of the attempts to substitute psychrophilic essential genes into F. novicida 

resulted in strains with a TS phenotype.  The precise success rate is difficult to assess as 

false negative results were common, and difficult to prove.  In some cases the C. 

psychrerythraea gene integrated into the F. novicida chromosome in such a way as to 

form a hybrid between the psychrophilic and mesophilic homologues (Fig. 11D- F). 

The conservation of essential genes and the close G+C content of the DNA of the two 

bacteria made these events more likely.  The temperature inactivation phenotype 

imparted on F. novicida varied with the 24 different genes including 3 orthologous of 

ligA and 2 orthologous of dnaK (Table 3). 
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Figure 11 Gene substitution strategy. 

(A) Overlap PCR was used to join a psychrophilic essential gene (C2) to regions of the F. 

novicida chromosome (F1 and F3) that flank the cognate F. novicida essential gene (F2). 

Overlap primers were designed so as to fuse the ribosome binding site (RBS) and the first 
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three codons of the F. novicida gene to the C. psychrerythraea (or other psychrophile) 

gene. (B) The overlap PCR product was ligated to an Em
r
-sacB cassette and used to 

transform F. novicida. After integration of the ligation product, most excision events led 

to the complete replacement (Lowest image) of the F. novicida essential gene by the 

psychrophilic gene. In some cases, there was a recombination event that led to a hybrid 

Francisella-Colwellia gene. (C–E) Detailed structure of insertion of psychrophilic 

essential genes into the F. novicida chromosome. (C) The RBS (shown in italics), and the 

first three codons of the F. novicida essential gene were fused to the psychrophilic 

essential gene. Single underline indicates F. novicida sequence, and the double underline 

indicates the psychrophilic gene and deduced A.A. sequence. Numbers indicate the 

codon/A.A. numbers. This gene organization represents the original design and the 

typical structure found upon sequencing the genomic substitution region of all of the 

genes except for pyrG and ftsZ. (D and E) Structure of hybrid C. psychrerythraea-F. 

novicida essential genes. pyrG and ftsZ hybrid genes were found that respectively 

contained 159 and 150 codons of the F. novicida form of the genes. The recombination 

between the genes of the two bacteria apparently occurred near a region that had identical 

nucleotide sequence between the two forms of the gene (slanted underlines). (F) Model 

representation of pyrG hybrid created through Pymol. Blue indicates regions of DNA 

from C. psychrerythraea, red indicates F. novicida and yellow represents regions 

identical to both C. psychrerythraea and F. novicida. Figure 11F was created by Barry 

Duplantis yet adapted from (White, Bosio et al. 2011) 



 

 

98 

Table 3 Allelic substitution of genes from Arctic bacteria in F. novicida 

Gene Symbol
* 

Product function Restrictive Growth Temp 

(ᵒC)
†
 

ligASf DNA ligase 33 

ligACp DNA ligase 35 

ligAPh DNA ligase 37 

hemCCp
€
 Heme biosynthesis 37 

pyrGCp
€
 CTP synthetase 37 

dnaKCp
€
 Molecular chaperone 38 

murGCp Muramic acid metabol 38 

dnaKSf
€
 Molecular chaperone 39 

fmtCp
€
 Methionyl-tRNA 

formyltransferase 

41 

ftsZCp
¥
 Cell division protein 42 

cmkCp Cytidylate kinase 43 

tyrSCp
€
  Aminoacyl-tRNA synth. 44 

agrSCp
€
 arginyl-tRNA synthetase >44 

cdsACp phosphatidate 

cytidylyltransferase 

>44 

dfPCp
€
 P-pantothenate cysteine ligase >44 

ftsWCp
€
 cell division protein >44 

glmSCp
€
 Glucosamine--fructose-6-

phosphate aminotransferase 

>44 

hemCSf
€
 Heme biosynthesis >44 

metKCp
€
 S-adenosylmethionine 

synthetase 

>44 

murCCp
€
 UDP-N-acetylmuramate-

alanine ligase 

>44 

murGSf
€
 Acetylglucosamine transferase >44 

nadECp NAD synthetase >44 

TrxCp
€
 thioredoxin >44 

murICp
¥
 d-glutamate racemase Slow growth 

 

*Subscripts indicate bacterial source of psychrophilic gene: CP: C. psychrerythraea; PH: 

Psuedoalteromonas haloplanktis; SF: Shewanella frigidimarina. †Indicates restrictive 

temperature, which is the lowest temperature at which no growth is observed. > Indicates 

max growth temperature is the same as WT. € Fusion PCR and allelic replacement 

performed by Milan Ousky. ¥ Fusion PCR and allelic replacement performed by Darrel 

R. Ross. 
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TS proteins engineered for research purposes often differ from the WT form by a 

single A.A., and these can revert to temperature-resistance by a change in the variant 

A.A. or through an A.A. change elsewhere in the protein.  Since marine psychrophilic 

bacteria have been adapting to the cold for at least several million years (Stoeck, Kasper 

et al. 2007), we reasoned that some essential genes encoding TS products would not be 

able to mutate to a variant expressing a temperature-resistant product without changing 

several codons.  Supporting this idea we found that of the nine TS strains that we could 

test, five were unable to generate temperature-resistant forms at detectable levels (Table 

4).  
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Table 4 Reversion rates to temperature resistance 

Gene 

Symbol
 

Temp °C† Reversion Rate to Temperature Resistance‡ 

ligASf 35 4.0X10
-6

 3.3X10
-7

 9.7X10
-7

 

ligACp 37 < 1.2X10
-10

 < 7.93X10
-11

 < 1.1X10
-10

 

ligAPh 39 < 1.5X10
-10

 < 7.8X10
-11

 < 6.2X10
-11

 

hemCCp 43 < 2.5X10
-10 

< 3.6X10
-11 

<3.7X10
-11 

pyrGCp 40 8.5X10
-8 § 

1.0X10
-9 § 

6.5X10
-8 § 

dnaKCp 39.5 < 3.2X10
-10

 < 1.9X10
-10

 < 3.2X10
-10

 

murGCp 43 2.6X10
-4

 3.0X10
-5

 8.5X10
-5

 

dnaKSf 43 <3.1 × 10
−10

   

fmtCp 44 1.8X10
-9

 < 5.5*10
-11

 < 5.9*10
-11

 
 

‡Rate at which mutants arise that are resistant to temperatures 3 °C higher than the 

restrictive temperature†. Note that < represents strains which do not generate 

temperature-resistant mutants at detectable level. §Mutations that were examined (8/8) 

were outside of the pyrGCp gene. * Resulted in a hazy lawn and may represent a slow 

death. 
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Some strains readily yielded temperature-resistant forms suggesting that many 

alternative A.A. changes in the psychrophilic gene could lead to temperature resistance.  

This phenomenon is illustrated for ligASf which was able to change to a temperature 

resistant form by several different A.A. changes in the N-terminal adenylation domain 

(Georlette, Damien et al. 2003) (Fig. 12).  However, for eight independent temperature-

resistant mutants of a strain carrying pyrGCp we were unable to detect any changes to the 

pyrGCp gene, suggesting that one or more extragenic suppressor mutations, i.e., in a 

native F. novicida gene, was responsible for the temperature-resistant phenotype.  Thus, 

it is possible that pyrGCp too is unable to mutate to temperature resistance at a detectable 

level. 
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Figure 12 Alignment of N-terminal region of NAD-dependent DNA ligases 

Alignment of N-terminal region of NAD-dependent DNA ligases of three psychrophiles 

(PH, Pseudoalteromonas haloplanktis; CP, Colwellia psychrerythraea; SF, Shewanella 

frigidimarina), three mesophiles (EC, Escherichia coli; HI, Haemophilus influenzae; FN, 

Francisella novicida), and four mutant forms of the F. novicida-S. frigidimarina hybrids 

that were apparently temperature-resistant (FN/SF, parent hybrid gene; R1-R4, mutants). 

The italicized bold letters indicate deduced A.A. changes that were found in mutant 

strains of F. novicida-ligASf R1-R4 that were capable of growth at 37°C. The N-terminal 

region of LigA contains the critical adenylation domain. 
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Most of the TS F. novicida strains harbouring psychrophilic essential genes grew 

identically to the WT strain at temperatures below their restrictive maximum in broth 

cultures (Fig. 13A-G).  However, as F. novicida is a facultative intracellular pathogen the 

more important and stringent phenotype is the growth rate in infected macrophages.  

When the F. novicida strains with substitution of ligACp, ligAPh, pyrGCp, hemCCp and 

dnaKCp were used to infect the J774 macrophage-like cell line we found that the F. 

novicida carrying the psychrophilic ligA genes and pyrG grew like the WT strain at 

permissive temperatures (Fig. 14A-C) but that the F. novicida strain carrying dnaKCp and 

hemCCp grew poorly (Fig. 14D-F).  The decline in the number of viable TS F. novicida in 

the macrophages after the shift to the restrictive temperature is due to the phenotype of 

the bacterium and not due to death of the macrophages.  Microscopic examination of the 

J774 cells infected with the TS F. novicida strains and reacted with a viability stain 

showed that they were healthy before and after the shift to the higher temperature. 

However, J774 cells infected with the WT F. novicida strain showed progressively fewer 

viable cells as the intracellular growth experiment continued (Fig. 15). 
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Figure 13 Growth of F. novicida carrying Arctic Alleles in broth 

(A–G) Growth of strains in bacteriological broth before and after shift to restrictive 

temperatures at the 4 h time point. The apparent increase in growth rate of the hybrid 

strain seen in (G) was observed in all three repetitions of this experiment. 
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Figure 14 Growth of F. novicida carrying Arctic Alleles in J774A.1 macrophages-like cells. 

Growth of TS strains in J774A.1 macrophage-like cells before and after a shift to 

restrictive temperature at the 16 h time point. The F. novicida strains harbouring TS dnaK 

and hemC always grew poorly in J774A.1 cells at all temperatures tested. Error bars (not 

visible in some panels) indicate SEMs. 
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Figure 15 J774A.1  macrophage-like cell viability during growth of TS F. novicida strains 

(A-F) The macrophage-like cells infected with the TS strains of F. novicida remained 

largely viable. (G-I) J774 cells infected with WT F. novicida showed extensive death 

at the 24 h point. For J774 cells infected with F. novicida ligACp(35), 92 (± 2) (A), 92 (± 

1) (B), and 91% (± 2) (C) of the macrophage-like cells were viable at 0, 16 (point of 

shift to 37 °C) and 24 h after infection, respectively. For J774 cultures infected with F. 

novicida-ligAPh(37) 95 (± 1) (D), 93 (± 1) (E), and 88% (± 3) (F) of the cells were 

viable at 0, 16 (point of shift to 37 °C), and 24 h after infection, respectively. For J774 

cells infected with WT F. novicida 95 (± 3) (G), 86 (± 1) (H), and 58% (± 4) (I) of 

J774 cells were viable at 0, 16 (point of shift to 37 °C), and 24 h after infection, 

respectively. Numbers in parentheses indicate SDs. 
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The temperature of the human body is dependent on a number of variables, but 

there is a significant difference between the temperature of the skin (~32-36°C) and the 

body core (~37-40°C) (Benzinger 1969; Greiner, Clegg et al. 2010).  TS viral vaccines, 

such as FluMist® take advantage of the anatomical differences in human body 

temperatures (Maassab and DeBorde 1985; Belshe, Edwards et al. 2007; Chen, Aspelund 

et al. 2008).  One of the possible uses of a TS pathogenic bacteria strain is as a vaccine 

that is able to grow in cool tissue near the body surface but unable to proliferate in the 

warmer body core.  To test if our TS F. novicida strains had this property we injected TS 

strains subcutaneously at the base of the tail in rats and mice.  Rats are able to support 

high body burdens of F. novicida without any apparent morbidity (Cowley, Myltseva et 

al. 1997), and thus allowed injection of larger numbers of the WT strain and strains with 

higher restrictive temperatures.  Following a SC injection in rat or mouse tails, those TS 

F. novicida strains with restrictive temperatures at or below 37°C failed to appear in the 

spleen, whereas those with restrictive temperatures above 37°C could be detected in the 

spleen (Table 5).  All strains could be easily found at the site of infection three days after 

injection.  Similar results were seen when a TS F. novicida strain was injected into the 

fleshy part of the mouse ear (Fig. 16).  In contrast, WT F. novicida appeared in the spleen 

in large numbers, indicating that it spread from the skin site of injection.  These results 

show that the distribution of TS F. novicida in a mammal is determined by the restrictive 

temperature of the bacterium, and strains with lower restrictive temperatures persist at a 

cool site in the body. 
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Table 5 Dissemination of TS strains of F. novicida from tail to spleen in Lewis rats and 

BALB/c mice 

Strain Rats* Mice† 

CFU/tail CFU/spleen CFU/tail CFU/spleen 

WT 10
4
 / 7×10

3 
4x10

6
 / 2x10

6
 1 × 10

5
 (10

5
) 2× 10

4
 (2 × 10

5
) 

ligACp(35) 5×10
2
 / 3×10

2 
<10

2
 / <10

2
 2 × 10

3
 (10

4
) <10

2
 / <10

2
 

ligAPh(37) 3×10
2
 / 2×10

2
 <10

2
 / <10

2
 2 × 10

4
 (10

4
) <10

2
 / <10

2
 

dnaKCp(38) 2×10
4
 / 8×10

4
 5x10

2
 / <10

2
 3 × 10

3
 (2 × 10

3
) 5× 10

2
 (9 × 10

2
) 

fmtCp(41) 5×10
3
 / 2×10

3 
4×10

5
/2.1x10

5
 Not determined Not determined 

 

*Two rats injected, and individual organ burdens listed. †Average from three mice (SD = 

SD), each injected with about 10
5
 CFU (except WT, 35 CFU). Organ burdens were 

determined on day 3 post infection. ‡The limit of detection is 100 CFU. 
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Figure 16 Dissemination of F. novicida-ligACp(35) from the site of injection in the ear 

pinna. 

10
4
 CFU of WT or F. novicida-ligACp(35) strain were injected between the fold of skin in 

the ear pinna (external, visible ear structure) of female BALB/c mice. Then, on days 1, 2, 

and 3 post infection, mice (n = 3) were killed and the number of viable bacteria in the ear 

pinna (A), spleen (B), or cervical lymph node (C) was determined. No F. novicida-

ligACp(35) could be detected in the spleen or lymph nodes at any of the time points. 

Experiment performed by Dr. Katherine Bosio at the Rocky Mountain Labs. 
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The persistence of TS F. novicida strains at skin sites suggests that they may be 

able to induce a protective immunity.  In the mouse F. novicida is extraordinarily 

infectious and lethal, with the LD50 below 10 colony forming units (CFU) (Kieffer, 

Cowley et al. 2003).  To test if TS F. novicida strains can induce a protective immune 

response we vaccinated mice SC at the base of the tail and challenged mice with an 

intranasal (IN) infection 21 days after vaccination.  In one experiment we examined the 

immunity induced by three TS strains compared to a mock vaccination.  Using organ 

bacterial burden as a measure of protection we found that TS F. novicida strains carrying 

ligACp, ligAPh, or dnaKCp all provided protection against a challenge with WT F. novicida 

(Fig. 17A-B).  Although the F. novicida strain carrying dnaKCp gave the most 

dissemination (Table 5), it grew the poorest in macrophages (Fig. 14E), and induced the 

least amount of immunoprotection (Fig. 17A-B).  These results suggest that 

dissemination does not necessarily enhance immune stimulation.  Since F. novicida-

ligAPh appeared to provide the best protection we used it in a second, larger vaccine 

protection study.  Once again, SC vaccination with this strain provided clear protection 

against a lethal IN challenge (Fig. 17C-D), as evidenced by the lower bacterial organ 

burdens, morbidity, and weight loss afforded to vaccinated mice. 
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Figure 17 Protective immunity induced by TS F. novicida strains. 

Three strains were tested for their ability to induce a protective immune response, as 

measured by a reduction in the bacterial burden in the spleen and lungs following a 

challenge infection. All three strains provided a statistically significant level of protection 

when compared with a mock vaccination with saline. Vaccinations were via a SC 

injection at the base of the tail, and challenges were via an intranasal instillation of WT F. 

novicida. For A and B, P values were calculated with a two-tailed, unpaired t test (n = 3). 

(C) Protective effect of F. novicida-ligAPh(37) as measured by organ burden vs. time after 

challenge, as compared with a mock vaccination with saline. Saline vaccinated mice were 

killed on day 3 post challenge. On day 24, the lungs of six of six mice yielded no 
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detectable F. novicida (limit of detection, 100 CFU per organ). At the same time point, 

one of six spleens had detectable F. novicida. P values for data plotted for days 1 to 3 

were calculated using two-way ANOVA (n = 4). (D) Survival curve of vaccinated vs. 

saline-injected mice. Any mouse showing significant morbidity was killed, and none 

were allowed to die of the effects of the infection. (Insert) Weight change of vaccinated 

vs. saline-injected mice following challenge with WT F. novicida. P values for the 

survival curve and the weight changes calculated using the Mantel-Cox and the two-way 

ANOVA test (n = 4 for days 1–3), respectively. Data-points for days 6 and 14, n = 3; for 

day 24, n = 6. 
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To test if a psychrophilic ligA could function in other Gram-negative bacteria we 

introduced the ligACp gene into a Salmonella enterica strain that had an inactivated 

chromosomal ligA (Park, Olivera et al. 1989).  The resulting hybrid strain was TS (Fig. 

18A), indicating that the ligACp gene can function in an enteric Gram-negative bacterium, 

and is thus likely to function in this large group of bacteria that include numerous 

important pathogens such as S. typhi, Escherichia coli, and Yersinia pestis (Fig. 19).  We 

also introduced a codon-optimized version of ligACp into Mycobacterium smegmatis, a 

research surrogate for M. tuberculosis.  A codon optimized version of ligACp was thought 

to be necessary since the ligACp gene is 40% G+C and the M. smegmatis ligA gene is 70% 

G+C.  After deleting most of the M. smegmatis ligA gene (Korycka-Machala, Rychta et 

al. 2007) we found that the resulting strain was TS (Fig. 18B), indicating that the ligACp 

gene product can function in a Gram-positive lineage bacterium, providing the potential 

for constructing a stable TS M. tuberculosis strain that can be used as a vaccine. 
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Figure 18 Growth dependence on ligACp(35) renders Salmonella and Mycobacterium TS. 

(A) S. enterica ser. typhimurium with phage Mu insertion in the chromosomal ligA gene 

showed growth dependence on a plasmid-borne copy of ligACp(35), and was TS. (B) M. 

smegmatis with a deletion of 54% of its ligA gene is supported for growth by a plasmid-

borne copy of codon-optimized ligACp(35). 
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Figure 19 Dendrogram illustrating the relatedness of NAD-dependent DNA ligases from 

different bacteria 

Dendrogram illustrates that the psychrophilic bacteria are more closely related to 

important pathogens, such as those in the Vibrio, Salmonella, Escherichia, and Yersinia 

genera, than they are to F. novicida, which was used as the host for most experiments in 

this work. The dendrogram was constructed using the Phylogeny.fr Web site 

(http://www.phylogeny.fr/version2_cgi/index.cgi). Created by Francis E. Nano. 
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3.5 Discussion 

In this study we have exploited the conservation of function of bacterial essential 

genes and the diversity of the temperature stability of these gene products imposed by 

environmental adaptation.  As well, we have taken advantage of the extensive evolution 

of the psychrophilic essential genes to identify some which are unable to change to a 

temperature-resistant form through simple mutational changes.  Our work focused 

primarily on essential genes from one psychrophile, C. psychrerythraea, but our testing 

of a few genes from other psychrophiles yielded some that functioned in the mesophile F. 

novicida and rendered it TS.  Among the hundreds of psychrophilic bacterial species 

there are undoubtedly numerous essential gene products that are inactivated at 

temperatures that are relevant to biotechnology applications.  Given our finding that 

about one half of the essential genes are unable to mutate to temperature resistance, it is 

likely that a high proportion of newly found TS essential genes will also be stably TS.  As 

well, the functioning of the product of ligACp in Francisella, Salmonella and 

Mycobacterium suggest that some psychrophilic essential genes will function in a wide 

variety of human pathogenic bacteria, representing both Gram-negative and Gram-

positive species and including bacteria with genomes of widely different G+C contents. 

We have high-lighted in this work the possibility of using psychrophilic essential 

genes for constructing live, TS vaccines.  Live bacterial vaccines are often considered the 

most efficacious for protecting against diseases that require cell-mediated immunity for 

clearance.  However, the technology described in this work may have applications in 

other areas, and the type of psychrophilic essential gene used could be tailored to a 

particular need.  Inactivation of a DNA repair enzyme like DNA ligase results in bacterial 
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cells that are quickly and irreversibly inactivated.  When grown in large bioreactors such 

strains could be easily killed at temperatures that would not damage antigenic molecules 

which might make up the components of a killed whole cell, or subunit vaccine.  TS 

essential genes could be used in any bacterium, whenever there is a need to use heat to 

kill the bacterium at a moderate temperature. 

The current effort to study highly infectious Select Agent Pathogens is hampered by 

the need for expensive bio-containment facilities.  The availability of TS strains that are 

fully competent at expressing virulence genes at 35°C, but relatively harmless to human 

due to a TS lesion that prevents growth at 37°C, would allow most of the biochemical 

and genetic analysis of dangerous pathogens to be performed without the need for full 

physical containment. 
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Chapter: 4 

Conclusions and future directions 

This dissertation focused upon the further characterization of the FPI encoded 

secretion system, as well as the creation of a new vaccine technology directed against 

intracellular pathogens.  

There is an on-going debate over the inclusion of the FPI encoded secretion 

system as a member of T6SS. We believe the biochemical properties of core FPI 

components IglABCD supports the bioinformatic analyses that suggest that IglABC help 

form a T6SS like sheath and tail spike system similar to that proposed by Bönemann et al 

(Bönemann, Pietrosiuk et al. 2010). Spheroplast osmotic shock followed by fractionation 

through the ultracentrifugation on a sucrose gradient has revealed that IglABC localizes 

to a sucrose density that is lighter than that associated with the inner membrane. We 

believe this implies the presence of an insoluble macro-molecular complex consisting of 

an outer sheath composed of VipA and VipB homologues IglA and IglB enveloping an 

inner tube composed of IglC, a functional analogue of Hcp. This has allowed us to 

propose a model of what we believe is a FPI encoded T6SS (de Bruin 2011). 

We also attempted to shed light on the roles of  PdpA and PdpD, two FPI encoded 

proteins with no known sequence identity to entries in protein sequence data bases. In 

frame deletion mutagenesis of pdpA in F. novicida was performed to determine its role 

during intracellular replication. Experiments performed by Crystal Schmerk, showed that 

PdpA was required for bacterial escape and intramacrophage growth (Schmerk, Duplantis 

et al. 2009; Schmerk, Duplantis et al. 2009a). Subsequent analysis of the host cell 

transcriptome response to a ΔpdpA mutant, revealed an increase in the expression of 
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some host cell ligands mRNA species. Therefore it’s suspected that PdpA may be 

involved in repressing the host cell’s ability to stimulate and recruit uninfected immune 

cells to the site of infection. However, these results only represent a starting point for 

further investigation in the PdpA’s role in the perturbation of host cell signalling. A more 

detailed analysis of the individual signalling pathways affected may help define a precise 

role for PdpA.    

   We also found that through the comparison of the virulence of LVS and LVS 

expressing PdpD in a chick embryo infection model, that PdpD does not play a 

significant role in the difference between the virulence of biotype A and B strains of 

Francisella.  

Clearly, more research is needed to fully understand the role of FPI-encoded 

proteins in the virulence of F. tularensis.  Research is hampered due to the difficulty 

associated with detecting WT levels of FPI proteins, which are naturally expressed at low 

levels. To date most secretion and localization studies often rely upon the over expression 

of tagged proteins, however, these results can often be misleading due to the unnatural 

levels of protein within the cell. Therefore, future research should strive to develop 

assays that are not reliant upon the overexpression FPI proteins.       

Finally, due to the lack of effective vaccines against intracellular pathogens and 

the global movement to reduce our reliance on antibiotics, we set out to develop a new 

vaccine technology that would be effective against intracellular bacteria. Using F. 

novicida as our proof of principle organism, we have shown that one can create a range 

of TS phenotypes in mesophilic pathogens. Through the appropriate selection and allelic 

replacement of natural occurring essential thermolabile Arctic genes, we have created a 
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number of strains with maximum growth temperatures ranging between 33-42 °C. Based 

upon phenotype, it was found that the majority of the Arctic genes functioned like their 

mesophilic homologues at temperatures below their restrictive maximum. The TS 

phenotype imparted by the Arctic gene could be extremely stable, resulting in reversion 

rates of less than 1x10
-10

 CFU. Studies using mice revealed that the TS pathogens grew at 

the site of inoculation but were unable to disseminate to internal organs and provided 

immune protection when challenged with a highly lethal dose. Finally we have shown 

that the technology can be used in other bacterial species, through the creation of TS 

versions of laboratory strains of Salmonella typhimurium and Mycobacterium smegmatis.   

Future work will likely include the creation of TS vaccine candidates in clinically 

relevant pathogens, and will include thorough analysis of the immune response resulting 

from vaccination.   
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