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Abstract

Abstract

A DNA microarray was designed and constructed using the genome 

sequence of the highly virulent obligate intracellular pathogen Francisella 

tularensis strain Schu S4. The microarray was optimised and then tested by 

performing a comparative genomics study on Francisella strains. The 

microarray was used to distinguish between Francisella strains at the 

subspecies level, detecting differences between the genomes of the 

subspecies at a similar rate to differences previously published from 

Francisella comparative genomics studies. Further analysis of the genomic 

differences identified between subspecies using the microarray has provided 

some suggestions as to the genetic basis for the relative attenuation of one 

subspecies, and similarly, differences identified between the F. tularensis live 

vaccine strain and its progenitor strain provided some clues as the genetic 

basis for the attenuation of the vaccine strain. The microarray was also used 

to carry out functional genomics studies on Francisella novicida cultured 

under in vitro stress conditions: iron starvation, oxidative stress, elevated 

temperature, and acidic pH. A number of genes were regulated in response 

to each of these conditions, and a detailed analysis of the data has provided 

insights into the stress response of Francisella, and some of the mechanisms 

that it may employ upon encountering similar stresses in vivo.
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Chapter 1 Introduction

1.1. Francisella tularensis and tularemia

1.1.1. Francisella

1.1.1.1. Historical and current taxonomy

The etiological agent of tularemia (also known as rabbit- and deer-fly 

fever) was first isolated in 1911 in Tulare County, California following an 

outbreak of a plague-like illness in ground squirrels (McCoy and Chapin, 

1912). The small, Gram-negative bacterium was originally placed in the 

genus Bacterium to be named Bacterium tularense after the county where it 

was isolated (McCoy and Chapin 1912), but was later placed in the genus 

Pastureiia, and then subsequently in the genus Brucella (Wilson and Miles, 

1964; Owen, 1974). Finally, in 1947 the proposal was made for the new 

genus of Francisella, with the single species Francisella tularensis 

(Dorofe’ev, 1947). The genus Francisella is the only member of the family 

Francisellacea, which is a member of the Thiotrichales order of the y- 

proteobacteria class of bacteria.

In 1951 a similar bacterium was isolated from a water course in Utah, 

and in 1955 this isolate was classified as Pasteurella novicida (Larson et ai, 

1955). It was not until 1959 that the isolate was re-classified as a second 

species of the genus Francisella (Olsufiev et a i, 1959). Based on overall 

identity with F. tularensis at the deoxyribonucleic acid (DNA) level, and 

99.6% identity at the 16s ribosomal ribonucleic acid (rRNA) level, several 

researchers have called for the re-classification of Francisella novicida as a 

subspecies (subsp.) of F. tularensis (Hollis et ai, 1989; Forsman et a i, 

1994). However, at the time of writing, the List of Prokaryotic Names with

2



Chapter 1 Introduction

Standing in Nomenclature (which draws the most up-to-date information from 

the Approved Lists of Bacterial Names, the International Journal of 

Systematic Biology, and the International Journal of Systematic and 

Evolutionary Microbiology) describes F. novicida as a separate species of the 

genus Francisella (Euzeby, 1997). Therefore, although several publications 

refer to F. tularensis subsp. novicida, at the time of writing this is not strictly 

correct, although it is fair to say that this would seem to be a species incertae 

sedis.

In 1959 another Francisella-Wke organism was isolated from a dying 

muskrat found in marshland, again in Utah. This isolate was 24% similar at 

the DNA level and was morphologically similar to Yersinia pestis, and so was 

originally classed as Yersinia philomiragia (Ritter and Gerloff, 1966). 

However serological cross-reactivity with organisms of the genera Brucella 

and Francisella lead to the re-classification of this organism as Francisella 

philomiragia (Ohara et ai, 1974; Hollis et a i, 1989). More recently two 

subsp. of F. philomiragia have been accepted: subsp. noatunensis (also 

known as Francisella piscicida sp. nov. [Ottem et a i, 2007]), which has so far 

only been isolated from fish, and subsp. philomiragia (Mikalsen e ta i, 2007).

At the time of writing there are three subsp. of Francisella tularensis: 

tularensis (sometimes known as nearctica or ‘type A’), holarctica (sometimes 

known as palaearctica or ‘type B’), and mediaasiatica (fig. 1.1). The three 

subsp. are broadly separated by geographical location and by altered 

virulence in man (see section 1.1.2.). Subsp. holarctica can be further
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Fig. 1.1 The taxonomy of Francisella
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divided into three biovars: I, which is erythromycin sensitive; II, which is 

resistant to erythromycin, and III, isolates from Japan (also known as biovar 

japonica), and subsp. tularensis can be further divided into two distinct 

clades, A.I. and A.M., which are based on variable-number tandem repeat 

analysis and broadly on geographical location (Johansson etal., 2004).

1.1.1.2. Genome sequence

The first whole genome sequence of a highly virulent F. tularensis 

subsp. tularensis strain to be completed was that of strain Schu S4 

(Francisella strain collection [FSC] 237) (Larsson et al., 2005). The genome 

size was reported as 1.89 mega bases (Mb), and was predicted to contain 

1852 gene coding sequences (CDS), of which 302 have no previously 

reported homologues. Few classical virulence factors are encoded apart 

from a putative polysaccharide capsule, and lipopolysaccharide (LPS), 

however the relatively large number of Francisella-spec\f\c CDS may encode 

novel virulence factors. Of the 1852 CDS, approximately 10% are 

pseudogenes (14% of which were disrupted by insertion [IS] elements). 

Some 50% of the predicted metabolic pathways are disrupted, which 

indicates that F. tularensis is undergoing genome reduction, and may explain 

why 14 separate compounds are required to culture Francisella in the 

laboratory (Chamberlain, 1965). At the time of writing, the genomes of a 

further seven strains of Francisella, including F. novicida, and F. tularensis 

subsp. tularensis and subsp. holarctica have been sequenced, and a further 

seven sequencing projects are in progress.

5



Chapter 1 Introduction

1.1.1.3. Geographical distribution

All species of Francisella are widely distributed in the Northern 

hemisphere, traditionally only between latitudes 30°N and 70°N (Hopla, 1974; 

Forsman et a i, 1990) (fig. 1.2), however the isolation of a F. novicida-Uke 

organism from the Northern Territory of Australia has cast some doubts to 

this dogma (Whipp etal., 2003).

All isolates of F. novicida, with the exception of the F. novicida-like 

organism from Australia (Whipp et ai, 2003) have originated in North 

America. Likewise, all isolates of F. philomiragia subsp. phiiomiragia have 

come from North America, although F. philomiragia subsp. noatunensis has 

only been isolated from cod in the North Atlantic Ocean (Mikalsen et ai., 

2007; Ottem et ai, 2007).

North America is also the main location where F. tularensis subsp. 

tularensis is found, with the only isolates of this subsp. in Europe almost 

certainly attributable to environmental contamination with a commonly used 

laboratory strain (Chaudhuri et a i, 2007). Clade A.I. of F. tularensis subsp. 

tularensis is found in the Midwest, California, and Massachusetts, whilst 

clade A.II. is found in California and the mountain states (Johanssen et ai,

2004). The most widespread subsp. of F. tularensis is holarctica, which is 

the predominant subsp. in Europe, but is also found in North America and 

Asia. Of the three biovars of F. tularensis subsp. holarctica, I and II have 

been isolated in North America and Eurasia, whereas biovar japonica is 

confined to Japan. There have been recent publications of emerging or re-
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Fig. 1.2 World map showing F. tularensis-endemic regions, adapted from 

Ellis et al., (2002). Both F. tularensis subsp. tularensis and subsp. holarctica 

are endemic to North America. Only F. tularensis subsp. holarctica is 

endemic to Eurasia. Both F. tularensis subsp. holarctica and subsp. 

mediaasiatica are endemic to the central Asian republics of the former 

USSR. There is also a report of Francisella tularensis subsp. holarctica 

isolated from China (Zhang et al., 2006), and a report of a Francisella 

novicida-like organism isolated from Australia (Whipp et al., 2003).
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emerging F. tularensis subsp. holarctica in countries including Germany, 

Denmark, and China, which would seem to indicate that it is more 

widespread than previously thought (Bystrdm et al., 2005; Splettstoesser et 

al., 2007; Zhang et al., 2006). The third F. tularensis subsp., mediasiatica, is 

only found in the central Asian republics of the former United Soviet Socialist 

Republics.

1.1.2. Tularemia

1.1.2.1. Disease features in man

Disease in previously healthy humans is usually caused by F. 

tularensis subsp. tularensis or F. tularensis subsp. holarctica, with the former 

being of high virulence and the latter of moderate virulence. Infection with F. 

tularensis subsp. mediasiatica only causes mild disease in humans (Hubalek 

et al., 2004).

Rarely, human disease can be caused by F. philomiragia and F. 

novicida. Only three cases of human infection with F. novicida have been 

reported including the Australian F. nowc/da-like isolate mentioned in section

1.1.1.3. (Hollis et al., 1989; Whipp et al., 2003). Human disease caused by 

F. philomiragia has only been reported in patients from three risk groups: 

chronic granulomatous disease, myeloproliferative disease, and victims of 

near-drowning (Wenger etal., 1989).

The overall rate of mortality from untreated infections with F. tularensis 

subsp. tularensis ranges from 5% to 15% (Dennis et al., 2001), although the
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mortality rate varies according to the dose and site of inoculum, for example, 

the most severe (untreated) systemic and pneumonic forms of the disease 

give rise to between 30% and 60% mortality (Saslaw et al., 1961). Infection 

with F. tularensis subsp. holarctica seldom results in death in humans, with a 

mortality rate of less than (<) 5% (Dennis et al., 2001; Ellis et al., 2002).

1.1.2.1.1. Pneumonic tularemia

Primary pneumonic tularemia, resulting from direct inhalation of 

contaminated aerosols, is the most severe form of the disease. Inhalation of 

less than (<) 10 colony forming units (CFU) of F. tularensis is sufficient to 

cause disease in humans (Saslaw et al., 1961). Pneumonic tularemia may 

also occur by secondary haematogenous spread from a distal site of 

infection. Symptoms may include one or more of the following: pharyngitis, 

bronchiolitis, pleuropneumonitis, and hilar lymphadenitis. Alternatively 

clinical signs may be manifest as those of systemic illness without overt signs 

of respiratory disease.

1.1.2.1.2. Ulceroglandular tularemia

Ulceroglandular tularemia is the most common form of the disease, 

but is generally less serious than the pneumonic form, with a mortality rate of 

< 3% (Evans et al., 1985). After three to six days incubation following 

infection (usually a bite from an infected arthropod or transmission via a 

break in the skin from handling infected materials), a tender cutaneous ulcer 

appears at the site of inoculation. At about the same time there is onset of a 

febrile illness which may be characterised by chills, fever, head- and 

generalised body-aches (Evans et al., 1985; Ohara et al., 1991). Bacteria
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disseminate from the site of infection via the lymphatic system to the regional 

lymph nodes, from where they are further disseminated to distil organs such 

as the liver, spleen, kidneys, and lungs. Typically lymphadenopathy results, 

with one or more of the regional lymph nodes becoming enlarged and tender. 

Glandular (as opposed to ulceroglandular) tularemia is characterised by 

lymphadenopathy but without the presence of an ulcer.

1.1.2.1.2.1. Oculoglandular tularemia

In this rarely seen variation of ulceroglandular tularemia, the 

conjunctiva is the initial site of infection, with bacteria thought to be 

transferred to the eyes via the fingertips (Steinemann et al., 1999). 

Ulceration occurs on the conjunctiva, accompanied by pronounced chemosis, 

vasculitis, and regional lymphadenitis (Steinemann etal., 1999).

1.1.2.1.3. Oropharyngeal and gastrointestinal tularemia

Ingestion of infected foodstuffs or liquids can lead, depending on the 

site of colonization, to either oropharyngeal or gastrointestinal tularemia. 

Patients with oropharyngeal tularemia usually develop a painful sore throat 

due to exudative pharyngitis or tonsillitis, sometimes with ulceration (Reintjes 

et al., 2002). As with the other disease presentations, bacteria are trafficked 

to the regional lymph nodes resulting in this case in either cervical or 

retropharyngeal lymphadenopathy (Reintjes et al., 2002). Gastrointestinal 

tularemia often presents with anorexia, nausea, vomiting, and diarrhoea. 

The diarrhoea is rarely bloody but may be accompanied by ulceration of the 

intestine. In prolonged cases enlargement of the liver and spleen may also
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occur, and hepatic involvement occurs in up to 75% of patients (Zaidi and 

Singer, 2002).

1.1.2.1.4. Typhoidal tularemia

Typhoidal tularemia is the term used to describe acute systemic illness 

with no obvious clues as to site of inoculation or anatomical localisation of 

infection. Therefore unlike the other disease presentations, typhoidal 

tularemia can be characterised by a lack of lymphadenopathy (Evans et al., 

1985).

1.1.2.1.5. Sepsis

Sepsis resulting from tularemia is potentially fatal, and may initially 

present like typhoidal tularemia as a non-specific febrile illness. Patients may 

display acute symptoms of sepsis, including fever, chills, tachycardia, and 

tachypnea, they may also appear confused or comatose. Without prompt 

treatment patients may develop septic shock leading to acute respiratory 

distress syndrome and eventual organ failure (Sunderrajan etal., 1985).

1.1.2.2. Vaccination and treatment

A live attenuated vaccine strain of F. tularensis subsp. holarctica 

(LVS), also denoted FSC155 has been shown to protect human volunteers 

against inhalational challenge with ten infectious doses of F. tularensis 

subsp. tularensis, although only partial protection was afforded against 100 

and 1000 infectious doses (McCrumb, 1961). It is thought that LVS was itself 

derived from a vaccine strain, known as ‘strain 15 restored’ (currently 

denoted FSC338) which was attenuated by continuous in vitro subculture at
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the Gamaleia Institute in the USSR in the 1930's where it was used to 

immunise tens of thousands of people living in tularemia endemic areas 

(Tigertt, 1962). In 1956 vaccine strains including ’strain 15 restored’ were 

transferred from the Gamaleia Institute to the United States Army Medical 

Research Institute of Infectious Diseases (Tigertt, 1962), where ‘strain 15 

restored’ was subjected to serial animal passage for the isolation of a culture 

that was ultimately selected for vaccine production in the United States of 

America (USA) and introduced as F. tularensis LVS (Eigelsbach and Downs, 

1961). LVS was used, under the status of Investigational New Drug, to 

immunise laboratory workers, with a subsequent reduction of the incidence of 

laboratory acquired tularemia at the United States Army Medical Research 

Institute of Infectious Diseases from 5.7 cases per 1000 person years of risk 

to 0.27 cases per 1000 person years of risk (Burke, 1977). However, it has 

been reported that some individuals vaccinated with LVS go on to develop 

tularemia, and also that the immunogenicity of LVS can be variable due to 

sub-populations of LPS O-antigen-deficient bacteria present in vaccine 

cultures (Eigelsbach and Downs, 1961; Hartley et al., 2006). The molecular 

basis of the attenuation of F. tularensis LVS remains unclear. The genome 

sequence of LVS (Chain et ai., 2006) has revealed > 90% identity to that of 

the fully virulent F. tularensis subsp. tularensis strain Schu S4, although by 

comparison with that of strain Schu S4, the genome of LVS appears to have 

undergone significant rearrangement. One genomic region that is missing in 

LVS compared to Schu S4 is associated with the production of type IV pili, 

which may partly account for the attenuation of the vaccine strain, particularly 

in light that a F. tularensis subsp. holarctica ApilA strain was also shown to
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be attenuated (Forslund et al., 2006). However, with the issues of safety, 

efficacy, and the undefined nature of the vaccine in mind, the US Food and 

Drug Administration have rescinded the Investigational New Drug status of 

LVS, and, at the time of writing, an alternative vaccine is sought.

The recommended treatment for confirmed cases of tularemia is with 

an aminoglycoside as relapses or primary treatment failures using this class 

of antibiotics are relatively fewer than for treatment with bacteriostatic agents 

(Dennis et al., 2001). Previously either streptomycin or gentamicin were 

recommended for treatment of tularemia (Dennis et al., 2001), however due 

to adverse side effects associated with the use of streptomycin, gentamicin 

has become the antibiotic of choice (Hassoun et al., 2006). Bacteriostatic 

agents are recommended for occasions when F. tularensis infection is 

suspected but not confirmed and for mass casualty situations, with 

doxycycline, ciprofloxacin, or chloramphenicol being the preferred choices 

(Dennis efal., 2001).

1.1.2.3. Epidemiology

Tularemia has been isolated from more than 250 animal species, 

including mammals, birds, fish, amphibians, arthropods and protozoa 

(Morner, 1992). Mammalian hosts of Francisella are very diverse: 

lagomorphs including rabbits and hares, mustelids including skunks, and 

rodents, including voles, mice, water rats, squirrels, muskrats, beavers, 

gerbils, and lemmings. Antibodies to F. tularensis have also been found in 

mule deer and American elk (wapiti) (Merrell and Wright, 1978), and in

13



Chapter 1 Introduction

coyotes and raccoons (Bischof and Rogers, 2005). There have also been 

reports of infection acquired from companion animals such as hamsters, cats 

and prairie-dogs (Avashia et al., 2004; Magnarelli et al., 2007). Mammals, 

including humans, usually acquire the disease via arthropod transmission 

(ticks, flies, mosquitoes), although infection can also occur via direct contact 

with contaminated environments including water, soil and vegetation (Gordon 

et al., 1983). It is thought that survival of Francisella in water courses may be 

facilitated by a symbiotic relationship with amoebae, for example Francisella 

is able to multiply in Acanthamoeba casteUanii (Abd et al., 2003). No person- 

to-person transmission of tularemia has been reported.

Tularemia most often affects individuals involved in rural occupations 

such as hunting, trapping, and farming, although laboratory workers are 

another group at higher than normal risk as they may be susceptible to 

laboratory acquired infection (Martin et al., 1982; Rusnak et al., 2004). 

Human outbreaks of tularemia may be preceded by enzootic cycles and 

extensive host die-offs (Zaidi and Singer, 2002). In the USA outbreaks of 

tularemia in man follow a bimodal distribution, with peaks occurring in the 

summer which are associated with ticks and in the winter which are 

associated with animal contact (Zaidi and Singer, 2002).

The ability of Francisella to survive in water courses may have 

contributed to major human outbreaks of the disease in Scandinavia and in 

Russia (Berdal et al., 1996; RogutskiT et al., 1997). The largest naturally 

occurring outbreak of airborne disease to date occurred in Sweden in 1966-7,
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where more than 600 farmers became infected with F. tularensis subsp. 

holarctica, mainly through inhalation of contaminated aerosols (Dahlstrand et 

al., 1971). There is some evidence to suggest that the annual average 

number of cases of tularemia may be increasing, for example the average 

number of cases per year in Southern Sweden from 1999 to 2005 was 22, 

however this figure increased to 90 reported cases by the end of the first 

eight months of 2006 (Wik, 2006).

1.1.2.3.1. Illegitimate use

It is because of its low infectious dose, extreme virulence with 

potentially high mortality and relative ease of dissemination that F. tularensis 

is included on the (USA) Centres for Disease Control and Prevention 

Category A list of agents, to be considered a potential biological weapon. A 

World Health Organization expert committee commissioned to assess the 

impact of and emergency response to the illegitimate use of F. tularensis as 

a weapon estimated that aerosol dispersal of 50 kg over an urban population 

of five million people would result in a quarter of a million casualties and 19 

thousand deaths (Dennis et al., 2001).

The 1925 Geneva protocol prohibits the use of biological weapons, as 

does the Biological and Toxin Weapons Convention, which opened for 

signatures in 1972 and was implemented in 1975. However, it is known that 

F. tularensis has previously been studied under a Japanese weapons 

programme (Harris, 1992). There is also some evidence to suggest that F. 

tularensis may have been deliberately used by the USSR against the 

Germans at the battle of Stalingrad (Alibeck, 1999), although given the
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unsanitary conditions of battle a naturally occurring epidemic cannot be ruled 

out (Croddy and Krcalova, 2001). During the Cold War both the USA and the 

USSR stockpiled tons of infectious agents, including F. tularensis 

(Christopher et al., 1997). In advance of the Biological and Toxin Weapons 

Convention, the USA terminated its biological weapons programme in 1970, 

and destroyed its stockpiles by 1973 (Christopher et al., 1997). The USSR 

broke up in 1991, but the fate of remaining stocks of infectious agents is not 

fully documented. As of June 2005, 171 sovereign states were signatories to 

the Biological and Toxin Weapons Convention, of which 155 had ratified it 

(www.opbw.org/). However, 23 sovereign states remained non-signatories, 

and this combined with a continued threat from non-government-sponsored 

terrorist organisations means that the possibility of F. tularensis being used 

as a biological weapon cannot be discounted completely.

1.1.3. The intracellular lifestyle of Francisella

1.1.3.1 Most invading bacteria are detected and destroyed by

phagocytes

The word phagocytosis comes from the Greek ‘phagein’, meaning ‘to 

eat’ and monocytes and macrophages, which are the first-line guards of the 

innate host-defence system, do precisely that as they recognize and 

phagocytose invading micro-organisms. Cells of the innate immune system 

use toll-like receptors (TLRs) to sense bacterial invasion through recognition 

of molecular patterns. Detection of a pathogen induces the release of many 

cytokines (pro- and anti-inflammatory which together provide a balanced 

inflammatory response) which summon further phagocytes to the site of 

infection. Once internalized, bacteria are contained within a membrane-
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bound vesicle known as the phagosome, which eventually fuses with a 

lysosome to form a phagolysosome where bacteria are exposed to a variety 

of conditions designed to kill them.

The antimicrobial action of phagocytes can be classed as either 

oxygen-dependent or oxygen-independent: the oxygen-dependent

mechanism relies upon the generation of reactive oxygen species (ROS) 

within the phagosome. The oxygen and adenosine triphosphate (ATP) 

required for this so-called oxidative burst are produced during the process of 

phagocytosis (Carnutte and Barbior, 1974). The oxygen-independent 

mechanism results in acidification of the phagosome (to pH 5.5) and causes 

the release of hydrolytic enzymes and defensins (small cationic peptides 

which permeabilize cell membranes) (Kagan et al., 1990). Other adverse 

intracellular conditions include nutrient and iron deprivation.

Neutrophils (a class of polymorphonuclear cell [PMN]) are short-lived 

phagocytic cells containing cytoplasm-located defence molecules and are 

highly efficient killers of bacteria. They rely largely on opsonins for 

phagocytosis and bactericidal activity is strictly oxygen-dependent, as these 

cells generate large quantities of ROS (including hypochlorous acid [HOCI]), 

and hypophalite ions (chloride, iodide and bromide).

1.1.3.2. Some bacteria can resist killing by phagocytic cells

The ability to survive in what would normally be considered a stressful 

environment for micro-organisms is an important factor in virulence of
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intracellular pathogens. Bacteria that are adapted to the intracellular 

environment must regulate their gene expression in response to nutrient 

availability, pH, osmolarity, growth phase, oxygen tension, iron levels, and 

temperature which together constitute a global stress condition (Mekalanos, 

1992). In general, bacteria have three ways of surviving inside 

macrophages: 1) via the extraphagosomal pathway whereby bacteria escape 

from the phagosome before phagosome-lysosome fusion, for example 

Listeria monocytogenes (de Chastellier and Berche, 1994); 2) via the

phagolysosomal pathway whereby bacteria have become adapted for 

survival inside the phagolysosome (or at least inside vacuoles possessing 

some lysosomal markers), for example Salmonella enterica serovar Typhi 

(Ishibashi and Arai, 1995); and 3) via the intraphagosomal pathway whereby 

bacteria are able to block phagosome-lysosome fusion, for example 

Mycobacterium tuberculosis ("Clemens and Horwitz, 1995).

1.1.3.3. Infection by F. tularensis

Clearly, in order to survive in the intracellular environment F. tularensis 

must subvert the normal function of the host phagocytic cell and in turn be 

provided with protection from the immune system. The broad mechanism of 

survival of Francisella in macrophages is reported as via the intraphagosomal 

pathway, with subsequent escape from the phagosome (Anthony et al., 1991; 

Clemens et al., 2004). As yet the precise mechanisms by which Francisella 

avoids being killed under conditions that for many bacterial species would 

prove fatal remain largely un-elucidated, but that this obligate intracellular 

pathogen is highly adapted for intracellular survival cannot be in question.
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The variety of mammals that F. tularensis is capable of infecting 

includes human and non-human primates, rat, rabbit, guinea pig and mouse 

(Sjostedt, 2006). There is also some evidence that F. tularensis can replicate 

in non-professional phagocytes, for example fibroblasts and hepatocytes tick 

epithelial cells, endothelial cells and HeLa cells (Tarnvik 1989; Conlan 1992).

1.1.3.3.1. Uptake of F. tularensis

In general the O-antigen portion of the LPS of Gram-negative bacteria 

is thought to provide protection from complement-mediated killing by serum. 

LPS also induces a proinflammatory immune response through interaction of 

the lipid A portion of LPS with Toll-like receptor 4 (TLR4). However, F. 

novicida LPS, which shares an identical lipid A portion with all three F. 

tularensis subsp., is not recognised by human or murine TLR4, and does not 

stimulate TLR4-mediated responses in mice (Hajjar et al., 2006). The F. 

tularensis LPS has been shown to activate complement (Fulop et al., 1993), 

and complement and C36 complement receptor have been shown to be a 

requirement for the internalization of F. tularensis (Lofgren et al., 1983; 

Clemens et al., 2005). Taken together this means that Francisella LPS could 

be described as benign but necessary for infection.

Uptake of F. tularensis by macrophages requires the presence of 

opsonins (Allen, 2003). It has been demonstrated that macrophage uptake 

of both live and dead Francisellae is via a novel form of pseudopod looping in
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such a way that bacteria initially reside inside a large vacuole which rapidly 

shrinks to the more tightly fitting phagosome (Clemens et al., 2005).

Ingestion of F. tularensis by PMNs also occurs in the presence of 

serum opsonins (Allen, 2003), however there is conflicting published 

evidence as to the extent of survival of F. tularensis that has been ingested 

by neutrophils: McCaffrey and Allen report that F. tularensis LVS ingested by 

PMNs is not eliminated, and goes on to escape the phagosome and replicate 

in the cytoplasm. It is hypothesised by these authors that this occurs 

because F. tularensis is able to disrupt the respiratory burst (McCaffrey and 

Allen, 2006). This may be possible because F. tularensis possesses AcpA, a 

respiratory burst-inhibiting acid phosphatase, which has been shown to be 

active in PMNs (Reilly et al., 1996). However AcpA was found to be non- 

essential for survival of F. novicida in macrophages (Baron et al., 1999), 

although this may represent a difference between the mechanisms by which 

F. tularensis and F. novicida survive inside PMNs. It has also been 

suggested that further disruption of the respiratory burst may be because F. 

tularensis LPS is not recognized by the LPS-sensing molecules of PMNs 

(Barker et al. 2006).

In contrast to the above reports, it has previously been reported that 

neutropenic mice are susceptible to an otherwise sub-lethal dose of F. 

tularensis LVS (Sjostedt et al., 1994) and that a neutropenic human bone 

marrow transplant patient acquired a fatal F. tularensis infection (Sarria et al., 

2003). Together these two reports would seem to indicate that killing by
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PMNs is essential for controlling F. tularensis infection in mice and humans. 

Furthermore, it has been reported that a majority (98%) of F. tularensis LVS 

are killed by PMNs, whereas 63% of fully virulent F. tularensis subsp. 

holarctica survive (Lofgren et al. 1983). The same group has shown that, in 

vitro, F. tularensis LVS is much more sensitive to HOCI than fully virulent F. 

tularensis subsp. holarctica, which may account for the increased 

susceptibility of the vaccine strain to killing by PMNs (Lofgren et al., 1984).

1.1.3.3.2. Inside the phagosome

After uptake by macrophages, F. tularensis resides within a 

phagosome. It appears that F. tularensis is able to alter the maturation of the 

phagosome (evidenced by the exclusion of cathepsin D, lysosomal tracers 

and lack of acidification) and subsequently prevent phagolysosome fusion 

(Clemens et al., 2004). Within two to four hours of invasion bacteria begin to 

escape the phagosome by exporting surface-located material in vesicles 

which then associate with the phagosomal membrane and cause it to 

degrade (Golovliov et al., 2003; Lindgren et al., 2004).

1.1.3.3.3. Outside the phagosome

Within four to eight hours of invasion most F. tularensis have escaped 

the phagosome to reside in the cytoplasm, with access to the intracellular 

milieu for growth and replication. Replication of bacteria begins six to 12 

hours after infection and the resulting high levels of viable bacteria induce 

cytopathogenesis and apoptosis via a pathway that partly resembles the 

intrinsic apoptotic pathway: F. tularensis LVS has been shown to induce the
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release of cytochrome C from the mitochondria of murine J774A.1 

macrophages, changing the potential of the mitochondrial membrane (Lai 

and Sjostedt, 2003). Activation of Caspase 9 and Caspase 3 has also been 

observed in F. tularensis LVS-infected J774A.1 cells (Lai and Sjostedt, 

2003). Apoptosis of macrophages containing F. tularensis LVS requires 

activation of the p42/p44 mitogen-activated protein kinase (MAPK) signal 

pathway, which is known to be stimulated by LPS. Apoptosis of 

macrophages containing F. tularensis LVS is also associated with reduced 

activity of the p38 MAPK pathway (Hrstka et al., 2005). The F. tularensis 

LVS gene iglC has been shown to be required for apoptosis to occur (Lai et 

al., 2004) and a ApurMCD mutant of the same strain has been shown to 

escape from the phagosome but not to replicate in the cytoplasm or to induce 

apoptosis (Pechous etal., 2006).

The results of a recent study carried out by Checroun et al. suggest 

autophagy as an alternative means by which F. tularensis may escape from 

host cells (Checroun et al., 2006). The study, carried out using F. tularensis 

subsp. holarctica-mfected murine primary macrophages, showed the 

formation of double-membrane bound Francisella-containlng vacuoles 

(FCVs) in response to cytoplasmic replication of F. tularensis. FCVs were 

shown to be autophagic in nature, and it was demonstrated that fusion with 

lysosomes and acidification of FCVs occurred, although bacteria contained 

within FCVs were morphologically intact (Checroun et al., 2006). It is not 

explicitly clear from this study whether or not the formation of autophagic 

FCVs is in fact xenophagy, mediated by the host cell in order to limit the

22



Chapter 1 Introduction

proliferation of bacteria in the cytoplasm, or whether this is a bacteria- 

mediated event that facilitates exit from the host cell through exocytosis. The 

visualisation of intact bacteria inside FCVs and the fact that biogenesis of 

FCVs is dependent upon active proliferation of F. tularensis are important 

indicators that this may be another example of how F. tularensis is able to 

subvert host cell defences. Several other intracellular bacterial species have 

been shown to survive the autophagic pathway (Dorn et al., 2002), although, 

at the time of writing, F. tularensis is unique in its apparent escape from and 

subsequent re-entry into two distinct endocytic pathways (Checroun et al., 

2006).

A class of intracellular molecules (like TLRs), called NACHT leucine- 

rich repeats (NLRs), recognise and respond to internalized pathogens. Upon 

F. tularensis internalization, NLRs induce an inflammatory response 

mediated by interleukin ip  which leads to the recruitment of fresh 

macrophages for infection once apoptosis (or presumably exit via the 

autophagic route) has occurred at 24 to 48 hours after internalization 

(Gavrillin et al., 2006). These macrophages are not activated and therefore 

easier to infect by bacteria escaping from host cells.

A recent publication has cast some doubt on the long-standing 

paradigm that F. tularensis in the blood of infected hosts is primarily cell- 

associated. Analysis of blood taken from mice infected with either F. 

tularensis LVS or Schu S4 showed that an average of 75% of bacteria 

recovered were located in the plasma rather than intracellularly (Forestal et

23



Chapter 1 Introduction

al., 2007). However this study failed to investigate whether F. tularensis is 

able to replicate extracellularly, or whether the extracellular bacteria 

observed were simply escapees from phagocytic cells, preparing for another 

round of infection as described previously.

No known exotoxins are produced by F. tularensis, instead the 

pathogen would appear to usurp the immune system and use it against the 

host. If death is the ultimate outcome of infection this is usually due to 

pneumonia and/or septic shock brought about by the release of large 

quantities of cytokines (Dennis et al., 2001).

1.2. DNA microarrays

DNA microarrays have gained wide use in biological research as a 

powerful technology enabling the simultaneous analysis of a large number of 

nucleic acid hybridisations. DNA representing genes of interest are 

immobilised or arrayed, in an addressable format, onto treated glass, usually 

either a slide or a silicon chip. DNA arrayed onto the solid surface are 

conventionally referred to as probes (Shalon et al., 1996). Sample DNA, 

either genomic (gDNA) or complementary (cDNA) depending on the 

experimental design, is then hybridised to the microarray under stringent 

conditions for the detection of sequence specific binding. Labeled DNA that 

is hybridised to the microarray is conventionally referred to as target DNA 

(Shalon et al., 1996). Broadly, microarrays have two main utilities: 

comparative- and functional genomics.
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1.2.1. Microarray formats

At the time of writing there are two main microarray formats available 

commercially, based on glass slides and silicon chips. Silicon GeneChip 

technology is owned by Affymetrix Incorporated (Inc.) (Santa Clara, USA), 

and consists of extremely dense oligonucleotide arrays that are synthesised 

in situ by a process known as photolithography. Affymetrix have set the gold 

standard in microarray chip technology - each gene being represented by 25 

unique oligonucleotides and internally controlled by 25 mis-matched 

oligonucleotides which differ by one nucleotide each. Affymetrix GeneChip 

technologies, however, are among the most expensive in the field.

For microarrays printed, or spotted, onto glass slides, the probes may 

be cDNA directly amplified from the genome by polymerase chain reaction 

(PCR), or they may be oligonucleotides, usually between 25 and 80 

nucleotides in length, that are designed in silico to be unique to each CDS. 

Both cDNA microarrays and oligonucleotide microarrays have been shown to 

perform comparably well in bacterial transcription studies (Guckenberger et 

ai., 2002), and the relatively low cost of glass slide microarrays compared to 

Affymetrix GeneChips makes them attractive to many researchers.

Alternative technologies to both Affymetrix GeneChips and glass slide 

microarrays are becoming available; one example of this is BeadChip 

technology from lllumina, Inc. (San Diego, USA): clusters of 50,000 beads 

are arrayed into micro-wells on glass slides, with each bead containing more 

than 105 copies of a covalently bound 50-mer oligonucleotide probes. Each
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slide contains several arrays, with each array containing more than 1500 

unique oligonucleotide sequences. Very high-density microarrays of this type 

allow high-throughput genetic profiling, with the capability to include multiple 

organisms on one chip.

1.2.2. A glass-slide microarray experiment using fluorescent labeling

A microarray experiment can be broken down into four key stages, at 

each of which great care must be taken to avoid the introduction of 

systematic errors:

1.2.2.1. Fabrication of microarrays

Using a sequenced, and ideally, annotated genome, unique probes 

are designed corresponding to each CDS of interest. When considering the 

length of probes, there are two main factors to be taken into account: 

sensitivity, and specificity. Longer probes are likely to yield higher sensitivity 

but with reduced specificity, whilst for shorter probes the opposite is true. 

The probes are checked in silico for likelihood of cross-hybridisation. There 

are two commonly accepted criteria to indicate that the probability of cross

hybridisation is low: < 75% overall complementarity between probe and 'non- 

target' gene sequences; and <15 contiguous complementary bases between 

the two (Kane et a/., 2000).

A robot, facilitated by microelectronic and miniaturisation technologies 

is used to array each probe onto a chemically treated glass slide. There are 

several chemical treatments available for glass slides, the most appropriate
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being dependent on probe type, some of these are discussed in more detail 

in section 3.4.2. Where necessary because of the surface chemistry of the 

microarray, probes are then further immobilised by cross-linking, either by 

ultraviolet (UV) treatment, or by baking to form a covalent bond.

1.2.2.2. Sample preparation and labeling

Target nucleic acid from the organism of interest is isolated by 

standard DNA or ribonucleic acid (RNA) purification methods. Care must be 

taken at this stage, particularly in the case of RNA, which has a very short 

half-life, not to introduce artefacts through the process of transcription or 

ribonuclease (RNase) activity. DNA is labeled using fluorescent nucleotides 

via random prime incorporation during a polymerase reaction. RNA is 

reverse-transcribed into cDNA, and again the labeled nucleotides are 

incorporated by random priming. The fluorescent dyes Cy3 and Cy5 are 

often used in microarray experiments, particularly as it is possible to 

purchase nucleotides labeled with these dyes from GE Biosciences 

(Amersham, UK). In addition to fluorescence, microarray readout can also 

take the form of radioisotope detection and mass spectrometry (Cox et a i, 

2001; Isolar etal., 2001).

1.2.2.3. Hybridisation, stringency washing and imaging

The fluorescent-labeled target DNA is hybridised under stringent 

conditions to the arrayed probes before washing to remove unbound DNA. 

Both hybridisation and stringency washing conditions are determined 

experimentally, and are strongly influenced by the melting temperature of the
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probes, as in all nucleic acid hybridisation reactions. After stringent 

washing, the microarray is scanned using lasers at the correct wavelength to 

excite the fluorophore(s) and a digital image is recorded. By differentially 

labeling nucleic acid samples with fluorophores requiring different excitation 

wavelengths, it is possible to competitively hybridise two target DNA species 

to the microarray. The excitation maximum of Cy3 is at 565 nm and the 

excitation maximum of Cy5 is at 670 nm. The digital image of the scanned 

microarray is pixelated, and this information is used to determine the relative 

hybridisation of different target samples.

1.2.2.4. Normalisation and statistical analysis

There are various methods for mining the data generated from 

hybridised microarrays, ranging from very simple qualitative (spot is 

fluorescing or not) to more complex statistical analyses. One important 

consideration to be made before statistical analysis can proceed is the 

correction of dye-dependent bias in signal - Cy3 has a stronger signal than 

Cy5, causing artefactual variation in signal. One method to eliminate this is 

to perform 'dye-swap' experiments, where each target is separately labeled 

with both Cy3 and Cy5 and both samples are hybridised with their 

differentially labeled counterpart. The resulting scan data is pooled, 

essentially smoothing the signal. Alternatively, this smoothing can be 

achieved by performing other normalisation calculations, for example by 

performing a lowess transformation (Yang et a/., 2002). The correct 

statistical analysis of an experiment is dependent on the experimental 

design, and should be taken into account during the preliminary stages of
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any study. Although microarray analysis is a quantitative procedure, the 

generally accepted method for confirming up- or down regulation of the 

transcription of individual genes is by quantitative-reverse transcriptase-PCR 

(QPCR).

1.2.3. Comparative genomics

1.2.3.1. Whole-genome sequencing

At the point of writing the National Centre for Biotechnology 

Information (NCBI) database holds the complete annotated sequences of 

more than 300 bacterial genomes (www.ncbi.nih.gov). The first bacterial 

genome to be sequenced was that of Haemophilus influenza (Fleischmann et 

al., 1995) with early sequencing projects reported to have taken 

approximately 18 months. Current sequencing technologies have 

dramatically reduced the time taken to complete a genome sequence, with a 

3.0 Mb sequence taking approximately 4 months to complete, including 

annotation. The relative speed and ease of completing a bacterial genome 

sequence make this a fast-moving field: a further 224 projects are listed by 

NCBI as underway but yet to be completed. Of these 535 sequenced or 

partially-sequenced genomes, many are from organisms of concern to 

human health. Examples of important human pathogens that have been 

sequenced include Y. pestis, the etiological agent of plague (Parkhill et al., 

2001); Neisseria meningitidis, which causes meningitis (Tettelin et al., 2000); 

Vibrio cholerae, which causes cholera, (Heidelberg et al., 2000); the food- 

borne zoonosis Campylobacter jejuni (Parkhill et al., 2000) and the obligate 

human pathogen S. enterica serovar Typhi (Parkhill et al., 2001). In part, it is
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the desire to understand the evolution of pathogens that drives these 

bacterial genome sequencing projects.

Genetic diversity is caused by either mutation or recombination 

events, and plasmid transfer. Recombination produces different 

combinations of alleles as a result of the physical exchange or acquisition (by 

lateral transfer) of DNA between organisms (or between chromosomes for 

higher organisms). Mutation is the alteration of DNA sequence within an 

organism. A synonymous, or silent, mutation occurs when the altered DNA 

sequence does not result in a change in the amino acid sequence. A non- 

synonymous mutation causes a change in amino acid sequence. Non- 

synonymous mutations include the loss or deletion of DNA, with deletions of 

just one nucleotide having the potential to cause a change in amino acid 

sequence. The loss or gain of genes resulting in phenotypic alteration is 

referred to as ‘genome plasticity’. It is important to bear in mind that genome 

plasticity can be deleterious as well as advantageous to the organism, for 

example, whilst the loss of genes from the folate biosynthesis pathway 

makes both Mycoplasma spp. and Treponema spp. non-susceptible to the 

antibiotic trimethoprim (Burman, 1986), these organisms are also auxotrophic 

for folic acid and are therefore forced to utilise exogenous sources of this 

essential cofactor (de Crecy-Lagard et al., 2007). An example of a 

deleterious effect of gene deletion in the human genome is Williams-Beuren 

syndrome, brought about by a deletion in chromosome 7.
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It is through a combination of gene loss, acquisition, and mutation that 

evolution of a genome occurs, driven by the biological and ecological factors 

that constitute natural selection (Pallen and Wren, 2007). In this way 

genomes diversify -  strains of the same species each share a set of ‘core 

genes’ with individual strains possessing extra ‘accessory genes’ in various 

combinations (Dorrell, 2005). The rate of evolution of a given species is 

governed by the rate at which progeny are produced. The relatively fast 

replication time for bacteria (compared to higher organisms) means that they 

are able to evolve rapidly in response to their environment.

1.2.3.2. How is comparative genomics data used?

Comparative genomic data can be used to study the evolutionary 

history of a species, for example a study to investigate the relatedness of V. 

cholerae strains from different cholera biotypes, found < 1% divergence at 

the genome level for all strains tested (Dziejman et al., 2002). This study 

also provided important evidence for the way in which V. cholerae has 

evolved into a human pathogen, through the identification of sets of ‘core 

genes’ shared by all strains in a species it was possible to identify those 

genes unique to strains with a particular phenotype, for example colonization 

of a new (human) host species.

Another use for data generated from comparative genomics studies is 

in epidemiological surveillance, Kidgell and Winzeler wrote in 2005 that 

“accurately distinguishing between closely related strains is essential in 

cases of pathogens associated with food-borne diseases or bioterrorism”
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(Kidgell and Winzeler, 2005). This may prove to be particularly important in 

monitoring the spread of antibiotic resistance and pathogenicity genes, or 

perhaps in the provision of forensic evidence for legal processes.

Genome comparison between strains of bacteria is also important 

when contextualising transcriptome analysis as changes in gene expression 

between strains may result from genomic heterogeneity as well as from 

differential gene expression.

Molecular techniques used for the analysis of genetic diversity include 

pulsed-field gel electrophoresis, microsatellite mapping (Dearlove, 2002), 

mass spectrometry-based genotyping (Pusch et al., 2002), ribotyping 

(Ansaruzzaman et al., 1996), and restriction fragment length polymorphism 

mapping. However, whilst these techniques are useful for typing studies, 

their utility is limited for examination of individual genes, or for ascertaining 

differences in genetic profile at the strain level. Subtractive hybridisation is 

the most commonly used method to screen for genes that are additional to 

an unsequenced strain compared to the sequenced strain (e.g. Soule et al.,

2005).

The most thorough method for comparing genomes is of course whole 

genome sequencing, but although the financial and temporal burdens of this 

process have become much reduced in recent years, typically only one strain 

per species (or perhaps subspecies) is sequenced. This limits the utility of
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whole genome sequencing for comprehensive comparative genomics 

studies.

1.2.3.3. Array comparative genomics hybridisations (aCGH)

Although DNA microarrays were originally designed to measure gene 

expression levels (Lockhart et al., 1996), they also provide a useful platform 

for evaluating genetic diversity. The higher density the microarray, i.e. the 

more elements or probes arrayed, the wider the range of potential 

comparative genomics applications, from strain typing, to polymorphism 

discovery and even genome sequencing through the use of resequencing 

arrays (Zwick et al., 2005). An example of a study using high density 

microarrays is the comparative genomic analysis of Plasmodium falciparum 

which causes malaria. The gDNA from four pathogenic strains was 

hybridised to an Affymetrix microarray resulting in the discovery of 981 single 

nucleotide polymorphisms (SNPs), many of which were located in genes 

associated with varying the antigenic and adhesive character of the parasite 

(Volkman etal., 2002).

The highest density microarrays are whole genome tiling arrays -  non

overlapping or slightly overlapping probes that cover, or tile, the genome from 

end to end (Mockler et al., 2005). These microarrays are particularly 

important for comparative genomics studies, as data can be obtained from 

intergenic regions which are often not included in microarrays that have been 

designed for expression studies. Changes to intergenic regions do not 

usually result in change of gene expression or phenotype and are therefore
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likely to be tolerated, meaning that intergenic regions tend to display more 

genome plasticity than coding sequences, making comparison of these 

regions particularly important in surveillance applications. A more recent use 

for microarrays designed to include intergenic regions is in a version of 

chromatin immunoprecipitation analysis known as ChlP-chip or genome-wide 

location analysis. This is a technique to identify DNA sequences that bind 

specific DNA-binding proteins such as transcriptional regulators. The DNA 

sequences that bind proteins can include transcription regulators or other 

functional elements such as promoters or repressors. A known protein is 

bound to DNA in vivo and the binding protein is cross-linked to the chromatin 

to which the DNA is attached. The cell is lysed and the DNA inside 

fragmented by sonication, during which the DNA-binding protein-DNA 

complex remains intact. This complex is then immunoprecipitated using an 

antibody targeted to the DNA-binding protein followed by separation of the 

complex into its protein-DNA components. The DNA region can then 

identified by hybridisation to a microarray.

Resequencing arrays offer highest resolution and discriminatory 

power of a DNA microarray to date: four probes are designed for each base 

pair in a given sequence. One is specific to the reference DNA whilst the 

other three differ at the central base, coding for each of the three alternative 

nucleotides. An increase in signal from one of the four probes compared to 

the three alternatives indicates the correct nucleotide at the central position. 

This type of array is highly tiled, with every base represented many-fold and 

this enormously powerful approach can be used to sequence entire genomes
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in a single hybridisation experiment. For example, the genomes of several 

isolates of SARS-Coronavirus were rapidly sequenced in response to the 

2004 outbreak, helping to assess the genetic diversity and epidemiology of 

the disease (Wong et al., 2004).

Phylogenetic trees are plotted from microarray data as follows: DNA 

from different strains is hybridised to the microarray and the regions of 

difference (RD) for each strain compared to the reference strain (genome 

sequenced strain used to design the microarray) are determined. All strains 

are compared to one another in a pair-wise fashion to see if the RD is 

present in one or both, or absent from both. The genealogical relationship 

between strains then becomes apparent (Winzeler et al., 2003).

1.2.3.4. Advantages and limitations of aCGH

Microarrays have several advantages over other methods for 

comparative genomics studies. The analysis is genome-wide so that large 

amounts of data can be generated from a single hybridisation reaction. It is 

possible to design the microarray to extremely high resolution, allowing the 

detection of fine differences, down to the base pair level. The rapid nature of 

experiments allows for high throughput analyses, and the stringency and 

reproducibility of hybridisations reduces the rate of false-positive identification 

of RDs.

However, there are limitations to the use of DNA microarrays for 

comparative genomics, the main one being that this platform is asymmetric,
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with all data generated relative to the reference strain to which the microarray 

was designed. Microarrays cannot be used for the detection of additional 

DNA that has either been acquired by the test strain, or that has been 

previously lost by the reference strain. In a similar way, diversity resulting 

from duplications and genome rearrangements is not easy to determine 

without the use of tiling arrays.

It should be remembered that microarrays with lower discriminatory 

powers, for example those with one probe per gene, may miss even gross 

regions of heterogeneity if these fall outside of the region to which the probe 

is designed. These factors mean that there is a high false-negative rate for 

detection of RDs using conventional, low density microarrays. However, 

although tiling, and especially resequencing, arrays have great discriminatory 

power, they are expensive to build because of the number of probes 

required. Taking the example of F. tularensis Schu S4 which has a genome 

of 1.89 megabases, predicted to contain 1852 CDS (Larsson et al., 2005): a 

resequencing array would require 7,200,000 oligonucleotides and a tiling 

array constructed using 25-mers would require 72,000 oligonucleotides, 

whereas a conventional microarray designed to investigate gene expression 

requires just 1,800 probes.

1.2.4. Functional genomics

The aim of a functional genomics, or transcriptomics, study is to 

examine the function and expression pattern of genes in response to a 

specified set of conditions. In 2002 G.K. Schoolnik wrote that “the ultimate
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goal of whole genome expression studies of pathogenic bacteria is the 

identification of bacterial genes that are differentially regulated in the host. 

Within this class of genes are those that adapt the microbe to host-specific 

microenvironments or encode virulence determinants." (Schoolnik, 2002).

Messenger RNA (mRNA) is isolated under conditions of interest, for 

example from diseased versus healthy tissue, or from bacteria cultured under 

nutrient-replete versus nutrient-limited conditions. Reverse transcriptase is 

used to transcribe RNA into cDNA, with random incorporation of labeled 

nucleotides. The labeled cDNA is hybridised to the microarray and the test 

and control expression profiles (transcriptomes) are compared.

1.2.4.1. Advantages and limitations of microarray functional genomics 

studies

As with aCGH (section 1.2.3.3.), the main advantage of microarrays 

for functional genomics studies is that the response of a great number of 

genes to a given condition may be examined in parallel, removing the need 

for lengthy initial analyses on a gene-by-gene basis.

One of the major potential pitfalls of any study where RNA is 

quantified as an indication of gene expression is that RNA, and in particular 

bacterial RNA, is extremely labile (Sarkar, 1997; Taljanidisz et al., 1997). 

The half-life of 99% of E. coli mRNA transcripts have been shown to range 

from one to 18 minutes (min.), with a mean half-life of five min. depending on 

the specific growth medium used to culture the bacteria (Bernstein et al.,
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2002). This enables bacteria to adapt their transcription profiles very rapidly 

in response to environmental stimuli, and as such, care must be taken not to 

introduce transcriptional artefacts which could influence the data obtained. 

Additionally, one of the mechanisms of control of gene expression is by the 

prevention of translation of mRNAs into a final gene product. This means 

that the presence of a particular mRNA detected by microarray in the 

transcriptome does not necessarily indicate that a gene product will be 

obtained. Also, as mentioned previously, only genes that are present in the 

organism used to construct the microarray can be detected, meaning that 

transcription of genes that may have been acquired by strains other than the 

microarray reference strain will be missed. One example where this 

limitation could be of particular importance is if antibiotic resistance genes 

have been acquired by a pathogenic organism as these would not be 

detectable by a microarray unless it had been constructed with this type of 

analysis in mind.

1.2.5. Aim

The aim of the work presented in this thesis was to design and 

construct a F. tularensis microarray using the genome sequence of a fully 

virulent F. tularensis subsp. tularensis strain, Schu S4. This microarray was 

tested by performing a comparative genomics study and comparing the data 

obtained to those reported from previously published comparative genomics 

studies carried out using Francisella. The comparative genomics data 

obtained in this study were also analysed for clues as to the genetic basis of 

the attenuation of F. tularensis LVS, and of the relative attenuation of F.
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tularensis subsp. holarctica compared to F. tularensis subsp. tularensis. 

Finally, the microarray was used to perform functional genomics studies 

using F. novicida cultured under conditions selected to represent some of the 

conditions thought to be encountered by Francisella in vivo. Data from both 

aCGH and functional genomics studies were ultimately utilised in a wider F. 

tularensis vaccine programme, in the provision of target genes for an 

improved rationally attenuated vaccine strain.
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2.1. Bacterial strains and cultivation

Bacterial strains used in this study are listed in table 2.1. F. tularensis 

was cultured on blood glucose cystine agar (BCGA) (table 2.2), or in 

Chamberlain’s chemically defined medium (CDM) (table 2.3). Agar plates 

were inoculated from other plates, or from stocks held at -80°C in 40% 

glycerol made up with phosphate buffered saline (PBS) (Gibco, Paisley UK). 

Plates were incubated, inverted, at 37°C for 24-48 hours (h), until growth was 

observed. Broth cultures were incubated at 37°C (with the exception of 

cultures under elevated temperature) with shaking at ~200 revolutions per 

minute (rpm). All F. tularensis subsp. tularensis and F. tularensis subsp. 

holarctica manipulations were carried out at ACDP level 3, with agar plate 

incubation carried out in secondary containment. All F. novicida 

manipulations were carried out at ACDP level 2, with agar plate incubation 

carried out in secondary containment and broth incubations carried out in 

disposable 250 ml Erlenmeyer flasks with filtered lids (Nalge Nunc 

International, New York, USA).

2.2. Isolation and quantification of DNA from Francisella

DNA from Francisella strains was isolated using the PUREGENE DNA 

isolation kit (Gentra Systems, Minneapolis, USA) following the 

manufacturer’s instructions. Bacteria were cultured on BCGA as described in 

section 2.1., and ~ 0.5 to 1.5 billion cells (a loopful) was scraped from the 

agar and suspended in 500 microlitres (pi) PBS. The suspension was 

centrifuged at 16,000 x g for one minute (min.). The supernatant was 

discarded and the bacterial pellet was resuspended in 300 pi PUREGENE
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Cell Lysis Solution. The Table 2.1 Bacterial strains used in this study. Strain 

origin and alternative designation details taken from Svensson et al., (2005). 

isolated from F. tularensis FSC074. isolated from F. tularensis FSC158.

Strain

Number

Subsp. Date Location Source Alternative

designation

FSC 237 tularensis 1941 Ohio, USA Human

ulcer

Schu S4

FSC 043 tularensis 1941 Ohio, USA Human

ulcer

Schu

FSC147 mediaasiatica 1965 Kazakhstan Miday

gerbil

GIEM 543

FSC 124 holarctica 1990 Ukraine, Odessa 

region

Water 14588

FSC 257 holarctica 1949 Moscow area Tick 503/840

FSC 012 holarctica 1941 Montana, USA Tick 425F4G

FSC 200 holarctica 1998 Ljusdal, Sweden Human

FSC352 holarctica 1974 Nas, Sweden Hare9

FSC354 holarctica 1974 Nas, Sweden Hare9

FSC358 holarctica 1994 Norway Human6

FSC 338 holarctica Russia Vaccine

strain

Strain 15

FSC 155 holarctica Russia Vaccine

strain

LVS,

ATCC 29684

FSC 040 novicida 1950 Utah, USA Water ATCC 15482
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Table 2.2 BCGA (Atlas, 1993)

Reagent Concentration 

(% v/v)

Nutrient agar 

(1.5% (w/v) agar,

0.05% (w/v) pancreatic digest of gelatine, 

0.3% (w/v) beef extract,

Autoclaved 15 min at 15 psi, 121°C)

85

Glucose cystine solution 

(25% (w/v) glucose,

1% (w/v) cystine-HCI, 

Filter sterilized)

10

Defibrillated horse blood 5
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Table 2.3 CDM (Chamberlain, 1965)

Reagent Concentration 
(% w/v)

L-arginine(free base) 0.04
L-aspartic acid 0.04
L-cysteineHCI 0.02
L-histidine (free base) 0.02

DL-isoleucine 0.04
L-leucine (methionine free) 0.04
L-lysine (mono HCI) 0.04

DL-methionine 0.04
L-proline (hydroxyl-L-proline-free) 0.20
DL-serine 0.04
DL-threonine (allo-free) 0.20
L-tyrosine 0.04
DL-valine 0.04
Spermine phosphate 0.04
ThiamineHCI 0.0004
DL-calcium pantothenate 0.002
Glucose 0.40
NaCI 1.0
MgS04-7H20 0.0135
FeS04-7H20 0.0002
k h 2p o 4 0.10
k2h p o 4 0.10

pH6.2 -  6.4, filter sterilized
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sample was incubated at 80°C for 5 min. to lyse the cells. After incubation, 

1.5 pi PUREGENE RNaseA was added to the cell lysate and mixed by 

inversion 25 times. The sample was incubated at 37°C for 1 h. The sample 

was cooled to room temperature and 100 pi PUREGENE Protein 

Precipitation Solution was added. The sample was vortexed for 20 seconds 

(s.), and then centrifuged at 16,000 x g for three min. to pellet the precipitated 

proteins. The supernatant containing the DNA was transferred to a fresh 1.5 

millilitre (ml) tube containing 300 pi 100% isopropanol. The sample was 

gently inverted 50 times to precipitate the DNA and was then centrifuged at 

16,000 x g for one min. to sediment the DNA. The supernatant was 

discarded and 300 pi 70% ethanol was added. The sample was inverted 

several times to wash the DNA and then centrifuged at 16,000 x g for one 

min. The supernatant was discarded and the DNA was air-dried for ~10 

min., until all visible liquid had evaporated. The pellet was resuspended in 50 

pi PUREGENE DNA Hydration Solution and incubated at 65°C for 1 h with 

occasional inversion to aid dispersal of the pellet. DNA quantification was 

performed by spectrophotometric analysis of 1 pi aliquots using an ND-1000 

spectrophotometer (NanoDrop Technologies, Wilmington, USA).

2.2.1. Concentration of DNA by ethanol precipitation

The following were added to each DNA sample: 1/10 volume ice cold 

sodium acetate (3 molar [M], pH 5.2), 2 volumes ice cold absolute ethanol. 

The samples were placed at -20°C for a minimum of 1 h and then 

centrifuged at 16,000 x g for 30 min to sediment the precipitated DNA. The 

supernatants were decanted and 0.75 ml 70% ethanol was added to each
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sample. The samples were centrifuged as above for 5 min. The 

supernatants were decanted and the DNA pellets allowed to air-dry for a 

maximum of 10 min. Each DNA pellet was resuspended in nuclease-free 

water (Ambion, Austin, USA) to a final concentration of 1 mg ml'1. Samples 

were placed at 65°C for 30 min to aid resuspension of the DNA. DNA 

samples were stored at -20°C until use.

2.3. PCR

2.3.1. PCR primer storage

PCR primers were supplied lyophilised (MWG-Biotech, Ebersberg, 

Germany) and were resuspended in nuclease-free water to a concentration 

of 100 picomole per microlitre (pmol pi"1), according to the individual 

molecular weight supplied with the primers. A working dilution of 10 pmol pi'1 

of each primer was made and stored at 4°C. The primers at 100 pmol pi'1 

were stored at -20°C.

2.3.2. PCR reaction

The following were added to 0.2 ml thin-walled nuclease-free reaction

tubes (Ambion):

illustra PuReTaq Ready-To-Go PCR bead 1

(GE LifeSciences, Amersham, UK)

DNA at 1 micrograms (pg) ml'1 1 pi

Forward primer at 10 pmol pi'1 2 pi

Reverse primer at 10 pmol pi'1 2 pi

Nuclease-free water (Ambion) 20 pi
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Reactions were performed in a GeneAmp PCR System 2700 (Applied 

Biosystems (ABI) (Warrington, UK) thermalcycler as follows:

Stage Temperature

(°C)

Time Replicates

1 95 5 min. 1

2 95

Primer Tm - 5°C 

72

30 s. 

30 s.

1 min.

30

3 72 10 min. 1

4 10 00 1

Reactions were resolved using an agarose gel and visualised using 

ethidium bromide, with the concentration of agarose and choice of molecular 

weight marker being dependent on the expected amplicon size: amplicons of 

< 500 base pairs (bp) were resolved using agarose at 2% (w/v) dissolved in 

Tris-acetate-ethylenediaminetetraacetic acid (TAE) buffer (Sigma, 

Bournemouth, UK) with 50 bp ladder DNA marker (GE LifeSciences), and 

amplicons of £ 500 bp were resolved using 1% (w/v) agarose with KiloBase 

DNA marker (GE LifeSciences). Agarose gels were visualised using an ultra 

violet transilluminator.
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2.4. Culture of F. novicida under in vitro stress conditions

2.4.1. Culture of F. novicida under iron-depleted conditions

F. novicida was cultured at 37°C in 10 ml CDM for ~ 16 h with shaking 

at ~190 rpm to give a stationary phase culture. The overnight suspension 

was diluted in pre-warmed CDM (2 ml in 28 ml) and incubated at 37°C, with 

shaking at ~190 rpm for 2.5 h so that the culture was in logarithmic (log) 

phase. The culture was centrifuged at 10,000 x g for 10 min at 4°C to 

sediment the cells. The supernatant was decanted and the cells 

resuspended in 30 ml PBS. This PBS wash was repeated three further times 

to remove any residual CDM. The washed bacterial suspension was added 

(2 ml) to 28 ml pre-warmed CDM (control) and to CDM without FeSO ^hhO  

but supplemented with 10 millilmolar (mM) deferroxamine (CDM-Fe). The 

control culture contained iron at a concentration of 2 x 10'4 % (w/v). The 

growth rate of test and control cultures was compared by measuring the 

absorbance at 260 nanometres (A2 6 0 ) of each at hourly intervals. Both test 

and control cultures were grown at 37°C in an air-incubator, pH 6.2 with 

shaking at 190 rpm: this was To.

2.4.2. Culture of F. novicida in CDM without methionine

F. novicida was cultured at 37°C in 10 ml CDM for ~16 h with shaking 

at ~190 rpm to give a stationary phase culture. The overnight suspension 

was diluted in pre-warmed CDM (2 ml in 28 ml) and incubated at 37°C, with 

shaking at ~190 rpm for 2.5 h so that the culture was in log phase. The 

culture was centrifuged at 10,000 x g for 10 min at 4°C to sediment the cells. 

The supernatant was decanted and the cells resuspended in 30 ml PBS.
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This PBS wash was repeated three further times to remove any 

residual CDM. The washed bacterial suspension resuspended in 30 ml pre- 

warmed CDM made with DL-methionine omitted (CDM-met).

2.4.2.1 Culture of F. novicida in CDM-met under low pH

F. novicida was cultured as described in section 2.4.2, in duplicate. 

The pH of one of the flasks of CDM-met was adjusted from pH 6.2 to pH 5.4 

by the addition of 100 pi hydrochloric acid (HCI) (1 M), before the bacteria 

were added. The second (control) culture was maintained at pH 6.2. Both 

cultures were incubated at 37°C, with shaking at ~190 rpm -  this was To. The 

growth rate of test and control cultures was compared by measuring the 

absorbance at 260 nanometres (A 26o) of each at hourly intervals.

2.4.2.2 Culture of F. novicida in CDM-met under elevated temperature

F. novicida was cultured as described in section 2.4.2, in duplicate. 

One of the cultures was incubated at 42°C with shaking at ~190 rpm. The 

second (control) culture was incubated at 37°C with shaking at ~190 rpm -  

this was To. The growth rate of test and control cultures was compared by 

measuring the A26o of each at hourly intervals.

2.4.2.3. Culture of F. novicida in CDM-met under oxidative stress

F. novicida was cultured as described in section 2.4.2, in duplicate. 

Hydrogen peroxide (H20 2) (150 pi at 1 M) was added to one of the flasks of 

CDM-met to give a final concentration of 5 mM, before the bacteria were 

added. No H20 2 was added to the second (control) culture. Both cultures

49



Chapter 2 Methods

were incubated at 37°C, with shaking at ~190 rpm -  this was To. The growth 

rate of test and control cultures was compared by measuring the A26o of each 

at hourly intervals.

2.5. RNA isolation

2.5.1. Stabilisation of RNA from F. novicida cultured in vitro

At intervals ~4 x 109 colony forming units (CFU) F. novicida was 

removed from each culture and immediately added to two volumes 

RNAProtect Bacteria Reagent (Qiagen, Crawley, UK). The cell/RNAProtect 

mixture was shaken and left at room temperature for 5 min. The samples 

were then stored at 4°C for up to 2.5 h before RNA isolation.

2.5.2 RNA extraction and quantification from F. novicida cultured in 

vitro

RNA from F. novicida was extracted using the RNeasy Midi Kit 

(Qiagen) following the manufacturer’s instructions. Briefly, this involved 

sedimenting the bacteria by centrifuging at 10,000 x g for 10 mins. The 

bacteria were lysed using egg white lysozyme (1 milligram [mg] ml"1). Buffer 

RLT (Qiagen) containing p-mercaptoethanol (10 microlitres [jul] ml"1) was 

added, followed by absolute ethanol. The sample was applied to an 

RNeasy midi column (Qiagen) in a 15 ml collection tube and centrifuged at 

5000 x g for 5 min. The eluate was discarded and buffer RW1 (Qiagen) was 

applied to the column. The column was centrifuged at 5000 x g for 5 min and 

the eluate was discarded. Buffer RPE (Qiagen) was applied to the column 

which was then centrifuged at 5000 x g for 2 min. The eluate was discarded
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and buffer RPE was applied to the column again. The column was 

centrifuged at 5000 x g for 5 min and the eluate was discarded. The column 

was transferred to a fresh, RNase-free, 15 ml collection tube and RNase-free 

water was added to the column. The column was allowed to stand for 1 min 

and then centrifuged at 5000 x g for 3 min to elute the sample. All samples 

were stored at -20°C prior to quantification and concentration. RNA 

quantification for each sample was performed by spectrophotometric analysis 

of 1 j l l I  aliquots using an ND-1000 spectrophotometer.

2.5.3. Concentration of RNA by ethanol precipitation

Concentration of RNA samples was carried out as described in section 

2.2.1., but concentrated RNA was stored at -80°C until use (whereas 

concentrated DNA was stored at -20°C).

2.6. Microarrays

2.6.1. Printing F. tularensis DNA microarrays

DNA microarray design and printing is described in chapter 3.

2.6.2. CyDye labeling of DNA

2.6.2.1. Method 1, gDNA labeling

This method is based on that published by Stabler et a i, (2003), and 

Stewart et al., (2002). One reaction was prepared per sample, per 

microarray slide. The following reagents were combined in an amber 1.5 ml 

microcentrifuge tube (the tube was amber to block out light and help to 

prevent photo-bleaching of the CyDyes):
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F. tularensis Schu S4 gDNA (1 mg ml'1) 6.0 pi

Random primers (3 pg/pl (Invitrogen Corporation, Paisley, UK) 1.0 pi

DEPC treated water (Ambion, Huntingdon, UK) 34.5 pi

The reaction was heated at 95°C for 5 min; snap-cooled on ice, and 

briefly centrifuged to bring the reactants to the bottom of the tube.

The following reagents were added to each reaction:

10x React2 buffer (Invitrogen) 

dNTPs (Invitrogen) (5mM dA/G/TTP, 2 mM dCTP)

Cy3- or Cy5-dCTP Fluorolink 

(GE Life Sciences)

DNA polymerase I large (Klenow) fragment (Invitrogen)

The reactions were incubated in the dark for 90 min at 37°C.

2.6.2.2. Method 2, cDNA labeling

One reaction was prepared per sample, per microarray slide. The 

following reagents were combined in an amber 1.5 ml microcentrifuge tube:

RNA (1 mg/ml)

Random primers (3 pg/pl, Invitrogen)

DEPC treated water (Ambion)

6.0 pi

1.0 pi

4.0 pi

5.0pl 

1.0 pi 

1.5 pi

1.0pl
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The reaction was heated at 95°C for 5 min; snap-cooled on ice, and briefly 

centrifuged to sediment the reactants.

The following reagents were added to each reaction:

5 x First Strand Synthesis Buffer (Invitrogen) 5.0pl

0.1 M DTT (Invitrogen) 2.5 pi

dNTPs (5mM dA/G/TTP, 2 mM dCTP) 2.3 pi

Cy3- or Cy5-dCTP Fluorolink 1.7 pi

CyScribe reverse transcriptase (GE Healthcare) 2.5 pi

The reactions were incubated in the dark for 10 min at 25°C, and then 

for 90 min at 42°C.

2.6.3. Purification of CyDye-labeled DNA using MinElute (Qiagen)

Where applicable (i.e. when a two channel hybridisation was to be 

performed), Cy3- and Cy5-labeled DNA/cDNA were combined in a single 

microcentrifuge tube. DNA purification was then carried out using a MinElute 

Kit, following the manufacturer’s instructions. Briefly, five volumes of buffer 

PB (Qiagen) was added to the sample and mixed by pipetting. The sample 

was applied to a MinElute column (Qiagen) in a 2 ml collection tube. The 

column was centrifuged at 16,000 x g for 1 min and the eluate was 

discarded. Buffer PE (750 pi) was applied to the column and centrifuged as 

before. The eluate was discarded; the column was replaced into the same 2 

ml collection tube and centrifuged as before. The column was placed into a 

fresh 1.5 ml collection tube and 10 pi sterile water was applied directly to the
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column membrane. The column was allowed to stand for 1 min and then 

centrifuged as before to elute the labeled DNA.

2.6.4. Hybridisation

Purified CyDye-labeled DNA (10 |jl) was mixed with 10 pi 1x DIG Easy 

Hyb buffer (Roche, Lewes, UK) and heated at 70°C for 2 min. The sample 

was cooled to room temperature for 3 min and then briefly centrifuged to 

sediment the reactants.

The microarray was placed into a hybridisation chamber (Genetix, 

New Milton, UK) and 4 ml water was added to the well at the bottom. A 22 x 

22 millimetre (mm) glass LifterSlip (Eerie Scientific, Portsmouth, USA) was 

gently placed onto the microarray, to cover the printed area. Care was taken 

to ensure that the LifterSlip bars were face down, providing a space for the 

target DNA sample to be applied.

The labeled target DNA solution was carefully pipetted under the 

LifterSlip, allowing the solution to be drawn under and across the array by 

capillary action. The hybridisation chamber was sealed tightly and incubated 

in a dry oven at the desired hybridisation temperature.

2.6.5. Washing

Wash buffers FT1 (table 2.4) and FT2 (table 2.5) were pre-warmed to 

42°C overnight. Hybridised microarrays were washed for 30 min in low 

stringency buffer FT1, with the buffer refreshed after 15 min. Microarrays
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were then washed for 30 min in high stringency buffer FT2, again with the 

buffer refreshed after 15 min. Washes were carried out using a microarray 

10 slide wash rack (Genetix) in a 1 litre (I) beaker. Washes were carried out 

in the dark, at room temperature (but using buffers pre-warmed to 42°C) 

using a magnetic stirrer to gently agitate the buffers. After the second FT2 

wash, the microarrays were briefly rinsed in isopropanol and then dried by 

centrifugation at 215 x g for 5 min.
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Table 2.4 Buffer FT1

Reagent Concentration

20x sodium chloride-sodium citrate 

buffer (SSC) (3 M NaCI, 0.3 M Na 

citrate [pH7.0]) (Sigma)

10% (v/v)

Sodium dodecyl sulphate (SDS) (10% 

w/v solution)

5% (v/v)

Distilled H2 O 85% (v/v)
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Table 2.5 Buffer FT2

Reagent Concentration

20x SSC 1.25% (v/v)

SDS (10% w/v solution) 5% (v/v)

Distilled H2 O 93.75% (v/v)
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2.6.6. Scanning and image quantification

Hybridised and washed microarrays were imaged using the GenePix 

4000B scanner (Molecular Devices Corporation, Sunnyvale, USA), controlled 

by GenePix Pro software (Molecular Devices Corporation). Images were 

quantified using BlueFuse v.3.1 software (BlueGnome, Cambridge, UK) 

using the auto-gain function.

2.6.7. Data acquisition and analysis for transcriptomic studies

Fluorescent scanning and image quantification was carried out as 

described in section 2.6.6., using a GenePix 4000B scanner and BlueFuse 

v.3.1 image analysis software. Quality control was performed by generating 

a normalisation constant for each array by excluding positive and negative 

control gene spots from each data set, as well as those with confidence 

values <0.1 and taking the median of the remaining log2  ratios between 

channels. Linear normalisation was then applied by subtracting the 

normalisation constant from each log2  ratio. After global scaling, the relative 

expression for each time point was determined using the log2  ratio from each 

paired test and control data set. To test statistically whether each gene was £ 

1.5-fold regulated a significance p-value was determined using a two-tailed t- 

test. The Benjamini Hochberg procedure for controlling the false discovery 

rate (FDR) was applied to generate a corrected p-value ( P f d r ) -

2.7. Quantitative real time PCR (QPCR)

TaqMan assays were designed and synthesised by ABI, using their 

proprietary Assays-by-Design service. Each assay included a FAM dye-

58



Chapter 2 Methods

labeled TaqMan minor-groove binder probe and two unlabeled PCR primers 

specific to the gene of interest. Unlabeled cDNA was prepared as described 

in sections 2.6.2.2. and 2.6.3., using an equal mix of all four dNTPs (5 mM 

each) and without using Cy-dCTP. The following were added to per well of a 

96-well optical reaction plate (ABI):

TaqMan Universal Mastermix (ABI) 12.5 pi

TaqMan Assays-by-Design bespoke assay (ABI) 1.25 pi

DEPC-treated water 9.25 pi

Unlabeled cDNA 2.0 pi

The plate was covered with an Optical Adhesive Cover (ABI) and was 

briefly centrifuged to sediment the contents. A heat proof cover designed to 

prevent evaporation from 96-well plates (ABI) was applied to the plate. The 

PCR was carried out using a Prism 7000 (ABI), using Prism 7000 sequence 

detection system software (ABI) under the following cycling conditions:

Stage Temperature

(°C)

Time Replicates

1 50 2 min 1

2 95 10 min 1

3 95 15s 40

60 1 min
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Relative quantification of gene expression between test and control 

samples was calculated as follows: a threshold level was set during the 

exponential phase of amplification, and the cycle threshold (CT) of each 

reaction was measured from the cycle number at which the reaction signal 

corresponded with the threshold level. Each test and control assay was 

carried out in triplicate, and for each assay non-template controls were also 

included in triplicate. For each test condition, a ‘housekeeping’ gene, 

reported to have a stable expression pattern was also assayed. 

Quantitation of gene expression was calculated using the 2(-delta delta C(T)) 

(AACT) method (Livak and Schmittgen, 2001). Briefly, the mean of the CT 

values for both test and control assays was taken, both for the gene of 

interest and for the housekeeping gene. The delta CT (ACT) was calculated 

by subtracting the mean CT of the housekeeping gene from the mean CT of 

the test gene. The AACT was then calculated by subtracting the ACT of the 

housekeeping gene from the ACT of the test gene. A housekeeping gene is 

so named because the level of expression is assumed to remain the same 

regardless of environmental stimuli. Any differences between the measured 

level of expression of the housekeeping gene in test and control samples are 

therefore attributed to variance in the amounts of RNA template in test and 

control cultures, and results for test genes adjusted accordingly. This is a 

controversial concept, especially when considering relatively small bacterial 

genomes as it seems doubtful that any given gene would not be affected by 

some external stimuli. With this in mind, the level of change in expression of 

the housekeeping gene selected (based on previous publication) was 

checked in the microarray data to be confirmed. If the housekeeping gene
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appeared to be regulated in response to the condition under test, then 

another housekeeping gene would be selected.
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Design and construction of a F. tularensis microarray



Chapter 3 Microarrav design and construction

3.1. Introduction

As described in section 1.2., DNA microarrays are a very powerful tool 

that can be used to investigate the genetic makeup or transcriptome profile of 

an organism. DNA probes are arrayed onto a solid platform and labeled 

DNA targets are hybridised to the probes under stringent conditions. 

Unbound targets are removed by washing, and the resulting hybridised 

microarray is viewed under conditions which allow visualisation of labels 

attached to the bound DNA targets. Two main microarray formats are 

available commercially, based on glass slides and silicon chips. Silicon chip 

technology is usually considered the gold-standard, but is very expensive, 

which means that glass-slide format microarrays are also popular. There 

are a number of variables in format to be considered at the design stage of 

glass-slide microarrays, not least whether probes should consist of PCR 

amplicons or synthetic oligonucleotides.

3.1.1. A F. tularensis ordered clone microarray

A F. tularensis microarray has previously been generated using PCR 

products derived from a pUC18 clone library synthesised for the genome 

sequencing of strain Schu S4 (Broekhuijsen et al. 2003). Samples of DNA 

isolated from 27 Francisella strains were hybridised to this microarray in 

experiments to reveal the extent of gross genetic diversity between strains. 

The results suggested that there is only limited genetic variance between 

strains, despite differences in virulence between subspecies (Broekhuijsen et 

al., 2003). However, there were some limitations to the microarray used: the 

clones used as PCR substrates to generate probes were generated by
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inserting random F. tularensis Schu S4 DNA fragments into the pUC18 

vector. This means that some of the probes contained more than one CDS 

or truncated CDS, making it difficult to assign a putative gene name or 

function to each probe. This limits the value of the ordered clone microarray, 

particularly for transcriptomic analysis. In addition, the plasmid probes were 

in limited supply, a second factor highlighting the requirement for an 

improved version of the F. tularensis microarray.

3.1.2. Aim

The aim of this work was to design and construct a second-generation 

F. tularensis microarray, with probe design based on the F. tularensis Schu 

S4 genome sequence. A glass slide format was chosen, with one 

oligonucleotide probe designed to represent each putative CDS identified in 

the F. tularensis Schu S4 genome sequence.
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3.2. Methods

This section describes the methods that were common to all of the 

hybridisations described in the optimisation of the second-generation 

microarray, including design of the oligonucleotide probes. Each experiment 

performed to optimise the microarray hybridisation and wash conditions 

differed from the last in some aspect as the procedure was refined. 

However, the DNA labeling reactions and hybridisation methods, apart from 

hybridisation buffer and temperature which were two of the parameters 

subject to optimisation, remained the same.

3.2.1. Oligonucleotide design

Oligonucleotides were designed using the F. tularensis Schu S4 

genome sequence, available at the time as six contiguous pieces (contigs.). 

The contigs. were concatenated to give a complete sequence and putative 

Open reading frames (ORFs) were assigned using Glimmer software 

(Delcher et al., 1999). Concatenation was carried out with the addition of 

stop codons in all six reading frames between each contig., and before the 

first contig., in order to prevent the formation of false ORFs. Glimmer was 

used to find putative ORFs with a minimum gene length of 500 base pairs 

(bp), of which there were 1282 identified. Putative ORFs were allowed to 

overlap by 30 bp or 10% maximum. A Hidden Markov Model of the long 

ORF sequences was built, which was utilised by Glimmer2 (Delcher et al., 

1999) to find additional putative CDS of a minimum gene length of 90 bp, 

which increased the total number of putative CDS identified to 2057. The 

putative CDS list was analysed against itself using BLASTn (Altschul et al., 

1990), and against the NCBI database using tBLASTn (Altschul et al., 1990).
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Duplicated CDS and CDS that were thought to be incorrect were deleted, as 

were CDS shorter than 120 bp in length. The final number of putative CDS 

used for oligonucleotide design was 1937.

A FASTA file of putative CDS was sent to MWG Biotech, along with 

the concatenated genome sequence for oligonucleotide design using their 

proprietary Oligos4Array software. The algorithm was designed to generate 

several 50-mer complementary oligonucleotides to each CDS. The optimum 

oligonucleotide for each CDS was selected on the basis of lowest in silico 

level of cross-reactivity with other CDS (using BLASTn and Smith-Waterman 

alignment searches), and the highest in silico binding activity between the 

oligonucleotide probe and its target DNA. Additional selection criteria 

included minimum tertiary structure formation, GC content and melting 

temperature (Tm) falling within given parameters wherever possible, to give a 

more uniform binding capacity between oligonucleotides. In addition, MWG 

Biotech were requested to cross-check each oligonucleotide for levels of 

cross reactivity with the human, mouse and amoeba, as these were the 

infection models in use, and it was thought likely that future target RNA 

samples could be contaminated with RNA from these sources. 

Oligonucleotides were designed using only the central 60% of each CDS, in 

order to account for possible discrepancies in the precise location of start and 

stop codons.
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3.2.1.1. Control probes

Twenty control CDS were also selected from ten organisms that are 

unrelated to F. tularensis (table 3.1). Local alignment searches were carried 

out between these CDS and the F. tularensis genome to ensure that there 

was no identity between them. Oligonucleotides were designed to each of 

these CDS as described above (section 3.2.1.), with the exception that they 

were not included in the database searches against human, mouse and 

amoeba genomes.

3.2.1.2. Oligonucleotide format

Oligonucleotides were supplied, un-modified and ‘ready-to-spot’, at a 

concentration of 100 pmol pi'1 (+/- 20%) in 3 x SSC buffer.

3.2.2. Microarray printing

3.2.2.1. FOI-printed microarrays

In the first instance microarrays were printed at FOI, Umea, Sweden 

using an SDDC/C200 Robot (Engineering Services Inc., Toronto, Canada). 

Oligonucleotides were used, as supplied by MWG Biotech Ltd., at 100 pmol 

pi"1 in 3 x SSC buffer. In addition to negative control probes, negative 

control spots, either empty or 20 x SSC only, were included. Microarrays 

were printed on CMT-GAPS slides (Corning Inc. Life Sciences, Lowell USA), 

which were supplied coated with aminosilane. Microarrays were re-hydrated 

by placing them, face down, over a vessel filled with 1 x SSC buffer until the 

spots could be seen to glisten. Care was taken not to allow spots to become 

so wet that they merged. The microarrays were then snap-dried by placing
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Table 3.1 Negative control oligonucleotides included on the second-

generation F. tularensis Schu S4 microarray.

Organism Gene Accession No.

A. castellanii Actophorin M93361

Naegleria fowleri
mp2CI5 AY049749

Homo sapiens
Thioredoxin
reductase

X91247

A. castellanii
TPBF L46867

Geobacillus stearothermophilus bstYIM AY97779

A. castellanii
rpbl U90211

Mus musculus
p-actin X03672

Dictyostelium discoideum tor AY204354

M. musculus
1128 NM177396

Shigella flexneri
mxiM M98391

M. musculus a-tubulin M13446

Shigella sonnei
mxiJ D50601

M. musculus rdh1 AY072301

Y. pestis IcrG M26405

H. sapiens
BPIL1 AF465765

Hordeum vulgare fp3 AJ549119

H. sapiens L37a L06499

S. enterica serovar Typhimurium sinl AF140550

H. sapiens APCDDI AB104887

Burkholderia cepacia bcscC AY166598
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them, face up, onto an 80°C heat block for 3 seconds. A UV Stratalinker 

(Strategene, La Jolla USA) set at 500 milli-Joules was used to cross-link the 

DNA to the slide. Microarrays were blocked in succinic anhydride (0.02 M) 

and sodium borate (0.02 M) in 1-methyl-2-pyrrolidone (0.08 M), pH 8.0. 

Blocking was carried out at room temperature for 20 min., with gentle 

agitation using an orbital shaker. Microarrays were washed in distilled water 

at 95°C for two min., and then submerged in 95% ethanol for final rinsing and 

drying by centrifugation at 215 x g  for seven min. at room temperature.

3.2.2.2. HPA-printed microarrays

Subsequently, a Biorobotics TAS Microgrid II Arrayer (Genomics 

Solutions Ltd., Huntingdon, U.K.) was used to print microarrays at HPA, 

Porton Down, Salisbury, UK. The microarray was designed to contain 16 

sub-arrays (in a four by four layout), with each sub-array containing 306 

probes (in a 17 by 18 arrangement), giving a total of 4896. Oligonucleotides, 

supplied by MWG Biotech Ltd. at 100 pmol pi'1 (+/- 20%), were diluted 1:1 

using 50% glycerol. Oligonucleotides corresponding to each Francisella 

CDS were arrayed in duplicate, and the whole microarray was printed onto 

each slide in duplicate. Negative control oligonucleotides were arrayed at 

the same frequency as test oligonucleotides i.e. four times per slide. 

Additional negative controls were included in the form of buffer-only spots, 

printed using 1 x SSC, and empty, un-printed, spots. Cy3-dCTP was 

included in the corner of each sub-array to aid with visual alignment of 

Imagene quantification grids. Microarrays were printed on aminosilane- 

coated Nexterion A slides (Schott UK Ltd., Stafford, UK). Microarrays were
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not chemically post-processed, but the oligonucleotides were fixed to the 

slides by baking in a dry oven at 180°C for two hours (as opposed to UV 

crosslinking). Processed microarrays from were stored in a dark, dust free 

environment with desiccation until use. It was judged that microarrays would 

remain usable for up to six months after printing.

3.2.3. Preparation of Cy3-labeled DNA and hybridisation

DNA was isolated from F. tularensis Schu S4 as described in section

2.2. The DNA was labeled with Cy3-dCTP (6 pg DNA per reaction) as 

described in section 2.6.2.1. and purified as described in section 2.6.3. The 

labeled DNA was hybridised to the microarray as described in sections 2.6.4. 

to 2.6.6. The hybridisation temperature and buffer conditions were varied as 

part of the microarray optimisation as detailed in section 3.3.

3.2.4. Microarray washing

3.2.4.1. Wash protocol 1

Wash protocol 1 was carried out at room temperature with agitation.

Buffer Composition in water Length of wash (min.)

Wash 1 1 x SSC, 0.2% SDS 1

Wash 1 1 x SSC, 0.2% SDS 2 (x 2)

Wash 2 0.1 x SSC, 0.2% SDS 1

Wash 2 0.1 x SSC, 0.2% SDS 2

Wash 3 0.1 x SSC 1 (x 2)

Wash 4 isopropanol 1 (submerged without agitation)
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3.2.4.2. Wash protocol 2

Wash protocol 2 was carried out at 42°C, using buffers pre-warmed to 

42°C. Washes were carried out in the dark in a rotisserie oven, set to the 

lowest rpm of 1.

Buffer Composition in water Length of wash (min.)

FT1 2 x SSC, 0.5% (w/v) SDS 15 (x 2)

FT2 0.5 x SSC, 0.5% (w/v) SDS 15 (x 2)

3.2.4.3. Wash protocol 3

Wash protocol 3 was carried out at 42°C, using buffers pre-warmed to 

42°C. Washes were carried out in the dark in a rotisserie oven, set to the 

lowest rpm of 1.

Buffer Composition in water Length of wash (min.)

FT1 2 x SSC, 0.5% (w/v) SDS 15 (x 2)

FT3 0.25 x SSC, 0.5% (w/v) SDS 15 (x 2)

After washing microarrays were dried by centrifugation in Sorvall 

Legend M bench top centrifuge at 215 x g for 7 minutes.

3.2.5. Scanning and image quantification

Microarrays were scanned at 550 nm using a 428 scanner (Affymetrix, 

Inc., Santa Clara, California, USA) and quantified using Imagene v.5.5 

(Biodiscovery, Inc., El Segundo, USA). The median background was 

subtracted from the median signal for each spot to give a true (background 

corrected) value.
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3.3. Results

All microarray hybridisation and washing optimisation steps were 

carried out using F. tularensis Schu S4 gDNA. As the oligonucleotides were 

complementary to the F. tularensis Schu S4 genome sequence, each test 

probe was expected to give a high signal, and negative control probes were 

expected to give low or no signals after hybridisation with F. tularensis Schu 

S4 DNA.

3.3.1. Microarrays printed at FOI

A total of 25 microarrays were printed at FOI. A summary of the 

optimisation steps taken with the FOI-printed microarrays detailed below can 

be found in table 3.2. Ten experiments were performed to optimise the 

hybridisation and washing conditions used with this microarray, however it 

eventually became clear that a systematic fault with the microarrayer was 

causing cross-contamination of the oligonucleotide probes, evidenced by 

positive hybridisation signals from negative control spots (data not shown).

3.3.2. Microarrays printed at HPA

A total of 50 microarrays were printed at HPA in the first instance. A 

summary of the optimisation steps taken with the HPA-printed microarrays 

detailed below can be found in table 3.3.
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Table 3.2 Overview of hybridisation optimisations carried out using FOI-

printed microarrays.

Hyb.
conditions

Hyb.
temp.

Wash
conditions

Comments Result

Low salt 
(DIG Easy 

Hyb)

42°C Protocol 1 Performed 
at FOI 
using 

Lucidea 
hyb. station.

High signals from 
controls

High Salt 61 °C Protocol 1 Test probes variable. 
High signals from 

controls
Low salt 

(DIG Easy 
Hyb)

42°C Protocol 1 Performed 
at Dstl 
without 
using 

Lucidea 
hyb. station.

Test oligos variable. 
High signals from 

controls

Low salt 
(DIG Easy 

Hyb)

65°C Protocol 1 No signal

Low salt 
(DIG Easy 

Hyb)

70°C Protocol 1 No signal

Low salt 
(DIG Easy 

Hyb)

42°C Protocol 2 Test probes variable. 
High signals from 5% 

of controls
Low salt 

(DIG Easy 
Hyb)

42°C Protocol 2 30 minute 
wash steps

Test probes variable. 
High signals from 
20% of controls

Low salt 
(DIG Easy 

Hyb)

42°C Protocol 2 No signal -  unclear 
why

Low salt 
(DIG Easy 

Hyb)

42°C Protocol 3 30 minute 
wash steps

Test probes variable. 
High signals from 
10% of controls

Low salt 
(DIG Easy 

Hyb)

42°C Protocol 3 Apparent that false 
positives attributable 
to cross 
contamination

73



Chapter 3 Microarrav design and construction

Table 3.3 Overview of hybridisation optimisations carried out using HPA- 

printed microarrays.

Hyb.
conditions

Hyb.
temp.

Wash
conditions

Comments Result

Low salt 
(DIG Easy 

Hyb)

42°C Protocol 3 First HPA 
print run

Fewer false positives 
than seen before, no 
evidence of print tip 

carry over
Low salt 

(DIG Easy 
Hyb)

42°C Protocol 3 Microarray 
Blocked 

with salmon 
DNA

Hyb. failed

Low salt 
(DIG Easy 

Hyb)

42°C Protocol 3 Second 
HPA print 
run using 

fresh oligos

~0.4 % false positive 
rate. Even test signals

Low salt 
(DIG Easy 

Hyb)

42°C Protocol 3 ~2.2 % false positive 
rate. Even test signals

Low salt 
(DIG Easy 

Hyb)

42°C Protocol 3 1.5 % false positive rate. 
Even test signals
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3.3.2.1. An initial evaluation of HPA-printed microarrays

The first hybridisation using the HPA-printed microarrays was carried 

out using F. tularensis Schu S4 gDNA from the same preparation as that 

used in the hybridisations described in section 3.3.1. Fewer false positives 

were observed from the HPA-printed microarray than were observed from the 

FOI-printed microarray with 0.25 x SSC washes for 15 min. False positive 

signals that were observed were from negative control probes rather than 

from buffer or empty spots, indicating that there was little or no print tip carry 

over (fig. 3.1).

3.3.2.2. Use of salmon DNA to block the microarray from non-specific 

binding

This was essentially a repeat of the hybridisation described in 3.3.2.1., 

but with an extra step of blocking the microarray before hybridisation using 

non-specific salmon testes DNA to reduce the signals from the negative 

control probes. The hybridisation results were similar to those seen from that 

described in section 3.3.2.1. (fig. 3.2).

3.3.2.3. Evaluation of an elevated wash temperature to increase 

stringency

In order to further increase the stringency of the hybridisation, wash 

steps were carried out at 65°C. Only weak signals were detected from the 

microarray after this hybridisation (data not shown).
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Fig. 3.1 Graph to show the background corrected signal for all probes on the 

HPA-printed microarray after hybridisation with F. tularensis Schu S4 gDNA 

in DIG Easy Hyb buffer at 42°C. Stringency washes were carried out 

according to protocol 3. The majority of false positive signals observed were 

from oligonucleotide probes and not from empty- or buffer only spots, 

confirming that washing of print pins was adequate.
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Fig. 3.2 Graph to show the background corrected signal for all probes on the 

HPA-printed microarray after hybridisation with F. tularensis Schu S4 gDNA 

in DIG Easy Hyb buffer at 42°C. In advance of hybridisation with F. 

tularensis DNA, the microarray was non-specifically blocked using salmon 

DNA in an attempt to reduce the signal observed from negative control 

oligonucleotides. Stringency washes were carried out according to protocol 

3. False positive signals were observed from negative control 

oligonucleotides.
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3.3.2.4. A second batch of HPA-printed microarrays

Due to the false positive hybridisations observed, it was thought 

possible that the oligonucleotides could have become cross contaminated 

during carriage from FOI to Porton Down, as they were transferred in shallow 

96 well microtitre plates. It was not possible to keep the plates upright at all 

times when travelling (for example to pass the bag through airport security) 

and although the plates were heat sealed with foil, it was still thought 

possible that some of the oligonucleotides could have been transferred 

between wells. This would provide a feasible explanation for the pattern of 

non-specific hybridisation signals observed from the HPA printed 

microarrays: some negative control probes, but not all, had high signals, yet 

the same was not observed from buffer-only or empty control spots. On this 

basis, a second complete set of oligonucleotides was transferred from FOI to 

Porton Down for further printing at HPA. Deep 96 well microtitre plates were 

used, along with an improved heat plate sealing method. Extra care was 

taken to ensure that the plates were not tipped at all during transit. A second 

print run of 25 microarrays was carried out at the HPA. This time, more 

negative control probes were included (32 replicates of each control 

oligonucleotide), as well as more buffer only and empty spots.

3.3.2.5. Evaluation of the second batch of HPA-printed microarrays

A hybridisation was carried out using a microarray from the second 

batch of HPA-printed microarrays. The hybridisation was carried out at 42°C 

in 0.5 x DIG Easy Hyb buffer. Washing was carried out following protocol 3. 

The results from this first hybridisation showed that only three out of 716
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negative control probes give a signal above the background. This is ~0.4% 

of the total negative control elements and was considered to be an 

acceptable level of false positive result. The performance of the test probes 

was also more even than had been observed before (fig. 3.3). However, 103 

test probes gave low signals (within the background range) for both replicate 

spots. This hybridisation was repeated twice more with similar results (figs. 

3.4 and 3.5). There were high signals from just 16 (~2.2%) and 11 (~1.5%) 

of the negative control probes respectively, and none from buffer only or 

empty spots. It was noted that one negative control probe in particular was 

responsible for the false positive signal, raising the possibility that there was 

a level of specific binding between this probe and F. tularensis DNA. This 

oligonucleotide was therefore excluded from further print runs, reducing the 

false-positive rate to zero.
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Fig. 3.3 Graph to show the background corrected signal for all probes on the 

second HPA-printed microarray (using a new set of oligonucleotides) after 

hybridisation with F. tularensis Schu S4 gDNA in DIG Easy Hyb buffer at 

42°C. Stringency washes were carried out according to protocol 3. Use of 

the new set of oligonucleotide probes reduced the false positive rate to 0.4% 

and produced an even signal from test probes, indicating that previous 

microarrays had been printed using cross-contaminated oligonucleotides.
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Fig. 3.4 Graph to show the background corrected signal for all probes on the 

second HPA-printed microarray (using a new set of oligonucleotides) after a 

second hybridisation with F. tularensis Schu S4 gDNA in DIG Easy Hyb 

buffer at 42°C. Stringency washes were carried out according to protocol 3. 

The false positive was 2.2% an even signal was observed from test probes, 

confirming the acceptable result obtained in the previous hybridisation.
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Fig. 3.5 Graph to show the background corrected signal for all probes on the 

second HPA-printed microarray (using a new set of oligonucleotides) after a 

third hybridisation with F. tularensis Schu S4 gDNA in DIG Easy Hyb buffer at 

42°C. Stringency washes were carried out according to protocol 3. The false 

positive rate was 1.5% and an even signal was observed from test probes.
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3.4 Discussion

3.4.1. Oligonucleotide probes were selected for the F. tularensis 

microarray

The choice between oligonucleotide and PCR amplicon probes is 

usually a trade off between sensitivity and specificity of the probes. 

Generally, the longer the probe, the more specific its binding capabilities, 

although such binding specificity can result in reduced sensitivity, particularly, 

for example, when DNA from a related but non-identical organism is 

hybridised. Inversely, shorter probes are more likely to share a higher 

percentage of complementarity with a given target DNA and will therefore be 

increased in sensitivity, but with a correspondingly lowered specificity. 

However, in practise the sensitivity of oligonucleotide and PCR amplicon 

microarrays has been shown to be comparable (Guckenberger et al., 2002). 

Ideally oligonucleotide probes would be used for applications requiring 

lowered specificity, such as genotyping, and PCR amplicons would be used 

to probe samples where higher specificity would be advantageous, such as 

transcriptomic analysis. An additional advantage of oligonucleotide probes 

is that these can be chemically synthesised to order, eliminating the 

necessity of performing, optimising, and purifying the products of a vast 

number of PCRs and therefore expediting the microarray design process 

considerably, and it was for this reason that oligonucleotides were selected 

for the second-generation F. tularensis microarray. The length of the 

oligonucleotide probes was 50 nucleotides, as this length has been reported 

to provide acceptable levels of both sensitivity and specificity (Kane et al., 

2000).
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3.4.2. Aminosilane was used to attach the DNA probes to the slides.

A range of chemical coatings can be used to facilitate binding of DNA 

probes to the solid glass medium, including poly-L-lysine, aldehyde, epoxy-, 

and amino-silane. Some chemical coatings, such as aldehyde may only be 

used to facilitate the binding of amine-modified DNA to a glass slide. The 

amino group attached to the DNA binds reversibly with the aldehyde group 

on the slide to form a Schiff base, which can then be reduced by reaction 

with sodium borohydride to form an irreversible covalent bond. However, 

modifying oligonucleotide probes can be costly, and a more economical 

approach, and one that was taken in the construction of this F. tularensis 

microarray, is to use glass slides that are coated with a chemical that can 

bind both amine-modified- and un-modified DNA, such as poly-L-lysine, 

epoxy- or amino-silane, removing the requirement for an additional amine 

group. Aminosilane and poly-L-lysine both provide a coating of positively- 

charged amine groups to the slide surface which forms an ionic interaction 

with the negatively-charged DNA backbone. UV treatment (cross-linking) or 

baking then causes the conversion of this initial electrostatic interaction into a 

covalent bond. However, despite the similarities between these two 

chemicals, it has been reported that retention of DNA onto commercially 

available poly-L-lysine-coated slides is generally lower than that for 

commercially available aminosilane-coated slides (Hessner et al., 2004), and 

for this reason poly-L-lysine coated-slides were not considered for the F. 

tularensis microarray. Epoxy silane works by providing an epoxide group on 

the slide surface, although a covalent bond between the group and the DNA 

is formed instantly rather than through cross-linking. At the time of writing,
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epoxy-coatings are widely recommended for use with short oligonucleotides, 

whereas aminosilane is recommended for longer oligonucleotides (> 500- 

mers) and for PCR products and cDNA (Stef et al., 2006; 

www.schott.com/nexterion). However, at the time of construction of the 

second-generation F. tularensis microarray, epoxy-coated slides were not 

widely available, so aminosilane coated slides were chosen as the preferable 

option.

3.5. Conclusion

The outcome of these experiments was the construction of a second- 

generation F. tularensis Schu S4 microarray that was suitable for use in 

comparative and functional genomics studies. Through rational optimisation 

of hybridisation conditions and stringency washes the mean false positive 

hybridisation rate of the microarray was reduced to zero. The second- 

generation microarray was based on one defined oligonucleotide probe per 

CDS annotated in the F. tularensis Schu S4 genome, and as such the design 

was an improvement on those of previously reported microarrays that were 

constructed using random fragments of F. tularensis Schu S4 DNA.
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4.1. Introduction

4.1.1. aCGH

As described in section 1.2.3.3., aCGH is a powerful technique for 

establishing the similarities and differences between closely related 

organisms at the DNA level. As mentioned previously, the main advantages 

of aCGH over other methods are that genome-wide information is generated 

quickly and relatively inexpensively. The main limitations of aCGH are that 

all data is generated relative to whichever reference strain(s) are included on 

the microarray and, unless very high density microarrays are used, small 

deletions and genome rearrangements are not detectable using this method.

4.1.2. Previous comparative genomics studies of F. tularensis

A F. tularensis microarray has previously been generated using PCR 

products derived from the pUC18 clone library synthesised for the genome 

sequencing of strain Schu S4. The ‘shotgun’ clones were generated by 

inserting random DNA fragments into the pUC18 vector. This means that 

some of the probes contained more than one ORF or truncated ORFs, 

creating difficulty in assigning addresses to each probe. Samples of gDNA 

isolated from 27 F. tularensis strains were hybridised to this array in single 

channel reactions to reveal the extent of gross genetic diversity between 

strains (Broekhuijsen et al., 2003). The results of this study suggest that 

there is only limited genetic variance between strains within subsp., although 

eight RD were identified in strains of F. tularensis subsp. holarctica compared 

to F. tularensis subsp. tularensis (Broekhuijsen et al., 2003). A second F. 

tularensis subsp. tularensis ordered clone microarray was constructed and
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was used to compare the genomes of 16 F. tularensis subsp. tularensis and 

subsp. holarctica strains that were isolated from the USA, as well as F. 

tularensis LVS under the strain denotation ATCC 29684 (Samrakandi et al.,

2004). A high number of polymorphisms observed in this second microarray 

study suggest that there is significant variability between individual strains. 

This study identified 13 RD specific to F. tularensis subsp. holarctica, all 

associated with repeat sequences or transposases (Samrakandi et al., 2004). 

A third study of the evolution of the subsp. of F. tularensis, sought, in part, to 

identify RD specific to each F. tularensis subsp. (and to F. novicida) based on 

an in silico analysis of the position of insertion elements in the F. tularensis 

Schu S4 genome, and confirmed in each strain by PCR (Svensson et al.,

2005). This study identified 17 RD between subsp., and the pattern of RD 

suggested that evolution of F. tularensis subsp. occurred through vertical 

descent, with the most virulent subsp. being the evolutionarily oldest 

(Svensson et al., 2005). The findings of each of these three studies with 

respect to RD specific to F. tularensis subsp. holarctica are summarised in 

table 4.1.

4.1.3. Aim

The F. tularensis microarray (chapter 3) was constructed using the F. 

tularensis Schu S4 genome sequence so that each ORF was represented by 

an individual oligonucleotide probe, contrasting with and improving upon the 

ordered clone microarrays used by Broekhuijsen et al. (2003) and
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Table 4.1. Previously reported F. tularensis subsp. holarctica-specific RD 

from each of three studies: Broekhuijsen et al., 2003a, Samrakandi et al., 

2004b, and Svensson et al., 2005°. Some RD were proposed by Samrakandi 

et al. in F. tularensis LVS only d.

RDs predicted by:
RD Broekhuijsen et al.3 Samrakandi etal.b Svensson et al., 0
1 FTT1580 FTT1580
2 FTT0125 - FTT0126 FTT0125 - FTT0126
3 FTT0960 - FTT0962 FTT0961 - FTT0962 FTT0960 - FTT0962
4 FTT0552 - FTT0553 FTT0552 FTT0552 - FTT0553
5 FTT0521 - FTT0522 FTT0522 FTT0521 - FTT0522
6 FTT1360 -  FTT1361 FTT1360 - FTT 1362 FTT1360 -  FTT 1361
7 FTT0426 - FTT0427 FTT0426 FTT0426 - FTT0427
8 FTT1066 - FTT1072 FTT1066 - FTT 1073 FTT1066 - FTT 1072
9 FTT 1308
10 FTT1581 -FTT1583
11 FTT0531 FTT0531
13 FTT1789 - FTT1790
14 FTT 1384
15 FTT0921
16 FTT 1598
17 FTT 1484
18 (L3a) FTT0918 - FTT0919 FTT1918 -  FTT1019
19 (L2a) FTT0890 FTT0889 -  FTT0890
20 FTT0524
21 FTT0115 -  FTT0116
22 FTT0980 -  FTT0981
L1fl FTT0694
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Samrakandi et al. (2004). The aim of this aCGH study was to test the F. 

tularensis Schu S4 microarray by performing hybridisations using gDNA from 

12 Francisella strains, selected so that at least one strain from each of the F. 

tularensis subsp. was represented, including geographically distinct isolates 

of F. tularensis subsp. holarctica and also F. novicida. Some of the F. 

tularensis subsp. holarctica strains included in this study had also been 

included in the Broekhuijsen et al. (2004) study, allowing for direct 

comparison of this data with the data generated in that study. It was 

therefore possible to compare the results of all four F. tularensis aCGH 

studies; ours with those of Broekhuijsen et al. (2003), with those of 

Samrakandi etal. (2004), and with those of Svensson etal. (2005).
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4.2. Methods

4.2.1. Bacterial strains and genomic DNA isolation

Genomic DNA was obtained from each of 12 F. tularensis strains of 

known origin (table 4.2), using the PUREGENE DNA isolation Kit (Gentra 

Systems), following the manufacturer’s protocol, as described in section 2.2.

4.2.2. Microarray hybridization

DNA labelling and hybridization to the F. tularensis microarray was 

carried out as described in section 2.6: For each hybridization 6 pg DNA 

from the reference strain F. tularensis Schu S4 was labelled using Cy5-dCTP 

and 6 pg DNA from one of the 12 test strains was labelled using Cy3-dCTP. 

The labelled DNA samples were mixed and competitively hybridized to the 

array. Hybridizations for each strain were carried out in triplicate.

4.2.3. Data acquisition and analysis

Fluorescent scanning and image quantification was carried out as 

described in section 2.6.6, using a GenePix 4000B scanner and BlueFuse 

v.3.1 image analysis software (BlueGnome Ltd., Cambridge, UK).

Spots for which the BlueFuse ‘P ON’ value (the probability of 

hybridization) was < 0.5 in the reference channel were excluded from further 

analysis. Probes were called as differentially hybridizing if the P ON value 

was < 0.5 in the test channel for both duplicate spots in at least two arrays 

out of three (Hunter, 2005).
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Table 4.2. Details of Francisella strains used in this aCGH study

Strain
Number

Subsp. Date Location Source Alternative
designation

FSC237 tularensis 1941 Ohio, USA Human

ulcer

Schu S4

FSC 043 tularensis 1941 Ohio, USA Human

ulcer

Schu

FSC147 mediaasiatica 1965 Kazakhstan Miday

gerbil

GIEM 543

FSC 124 holarctica 1990 Ukraine, Odessa 

region

Water 14588

FSC 257 holarctica 1949 Moscow area Tick 503/840

FSC 012 holarctica 1941 Montana, USA Tick 425F4G

FSC200 holarctica 1998 Ljusdal, Sweden Human

FSC352 holarctica 1974 Nas, Sweden Hare

FSC354 holarctica 1974 Nas, Sweden Hare

FSC358 holarctica 1994 Norway Human

FSC 338 holarctica Russia Vaccine

strain

Strain 15

FSC 155 holarctica Russia Vaccine

strain

LVS,

ATCC 29684

FSC 040 novicida 1950 Utah, USA Water ATCC 15482
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4.2.4. Confirmation of microarray data by PCR

PCRs to confirm microarray data were carried out as described in 

section 2.3. Primer sequences are given in table 4.3.

4.2.5. Strain- and subsp.-specific RD

RD were identified using the criteria described in section 4.2.3. 

Previously published RD that have been given in terms of differentiation of F. 

tularensis subsp. holarctica (Broekhuijsen et al., 2003; Samrakandi et al., 

2004; Svensson et al., 2005) are denoted here as RD holarctica- Where 

possible, RDhoiarctica are described here in terms of those previously published 

in order to preserve previous nomenclature. Each RD holarctica may include 

one RD or multiple RDs if these are adjacent in the F. tularensis Schu S4 

genome sequence. Similarly, RD identified in this study in F. tularensis LVS 

but not in the progenitor strain F. tularensis FSC338 are denoted R D l v s -
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Table 4.3. Details of primers used in confirmatory PCR. aThe predicted 

amplicon size was based on the F. tularensis Schu S4 genome sequence.

Gene holarctica Primer sequence (5’-3’) Tm

(°C)

Amplicon 

size (bp)a

oppD 2 F: cgt ggg ttt caa ggc aga tg 54 918

R: aca aga tgg cac get gta eg 54

oppF 2 F: agt agg tga ate egg ctg tg 54 831

R: tga caa get gta taa act tc 46

FTT 1071 8 F: acc tat gcc aga tgc tga ag 52 271

R: tct tag ata etc tgg aat tg 46

FTT0177 23 F: gtc get aag cga caa gat tc 52 210

R: ctt ctg ata tag aga aat ag 44

FTT0446 24 F: gag ttt get gag cgt tat gg 52 1192

R: tac cac cca cac eta atg tc 52

FTT0843 25 F: ggt get agt tac tgg atg tc 52 1022

R: age gca teg ccg ata att ac 52

FTT 1242 26 F: tea age aac tgc tgc tea ag 52 901

R: agg acc age cac age act tg 56

FTT1426 27 F: aac cac aag tee cag tea ag 52 397

R: aac cac aag tee cag tea ag 52

napH 28 F: tta aga tat tgg tac taa ag 42 317

R: tgc etc gcc aga taa tat eg 52
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4.3. Results

Of the 12 F. tularensis strains selected for aCGH (table 4.2), nine were 

F. tularensis subsp. holarctica from varying geographical regions including F. 

tularensis LVS, one was F. tularensis subsp. mediaasiatica and one was F. 

tularensis subsp. tularensis. The remaining sample was an F. novicida 

strain. As a control, the reference strain F. tularensis Schu S4 was 

hybridized in the same way as a test strain, so that these positive control 

microarrays were hybridized with strain Schu S4 DNA in both channels.

4.3.1. RD identified by aCGH compared to those predicted by genome 

sequence.

The genome sequence of FSC155, F. tularensis LVS, has been 

determined by The Lawrence Livermore National Laboratory, California, USA 

(Chain et al., 2006), allowing an in silico comparison with the genome 

sequence of the reference strain F. tularensis Schu S4 the tBLASTx (Altschul 

et al., 1990) to compare translated nucleotide ORFs with translated 

nucleotide sequences in the query strain. A comparison of the RD identified 

in this strain by aCGH with the ORFs predicted to be absent from F. 

tularensis LVS by genome sequence comparison was then made (fig. 4.1.). 

Of the 70 RD detected by aCGH, only 20 were also predicted by comparison 

of the genome sequences. There were 13 RD predicted by comparison of 

the genome sequences that were not detected by aCGH. Nine of the RD 

predicted by aCGH and not by sequence comparison coincided with 

previously published RD holarctica, whereas only one RD predicted by sequence
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ID FTT no. RDC
sdhC FTT0072
acnA FTT0087
FTT0095 FTT0095
FTT0112 FTT0112
prfC FTT0118
oppA FTT0122
oppF FTT0126 2
nusG FTT0139
FTT0156 FTT0156
FTT0177 FTT0177 23
ftsA FTT0187
purH FTT0203
usp FTT0245
FTT0382 FTT0382
gigc FTT0415
giyQ FTT0419
FTT0426 thrA 7
ostA1 FTT0467
FTT0488 FTT0488
FTT0522 FTT0522 5
dinP FTT0529
FTT0552 FTT0552 4
cynT FTT0592
hfq FTT0630
ilvD FTT0640
grxB FTT0650
lipA FTT0653
FTT0719 FTT0719
FTT0744 FTT0744
FTT0747 FTT0747
FTT0843 FTT0843 25
FTT0844 FTT0844 25
FTT0845 FTT0845 25
FTT0851 FTT0851
FTT0889 FTT0889
FTT0919 FTT0919 18
FTT0921 FTT0921 15
folK FTT0942
FTT0960 FTT0960 3
mdaB FTT0961 3
FTT0962 FTT0962 3

Seq/ ID
aroG
ffh
FTT0965
FTT0982
FTT0983
pheS
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FTT no.
FTT0963 
FTT0964 
FTT0965 
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res FTT1067 8
FTT1068 FTT1068 8
FTT1069 FTT1069 8
FTT1070 FTT1070 8
FTT1071 FTT1071 8
FTT1072 FTT1072 8
FTT1073 FTT1073 8
alaS FTT1096
FTT1193 FTT1193
dedA2 FTT1222
FTT1242 FTT1242 26
FTT1252 FTT1252
yhhW FTT1266
FTT1308 FTT1308 9
pdpD FTT1360 6
FTT1361 FTT1361 6
panC FTT1390
FTT1423 FTT1423
FTT1443 FTT1443
ppx FTT1444
wbtJ FTT1454
gyrA FTT1575
FTT1579 FTT1579
FTT1580 FTT1580 1
FTT1582 FTT1582 10
FTT1583 FTT1583 10
napH FTT1670 28
FTT1716 FTT1716
FTT1719 FTT1719
kdpC FTT1737
recX FTT1751
FTT1790 FTT1790
FTT1791 FTT1791 13
16s
rRNA

Fig. 4.1 A comparison of RD predicted in F. tularensis LVS by aCGH3 and those 
predicted by comparison of the F. tularensis Schu S4 and LVS genome sequences6, 
according to the key below. Coincidence of RD identified in F. tularensis LVS (by 
either genome sequence comparison or by aCGH) with RDhoiarctica are also shown0.

Absent Marginal Present Microarray and sequence comparison agreement
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comparison but not by aCGH coincided with a previously published

R D  holarctica-

4.3.2. Confirmation of results by PCR

In order to validate the microarray results, regions of eight ORFs from 

R D  ho larctica including three that were previously published and both supported 

and not supported by the data from this study were amplified by PCR. PCR 

primers were designed so that amplicons would include the complementary 

sequences of the corresponding microarray oligonucleotide probes. The 

results of seven out of eight PCR reactions fully supported the microarray 

data observed in this study (fig. 4.2. and table 4.5.). The reaction to amplify 

FTT1426 (RDhoiarctica2.7 [section 4.3.5.16.]) only partially confirmed the 

microarray findings in that amplicons of the correct size were observed from 

the following F. tularensis subsp. holarctica templates: FSC200, FSC124, 

and FSC257, meaning that this RD could not be described as a RD holarctica-

4.3.3. Hybridisations using DNA from F. tularensis Schu S4

Control hybridisations were carried out in triplicate using DNA from F. 

tularensis Schu S4, which was the strain to which the microarray was 

designed (chapter 3). No RD were observed in the reference strain F. 

tularensis Schu S4.
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Marker FSC FSC FSC FSC FSC FSC FSC FSC Marker
237 338 155 200 124 257 147 040

6

1.0 kb

1.0 kb

1.0 kb

0.5 kb

0.3 kb

1.0 kb

1.0 kb

0.5 kb

Fig. 4.2 PCRs were used to confirm aCGH data by amplification of regions of 

eight ORFs from RDhoiarctica that were both supported and not supported by 

the data obtained in this aCGH study, according to the key in table 4.4. The 

results of seven out of eight PCR reactions fully supported the microarray 

data observed in this study. However, when using primers complimentary to 

FTT1426 {RDhoiarctica27), PCR amplicons of the correct size were observed 

from three F. tularensis subsp. holarctica strains, meaning that this RD could 

not be described as a RD holarctica-
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Table 4.4 Key to fig. 4.2

Gel ORF R D  holarctica Expected amplicon 

size (bp)a

1 FTT0446 24 1192

2 FTT0843 25 1022

3 FTT 1242 26 901

4 napH 29 317

5 FTT1071 8 271

6 oppD 2 918

7 °PPF 2 831

8 FTT1426 28 397

abased on the F. tularensis Schu S4 genome sequence
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Table 4.5 Confirmatory PCR results. ORFs for which an amplicon was 

obtained by PCR at the expected size (based on the F. tularensis Schu S4 

genome sequence) are denoted positive (+) here, and ORFs for which no 

amplicon was obtained by PCR are denoted negative (-) here. The colour of 

each square indicates the result for each ORF in the specific strain by aCGH 

according to the key below.

Present by aCGH

■ Marginal by aCGH 
Absent by aCGH 
No aCGH data

G e n e oppD oppF FTT107
1

FTT044
6

FTT084
3

FTT124
2

FTT142
6

napH

e a

2 2 8 24 25 26 27 28

FSC237 + + + + + + + +

FSC338 + -

FSC 155 + - - -

FSC200 + - - * +

FSC 124 + - +

FSC257
+

■

+
FSC147

+ + + + + + + +

FSC040
+ + + + + + + +
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4.3.4. Genomic differences identified using the F. tularensis microarray

Fig. 4.3 is a heat map comparing RD patterns for all strains tested. 

RDs totalled between 0.05% and 17.32% of the total number of probes, 

depending on the particular strain.

4.3.4.1. RD identified in F. novicida

DNA from F. novicida, FSC040, showed a hybridization pattern that 

was distinct from those of any of the other strains tested. However, only 

seven RD were identified (0.47% of the probes): capB, capC, gcvP1, leuS, 

IpnB, ribD, udk, oligo1668, and oligo1670. None of these RD were 

coincident with any RDhoiarctica-

4.3.4.2. RD identified in F. tularensis subsp. tularensis

No RD were observed for the microarray reference strain F. tularensis 

Schu S4. The avirulent F. tularensis subsp. tularensis strain FSC043 

showed a high degree of genetic similarity to the reference strain Schu S4, 

with only one RD identified, FTT0918, which was coincident with 

RD/7o/arcf/ca18. In the F. tularensis Schu S4 genome sequence FTT0918 is 

annotated as a hypothetical protein.

4.3.4.3. RD identified in F. tularensis subsp. mediasiatica

The F. tularensis subsp. mediaasiatica strain tested here, FSC147, 

showed a high degree of genetic similarity with the reference strain Schu S4, 

with only three RD identified in this study: FTT0176, FTT1362, and FTT1733. 

Two of these RD were coincident with RDhoiarctica-
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Fig. 4.3 A ‘heat map’ showing aCGH data observed for each probe in all 

Francisella strains tested. Columns in the horizontal axis represent each 

oligonucleotide included on the F. tularensis Schu S4 microarray and the 

vertical axis represents Francisella strains tested according to the table 

below. Blue bars represent probes which were absent or divergent in by 

aCGH, and yellow bars represent probes which were present by aCGH.

Column Strain

1 F. tularensis subsp. hoiarctica FSC012

2 F. tularensis subsp. hoiarctica FSC338

3 F. tularensis subsp. hoiarctica FSC155

4 F. tularensis subsp. hoiarctica FSC200

5 F. tularensis subsp. hoiarctica FSC352

6 F. tularensis subsp. hoiarctica FSC354

7 F. tularensis subsp. hoiarctica FSC358

8 F. tularensis subsp. hoiarctica FSC124

9 F. tularensis subsp. hoiarctica FSC257

10 F. tularensis subsp. tularensis FSC043

11 F. tularensis subsp. mediaasiatica FSC147

12 F. novicida FSC040
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4.3.4.4. RD identified in F. tularensis subsp. hoiarctica

Overall it was F. tularensis subsp. hoiarctica that displayed the highest 

level of diversity by microarray to the reference strain F. tularensis Schu S4 

(figs. 4.4. to 4.12). The most divergent strain was FSC012, which was the 

only F. tuiarensis subsp. hoiarctica strain from the USA that was tested. 

Many of the RDs were unique to each strain tested although only one was 

entirely unique to F. tularensis LVS (FSC155). The RD unique to FSC155 

was oligo766, a probe designed to an intergenic region that was designated 

an ORF during the first GLIMMER analysis of the (incomplete) genome 

sequence, but designated intergenic in the final annotation of the completed 

genome sequence. In F. tularensis Schu S4 Oligo766, maps to the 

intergenic region between FTT0492 (lysR) and FTT0494 (cutC).

4.3.5. RD/jo/arcf/ca

As described in 4.2.5. RD hoiarctica were common to all or most F. 

tularensis subsp. hoiarctica strains compared to the other three F. tularensis 

subsp. tested. The data obtained from F. tularensis subsp. hoiarctica in this 

study were examined in the context of previously published RD ho iarc tica to 

investigate the level of similarity between these results and those previously 

published. Based on RD hoiarctica identified in this study, 17 RDh0iarctica are 

proposed, eleven of which have been previously proposed by Broekhuijsen 

et al. (2003) and/or Samrakandi et al. (2004) and/or Svensson et al. (2005) 

(fig. 4.13, table 4.7). RD hoiarctica that have been previously proposed have 

been designated with the same RD ho iarctica number here.
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Fig.4.4 RD observed in F. tularensis subsp. hoiarctica, FSC012. FSC012 

was isolated in the USA. Genes present in FSC012 are shown here in 

yellow, DFIPs are indicated by bars coloured according to their broad function 

or orthologous group (table 4.6). FSC012 showed 17.32% divergence from 

the reference strain F. tularensis subsp. tularensis strain Schu S4 by aCGFI.
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Table 4.6 Colouring of orthologous groups used in figs. 4.4 - 4.12

Energy production and conversion 

Cell division and chromosome partitioning 

Amino acid transport and metabolism 

Nucleotide transport and metabolism 

Carbohydrate transport and metabolism 

Coenzyme metabolism 

Lipid metabolism 

Transcription and translation 

DNA replication, recombination, and repair

Cell envelope biogenesis, outer membrane

Post translational modification, protein turnover, 
chaperones

Inorganic ion transport □
Signal transduction mechanisms

Unknown function/general function prediction only

Pseudogene
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Fig. 4.5 RD observed in F. tularensis subsp. hoiarctica, FSC338. FSC338 is 

a Russian laboratory-derived vaccine strain, thought to be the parental strain 

of FSC155 (Tigertt, 1962). Genes present in FSC338 are shown here in 

yellow, DHPs are indicated by bars coloured according to their broad function 

or orthologous group (table 4.6). FSC338 showed 3.18% divergence from 

the reference strain F. tularensis subsp. tularensis strain Schu S4 aCGH.
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Fig. 4.6 RD observed in F. tularensis subsp. hoiarctica, FSC155. This is F. 

tularensis LVS, a Russian laboratory-derived strain. Genes present in 

FSC155 are shown here in yellow, DHPs are indicated by bars coloured 

according to their broad function or orthologous group (table 4.6). FSC155 

showed 3.54% divergence from the reference strain F. tularensis subsp. 

tularensis strain Schu S4 aCGFI.
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Fig. 4.7 RD observed in F. tularensis subsp. hoiarctica, FSC200. FSC200 

was isolated in Sweden. Genes present in FSC200 are shown here in 

yellow, DFIPs are indicated by bars coloured according to their broad function 

or orthologous group (table 4.6). FSC200 showed 1.09% divergence from 

the reference strain F. tularensis subsp. tularensis strain Schu S4 aCGH.
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Fig. 4.8 RD observed in F. tularensis subsp. hoiarctica, FSC352. FSC352 is 

a Swedish isolate. Genes present in FSC352 are shown here in yellow, 

DHPs are indicated by bars coloured according to their broad function or 

orthologous group (table 4.6). FSC352 showed 41.09% divergence from the 

reference strain F. tularensis subsp. tularensis strain Schu S4 aCGH.
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Fig. 4.9 RD observed in F. tularensis subsp. hoiarctica, FSC354. FSC354 

was isolated in Sweden. Genes present in FSC354 are shown here in 

yellow, DFIPs are indicated by bars coloured according to their broad function 

or orthologous group (table 4.6). FSC354 showed 1.09% divergence from 

the reference strain F. tularensis subsp. tularensis strain Schu S4 aCGFi.
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Fig. 4.10 RD observed in F. tularensis subsp. hoiarctica, FSC358. FSC358 

was isolated in Norway. Genes present in FSC358 are shown here in yellow, 

DFlPs are indicated by bars coloured according to their broad function or 

orthologous group (table 4.6). FSC358 showed 9.62% divergence from the 

reference strain F. tularensis subsp. tularensis strain Schu S4 by aCGH.
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Fig. 4.11 RD observed in F. tularensis subsp. hoiarctica, FSC124. FSC124 

was isolated in the Ukraine. Genes present in FSC124 are shown here in 

yellow, DFIPs are indicated by bars coloured according to their broad function 

or orthologous group (table 4.6). FSC124 showed 4.21% divergence from 

the reference strain F. tularensis subsp. tularensis strain Schu S4 aCGH.

112



Chapter 4 Comparative genomics

1800000
200000

1600000

400000
1400000

600000

1200000

800000
1000000

Fig. 4.12 RD observed in F. tularensis subsp. hoiarctica, FSC257. SC257 

was isolated in the Moscow. Genes present in FSC257 are shown here in 

yellow, DHPs are indicated by bars coloured according to their broad function 

or orthologous group (table 4.6). FSC257 showed 1.66% divergence from 

the reference strain F. tularensis subsp. tularensis strain Schu S4 by aCGH.

113



Chapter 4 Comparative genomics

Figure 4.13 RD hoiarctica data obtained by aCGH for each Francisella strain tested

ORF present by aCGH 

|  ORF absent or divergent by aCGFI 

ORF marginal: within 10% of absent cut off 

No data obtained

aRDhoiarctica previously published but not supported by data from this study 

^Described as L3 by Samrakandi et al., (2004)

described as L2 by Samrakandi et al., (2003) 

dPseudogene in F. tularensis Schu S4

RD h o ia rc t ic a  previously proposed by:

Broekhuijsen et al., 2003 and Svensson et al., 2005

Broekhuijsen et al., 2003, Samrakandi etal., 2004, and Svensson etal., 2005 

Samrakandi et al., 2004 

Svensson et al., 2005

Samrakandi et al., 2004 and Svensson et al., 2005
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Table 4.7 RD hoiarctica predicted from this study and RD hoiarctica previously 

reported by Broekhuijsen et a/., 2003®, Samrakandi et al., 20046, and 

Svensson et al., 2005 c. Some RD were proposed by Samrakandi et al. in F. 

tularensis LVS onlyd. Data obtained from this study indicated that RDhoiarcticaQ 

could not be confirmed for all strains tested®.
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4.3.5.1. RD/jo/arcf/cal

The RDhoiarcticâ  proposed by Broekhuijsen et al. was a variable 

chromosomal region consisting of two ORFs (four in F. tularensis subsp. 

novicida) which map to ORFs FTT1580 and FTT1581. Investigation of this 

region by Broekhuijsen et al. showed that 1) both ORFs were present in F. 

tularensis subsp. tularensis strains; 2) both ORFs were present in F. 

tularensis subsp. mediasiatica (with FTT1580 truncated by 10 amino acids 

from the C terminus and FTT1581 truncated by 12 amino acids from the N 

terminus); 3) FTT1580 was absent in European F. tularensis subsp. 

hoiarctica strains; 4) FTT1581 was absent in F. tularensis subsp. hoiarctica 

biovar japonica strains; and 5) in F. novicida this region was composed of 

four ORFs. The microarray results observed in this study support the 

findings of Broekhuijsen et al. in that both FTT1580 and FTT1581 were 

present for the F. tularensis subsp. tularensis, subsp. mediasiatica and 

subsp. novicida strains tested but FTT1580 was absent or marginal (within 

10% of the cut off criteria for all probes not excluded) for the F. tularensis 

subsp. hoiarctica strains tested.

4.3.5.2. RDfto/arctfca2

The RD hoiarcticâ  proposed by Broekhuijsen et al. includes the ORFs 

FTT0125 and FTT0126, oppD and oppF, respectively. By aCGH oppF was 

absent or marginal in all subsp. hoiarctica strains tested. The ORF oppD 

was present in all strains tested.
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4.3.5.3. RD/jo/arcf/ca3

Both Broekhuijsen et al. and Samrakandi et al. proposed RD hoiarctica 3: 

three ORFs were predicted by Broekhuijsen et a/.: mdaB, a conserved 

hypothetical protein and a hypothetical arginine-orthinine operon transport 

protein. Samrakandi et al. predicted two ORFs: mdaB and a putative ABC 

transporter. The results from this study show RD3 to consist of three ORFs: 

mdaB, FTT0961 (conserved hypothetical protein), and xthA (annotated as 

exodeoxyribonuclease III). Although the annotations vary between each of 

these three studies (with the exception of mdaB), the aCGH results 

presented here support RDhoiarctica3 proposed by Broekhuijsen et al. which in 

turn were partially supported by Samrakandi et al.

4.3.5.4. RD/jo/arc#/ca4

Both Broekhuijsen et al. and Samrakandi et al. also proposed 

RD/jo/arcf/ca4: two ORFs were predicted by Broekhuijsen et al.: piperideine-6- 

carboxylate dehydrogenase (strongly homologous to aldehyde 

dehydrogenase) and a conserved hypothetical protein. Samrakandi et al. 

predicted only one ORF: piperideine-6-carboxylate dehydrogenase. Both of 

these proposed RDhoiarctkA were mapped to FTT0552 (and FTT0553) of the 

genome sequence. In agreement with Samrakandi et al., by arrayCGH 

RD/jo/arcf/ca4 was observed to consist of one ORF: FTT0552 which is 

annotated in the final version of the genome sequence as an aldehyde 

dehydrogenase. It was noted, however, that analysis of the oligonucleotide 

designed to bind FTT0553 using the basic local alignment search tool, 

nucleotide (BLASTn) (Altschul et al., 1990), reveals 16 base pairs contiguous
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homology elsewhere in the F. tularensis Schu S4 genome sequence, which 

is enough homology to allow cross-hybridization (Kane et al., 2000).

4.3.5.5. RD/jo/arcf/ca5

The RD/,0/arctfca5 was also proposed by both Broekhuijsen et al. and 

Samrakandi et al., although again there was a discrepancy between the two 

as to the exact ORFs included in the RD hoiarctica- Broekhuijsen et al. propose 

two ORFs: an adenine-specific DNA methyltransferase and a type I RM 

system. Samrakandi et al. predicted only the type I RM system. The 

proposed RDhoiarcticaS maps to the region of the F. tularensis Schu S4 

chromosome containing the ORFs FTT0521 and FTT0522. By aCGH 

FTT0522 was found to be absent for three of the F. tularensis subsp. 

hoiarctica strains tested and marginal for another three. FTT0522 was 

present by arrayCGH for the three strains tested that originated from the 

former USSR, including the vaccine ‘strain 15’ FSC338. FTT0521 was not 

found to be absent in any of the strains tested although, BLASTn analysis of 

the relevant oligo revealed 16 base pairs contiguous homology elsewhere in 

the genome, possibly allowing cross-hybridization to occur. FTT0521 is 

annotated as a fragment in F. tularensis Schu S4, and was not included in 

the final genome sequence.

4.3.5.6. RD/iofercf/ca6

hoiarcticâ  was proposed by Broekhuijsen et al. and by Samrakandi et 

al. Broekhuijsen et al. predict two ORFs: both hypothetical proteins which 

map to the ORFs pdpD and to the region between FTT1360 (pdpD) and
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FTT1363 (ISFtuI, FTT1362 on the microarray) in the F. tularensis Schu S4 

genome sequence. Samrakandi et al. predict three ORFs: pdpD, vdcC, and 

a conserved hypothetical protein. The final version of the F. tularensis 

genome does not include vdcC, but this maps to the area covered by the 

oligo designed to FTT1361. The conserved hypothetical protein maps to 

ORF FTT1362, ISFtul By aCGH all of the subsp. hoiarctica strains tested 

were deficient or marginal for pdpD. Six of the nine F. tularensis subsp. 

hoiarctica strains tested were absent or marginal in FTT1361 (putative vdcC). 

FTT1362 was absent only in the F. novicida strain tested, however as this 

oligonucleotide was designed to ISFtul, found throughout the Francisella 

genome, it is impossible to determine whether this was as a result of a cross

hybridization.

4.3.5.7. RD hoiarctica"?

RD hoiarctica? was proposed by both Broekhuijsen et al. and Samrakandi 

et al., although again there was a discrepancy between the annotations of 

the two. Broekhuijsen et al. propose two ORFs: an aspartokinase I, 

homoserine dehydrogenase and a homoserine kinase (possibly truncated). 

Samrakandi et al. predict only the aspartokinase I, homoserine 

dehydrogenase. The proposed RDhoiarcticJ maps to the region of the F. 

tularensis chromosome containing the putative ORFs FTT0426 and FTT0427 

(thrA and thrB, respectively). These two ORFs encode pseudogenes and, as 

such, were excluded from the annotated F. tularensis Schu S4 genome. By 

aCGH, thrA was absent or marginal from six of the nine F. tularensis subsp. 

hoiarctica strains tested.
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4.3.5.8. RD/io/arcf/ca8

RD/7o/arcf/ca8  proposed by Broekhuijsen et al. includes seven ORFs, 

which map from FTT1066 to FTT1072, flanked by ISFtul at FTT1065 and 

FTT1074. The same RD hoiarctica was proposed by Samrakandi et al. but with 

the addition of one ORF, FTT1073. This region was made up of hypothetical 

proteins and two pseudogenes (FTT1067 [res] and FTT1070) which have not 

been included in the F. tularensis Schu S4 genome sequence. Preliminary 

annotation of this region by both Broekhuijsen etal. and by Samrakandi etal. 

included the SNF2 family helicase hepA, a type III RM system; an 

antirestriction protein; and a mobC-like protein. Apart from the pseudogene 

res, which was preliminarily annotated as a type III RM system, none of the 

annotations proposed in the other studies have been carried through to the F. 

tularensis Schu S4 genome sequence. All of the European F. tularensis 

subsp. hoiarctica strains tested were absent or marginal for all of the ORFs 

that make up RDhoiarcticâ . However, FSC012, the F. tularensis subsp. 

hoiarctica strain isolated from the USA did not conform to this pattern of 

deletion. This strain did have large deletion in this region of the 

chromosome, from FTT1071 to FTT1083.

4.3.5.9. RD/j0/aretfca9

Samrakandi et al. proposed R D hoiarc tica9 as a hypothetical protein that 

mapped to FTT1308 in the F. tularensis Schu S4 genome sequence. The 

aCGH data presented here supported this finding in that FTT1308 was 

absent in all F. tularensis subsp. hoiarctica strains tested.
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4.3.5.10. RD/j0/arCf/ca10

RD/7 0 /arcf/cal 0 proposed by Samrakandi et al. partially overlaps with 

RDhoiarctical' mapping to ORFs FTT1581-FTT1583. The results presented 

here support these findings in that FTT1582 and FTT1583 were absent or 

marginal in F. tularensis subsp. holarctica strains by aCGH.

4.3.5.11. RD/io/arcf/ca11

RDhoiarcticaW was proposed by Samrakandi et al., and by Svensson et 

al., as FTT0531. The data presented here did not confirm this RDholarctica- this 

RD was identified only in FSC012, the only F. tularensis subsp. holarctica 

strain tested here that was isolated in the USA.

4.3.5.12. RD/}0/arcf/ca12

RD/7o/arc//ca12 was proposed by Samrakandi et al. and maps to an 

insertion element, ISFtu2, in F. tularensis Schu S4. No probe for this was 

included on the F. tularensis microarray.

4.3.5.13. RD/jo/arcf/'ca13

Samrakandi et al. proposed RDhoiarctica13 as an aminopeptidase and a 

membrane protein which mapped to FTT1789 and FTT1790 in the F. 

tularensis Schu S4 genome sequence. The aCGH data presented here did 

not support this finding for any of the strains tested, however the 

neighbouring ORF, FTT1791, was absent for all but one of the F. tularensis 

subsp. holarctica strains tested. The next downstream ORF, FTT1793, was 

absent for FSC012, the F. tularensis subsp. holarctica strain from the USA,
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only. FTT1791 is annotated as a hypothetical protein and FTT1793 is pepN, 

an aminopeptidase.

4.3.5.14. RD/io/arcf/ca15

holarcticâ  ̂  was proposed by Samrakandi et al. as a reverse 

transcriptase that maps to FTT0921 in the F. tularensis Schu S4 genome 

sequence. FTT0921 is annotated as a hypothetical membrane protein but 

the aCGH results from this study support those of Samrakandi et al. in that all 

of the F. tularensis subsp. holarctica strains tested were absent or marginal 

for this ORF. In the final version of the F. tularensis strain Schu S4 genome 

sequence, there is no FTT0921, but FTT0920 is an ISFtul.

4.3.5.15. Previously proposed RD holarctica not confirmed by these data

holarctica 14, 16, 17, 18 (L3), 19 (L2), 20, 21, 22, and L1 also were 

proposed by Samrakandi et al., or by Svensson et al., or by both. The data 

from this study were unable to support these ORFs as RDhoiarctica-

4.3.5.16. New RD holarctica identified from this study

The following RD holarctica were identified from these data and have not 

been proposed in any previously published studies:

ROhoiarctica2.3, FTT0177, annotated as an acetyltransferase, was 

absent or marginal by aCGH for all subsp. holarctica strains tested, with the 

exception of FSC012, the F. tularensis subsp. holarctica strain isolated from 

the USA.
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ROholarctica ,̂ FTT0446, a proton-dependent oligopeptide transport 

(POT) family protein. This ORF was absent or marginal in all of the F. 

tularensis subsp. holarctica strains tested.

RD/,0/arcf/ca25 contains three ORFs, FTT0843-FTT0845. These were 

absent or marginal in all of the F. tularensis subsp. holarctica strains tested 

with the exception of FSC124, the strain isolated in the Ukraine, which was 

present for FTT0845. FTT0843 and FTT0844 are both annotated as

pseudogenes in F. tularensis Schu S4, and FTT0845 is annotated as a 

hypothetical protein.

RDholarcticâ -6 was FTT1242, another hypothetical protein, and was 

absent or marginal in all of the F. tularensis subsp. holarctica strains tested.

RD/7o/arc//ca27 was FTT1426 which is annotated as a conserved 

hypothetical membrane protein in F. tularensis Schu S4, was absent or 

marginal in all of the F. tularensis subsp. holarctica strains tested (this ORF 

was excluded from analysis in FSC354 and FSC257).

RD/jo/arcf/ca28 was FTT1670 (napH), a Na+/H+ antiporter fragment, and 

was absent or marginal from all of the F. tularensis subsp. holarctica strains 

tested.
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4.3.6. RDlvs

A comparison of RD identified by aCGH in FSC155 (F. tularensis LVS) 

and FSC338, the strain from which FSC155 is thought to have been derived 

(Tigertt, 1962) was made (fig. 4.14). There were 12 RDs additional to 

FSC155 ( R D l v s ): FTT0118 (prfC); FTT0156; FTT0187 (ftsA); FTT0467 

(iostA1)\ FTT0630 (hfq); FTT054 (riml); FTT1222 {dedA2)\ FTT1737 (kdpC)\ 

and oligo740. Unexpectedly there were also two RDs identified in FSC338, 

but not in FSC155, these were: FTT0221 (acpA)\ and FTT1277.
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ID FTTNo. FSC338 FSC155
prfC FTT0118
FTT0156 FTT0156
ftsA FTT0187
acpA FTT0221
ostA1 FTT0467
hfq FTT0630
riml FTT1054
dedA2 FTT1222
FTT1277 FTT1277
kdpC FTT1737
Oligo740

Fig. 4.14 A comparison of RD predicted in F. tularensis LVS by aCGH 

compared to RD predicted in the parent strain F. tularensis FSC338 by 

aCGH. RD identified in F. tularensis LVS but not in F. tularensis FSC338 

were denoted RDlvs- 

H  Absent by aCGH 

Present by aCGH
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4.4. Discussion

4.4.1. aCGH studies on Francisella

A previous study by Svensson et al. (2005) sought to demonstrate the 

evolution of the subsp. of F. tularensis from the perspective of a series of 

unidirectional deletions (fig. 4.15). Briefly, it was proposed that F. novicida 

was the earliest to diverge from an ancestral strain through variation (but not 

deletion) of seven genes, followed later by the diversions of F. tularensis 

subsp. holarctica (through deletion of eight regions) and F. tularensis subsp. 

mediaasiatica (through deletion of one region). Broadly, the data presented 

here support this description in that the fewest number of RDs were identified 

in the F. tularensis subsp. tularensis strain tested, followed by F. tularensis 

subsp. mediaasiatica, with the greatest number of RDs observed in F. 

tularensis subsp. holarctica. These data also support the previous report that 

F. tularensis subsp. mediaasiatica is more similar to F. tularensis subsp. 

tularensis than F. tularensis subsp. holarctica (Sandstrom et al., 1992). 

However, Svensson et al. did note that F. novicida was more divergent from 

F. tularensis subsp. tularensis than any of the F. tularensis subsp., as 

evidenced by the highest number of single nucleotide variations. The data 

for F. novicida presented in this study agree with that presented in the 

Svensson et al. study in that seven RDs were identified. However, as the 

microarray used here was not of suitable genome coverage to detect single 

nucleotide variations, the data from this study can neither be used to support 

nor refute the finding of Svensson et al. that F. novicida is overall most 

divergent from F. tularensis subsp. tularensis, although this is likely given the 

vast phenotypic differences between these two.
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Fig. 4.15 An evolutionary scenario of F. tularensis adapted from Svensson 

et al. (2005). It was proposed that F. novicida was the earliest to diverge 

from the ancestral strain, followed by F. tularensis subsp. holarctica and F. 

tularensis subsp. mediaasiatica. The subsp. proposed as least divergent 

from the ancestral strain was F. tularensis subsp. tularensis.
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The aCGH data from this study does not completely agree with 

previously published data, including the F. tularensis LVS genome sequence 

(Chain et al., 2006), however, these data do not completely agree with each 

other either (fig. 4.16). For example, RD holarctica 1-4 were identified by 

Broekhuijsen et al., and by Svensson et al., as well as in this study, but 

ROholarcticâ  and 2 were not identified by Samrakandi et al., (table 4.7). 

Additionally, the ORFs represented by RD/,0/arcfca1-4 are present and intact in 

the published genome sequence of F. tularensis LVS. The fact that each of 

these studies has produced different yet overlapping data may indicate that 

some of the differences observed in each study represent genetic alterations 

that have occurred in the laboratory, as a result of culture or storage 

conditions. This hypothesis may be supported in that Svensson et al., noted 

heterogeneity in two F. tularensis subsp. holarctica for the presence of 

RD ho larctica 18 and 19, and suggested that this could be evidence that culture 

on laboratory media may facilitate fixation of deletion variants. That F. 

tularensis LVS is prone to genome alteration under laboratory conditions is 

also evidence of a certain degree of plasticity of the Francisella genome, not 

least because this vaccine strain was originally attenuated through 

continuous in vitro passage (Tigertt, 1962). It should not be forgotten that the 

evolution of this strain, and presumably all Francisellae, continues in the 

same way, a factor which could account for the slight variation in results 

observed between groups.
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Fig. 4.16. A Venn diagram to show the number of ORFs coincident with 

RD ho larctica reported in each study (Broekhuijsen et al., 2003; Samrakandi et 

al., 2004; Svensson et al., 2005; this study). This diagram illustrates that a 

similar level of agreement exists between the data obtained from each of the 

four studies.
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4.4.2. RDhoiarctica

As described in 4.3.5., a number of RD ho iarctica , were identified using 

the F. tularensis Schu S4 microarray, and it is likely that one or more of these 

could account for the relative attenuation of F. tularensis subsp. holarctica 

compared to F. tularensis subsp. tularensis. The ORFs identified as 

RD ho iarctica fit into three categories with respect to the likelihood of the 

omission or deletion of these being responsible for the relative attenuation of 

F. tularensis subsp. holarctica: 1, the corresponding ORF in fully virulent F. 

tularensis Schu S4 is a pseudogene or the corresponding system is non

functional, making the absence of these ORFs unlikely to be responsible for 

attenuation; 2: the corresponding ORF is functional in F. tularensis Schu S4 

but there is no previously reported role for the gene in virulence or 

pathogenesis. The absence of these ORFs may be responsible for the 

relative attenuation of F. tularensis subsp. holarctica; and 3: ORFs which 

correspond to genes for which there is a previously reported role in virulence 

or pathogenesis, either in Francisella, or in other bacteria. It is likely that the 

absence of one or more of these genes could be an attenuating factor of F. 

tularensis subsp. holarctica.

4.4.2.1 RDhoiarctica that are pseudogenes or part of redundant systems in 
F. tularensis Schu S4

The genes encoded in RDhoiarctica7 (thrA and thrB), RD hoiarcticâ  0 

(FTT1582 and FTT1583), and RDA,0/arcf/ca28 (napH) are annotated as 

pseudogenes in F. tularensis Schu S4, making the absence of these genes 

unlikely to account for the relative attenuation of F. tularensis subsp. 

holarctica compared to F. tularensis subs, tularensis.
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^ 0 hoiarcticâ  has been identified as comprising oppD and oppF 

(Broekhuijsen et al., date), or, in this study, just oppF. Both oppD and oppF 

are annotated as subunits of an oligopeptide transporter, an ATP-binding 

protein which is part of an ABC transporter system. The operon consisting of 

oppABCDF is a periplasmic binding protein-dependent transport system 

which handles peptides containing between two and five amino acids (Hiles 

et al., 1987), the main function of the system being in recycling cell wall 

peptides (Hiles et al., 1987; Perego et al., 1991). However, the F. tularensis 

Schu S4 genome sequence reveals that oppABC are all pseudogenes. So, 

whilst oppF (and oppD) are annotated as functional genes in F. tularensis 

Schu S4, the lack of a functional opp system in this fully virulent F. tularensis 

subsp. tularensis strain probably means that the absence of oppF (or oppD) 

probably does not contribute to the reduced virulence of F. tularensis subsp. 

holarctica.

4A.2.2 Annotated ORFs with no previously reported role in virulence

The gene encoded by F. tularensis Schu S4 in RD/70/arc//ca24, 

FTT00446, is annotated as a proton-dependent oligopeptide transport (POT) 

family protein. This is one of at least eight POT family proteins (in addition to 

the non-functional pot system) that are encoded by F. tularensis Schu S4 

(Atkins et al., 2006), and it seems likely that one or more of these functions in 

F. tularensis subsp. holarctica for the uptake of oligopeptides, making the 

absence of FTT0446 unlikely to account for the relative attenuation of F. 

tularensis subsp. holarctica.
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4.4.2.3 Annotated ORFs with a previously reported role in virulence

4.4.2.3.1 RD/]0/arcf/ca3

This RD hoiarctica includes three ORFs encoding a conserved 

hypothetical protein, a modulator of drug activity, and a ThiJ/Pfpl family 

protein. The ThiJ/Pfpl protein superfamily also includes DJ-1, the human 

version of which shares a domain in common with Escherichia coli heat 

shock protein 31 (HSP31), this protein having both chaperone and proteolytic 

activities (Lee et al., 2003). It has been suggested that, among other 

functions, DJ-1 may play a role in oxidative stress response (Tao and Tong,

2003). ThiJ genes are kinases that are involved in thiamine biosynthesis 

(Bandyopadhyay and Cookson, 2004; Oh et al., 2004). In Pyrococcus 

furiosus, Pfpl is an intracellular cysteine protease (Halio e ta i, 1996) and has 

been identified in Leishmania major, which causes ‘Old World’ cutaneous 

leishmaniaisis, but not in other Leishmania species (Eschenlauer et al., 

2006). The potential role in infection of the modulator of drug activity, 

encoded by mdaB, is more obvious: MdaB is a soluble NADPH quinone 

reductase, a flavoprotein that catalyzes the two-electron reduction of quinone 

to quinols. It has been reported that MdaB protects cells from reactive 

oxygen species (ROS) that are formed during single electron redox reactions 

(Adams and Jia, 2005). This assertion may be supported by the finding that 

a A mdaB strain of Helicobacter pylori was significantly more sensitive to 

oxidative stress, and was significantly reduced in its ability to colonize mouse 

stomachs (Wang and Maier, 2004). It was reported by the same authors that 

homologues of MdaB exist in the genomes of many pathogenic bacteria 

(Wang and Maier, 2004). Therefore, although there is some published data
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linking ThiJ/Pfpl family proteins to virulence, without the complete 

identification of the encoded protein in F. tularensis, this evidence is too 

diffuse to infer that the absence of this gene in particular contributes to the 

relative attenuation of F. tularensis subsp. holarctica. However, the 

previously published data regarding the role of MdaB in virulence makes it 

more likely that the absence of this gene is an attenuating factor of F. 

tularensis subsp. holarctica. It could also be true that the absence of both of 

these genes, or all three genes including the hypothetical protein, contributes 

to the relative attenuation of F. tularensis subsp. holarctica, particularly in the 

light that there is some published evidence that the DJ1 protein from 

ThiJ/Pfpl superfamily and MdaB may be similar in function as they both have 

been reported to play a role in the response to oxidative stress.

4.4.2.3.2 RD/j0/arcf/'ca4

This RD hoiarctica encodes an aldehyde dehydrogenase, a class of 

enzyme which has previously been linked to bacterial virulence: aldA from V. 

cholerae is included in a pathogenicity island that is associated with epidemic 

and pandemic strains, but is absent in non-toxic strains (Karaolis et al., 

1998). The expression of AldA was also found to be higher in Klebsiella 

pneumoniae strains that were isolated from patients with liver abscesses 

than from those without (Ma et al., 2005). Is it therefore possible that a 

missing aldehyde dehydrogenase could be one of the attenuating factors that 

separate F. tularensis subsp. holarctica from F. tularensis subsp. tularensis?
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4.4.2.3.3 RD/)0/arcf/ca6

This ROhoiarctica coincides with a previously described Francisella 

pathogenicity island (FPI) (Nano et al., 2004). The F. tularensis Schu S4 

genome shows that the two genes that comprise this RD encode a 

hypothetical protein and a pseudogene. A ApdpD strain of F. novicida has 

been shown to be defective for growth in macrophages and also defective for 

virulence in mice (Nano et al., 2004). It is therefore possible that a lack of 

pdpD accounts in some part for the relative attenuation of F. tularensis 

subsp. holarctica compared to F. tuiarensis subs, tularensis. It is noted that 

this was one of two RDho iarctica shared by F. tularensis subsp. mediasiatica, 

which is also of only moderate virulence compared to F. tularensis subsp. 

tularensis (Sandstrdm et al., 1992), further suggesting that pdpD may play an 

important role in the virulence of F. tularensis subsp. tularensis.

4.4.2.3.4 RD holarctica^

All of the genes included in RD/,0/arcfca8 that was observed for 

European strains are annotated in the F. tularensis Schu S4 genome 

sequence as hypothetical or pseudogenes (or both). RD/j0/arCfca8 identified 

from the only F. tularensis subsp. holarctica strain isolated in the USA tested 

was comprised of a different but overlapping set of ORFs (fig. 4.13), but 

again most of the genes included in this RD hoiarctica were annotated as 

hypothetical proteins in the F. tularensis Schu S4 genome sequence. The 

only two exceptions to this were two genes annotated as transcriptional 

regulators. One of these is designated hipA, hip standing for high 

persistence. This serine kinase has been linked to high persistence of a
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minority of E. coli through the induction of bacteriostasis when faced with 

murein and DNA synthesis inhibitors (Moyed and Bertrand, 1983; Wolfson et 

al., 1990; Korch and Hill, 2006). Bacteriostasis, usually induced as part of 

the SOS response, is a well characterized survival mechanism of bacteria 

that are under stress, so perhaps the absence of the hipA gene is one of the 

attenuating factors of this particular F. tularensis subsp. holarctica strain.

4.4.2.3.5 RDhoiarctica 23

In the F. tularensis Schu S4 genome sequence FTT0177 is annotated 

as an acetyl transferase, an enzyme which catalyses the transfer of acetyl 

groups from one compound to another. There are several examples of acetyl 

transferases acting as bacterial and yeast virulence factors: YopJ, a type III 

effector protein of Y. pestis which mediates the acetylation of threonine and 

serine residues that activate host MAPK kinase 6 (MAPPK6). Acetylation of 

MAPKK6 blocks phosphorylation and therefore inhibits activation of this 

immune signalling molecule (Mukherjee et al., 2006). The Candida albicans 

GNA1 gene encodes glucosamine-6-phosphate acetyltransferase, and a 

DGNA1 strain is attenuated in a mouse model, with rapid clearance from host 

tissue (Mio et al., 2000). In L. monocytogenes, activation of virR, which 

encodes a putative two-component response regulator that has been shown 

to be essential for virulence in mice, is through a mechanism involving 

variation in the level of phosphate acetylation (Mandin et al., 2005). Again, it 

is noted that this was one of two R D ho iarctica shared by F. tularensis subsp. 

mediasiatica, again suggesting that the gene encoded by FTT0177 may play 

an important role in the virulence of F. tularensis subsp. tularensis.
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4 .4 .3 . R D lvs

Attenuation of the F. tularensis vaccine strain, LVS, is widely believed 

to have been achieved by continuous laboratory subculture of the virulent F. 

tularensis subsp. holarctica strain that is currently denoted FSC338 (Tigertt, 

1962). By comparing the RDs of F. tularensis LVS that are additional to the 

RDs of F. tularensis FSC338 (denoted R D l v s )  it may be possible to elucidate 

those ORFs whose deletion contribute to the attenuation of the vaccine 

strain. In the same way as the R D h 0 ia rc tica (4.4.2.), the ORFs identified as 

R D l v s  fall into three categories with respect to the attenuation of F. tularensis 

LVS: 1, the corresponding ORF in fully virulent F. tularensis Schu S4 is a 

pseudogene or the corresponding system is non-functional making the 

absence of these ORFs unlikely to be responsible for attenuation. Ideally the 

comparator for this category would be the pseudogene or system status of F. 

tularensis FSC338, but as the full genome sequence for this strain is not 

available at the time of writing, the status of the ORFs and systems in fully 

virulent F. tularensis Schu S4 was referenced instead; 2: the corresponding 

ORF is functional in F. tularensis Schu S4 but there is no previously reported 

role for the gene in virulence or pathogenesis. The absence of these ORFs 

may be responsible for the attenuation of F. tularensis LVS; and 3: genes for 

which there is a previously reported role in virulence or pathogenesis, either 

in Francisella, or in other bacteria. It is likely that the absence of one or more 

of these genes could be an attenuating factor of F. tularensis LVS.

4.4.3.1 RDlvs that are pseudogenes or part of redundant systems in F. 

tularensis Schu S4
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4.4.3.1.1. FTT1737 kdpC

The kdp potassium uptake system of E. coli is comprised of two 

separate operons: kdpDE, and kdpABC, in F. tularensis Schu S4 kdpA and 

kdpE are pseudogenes meaning that the kdp system is unlikely to be 

functional in this fully virulent strain. The aCGH probe for kdpC was a DHP 

in F. tularensis LVS but was present in FSC338, however as this system is 

probably non- functional in F. tularensis Schu S4, it is unlikely to contribute to 

the attenuation of the vaccine strain.

4.4.3.2 R D lv s  for which the ORF has no previously reported role in 

virulence

4.4.3.2.1. FTT0187 ftsA

The gene ftsA encodes a protein that is usually considered to be 

essential for cell division: it has been reported that ftsA deletion mutants of 

Bacillus subtilis are impaired for cell division (Beall and Lutkenhaus, 1992) 

and for sporulation (Kemp et al., 2002). However, in E. coli it has also been 

reported that there are 12 proteins, including FtsA, that assemble at the cell 

midpoint to form the division septum, and that there may be some functional 

overlap between these 12, in particular between FtsA and another cell 

division protein denoted FtsK (Geissler and Margolin, 2005). Given that F. 

tularensis LVS cells are able to divide it may be that some similar 

compensatory mechanism for deletion of FtsA exists in this strain.
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4.4.3.2.2. FTT0118 prfC, FTT1054 riml, FTT1222 dedA2

Termination of protein synthesis in bacteria requires the action of two 

codon-specific release factors (RF-1 and RF-2), the activities of which are 

stimulated by peptide chain release factor 3 (RF-3), encoded by prfC (Mikuni 

et al., 1994). RF-3 is not thought to be essential for bacterial viability 

(Grentzmann et al., 1994), with the disruption of prfC in E. coli leading to 

increased expression of the tryptophanase operon which in turn leads to the 

repression of tryptophan-induced inhibition of Rho-mediated transcription 

termination (Yanofsky et al., 1996). The protein encoded by riml is an 

enzyme which, in E. coli, acetylates the N-terminal alanine of a the ribosomal 

protein S18 (Yoshikawa et al., 1987). Acetylation of ribosomal proteins is 

required for the formation of the initiation complex during protein biosynthesis 

(Ramagopal and Subramanian, 1974). The DedA family of proteins are 

integral membrane proteins with an as yet un-elucidated function (Ledgham 

et al., 2005). At the time of writing there is no evidence to suggest that 

deletion of any of these genes contributes to the attenuation of F. tularensis 

LVS.

4.4.3.3. RDlvs for which the ORF has a previously reported role in

virulence

4.4.3.3.1. FTT0156

Acid phosphatases have been implicated as virulence determinants of 

intracellular pathogens through suppression of the oxidative burst (Reilly et 

al., 1996). F. tularensis encodes at least two acid phosphatases, acpA 

(FTT0221), and FTT0156, the latter being an RDLvs- It has previously been
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demonstrated that a AacpA mutant of F. novicida was attenuated in tissue 

culture assays: the mutant was delayed in phagosomal escape and was 

more susceptible to killing by a human monocyte cell line. The mutant also 

showed reduced longevity in mice in competition infection assays (versus 

wild type F. novicida), and mice which received the A acpA mutant survived 

for longer than those receiving wild type F. novicida (Mohapatra et al., 2007). 

However, this report is in direct contrast to a previous study carried out using 

a F. novicida A acpA strain in which the mutant was reported to have 

exhibited wild type growth in a murine macrophage cell line and wild type 

replication in the murine model (Baron et al., 1999). It is possible that the 

deletion of acpA in the Baron study was compensated for by the expression 

of the second acid phosphatase and that for some reason this effect was 

missing or was reduced in the Mohapatra study. Certainly an acid 

phosphatase has been shown by 2-D electrophoresis to be expressed in 

virulent strains of F. tularensis but not in F. tularensis LVS (Hernychova et al., 

2001). Together these findings demonstrate that acid phosphatase is 

probably important in Francisella infection, and it is possible to hypothesise 

that the absence of the acid phosphatase encoded by FTT0156 could be one 

of the attenuating lesions of the vaccine strain.

4.4.3.3.2. FTT0467 (ostA)

The protein encoded by ostA in Gram-negative bacteria is proposed 

as part of a targeting system for the transfer of outer membrane components 

from the site of biosynthesis (either in the cytoplasm or in the cytoplasmic 

leaflet of the inner membrane) across the inner membrane and periplasm to
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the functional site (Braun and Silhavy 2002). Disruption of ostA in H. pylori 

results in altered membrane permeability, sensitivity to organic solvents and 

increased sensitivity to antibiotics (Chiu et al., 2007). It is therefore possible 

that deletion of ostA1 from F. tularensis LVS could also result in altered 

membrane permeability, perhaps making it more difficult for the vaccine 

strain to resist some of the components of the host defences that are 

encountered in vivo.

4.4.3.3.3. FTT0630 (hfq)

In E. coli hfq encodes a protein that can bind and stabilise small 

RNAs, while these in turn can regulate protein translation through binding 

with target mRNAs (Masse et al., 2003). In Yersinia enterocolitica a gene 

homologous to hfq positively regulates expression of the virulence protein Yst 

(Nakao et al., 1995), and in S. enterica serovar Typhimurium expression of 

the stationary phase transcription and virulence factor RpoS requires Hfq 

(Brown and Elliott, 1996). A Brucella abortus Ahfq mutant showed increased 

sensitivity to hydrogen peroxide and decreased survival under acidic 

conditions during stationary phase growth. This mutant also failed to 

replicate in murine macrophages and was rapidly cleared from the spleens 

and livers of mice (Robertson and Roop, 1999). Similarly a V. cholerae Ahfq 

mutant failed to colonize the intestine of a suckling mouse model (Ding et al.,

2004), and hfq has been shown to contribute to L. monocytogenes 

pathogenesis in mice (Christiansen et al., 2004). It is therefore likely that hfq 

is required for the virulence that is displayed by F. tularensis subsp.

146



Chapter 4 Comparative genomics

holarctica, and that the deletion of this gene from F. tularensis LVS may 

contribute to its attenuation.

4.5. Conclusion

This study has shown that the Dstl F. tularensis Schu S4 microarray 

(chapter 3) is capable of discriminating between the species and subsp. of 

Francisella at the DNA level, with the data presented here being broadly 

similar to those previously published from similar studies. These data also 

support a description of the evolution of the F. tularensis subsp. proposed by 

Svensson et al. (2005). Furthermore this study has provided information 

about the genetic differences between fully and moderately virulent and 

avirulent strains of Francisella, which could prove to be useful in the search 

for medical countermeasures to tularemia, or in the provision of genetic 

targets for detection and identification at the subsp. level.
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5.1. Introduction

Information about genes that are regulated by bacteria during infection can 

provide targets for vaccines, either through the generation of rationally 

attenuated strains or through the provision of potential antigens for subunit 

vaccines. Intracellular bacteria internalised in the phagosome (or autosome) 

of a host cell are often exposed to a variety of stress conditions, including 

extremes of acidity, oxidative stress, and nutrient deprivation. There are a 

great number of reports indicating that specific sets of genes are regulated, 

either up or down, by bacteria in response to the intracellular environment, 

and moreover that many of these in (or ex) v/Vo-regulated genes also show 

altered expression when the bacteria are exposed to stress conditions in 

vitro. For example, Legionella pneumophila was shown to induce at least 35 

proteins during infection of the human monocyte cell line U937, 13 of which 

were also induced in vitro by one or more of the following stress conditions: 

heat shock, osmotic shock, and oxidative stress (Kwaik et al., 1993). In the 

same study, 32 proteins were repressed by L. pneumophila during infection 

of U937 cells, of which 13 were also repressed by one or more of the stress 

conditions tested (Kwaik et al., 1993). Similarly, the L. monocytogenes 

chaperone protein CIpC has been shown to be important for the bacteria’s 

survival of osmotic and heat stress in vitro, and also for intracellular growth 

and for virulence (Rouquette et al., 1998). Likewise, DnaK of Brucella suis is 

induced under conditions of heat shock and acidic pH, as well as upon 

infection of U937 cells (Kohler et al., 1996). Of course, it is not true to say 

that all genes regulated by bacteria in response to the intracellular 

environment have also been observed to be regulated in vitro, for example a
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study of L. monocytogenes gene expression upon infection of J774 murine 

macrophages showed the induction of 32 proteins, none of which were 

observed to induced by L. monocytogenes in response to heat shock or 

oxidative stress (Hanawa et at., 1995), although selection of alternative in 

vitro conditions could yield different results.

It is because of the abundance of evidence suggesting overlapping bacterial 

responses to stress in vitro and to the intracellular environment that the F. 

tularensis microarray (chapter 3) was used to study the transcriptome of F. 

novicida in response to in vitro culture under conditions that were selected to 

resemble aspects of the intracellular environment faced by Francisella upon 

macrophage infection. F. novicida was used for these studies as it can be 

handled under ACDP containment level two conditions and it is often used as 

an analogue for highly virulent F. tularensis. The first condition investigated 

in this study was culture in an iron-depleted medium, in response to which a 

number of genes were regulated, both up and down. However, some of the 

genes regulated in response to this condition were indicative of a general 

stress response which may have been attributable to a difference in growth 

phase between the test and control samples at the time of sampling, as 

opposed to the specific response of growth in the absence of iron. In an 

attempt to address this issue and to distinguish genes regulated in response 

to the condition of interest from those regulated in response to growth phase 

variation, both test and control bacteria were cultured in the absence of 

methionine during the (parallel) sampling of the transcriptome under the 

remaining conditions. Culture without methionine arrested the growth of
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both test and control cultures to the same level, meaning that changes 

observed in the transcriptome were attributable to the condition of interest as 

opposed to differences in growth phase. Each of the in vitro conditions 

studied: iron-depletion, oxidative stress, acidic pH, and elevated temperature, 

are presented here as separate sub-chapters.
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5a. 1. Introduction

The importance of iron availability to intracellular pathogens is 

highlighted by the fact that individuals who suffer from the disease hereditary 

hemochromatosis, which is in part characterized by a lack of iron within 

macrophages, display increased resistance to intracellular pathogens, 

including F. tularensis (Moalem et a/., 1994). Iron is critical for bacterial 

growth as well as for host processes, it is an electron transport catalyst and a 

cofactor for a large number of enzymes that are required for many biological 

processes including aerobic metabolism (Escolar et a/., 1999; Zhang et al, 

2005). This makes iron-limitation inside phagosomes an effective 

mechanism that the host can use to inhibit bacterial survival and replication, 

meaning that only those bacterial species which have evolved ways to obtain 

and/or store iron will have a successful intracellular lifestyle.

The availability of iron in nature is limited because of rapid oxidation of 

ferrous iron (Fe2+) to ferric iron (Fe3+) under aerobic conditions and the low 

solubility of Fe3+ at physiological pH (Guerinot 1994, Braun et al., 1998). In 

the host, any extracellular iron is bound to carrier proteins (siderophilins) 

such as transferrin which is the principle siderophilin in blood, or lactoferin, 

the principle siderophilin at mucosal surfaces (Neale, 1955; Ward et al., 

2003). The primary function of these proteins is to sequester iron and to 

transport this bound iron to tissues. Bacteria have evolved three broad 

mechanisms to obtain iron (Carroll etal., 1996): 1) by causing tissue damage 

and utilising the resultant haem or haemin to acquire iron, for example 

Shigella species and Streptococcus species, 2) through direct binding of host
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siderophilins to inducible proteins on the bacterial cell surface, for example 

Neisseria species., Listeria species., Haemophilus species., and 

Staphylococcus species., and 3) through the production of low molecular 

weight, non-protein iron binding molecules (siderophores) which have a 

higher affinity for iron than host siderophilins, for example E. coli. 

Siderophores are Fe3+ chelators that are secreted into the environment and 

are usually regulated by bacteria in response to iron levels (Tuanyok et al.,

2005). Ferri-siderophore complexes are then imported by transport proteins 

which are also regulated by levels of intracellular iron (Neilands, 1995). A 

siderophore has recently been identified and characterized in F. tularensis 

(Deng etal., 2006; Sullivan etal., 2006).

In the presence of H2 O2  iron can participate in the formation of toxic 

oxygen radicals via the Fenton reaction, making regulation of iron uptake 

essential to prevent oxidative damage to the cell. The ferric uptake regulator 

(Fur) is a divalent metal ion-dependent DNA-binding protein that controls 

expression of genes involved in iron uptake in most Gram-negative bacteria 

(Bagg and Neilands, 1987). Fur proteins are generally transcription 

repressors by the action of ferrous-iron-dependent binding to specific 

sequences (iron or Fur boxes) encoded in promoter regions of iron-regulated 

genes (Escolar et al., 1999). Positive regulation by Fur can also be achieved 

in either a direct or indirect manner. Fur is a pleiotropic regulator; it has been 

shown to control functions as diverse as iron acquisition systems, acid and 

oxidative stress responses, chemotaxis, swarming, bioluminescence, 

metabolic pathways, production of virulence factors, and even low-shear
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modelled microgravity response (Vasil 2007; Ernst et al., 2005; Ricci et al., 

2002; Wilson et al., 2002).

5a.1.2. Aim

Determination of stress responses can provide clues as to the elusive 

survival and virulence mechanisms that Francisella employs during it’s 

lifestyle as a highly adapted intracellular pathogen. As such, the objective of 

this study was to determine the pattern of gene expression as a defined 

response of Francisella to iron-starvation as a specific stress condition likely 

to resemble the macrophage environment during intracellular growth. The F. 

tularensis Schu S4 microarray was used to examine the F. novicida response 

to iron-starvation.
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5a.2. Results

5a.2.1. Growth of F. novicida under iron-depleted conditions

In order to ascertain whether F. novicida was likely to be stressed by 

culture under iron-depleted conditions, and in order to select biologically 

relevant sampling times for transcriptomic studies, a comparison of growth 

rates under iron-depleted and iron-replete conditions was made. It was not 

until two hours after stress induction that a difference between the growth 

rates was observed in iron-replete and iron-depleted cultures of F. novicida 

(fig. 5a.1). Presumably this is because the bacteria retain some intracellular 

reserves of iron which can be used to sustain vital cellular functions and it is 

once these stocks become very low or exhausted that an affect on growth 

rate is observed, which is an indication of the importance of iron to the cell.

5a.2.2. The transcriptomic response of F. novicida to iron-depleted 

conditions

The transcriptomic response of F. novicida to culture under iron- 

depleted conditions was investigated using a DNA microarray. Based on the 

comparative growth rates (fig. 5a. 1), the following time points post stress- 

induction were selected for transcriptomic analysis: at 1 h, when the growth 

rates of both test and control cultures were similar, at 2 h, when the growth 

rates the test and control culture had just diverged, and at 3.5 h, when the 

growth rates of the test and control cultures were fully divergent and the 

control culture was in log phase. RNA was isolated for each condition on 

three separate occasions (biological replicates) and hybridised on two 

separate occasions (technical replicates).
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A list of genes that were up- and down-regulated in response to iron 

starvation can be found in tables 5a. 1 and 5a.2. A number of genes were 

regulated in response to iron starvation after just one hour, before the growth 

rate was visibly affected by depletion of iron, which may be a further 

indication of the importance of iron to F. novicida.

5a.2.2.1. Some regulated oligonucleotides were not complementary to 

F. novicida CDS

The microarray oligonucleotides used to carry out F. novicida in vitro 

stress response studies were originally designed to be complementary to the 

F. tularensis Schu S4 genome sequence. With this in mind, the sequence of 

each oligonucleotide that was identified as regulated by F. novicida was 

compared to the F. novicida genome sequence that was subsequently 

available (Brittnacher etal., 2006) using the BLASTn program (Altschul etal., 

1990). In most cases 100% complementarity was achieved between the 

oligonucleotide and the F. novicida genome sequence and within the F. 

novicida CDS corresponding to the F. tularensis Schu S4 CDS to which the 

oligonucleotide was designed. If less than 100% complementarity between 

the oligonucleotide and the F. novicida genome was achieved, then the most 

likely F. novicida binding site was selected according to the criteria of > 75% 

overall complementarity and > 15 base pairs contiguous complementarity 

(Kane et al., 2000). In these cases the sequence of the F. novicida CDS 

selected was then used to find the corresponding CDS in F. tularensis Schu 

S4 using tBLASTx (Altschul et al., 1990) to ensure continuity when 

interpreting the results in the context of either genome. In the case of

157



Chapter 5a Iron-starvation

1.6

1.4

1.2

1.0
0.8

0.6

0.4

0.2

0.0
0 2 4 6

time (h)

iron-replete CDM  

«— iron-depleted CDM

Fig. 5a.1 Comparison of the replication rate of F. novicida cultured in CDM 

under iron-depleted vs. iron-replete conditions. The growth rate was 

equivalent for both test and control cultures until two hours post stress 

induction, when the growth rate of F. novicida cultured under iron-starved 

conditions was reduced.
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Table 5a.1 Genes up-regulated by F. novicida in response to culture under 

iron-deficient conditions compared to iron-replete conditions. aLocus tag 

assigned in the F. novicida U 112 genome sequence (Brittnacher et al., 

2006). 6Locus tag assigned in the F. tularensis Schu S4 genome sequence 

(Larsson et al., 2005). °Pseudogene in F. tularensis Schu S4.
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Table 5a.2 Genes down-regulated by F. novicida in response to culture 

under iron-deficient conditions compared to iron-replete conditions. aLocus 

tag assigned in the F. novicida U112 genome sequence (Brittnacher et al., 

2006). ^Locus tag assigned in the F. tularensis Schu S4 genome sequence 

(Larsson et al., 2005). °Pseudogene in F. tularensis Schu S4. 

Approximately 80% from the 3’-end of the nucleotide sequence of 

FTN_0009 is homologous to the intergenic region between sdaC2 and an 

isftul transposase in F. tularensis Schu S4.
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regions of acceptable complementarity outside of CDS in F. novicida for two 

of the regulated oligonucleotides (table 5a.3).

5a.2.3. Regulated CDS were grouped according to function

Each of the CDS regulated by F. novicida in response to iron-depletion 

was assigned to a functional category as previously defined in the 

GenProtEC database (Serres et ai., 2004) (Appedix 1), and represented 

graphically (fig. 5a.2). The GenProtEC classification assigns gene products 

to groups according to their broad function, and into sub-groups which 

describe increasingly specific functions at each level. It should be noted that 

some CDS are assigned to more than one GenProtEC category.

5a.2.3.1. Functional groups of up-regulated CDS

The functional group containing the highest number of up-regulated 

CDS was Metabolism (fig. 5a.3). Within this functional group, all of the up- 

regulated CDS were assigned to biosynthesis, either macromolecular 

biosynthesis (fimbria, pili), or building block biosynthesis (amino acids, 

nucleotides, and cofactor or small molecule carriers). The second largest 

functional group of up-regulated CDS was Pathogenic-Related Genes, 

followed by Transport and Conserved Hypothetical groups. Of the eight up- 

regulated CDS for which a cellular location of the final gene product was 

assigned, six were located in the cytoplasm, and two were located in the 

inner membrane (fig. 5a.4). Four up-regulated CDS were assigned to a cell 

structure sub-category: two were assigned to the Membrane, one to Surface 

Antigens, and one to Pilus (fig. 5a.5). Of the three up-regulated CDS

v
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Table 5a.3 Oligonucleotides not complementary to F. novicida CDS. aLocus 

tag assigned in the F. tularensis Schu S4 genome sequence (Larsson et al., 

2005). ^Oligonucleotides were designed according to a preliminary 

annotation of the F. tularensis Schu S4 genome sequence. The putative 

CDS against which this oligonucleotide was designed was not included in the 

final version of the F. tularensis Schu S4 genome sequence.

Oligonucleotide FTT

no.a

Time

point

Fold

change

P f d r F. novicida locus

Oligo754 None0 120

min.

1.47-fold

u p

0.03 Intergenic region 

between 

FTN_0591 and 

FTN_05892

Oligol 951 0277 120

min.

4.53-fold

down

0.05 Intergenic region 

between 

FTN_0191 and 

FTN_0192
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group

ED up 

■  down

Fig. 5a.2 GenProtEC categories of CDS regulated by F. novicida in response 

to culture under iron-deficient compared to iron-replete conditions. The x- 

axis represents GenProtEC categories of CDS regulated in response to iron- 

depletion were Metabolism (category 1), Information transfer (category 2), 

Regulation (category 3), Transport (category 4), Pathogenic related genes 

(category 11), Conserved hypothetical genes (category 12), and Hypothetical 

genes (category 13), and the y-axis represents the number of genes up- 

regulated (+) or down -regulated (-).
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macromolecule building block macromolecule central intermediary
degradation biosynthesis biosynthesis metabolism

category

□  up 
■  down

Fig. 5a.3 GenProtEC Metabolism sub-categories of CDS regulated by F. 

novicida in response to culture under iron-deficient compared to iron-replete 

conditions (x-axis). The y-axis represents the number of genes up-regulated 

(+) or down -regulated (-).
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cytoplasm inner outer
membrane membrane

cellular location

□ up 
■ down

Fig. 5a.4 GenProtEC Cellular locations of CDS regulated by F. novicida in 

response to culture under iron-deficient compared to iron-replete conditions 

(x-axis). The y-axis represents the number of genes up-regulated (+) or 

down -regulated (-).
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membrane peptidoglycan surface pilus
antigens

cell structure

□  up 
■  down

Fig. 5a.5 GenProtEC Cell structure-associated CDS regulated by F. novicida 

in response to culture under iron-deficient compared to iron-replete 

conditions (x-axis). The y-axis represents the number of genes up-regulated 

(+) or down -regulated (-).
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assigned to the Cell Processes category, all were assigned to the sub

category for Adaptation to Stress (Iron Acquisition or ‘Other’) (fig. 5a.6).

5a.2.3.2. Functional groups of down-regulated CDS

The functional group containing the largest number of down-regulated 

CDS was also Metabolism, although these CDS covered a wider range of 

sub-categories than the up-regulated group, including: macromolecule 

degradation (RNA, polysaccharides and proteins/peptides/glycopeptides), 

building block biosynthesis (nicotinamide adenine dinucleotide [NAD]), 

macromolecule biosynthesis (O-antigen, peptidoglycan, and cytoplasmic 

polysaccharide), and central intermediary metabolism, including incorporation 

of metal ions (fig. 5a.2). The functional groups with the second largest 

groups of down-regulated CDS were Information Transfer (including both 

RNA- and protein-related groups), Pathogenic-related genes, and 

Hypothetical genes. Of the seven down-regulated CDS for which a cellular 

location of the final gene product was assigned, three were located in the 

cytoplasm, three were located in the inner membrane, and one was located 

in the outer membrane (fig. 5a.4). Seven down-regulated CDS were also 

assigned to a Cell Structure sub-category: four were assigned to the 

Membrane, two to Surface Antigens, and one to Peptidoglycan (fig. 5a.5). Of 

the three down-regulated CDS assigned to the Cell Processes category, two 

were assigned to Cell Division, and one was assigned to Protection (Drug 

Resistance/sensitivity) (fig. 5a.6).
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Cell division Adaption to Protection 
stress

process

□ up 

■  down

Fig. 5a.6 GenProtEC Cell process-associated CDS regulated by F. novicida 

in response to culture under iron-deficient compared to iron-replete 

conditions (x-axis). The y-axis represents the number of genes up-regulated 

(+) or down -regulated (-).
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5a.2.4. QPCR

TaqMan QPCR was carried out on five CDS that were indicated by 

microarray as up-regulated by F. novicida in response to iron-starvation: 

FTT0026, FTT0971, and lysA were up-regulated (table 5a.1), and hisS and 

cipB were down-regulated (table 5a.2). Assays were performed and the 

results calculated as described in section 2.7. These microarray results were 

confirmed by QPCR with a Pearson correlation of 0.730 (fig. 5a.7). The 

overall Pearson correlation between microarray data and TaqMan QPCR 

data for 18 genes assayed, selected because they were indicated by 

microarray as regulated by F. novicida in response to one of the conditions 

tested was 0.533.
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Fig. 5a.7 QPCR confirmation of microarray data. The QPCR data supported 

the microarray data in that all genes were regulated in the same direction, 

although not always to the same magnitude:

Gene Microarray QPCR
FTN_1685 10.51 27.03

lysA 8.24 8.2
sufB 4.97 2.77
hisS -1.51 -1.33
dpB -1.55 -1.36

Correlation 0.730070558
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5a.3 Discussion

Apart from hypothetical and conserved hypothetical proteins, all of the 

CDS up-regulated by F. novicida in response to iron-depletion fell into one of 

four GenProtEC classification groups: Metabolism, Transport, Information 

transfer, or Pathogenesis. Metabolic systems that were putatively up- 

regulated included peptidoglycan synthesis, the up-regulation of which may 

be linked to the SOS response, and cofactor or small binding molecule 

synthesis, which was linked to a putative iron acquisition system. Transport 

systems that were up-regulated included genes for the acquisition and 

transport of iron, and some Information transfer categorised genes that were 

up-regulated were linked to iron-sulphur cluster repair. Some groups of 

regulated genes with clearly corresponding functionality were actually 

assigned to separate (and sometimes multiple) GenProtEC groups, serving 

as a warning against relying solely upon sometimes somewhat arbitrary 

systems to elucidate biological meaning from data. One example of this was 

the up-regulation of genes that have previously been shown to be involved in 

the biosynthesis of a Francisella siderophore and which were assigned to 

three GenProtEC functional groups: Metabolism, Transport and Pathogenic- 

related genes.

The CDS down-regulated by F. novicida in response to iron-depletion 

fell into the same four GenProtEC categories as those that were up- 

regulated: Metabolism, Transport, Information transfer, or Pathogenic-related 

genes, with one additional category, Regulation, also represented. Metabolic 

systems that were down-regulated included LPS O-antigen biosynthesis and
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incorporation of metal ions, which is not unexpected under conditions of iron 

ion starvation. Transport systems that were down-regulated included an 

efflux pump, which is hypothesised here to transport siderophores out of the 

cell. Several ribonuclease genes were also down-regulated (categorised in 

the GenProtEC groups Metabolism and Information transfer), as well as 

several genes with a previously demonstrated role in Francisella virulence, 

which may indicate that F. novicida does not encounter conditions of iron- 

depletion in vivo.

It was noted that, with the exception of the siderophore biosynthesis genes, 

no other complete operons were regulated by F. novicida in response to iron- 

starvation. This is an indication that the microarray data was noisy, resulting 

in a reduced number of genes with a p-value below 0.05 which was required 

to be counted as regulated. One suggestion as to the cause of this noise is 

the use of an air-incubator for culture as it has been suggested that the 

temperature is actually highly variable across the inside of the incubator. The 

temperature is not so variable as to cause detectable differences in growth 

rate, but is thought to be noticeable at the level of gene regulation. A better 

alternative for microarray work would be a water incubator, or ideally, a 

chemostat, as this would keep every aspect of the culture conditions, 

including the growth phase, constant. This trend of noisy data resulting in 

reduced numbers of regulated genes was noticed in all of the in vitro 

conditions investigated here.
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5a.3.1. The reduced growth-rate may be linked to the SOS response.

A decreased growth rate was observed in F. novicida after two and a 

half hours culture under iron-depleted conditions compared to iron-replete 

conditions (section 5a. 1), which may in part be attributed to the SOS 

response. The bacterial SOS response aids propagation in part by ceasing 

cell division at times when DNA is damaged or when DNA replication is 

inhibited (Jaffe and D’Ari, 1985). The essential (heterodimeric) DNA 

synthesis enzyme ribonucleotide reductase (RNR) contains iron (Chitambar 

and Narasimhan, 1991; Elledge etal., 1992), and indeed when iron is limiting 

in the cell, DNA synthesis is blocked through inhibition of RNR (Chitambar 

and Narasimhan, 1991). It has further been shown that blocking DNA 

replication by inhibition of RNR in E. coli induces the SOS response (Barbe 

et a/., 1987). The cell division protein peptidoglycan synthase, encoded by 

ftsl, is an enzyme that is required for synthesis of peptidoglycan in the cell 

division septum in E. coli (Miller et al, 2004), and it has been reported that 

inactivation of Ftsl also induces the SOS response (Miller et al., 2004). The 

gene nrdB which encodes the iron-containing (p)- subunit of RNR is between 

1.1- and 1.4-fold up-regulated in F. novicida at each of the time points 

sampled, suggesting that this enzyme subunit may be depleted by iron- 

starvation. It is possible to hypothesise that under iron-depleted conditions 

DNA replication in F. novicida is inhibited through loss of RNR and the SOS 

response is therefore invoked through down-regulation of Ftsl, an event 

which heralds the reduction in the rate of cell division.
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5a.3.2. The F. tularensis siderophore was up-regulated

Recent studies by two groups to characterise the response of F. 

tularensis LVS to growth under iron-depleted conditions have revealed an 

operon that encodes a siderophore (Sullivan et al., 2006; Deng et al., 2006). 

In F. tularensis the siderophore is encoded by genes FTT0026-0029, with the 

corresponding genes in F. novicida encoded by FTN_1682, FTN_1683, 

FTN_1685, and FTN_1530 (lysA). As anticipated, each of these genes was 

more than two-fold up-regulated by F. novicida in response to iron-depletion 

at each of the three sample time points, however the associated p-value was 

not < 0.05 for every measurement (although the p-value for 11 out of the 12 

measurements was <0.1) (table 5a.4). The siderophore is comprised of two 

genes annotated as from the drug H+ antiporter-1 (DHA1)- family, A 

hypothetical protein denoted FrgA, and a diaminopimelate decarboxylase 

encoded by lysA. The two DHA1 -family proteins are presumably involved in 

active transport of iron across the cell wall. The frgA gene is annotated as a 

hypothetical protein, and it is noted that this gene has been shown to be both 

essential for F. tularensis LVS infection of mouse lungs and also under the
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Table 5a.4 Fold change of the F. tularensis siderophore biosynthesis genes 

in F. novicida cultured with and without iron.

Fold change

Gene FTN no. FTT no. 60 min 120 min 210 min

FTN_1685 1685 0026 +7.55

(p=0.039)

+7.32

(p=0.056)

+10.51

(p=0.036)

lysA 1530 0027 +4.91

(p=0.051)

+8.24

(p=0.046)

+7.19

(p=0.037)

FTN_1683 1683 0028 +2.67

(p=0.234)

+4.94

(p=0.081)

+3.82

(p=0.040)

frgA 1682 0029 +7.07

(p=0.066)

+7.68

(p=0.088)

+9.60

(p=0.037)
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control of the virulence regulator protein PrfA (Su et al., 2007; Mohapatra et 

al., 2007). The diaminopimelate decarboxylase encoded by lysA catalyzes 

the conversion of meso-diaminopimelic acid to L-lysine, which is the final 

step in lysine biosynthesis. A role for lysA in bacterial iron acquisition has 

previously been demonstrated in that LysA is essential for the viability of M. 

tuberculosis in vivo because lysine is required for assembly of mycobactins, 

a family a membrane-associated siderophores (Krithika et al., 2006). All of 

the F. tularensis siderophore genes except FTT0026 (FTN_1685) were 

reported to be required for growth and survival of F. novicida in murine 

spleens after infection via the intra-peritoneal (i.p.) route (Weiss et al., 2007).

5a.3.2.1. Further similarities and contrasts between this study and that 

published by Deng etal.

A study published by Deng et al., (2006) set out to characterise the 

iron-starvation response of F. tularensis LVS using sodium dodecyl sulphate- 

polyacrylamide gel electrophoresis to identify envelope proteins that were up- 

regulated and a DNA microarray to examine global transcriptome regulation 

in response to iron-starvation. Including the siderophore biosynthesis genes 

discussed above (5a.4.2.), the DNA microarray experiment revealed 

approximately 80 CDS that were at least two-fold regulated in either 

direction. In both this and the Deng et al. study, transport genes from the 

major facilitator superfamily (MFS) were up-regulated, and chaperones were 

down-regulated. However, in spite of these similarities, it was noted that 

(apart from the siderophore biosynthesis genes) no other regulated CDS 

were observed in common between the Deng et al. study and the study
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presented here. It is possible that differences in experimental design 

between these two iron-starvation response studies may account for some of 

the differences in data obtained. In the F. tularensis LVS study bacteria were 

cultured in Mueller-Hinton media, whereas in this (F. novicida) study bacteria 

were cultured in CDM. A key difference between the experimental designs of 

the two studies is that Deng et al. failed to use an RNA stabilisation reagent 

such as RNA later (ABI) before harvesting bacteria by centrifugation for RNA 

isolation. RNA stabilisation reagents work by preventing RNase-mediated 

degradation of RNA, and by preventing further transcription, to provide a 

‘snapshot’ of the transcriptome at the time of sampling. RNA stabilisation is 

particularly important when performing transcriptomics studies using bacteria, 

as the half-life of an average RNA can be measured in minutes, allowing 

bacteria to respond immediately to environmental changes (Sarkar, 1997; 

Taljanidisz et al., 1997). The failure of Deng et al. to use an RNA stabilising 

reagent means it is likely that the transcriptome response of F. tularensis 

LVS to laboratory manipulation was captured, in addition to the response to 

the iron-replete or iron-deficient conditions of interest. Both the test and 

control cultures were exposed to centrifugal force, meaning that, due to the 

comparative nature of microarray experiments, no genes would be observed 

as regulated in response to this spurious condition. However, any 

commonality in the response to centrifugal force and the response to iron- 

starvation would also be missed, resulting in false-negative results. 

Differences between the results of the two studies may also, in part, be 

attributed to differences between F. novicida and F. tularensis LVS, indeed 

some key differences between the ways in which the two species respond to
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iron-deprivation were reported in the Deng et al. paper. It was reported that it 

was necessary to pre-culture F. tularensis LVS in iron-deficient growth 

medium overnight before sub-culturing in iron-deficient medium in order to 

observe an altered growth rate between iron-replete and iron-deficient media, 

whereas this was not a requirement for F. novicida, and is supported by the 

data presented in this study. It was also reported that it was not possible to 

use the first gene in the F. novicida siderophore operon, FTN_1685, to 

complement a F. tularensis LVS mutant for the corresponding gene. 

Additionally, a F. novicida mutant for FTN_1685 was slightly repressed for 

growth in macrophages and markedly reduced in siderophore biosynthesis 

whereas the corresponding mutant in F. tularensis LVS was not repressed for 

growth in macrophages and only showed a minor reduction in siderophore 

biosynthesis. These data indicate that differences do exist between the ways 

in which F. tularensis LVS and F. novicida store iron and between the ways 

in which they respond to iron-starvation, which may also account for the 

contrasting, and yet in some respects broadly similar, data obtained in these 

two studies.

5a.3.3. A second putative iron-acquisition gene cluster was up- 

regulated

A second putative gene cluster encoded by F. novicida CDS 

FTN_0753, FTN_754 (coaD), and FTN_755 was up-regulated after 120 and 

210 minutes iron-depletion, although, again, some of these results may be 

considered as indications only because the associated p-values were > 0.05 

(table 5a.5). The CDS encoded by FTN_0753 is annotated as a hypothetical
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Table 5a.5 Fold change of a second putative cluster of iron-related genes in 

F. novicida cultured with and without iron.

Fold change

Gene FTN no. FTT no. 60 min 120 min 210 min

FTN_0753 0753 0580 +1.23

(p=0.039)

+1.50

(p=0.051)

+1.75

(p=0.335)

coaD 0754 0581 +1.30

(p=0.043)

+1.75

(p=0.351)

+1.45

(p=0.036)

FTN_0755 0755 0582 (fdx) +1.23

(p=0.050)

+1.67

(p=0.035)

+1.81

(p=0.700)
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protein, but it does share a common domain with PaaD, a predicated metal- 

sulphur cluster biosynthetic enzyme (Refseq. accession number 

NC_008601). The protein encoded by coaD is phosphopantetheine 

adenylyltransferase, which catalyses a step in the synthesis of coenzyme A 

(CoA) through the transfer of an adenylyl group from ATP to 4 -  

phosphopantetheine in the presence of magnesium to give 3’-dephospho- 

CoA and pyrophosphate (Izard, 2002). Although CoA is an essential 

coenzyme for wide variety of important reactions, it may be that the by

product pyrophosphate is more important in the acquisition of iron as 

pyrophosphate is widely reported to facilitate the release of ferric iron from 

the mammalian iron-storage protein transferrin, and also from chicken 

conalbumin, in a reaction that has a half-life in excess of one billion years 

without the presence of pyrophosphate (Carver and Frieden, 1978; Morgan, 

1979; Konopka and Romslo, 1981; Perrotte-Piquemal etal., 1999). The third 

gene in the putative cluster is FTN_0755, which is annotated as a [4Fe-4S] 

ferredoxin, giving a clear role as an iron-related protein. The up-regulation of 

three CDS that are adjacently encoded in the genome and are all putatively 

annotated with functions related to iron acquisition and storage strongly 

suggests that these genes are important in the response of F. novicida to 

low-iron conditions, although the absence of any putative membrane 

transport proteins makes it is unlikely that these gene products form a 

classical siderophore.

5a.3.4. Fe2+-related genes were up-regulated
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The Fe2+ transport protein encoded by feoB was up-regulated by F. 

novicida after 60 minutes iron-depletion. The Feo iron-transport system is 

important for supply of iron to E. coli under anaerobic conditions, where iron 

is in the ferrous rather than the ferric form (Rocha et al., 1996). Fe3+ would 

be captured by the siderophore and perhaps by the product of second gene 

cluster both discussed previously (sections 5a.4.2. and 5a.4.3.), but it is 

intuitive that under severe iron depletion F. novicida would also attempt to 

capture Fe2+ through the up-regulation of Feo proteins.

Bacterioferritin, encoded by bfr, is, like the closely related ferritin, an 

iron-sequestering protein with a central iron storage cavity (Andrews et al.,

1993), and was up-regulated by F. novicida after 120 minutes iron-depletion. 

In E. coli the Bfr protein takes up Fe2+ and stores it as a hydrated ferric oxide 

mineral, which becomes oxidised by a ferroxidase centre (Le Brun et al., 

1995). Ferritins are usually considered to play a role in iron-storage rather 

than in iron acquisition, making up-regulation of these proteins by F. novicida 

under conditions of iron-depletion counter-intuitive, however this result is not 

without precedent: E. coli mutants for ferritin and bacterioferritin are impaired 

for growth in iron-deficient media, and bacterioferritin has been shown to play 

a role in V. cholerae iron acquisition and virulence (Abdul-Tehrani et al., 

1999; Meyefa/., 2005).

5a.3.5. Iron-sulphur cluster-related genes were up-regulated

Iron-sulphur clusters are susceptible to iron-starvation, so the up- 

regulation of two genes involved in the repair of these clusters by F. novicida
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in response to iron-depletion was not surprising: rub A, which encodes 

rubredoxin, and sufB, which encodes an activator of the cysteine desulfurase 

SufS, were both up-regulated after 210 minutes. Rubredoxin is an iron- 

sulphur protein that mediates electron transfer in metabolic reactions and, 

like the closely related iron-sulphur protein ferredoxin (which contains two 

iron atoms, rubredoxin containing only one), has the ability to accept and 

discharge electrons, the effect being a change in oxidation state of the iron 

atoms (Bachmayer et al., 1967). It has been proposed that ferredoxin (or in 

this case rubredoxin) adjusts the redox state of the iron-sulphur cluster either 

before or after insertion into a protein, indeed E. coli ferredoxin (fdx) mutants 

are unable to fully activate iron-sulphur clusters (Djaman et al, 2004). It has 

previously been reported that cysteine desulfurase is required for synthesis 

and repair of iron-sulphur clusters (Djaman et al., 2004). In E. coli two genes 

encode separate cysteine desulfurases: iscS, which is prominent in de novo 

cluster synthesis, and sufS, which is though to play a role in repair of clusters 

that have lost one or more iron atoms (Patzer and Hantke, 1999). Cysteine 

desulfurases release sulphur from cysteines for donation to iron-sulphur 

groups, so the exact mechanism by which this enzyme repairs clusters that 

have become deficient for iron is unclear, however it has previously been 

demonstrated that genes of the suf operon are strongly induced under 

conditions of limited iron, as well as under other stress conditions (Outten et 

al., 2004; Loiseau et al., 2003). As well as activating sufS, it has been 

proposed that SufB also serves to accept sulphur that is liberated by SufS 

and to act a site for cluster assembly (Layer et al., 2007). In summary, it 

seems likely that F. novicida repairs iron-sulphur clusters that have become

185



Chapter 5a Iron-starvation

depleted for iron by up-regulating sufB, which may serve both to activate the 

cluster repair enzyme SufS and also as a site for cluster assembly, and by 

up-regulating rubredoxin, encoded by rubA, which donates an electron to 

clusters which have become positively charged through loss of an iron ion.

5a.3.6. Genes involved in pyrimidine biosynthesis were up-regulated

Three genes from the pyrimidine metabolism pathway, pyrD, pyrF, and 

dnaN, (fig. 5a.8) were' up-regulated by F. novicida in response to iron 

starvation. Diroorotate dehydrogenase is an iron-sulphur cluster containing 

flavoenzyme encoded by pyrD, and orotidine-5’-phosphate decarboxylase, 

encoded by pyrF, are both involved in the de novo synthesis of pyrimidines, 

95% of which are used as precursors of nucleic acids (Ghim and Neuhard,

1994). DnaN forms the p-chain of DNA polymerase III, which is the 

chromosomal replicase, and has been shown in E. coli io be part of the SOS 

response, induced by exposure to UV light and by stationary phase growth 

(Villarroya et al., 1998). A fourth pyrimidine-related gene, FTN_0362, that 

encodes a deoxyribodipyrimidine photolyase-related protein (also known as 

DNA photolyase) was also up-regulated by F. novicida in response to iron- 

deficient growth conditions. DNA-photolyase, a light activated flavoenzyme 

that contains an iron-sulphur cluster, binds pyrimidine dimers in DNA and 

repairs them to monomers by mediating an electron transfer reaction (Rebeil 

et al., 1998; DeRosa et al., 2005). It has been shown in S. enterica that 

mutants defective for iron-sulphur cluster metabolism are also auxotrophic for 

thiamine (Dougherty and Downs, 2006). The up-regulation of genes involved 

in pyrimidine synthesis and repair could indicate that F. novicida detects the
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lack of iron in the growth medium and puts effort into synthesising essential 
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Fig. 5a.8 Pyrimidine metabolism pathway (KEGG, 2007). Genes highlighted 

in red (pyrD, pyrF, and c/na/V) were up-regulated by F. novicida in response 

to iron-starvation.
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become fully depleted. Genes involved in the biosynthesis of purines and 

pyrimidines have been previously identified as virulence factors in a number 

of bacterial species, for example Pasturella multocida (Boyce et al., 2002), 

and several pyr genes, including pyrD and pyrF, were shown to be required 

for growth and survival of F. novicida in murine spleens after infection via the 

i.p. route (Weiss et al., 2007).

5a.3.7. Genes that play a role in infection were down-regulated

A number of genes with a demonstrated role in Francisella infection 

were down-regulated in response to iron-depletion: FTT1238 which encodes 

a membrane protein, hisS which encodes a histidyl-tRNA synthetase, kdpD 

which encodes the histidine kinase of an orphaned two-component response 

regulator, were all reported to be required for murine infection by F. novicida 

via the i.p. route (Weiss et al., 2007). The ATP-dependent protease CIpP is 

widely reported to function as a HSP in E. coli, contributing to the proteolysis 

of improperly folded or abnormal proteins that tend to occur more frequently 

under conditions of environmental stress (Kitagawa et al., 1991; Squires et 

al., 1991). CIpP is both assisted and regulated by a family of Clp ATPases, 

including CIpB. It has been previously reported that dpB is required by both 

Rhodococcus equi for infection of equine macrophages (Rahman et al.,

2005), by F. tularensis LVS during murine infection (Su et al., 2007), and by 

F. novicida during murine infection (Weiss et al., 2007), making down- 

regulation of this gene by F. novicida under ion-starvation conditions 

surprising. However, CIpB has also been shown to negatively control the clp 

operon in E. coli (Martin, 1996), so perhaps a similar mechanism where CIpP
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is expressed via down-regulation of a repressor (CIpB) could exist in F. 

novicida. Because of the role in general stress response that has been 

attributed to the Clp-protease family, it is difficult to say whether cipB is 

down-regulated by F. novicida purely in response to iron-depletion, or as part 

of a more general stress response brought about by the reduction in growth 

rate.

Another gene with a demonstrated role in Francisella infection that 

was down-regulated by F. novicida in response to iron-depleted conditions 

was pdpD. This gene is part of the FPI described by Nano et al. (2004) and 

is annotated as a hypothetical protein in both the F. novicida and the F. 

tularensis Schu S4 genomes. A ApdpD strain of F. novicida has been 

shown to be defective for growth in macrophages and also defective for 

virulence in mice (Nano et al., 2004). The down-regulation in response to 

iron-depletion by F. novicida of genes that have been shown to play a role in 

Francisella infection could suggest that either F. novicida is able to gain 

access to iron in the intracellular environment, or perhaps that a lack of iron 

in the intracellular niche is overcome by some other environmental factor(s) 

to allow expression of these genes.

5a.3.8. LPS O-antigen biosynthesis genes were down-regulated

The down-regulation of two genes involved in the biosynthesis of the 

O-antigen component of F. novicida LPS, wbtE and wbtH, in response to 

iron-depletion seems to indicate that F. novicida modifies or reduces it’s O- 

antigen in response to this condition. Both of these genes are involved in the
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synthesis of 2-acetamido-2-deoxy-D-galacturonamide, which comprises three 

out of the four sugars found in the F. novicida O-antigen repeat unit (Thomas 

et al., 2007). Expression of LPS has been shown to be required for 

internalization of F. tularensis by macrophages through activation of 

complement and complement receptors (Lofgren et al., 1983; Fulop et al, 

1993; Clemens et al., 2005), and several LPS O-antigen genes, including 

wbtE and wbtH, have been shown to be required for F. novicida infection of 

mice via the i.p. route (Weiss et al., 2007). A further role for the F. tularensis 

O-antigen in particular is in protection of the bacterium from complement- 

mediated serum killing, possibly through the masking of antigenic targets 

(Sandstrom et al., 1988). These data would seem to indicate an important 

extracellular role for the O-antigen, and it may be that F. tularensis uses a 

low-iron environment as a signal that it has reached the intracellular niche 

and that the O-antigen is no longer required, at least not in the same 

conformation as that required for the extracellular environment. It is noted 

that growth of L. pneumophila is reduced in murine macrophages that have 

been activated by (L  pneumophila) LPS, and that this is achieved, at least in 

part, through a down-shift in expression of transferrin receptor by the 

macrophage and hence a reduction in the availability of intracellular iron for 

bacteria to sequester (Gebran et al., 1995). Activated macrophages are also 

difficult to infect by Francisella strains of all but the highest virulence (Hartley,

2003), and a similar macrophagic protective mechanism could explain why it 

is in response to iron-deficiency in particular that it would be advantageous to 

F. novicida if the O-antigen was either reduced in amount or changed in 

conformation.
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5a.3.9. Genes encoding components of an efflux pump were down- 

regulated

Drug resistance in Gram-negative bacteria can be conferred by 

resistance-nodulation-cell-division (RND) efflux pumps, which are comprised 

of three essential components: AcrAB, and TolC (Fernandez-Recio et al., 

2004). AcrB is an inner membrane drug:proton antiporter i.e. a pump, and 

TolC is an outer membrane channel or pore. Together these two require the 

activity of a periplasmic adaptor protein, AcrA, which binds the substrate to 

be exported and facilitates removal via the pore (Fernandez-Recio et al.,

2004). In response to iron-depletion, both tolC and FTN_1609, which is 

annotated as having a protein domain in common with AcrA, were down- 

regulated by F. novicida. The gene encoded by FTN_1610, which is 

annotated as having a protein domain in common with AcrB, was also 

potentially down-regulated but not with a satisfactory associated p-value. 

Components of RND efflux pumps have been shown to export a range of 

chemically diverse compounds out of the cell, including the E. coli 

siderophore enterobactin (Bleuel et al., 2005), and the Pseudomonas 

aeruginosa major siderophore pyoverdine (Poole etal., 1993; Li et al., 1995). 

As discussed previously, F. novicida up-regulates genes for siderophore 

biosynthesis in response to iron-depletion (section 5a.4.2.), but this result 

would suggest that siderophore secretion may actually be reduced or 

delayed, perhaps in lieu of the functional siderophores that the bacteria 

concurrently synthesise.
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5a.3.10. A potential iron insertion protein was down-regulated

The predicted CDS FTN_1665 is annotated as magnesium chelatase, 

a key enzyme in the biosynthesis of chlorophyll and bacteriochlorophyll, and 

the predicted CDS in F. novicida shares domains in common with both 

magnesium chelatase and with a predicted ATPase with chaperone activity 

(Brittnacher et al., 2006). Magnesium chelatase works by utilising the free 

energy released upon ATP hydrolysis to catalyze the insertion of a 

magnesium ion into protoporphyrin IX (Reid and Hunter, 2002), and is found 

only in those organisms which synthesise either chlorophyll or 

bacteriochlorophyll (Kannangara et al., 1997), a group which does not 

include Francisella. Initially it would seem that a gross error may have 

occurred in the annotation of the F. novicida genome sequence, however, the 

regulation of this gene by F. novicida in response to iron-depletion, combined 

with the similarity of the predicted protein to a metal ion insertion enzyme and 

also to an ATPase may indicate that this enzyme is involved in iron ion 

insertion in F. novicida, potentially through ATP-hydrolysis.

5a.3.11. Several ribonucleases were down-regulated

Three genes encoding ribonucleases were down-regulated by F. 

novicida in response to iron-depletion: orn, encoding an oligoribonuclease 

with 3 -5 ’ exoribonuclease activity (Ghosh and Deutscher, 1999); rnc, 

encoding ribonuclease III; and rnr, encoding ribonuclease H. 

Oligoribonucleotides can inhibit gene expression though hybridisation to 

(complementary) single-stranded DNA which is formed upon transcription 

initiation, and they therefore can be considered as regulators of expression 

(Milne et al., 2001). It is therefore possible that, by either hydrolysing or not
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hydrolysing oligoribonucleotides, Orn also plays a role in gene regulation and 

that down-regulation of this oligoribonuclease by F. novicida in response to 

iron-depletion leads to the subsequent down-regulation of other genes. 

Gene regulation through RNA in response to iron concentration is not without 

precedent: ryhB is a small antisense regulatory RNA that is repressed by Fur 

in E. coli. At least six mRNA transcripts that encode iron-relevant proteins 

are negatively regulated by ryhB, and removal of iron from the cell causes 

ryhB levels rise causing degradation of the target transcripts (Masse et al., 

2003). Compared to other bacterial species, very few classical gene 

expression regulation systems have been identified in Francisella species 

(Mohapatra et al., 2007), and it is possible to speculate that differential 

regulation of orn is one way in which F. novicida overcomes this potential 

limitation. However, the corresponding down-regulation of the two other 

ribonucleases, rnc and rnr, both of which primarily target ribosomal RNA 

(rRNA) (Wang and Bechhofer,., 1997; Cheng et al., 2002), together with the 

down-regulation of orn, would seem to indicate a general decrease in protein 

expression that is presumably linked to the slower growth rate of F. novicida 

cultured under conditions of iron-depletion, and that a reduction of growth 

rate and protein turnover in response to any condition would elicit a similar 

response with respect to these genes.
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5b.1. Introduction 

5b. 1.1. Oxidative stress

ROS and reactive nitrogen species (RNS) are important mediators of 

the bactericidal host response. They are capable of damaging biomolecules 

including proteins, membrane lipids, carbohydrates and nucleotide bases 

(Imlay, 2008). In phagocytic cells ROS and RNS result from increased 

oxygen consumption known as the oxidative burst that occurs during 

ingestion. Entry of F. tularensis LVS into interferon-gamma (IFNy) -activated 

macrophages initiates the oxidative burst (Fortier et al., 1992), and indeed 

Lindgren et al. showed that mice, and in particular murine macrophages, 

deficient for production of ROS and RNS are extremely susceptible to F. 

tularensis LVS infection, demonstrating that ROS and RNS play a role in the 

control of F. tularensis infection (Lindgren etal., 2004; Lindgren etal., 2005).

5b.1.1.1. Generation of ROS and RNS

The oxidative burst initiates a signal cascade ultimately activating an 

NADPH-dependent oxidase complex which initiates a sequence of univalent 

reductions of oxygen (Clark, 1990). ROS produced include H20 2, hydroxyl 

radicals (HO ), and superoxide anions (0 2‘) (fig. 5b.1), each having different 

reaction rates with neighbouring molecules. The ways in which ROS can 

mediate damage to bacteria are described in section 5b. 1.1.2. Less 

reactive ROS, for example 0 2', are able to diffuse away from the point of 

origin before exerting their toxic effects which allows them to access
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Fig. 5b.1 Schematic of ways in which ROS are produced in the macrophage
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substrates inside bacteria, whereas the more reactive ROS, the most highly 

reactive of which are HO , immediately oxidise the first suitable substrate, 

usually within a few nanometres of ROS formation (Farr and Kagoma, 1991). 

This means that damage distal to the site of production of highly reactive 

ROS occurs via a free radical cascade where the oxidation of one molecule 

produces a free radical that quickly reacts with its neighbour, setting up a 

chain reaction.

H2 O2 , which is produced by the self-reaction of O2  ' in the presence of 

superoxide dismutase (SOD) and is not a free radical (Keyer et al., 1995; 

McCormick et al., 1998), is more reactive than 0 2' and is therefore readily 

able to diffuse across membranes. As well as being able to directly oxidize 

membranes, proteins, and DNA, H20 2 is one of the most significant ROS 

because it participates in the Fenton reaction, in which it reacts with a 

transition metal (often Fe2+), to yield highly damaging HO (Keyer etal., 1995; 

McCormick et al., 1998).

In addition to ROS, RNS are also formed in macrophages and PMNs 

as a by-product of nitric oxide synthase (NOS) -mediated oxidation of L- 

arginine and L-citrulline (Nathan and Xie, 1994). Formation of these very 

potent cytotoxic agents is stimulated by host cytokines including IFNs and 

tumour necrosis factors (TNFs). Nitric oxide (NO) is an effective oxidant in its 

own right, or it can react with 0 2'to generate the highly reactive peroxynitrite 

(ONOO) and ultimately HO (Beckman et al., 1990; Miller and Britigan, 

1997).
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5b.1.1.2. Oxidative damage to macromolecules

Oxidative damage to DNA occurs at base and sugar groups, 

producing single- and double-strand breaks in the backbone, as well as 

cross-links to other molecules and lesions that block replication (Cabiscol et 

a/., 2000). Guanine, in particular, can be oxidised to form 8-oxyguanine (a 

GO lesion) which mis-pairs with adenine so that a mutation is introduced by 

the substitution of an AT pair in place of a GC pair. The proteins MutM, 

MutY, and MutT, which together comprise the GO system, are used by E. coli 

to protect itself from GO lesions. MutM and MutY are both base-excision 

repair glycosylases and MutT is a phosphatase which prevents incorporation 

of 8-oxyguanine into DNA (Michaels and Miller, 1992). The genome 

sequence of F. tularensis Schu S4 has been annotated to include both mutM 

(FTT0693) and two mutT genes (FTT0823 and FTT0984) as well as a third 

gene from the mutTlnud\x family (FTT0305), but as yet no mutY gene has 

been identified (Larsson et al., 2005).

ROS and RNIs can also cause damage to both proteins and lipids, 

having profound effects on the function and integrity of the cell. Oxidation of 

proteins can occur in several ways as there are many different reactive sites, 

e.g. the reversible oxidation of sulfhydryl groups to disulfides, adduction of 

amino acid residues, and protein-protein cross-linking (Fucci et al., 1983). 

Proteins which contain metal-binding sites are particularly at risk because 

oxidising agents interact readily with the metal ion itself (Stadtman 1990). 

Polyunsaturated lipids are major components of cell membranes, and are 

readily oxidised by both HO and by ONOO' in self-propagating chain
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reactions which can cause serious impairment of the membrane function 

(Beckman etal., 1990).

5b.1.1.3. Bacterial defence against ROS and RNS

As there is no mechanism for deactivating H O , bacterial defences rely 

upon reducing the amount of O2  ' and H2 O2  available for the production of 

these highly damaging radicals. Characterised bacterial defences against 

oxidative stress include production of SOD, which converts O2 " to H2 O2 ; 

production of catalase, which converts H2 O2  to water and oxygen; and 

production of endonuclease IV, which excises oxidatively damaged DNA. In

E. coli, expression of these proteins and others in response to oxidative 

stress is regulated by the SoxRS and OxyR transcriptional regulators. 

SoxRS is activated in response to both O2 " and NO and its regulon includes 

genes which encode SOD and endonuclease IV (Li et al., 1994; Lynch and 

Lin, 1996). OxyR is activated in response to H2 O2  and regulates, amongst 

others, a gene encoding catalase (Morgan et al., 1986; Imlay and Linn, 

1986). The genome of F. tularensis Schu S4 contains genes which encode 

SOD (sodB encoding FeSOD and sodC encoding Cu,ZnSOD), catalase 

(katG), and the oxidative stress transcriptional regulator oxyR. Moreover, a 

sodB mutant of F. tularensis LVS (with reduced activity of FeSOD) has been 

shown to be hypersensitive to H2 O2  and to O2 ' generated by paraquat 

(Bakshi et al., 2006). A role for F. tularensis catalase (encoded by katG) in 

neutralizing H2 O2  in vitro has also been demonstrated, although a role for this 

gene in the virulence of F. tularensis Schu S4 in mice was not established 

(Lindgren etal., 2007). At the time of writing, no F. tularensis Schu S4 genes
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have been annotated as encoding an endonuclease IV or any oxidative 

stress transcriptional regulators apart from oxyR (Larsson et al., 2005).

5b.1.2. Aim

The aim of this study was to determine the pattern of Francisella gene 

expression as a specific response to oxidative stress, a condition that is likely 

to be encountered by Francisella in the macrophage. The F. tularensis Schu 

S4 microarray was used to examine the F. novicida response to oxidative 

stress.
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5b.2. Results

5b.2.1. Growth of F. novicida under oxidative stress

In order to select biologically relevant sampling times for transcriptome 

studies, a comparison of the growth rate of F. novicida cultured with and 

without 5 mM H20 2 was made. It was observed that F. novicida was 

sensitive to H20 2 after one hour (fig. 5b.2), but a growth curve constructed 

from readings taken within the first hour shows that this sensitivity was not 

induced until at least 30 minutes after the introduction of H20 2 (fig. 5b.3).

5b.2.2. The transcriptome response of F. novicida to oxidative stress

Due to the sensitivity of F. novicida to 5 mM H20 2 at one hour (fig. 

5b.3), the transcriptome response to oxidative stress was investigated at two 

time points: 15 min. and 30 min. As described in section 5.1., F. novicida 

was cultured in CDM-met for transcriptomics analysis in response to 

oxidative stress. RNA was isolated for each condition on three separate 

occasions (biological replicates) and each RNA sample was hybridised to the 

microarray twice (technical replicates). A list of genes that were regulated by 

F. novicida cultured with 5 mM H20 2 (compared to without H20 2) can be 

found in table 5b. 1.

5b.2.3. Some regulated oligonucleotides were not complementary to F. 

novicida CDS

As mentioned in section 5a.3.2.1., the microarray oligonucleotides 

used to carry out F. novicida in vitro stress response studies were originally 

designed to be complementary to the F. tularensis Schu S4 genome
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OmM H202 

m— 5 mM H202

0 1 2  3 4

time (h)

Fig. 5b.2 Comparison of the replication rate of F. novicida cultured in CDM 

with 5 mM H20 2 vs. without H20 2. Within the first hour after addition of H20 2 

the growth of the test culture had ceased.
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Fig. 5b.3 Comparison of the replication rate of F. novicida cultured in CDM 

with 5 mM H20 2 vs. without H20 2 over one hour. It was not until 30 min. after 

addition of H20 2 that the growth of F. novicida ceased.
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Table 5b.1 Genes regulated by F. novicida in response to culture under 

oxidative stress conditions compared to without oxidative stress. aLocus tag 

assigned in the F. novicida U112 genome sequence (Brittnacher et ai,

2006). 6Locus tag assigned in the F. tuiarensis Schu S4 genome sequence 

(Larsson et a/., 2005). °Pseudogene in F. tuiarensis Schu S4. dThe 

nucleotide sequence of FTN_0952 is homologous to the intergenic region 

between FTT1062 and FTT1063 (hemF) in F. tuiarensis Schu S4.
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sequence. With this in mind, the sequence of each oligonucleotide that was 

identified as regulated by F. novicida was compared to the F. novicida 

genome sequence that was subsequently available (Brittnacher et a/., 2006) 

using the BLASTn program (Altschul et a i , 1990). In most cases 100% 

complementarity was achieved between the oligonucleotide and the F. 

novicida genome sequence and within the F  novicida CDS corresponding to 

the F. tuiarensis Schu S4 CDS to which the oligonucleotide was designed. If 

less than 100% complementarity was achieved between the oligonucleotide 

and the F. novicida genome, then the most likely F. novicida binding site was 

selected according to the criteria of > 75% overall complementarity and >15  

base pairs contiguous complementarity (Kane et al., 2000). In these cases 

the sequence of the F. novicida CDS selected was then used to find the 

corresponding CDS in F. tuiarensis Schu S4 using tBLASTx (Altschul et al., 

1990) to ensure continuity when interpreting the results in the context of 

either genome. In the case of FTN_0952 (table 5b. 1) which is annotated as 

a hypothetical protein, no homologue of the F. novicida CDS could be 

identified in the F. tuiarensis Schu S4 genome sequence. Additionally, for 

oligonucleotide 1096 (oligol 096), designed to F. tuiarensis Schu S4 locus 

FTT1121, which was down-regulated after 15 min. oxidative stress, the only 

regions of acceptable complementarity in F  novicida were at the two 

separate intergenic regions, 1) between FTN_1738 and FTN_1739 (trpB) and 

2) between FTN_676 (rpmA) and FTN_677.
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5b.2.4. Regulated CDS were grouped according to function

Each of the CDS regulated by F. novicida in response to elevated 

temperature was assigned to a functional category as previously defined in 

the GenProtEC database (Serres et ai., 2004) (Appedix 1), and represented 

graphically (fig. 5b.4). The GenProtEC classification assigns gene products 

to groups according to their broad function, and into sub-groups which 

describe increasingly specific functions at each level. It should be noted that 

some CDS are assigned to more than one GenProtEC category.

5b.2.4.1. Functional groups of up-regulated CDS

CDS up-regulated by F. novicida in response to oxidative stress were 

spread between Metabolism, Information transfer, Transport, and 

Hypothetical groups. Only two of the up-regulated CDS were assigned to a 

group for final location of gene products, both to the cytoplasm. No up- 

regulated CDS were assigned to groups for Cell structure or Cell processes.

5b.2.4.2. Functional groups of down-regulated CDS

The functional group containing the largest number of down-regulated 

CDS was Information transfer, including both DNA- and protein-related 

subgroups, followed by Metabolism, including amino acid synthesis, and 

nitrogen metabolism. The gene products of three down-regulated CDS were 

assigned to a cellular location, two to the cytoplasm and one to the inner 

membrane. Two down-regulated CDS were assigned to Cell Structure sub

categories, the membrane and ribosome. The only down-regulated CDS 

assigned to a Cellular process category was in linked to the SOS response.
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category

Fig. 5b.4 GenProtEC categories of CDS regulated by F. novicida in response 

to culture under oxidative stress conditions. The x-axis represents 

GenProtEC categories of CDS regulated in response to oxidative stress were 

Metabolism (category 1), Information transfer (category 2), Transport 

(category 4), extrachromosomal genes (category 8), Pathogenic related 

genes (category 11), Conserved hypothetical genes (category 12), and 

Hypothetical genes (category 13). The y-axis represents the number of 

genes up-regulated (+) or down -regulated (-).
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5b.2.5. QPCR

As described in section 5a.2.4., TaqMan QPCR was carried out on five CDS 

that were indicated by microarray as up-regulated by F. novicida in response 

to oxidative stress: FTT0516, FTT1693, glyQ, ppdK, and rnfB (table 5b. 1). 

Assays were performed and the results calculated as described in section 

2.7. For each RNA sample, the previously reported F. tuiarensis 

housekeeping gene, prfB, was also assayed to provide a normalisation 

standard (Nubel et al., 2006). It was noted that the level of expression of 

prfB as determined by microarray was similar in both test and control 

cultures, supporting the use of this as a housekeeping gene. Microarray 

results were confirmed by QPCR with a Pearson correlation of 0.945 (fig. 

5b.5). As mentioned in section 5a.2.4., the overall Pearson correlation 

between microarray data and TaqMan QPCR data for 18 genes assayed, 

selected because they were indicated by microarray as regulated by F. 

novicida in response to one of the conditions tested, was 0.533.
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Fig. 5b.5 QPCR confirmation of microarray data. The QPCR data supported 

the microarray data in that all genes were regulated in the same direction, 

although not always to the same magnitude:

Gene Microarray QPCR
FTN 0990 2.74 1.79
FTN_1693 1.57 3.53

glyQ 3.32 6.57
ppdK 8.31 34.14
rnfB 2.77 1.87

Correlation 0.94492531
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5b.3. Discussion

With the exceptions of hypothetical and conserved hypothetical 

proteins, all of the CDS up-regulated by F. novicida in response to oxidative 

stress fell into one of three GenProtEC classification groups: Metabolism, 

Transport, or Information transfer. The up-regulated Metabolism gene was 

an iron-sulphur cluster binding protein, which may be involved in synthesis of 

iron-sulphur clusters that would be likely to suffer damage under conditions of 

oxidative stress. A sugar phosphotransferase gene assigned to the 

GenProtEC Transport category was up-regulated, potentially leading to 

increased production of pyruvate, which is a scavenger of H2 O2 . Information 

transfer systems for the production of amino-acyl tRNA synthetases were 

also up-regulated, possibly acting as a cellular warning system indicating a 

source of oxidative stress.

CDS down-regulated by F. novicida in response to oxidative stress 

also fell into the GenProtEC categories of Metabolism or Information transfer. 

Down-regulated CDS assigned to both of these groups were linked to 

siderophore biosynthesis and also to iron-sulphur cluster repair. Information 

transfer genes that were down-regulated were linked to DNA replication, 

which is hypothesised to be down-regulated as part of the reduction in 

bacterial viability observed in F. novicida exposed to oxidative stress.
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5b.3.1. No microarray data were obtained for SOD or catalase genes 

from F. novicida under oxidative stress

Previous studies have indicated a role for SOD (encoded by sodB) 

and catalase (encoded by katG) in the protection of F. tuiarensis LVS and 

Schu S4 against H2 O2  in vitro (Bakshi et al., 2006; Lindgren et al., 2007). 

Unfortunately the probes for sodB and katG failed to hybridise in this F. 

novicida study, meaning that no data were obtained for either of these genes 

under oxidative stress conditions. The QPCR studies that were carried out in 

this study were designed to confirm or refute the microarray data, and as no 

data were obtained for these two genes, they were not included in QPCR 

studies in this instance. However, further studies of the oxidative stress 

response of F. novicida would almost certainly include investigation of the 

behaviour of these two genes in particular.

5b.3.2. Pyruvate synthesis genes were up-regulated

Phosphoenolpyruvate (PEP) synthase, encoded by ppdK, was up- 

regulated by F. novicida after 15 minutes exposure to H202- This enzyme 

catalyzes the synthesis of PEP from pyruvate, and in turn, PEP is the 

substrate for pyruvate kinase (encoded by pyk) in further pyruvate synthesis 

(fig. 5b.6). A PEP-dependent sugar phosphotransferase (PTS), encoded by 

ptsN, is also up-regulated by F. novicida after 15 minutes exposure to H2 O2 . 

The PTS catalyses the transport and phosphorylation of a sugar as it passes 

across the plasma membrane into the bacterial cytoplasm. The PTS- 

catalyzed reaction yields both a sugar-phosphate and pyruvate (Saier Jr., 

1977). Pyruvate is a known scavenger of H2 O2 , producing acetic acid, water,
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and carbon dioxide via a non-enzymatic oxidative decarboxylation reaction. 

Pyruvate has been shown to protect cultured bovine cells from peroxide- 

induced apoptosis (Kang et al., 2001) and the up-regulation of genes that are 

involved in pyruvate recycling and synthesis, ppdK and ptsN, would seem to 

be important in the response of F. novicida to oxidative stress.

5b.3.3. Genes encoding potential “alarmones” were up-reguiated

The gene encoding the a-chain of glycyl-tRNA synthetase, glyQ, has 

been shown by aCGH to be absent or highly divergent in some F. tuiarensis 

subsp. holarctica strains tested, including LVS, (section 4.3.4.4.). However 

this gene, and also thrS, which encodes threonyl-tRNA synthetase, was up- 

regulated by F. novicida after 15 minutes oxidative stress. Aminoacyl-tRNA 

synthetases attach the correct amino acid to a specific tRNA. They are the 

interface between the nucleotide sequence and the amino acid sequence 

and it is therefore intuitive that their function is crucial for accurate gene 

translation, a cellular function which would be under pressure in conditions of 

oxidative stress. Interestingly, in both E. coli and S. enterica serovar 

Typhimurium, oxidative stress has been linked to the increased synthesis of 

adenylated nucleotides by aminoacyl-tRNA synthetases, with the hypothesis 

that the adenylated nucleotides serve to signal the onset of oxidative stress 

(Lee et al., 1983, Bochner et al., 1984). Additionally, an E. coli mutant 

defective for asparaginyl-tRNA synthetase has been shown to be 

temperature sensitive (Yamamoto et al., 1977) supporting the hypothesis that 

adenylated nucleotides are important in bacterial stress response. These 

data would seem to support the previous studies, in particular the idea that
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adenylated nucleotides may provide a warning system, in that this gene is 

expressed transiently and towards the beginning of a period of oxidative 

stress. The absence of this gene in some strains of F. tuiarensis subsp. 

holarctica may indicate one of the virulence factors for which this relatively 

attenuated subsp. is deficient.

5b.3.4. Iron-sulphur cluster genes were regulated

Ferredoxins are iron-sulphur proteins that can be thought of as 

‘biological capacitors’ in that they act as electron transfer agents in biological 

redox reactions so that the oxidation state of the iron atoms changes 

between 2+ and 3+ (Cammack et al., 1971). Bacterial ferredoxins, which 

contain a cluster of four iron and four sulphur atoms, are susceptible to 

H202, with the loss of an electron destabilising the cluster causing the 

release of one iron atom thereby removing the catalytic properties of the 

cluster (Rosen and Klebanoff, 1985; Djaman et al., 2004). Release of iron 

from iron-sulphur clusters may also cause further damage to the bacterial cell 

via the Fenton reaction, in which the reduced iron reacts with H20 2 to 

produce highly reactive, and therefore damaging, hydroxyl radicals 

(Pianzzola et al., 1996), making it important for bacteria to re-capture the iron 

by prompt repair of iron-sulphur proteins. It may be in response to the loss of 

functional ferredoxin that F. novicida up-regulates FTN_0990, an CDS 

thought to encode the same, which confirms previous studies in which iron- 

sulphur proteins, including ferredoxins, have been shown to be up-regulated 

in response to oxidative stress (Jung et al., 1999; van Vliet et al., 2001; 

Alamuri et al., 2006). A functionally-related gene, rnfB, was up-regulated by

215



Chapter 5b Oxidative stress

F. novicida in response to oxidative stress. This gene is annotated as an 

iron-sulphur cluster binding protein which suggests that it may serve to repair 

or to protect iron-sulphur clusters, or simply for the synthesis of de novo 

ferredoxin. In addition, two siderophore biosynthesis genes, frgA and lysA 

(section 5a.4.2.), were down-regulated by F. novicida after 15 minutes 

exposure to H20 2, possibly in response to the oxidative damage-mediated 

release of iron from iron-sulphur clusters. However, the down-regulation of a 

cysteine desulfarase, encoded by iscS, is difficult to explain as it has 

previously been demonstrated that iscS is involved in repair of iron-sulphur 

clusters that have become deficient for one iron atom, as well as in the de 

novo synthesis of clusters (Djaman et al., 2004). This enzyme releases 

sulphur from L-cysteine which is donated to iron-sulphur clusters (Zheng et 

al., 1998; Alamuri et al., 2006), making the participation of an enzyme that 

catalyses sulphur donation to repair of clusters missing iron, in itself, counter

intuitive, and may represent the reason that iscS is down-regulated in F. 

novicida under (oxidative) conditions where iron is under attack.

5b.3.5. DNA helicases were down-regulated

Two DNA helicases were down-regulated by F. novicida under 

oxidative stress, one encoded by FTN_1580 and the other encoded by uvrD. 

The uvrD gene product catalyses the ATP-dependent unwinding of DNA and 

is associated with the correction of mismatched bases and DNA repair in E. 

coli and S. enterica serovar Typhimurium (Pang and Walker, 1983). It is 

induced during the E. coli SOS response and is thought to be regulated by 

transcription attenuation (Easton and Kushner, 1983). It is surprising that this
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gene is down-regulated by F. novicida under oxidative stress, as intuitively 

the opposite ought to be true since H20 2 is known to damage DNA. One 

explanation for this could be that by 30 min. oxidative stress, F. novicida 

genes are regulated in preparation for the loss of viability that was observed 

after 60 minutes oxidative stress.

5b.3.6. A membrane-associated protein was down-regulated

The inner membrane lipoprotein encoded by tolQ was also down- 

regulated by F. novicida in response to oxidative stress. This lipoprotein is 

widely reported to be essential for outer membrane stability, and is required 

for uptake of most group A colicins and ss-DNA from some filamentous 

phage (Lewin and Webster, 1996; Dubuisson et al., 2005). Initially it is 

surprising that F. novicida would down-regulate a protein that is essential for 

membrane stability, however it has also been reported that mutations in any 

of the tol genes (tolQRAB) in E. coli results in a mucoid phenotype, with the 

suggestion that a separate regulator gene senses alterations in the cell 

surface through a lack of tol gene expression and activates capsule synthesis 

in order to protect the cell (Clavel et al., 1996; Lazzaroni et al., 1999). Is it 

possible that F. novicida down-regulates tolQ in order to stimulate formation 

of a capsule that would protect it from H20 2? At the time of writing, no 

capsule genes have been identified in F. novicida, but perhaps it is still 

possible that the down-regulation of tolQ in response to oxidative stress is a 

now redundant evolutionary response. An alternative explanation for the 

down-regulation of tolQ in response to H20 2 can also be proposed: mutations 

in tol genes have been shown to cause variation in porin content in E. coli in
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that the amount of OmpC is increased, whilst the levels of porins OmpF and 

LamB are decreased (Lazdunski etal., 1998). OmpF allows larger molecules 

to pass across the cell membrane than OmpC, and under conditions of stress 

OmpF is preferentially lost in order to minimise access of toxic substances 

(Lugtenberg et al., 1976; Hall and Silhavy, 1981; Cohen et al., 1988; Pratt 

and Silhavy 1996). It has been reported that the down-regulation of OmpF 

plays an important role in the response of bacteria to toxins (Delihas and 

Forst, 2001), and that oxidative stress in particular has been shown to cause 

a decrease in OmpF in E. coli, although the mechanism of regulation is 

through post-transcriptional regulation by micF, an anti-sense RNA that is 

encoded just upstream of ompC (Nunoshiba et al., 1993; Chou et al., 1993). 

There are no homologues of either ompC, ompF, or lamB genes identified in 

the F. novicida or F. tuiarensis Schu S4 genomes, but again it is possible to 

hypothesise that F. novicida may down-regulate tolQ in response to H2O2 in 

order that an, as yet unknown, porin may also be down-regulated, limiting the 

access of H2O2 across the cell membrane.
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5c.1. Introduction

Contrary to its title, the adaptive bacterial response known as the heat 

shock response is actually triggered by a range of environmental conditions 

in addition to elevated temperature, for example genes regulated in response 

to H2O2 can also be heat shock proteins (HSPs), iron/Fur-regulated, and 

transcriptional regulators, as well as involved in oxidative response/repair or 

of unknown function (Stohl et al., 2005). The classical bacterial heat shock 

response involves the transient increase in expression of a number of HSPs 

which mainly function either as molecular chaperones to ensure appropriate 

folding, translocation and assembly of polypeptide structures, or as proteases 

to ensure the destruction of inappropriately constructed proteins. The heat 

shock response is not confined to bacteria; a similar although not identical 

response is induced both in the host and in the pathogen during infection as 

both will experience the elevated temperature which is characteristic of a 

fever. In the host this response helps to maintain cell integrity, and 

contributes to immune signalling and to pathogen recognition (Murray and 

Young, 1992). Therefore examining the effect of heat shock can provide 

information about the adaptive response of pathogens to a generally stressful 

growth condition, rather than simply their response to higher temperatures 

and therefore can provide indicators as to how bacteria respond to 

analogously stressful conditions that may be encountered in vivo.

5c.1.1. Aim

As previously stated, the determination of stress responses can provide 

clues as to the survival and virulence mechanisms that Francisella employs
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during host infection. The aim of these experiments was to examine the 

specific response of Francisella to a generally stressful condition, as opposed 

to the response of Francisella to elevated temperature per se. The F. 

tuiarensis Schu S4 microarray was used to examine the F. novicida response 

to elevated temperature.
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5c.2. Results

5c.2.1. Growth of F. novicida at elevated temperature

In order to select biologically relevant sampling times for transcriptome 

studies, a comparison of the growth rate of F. novicida cultured in CDM at 

42°C and at 37°C (the control) were compared. The growth rate of F. 

novicida was not affected by elevating the culture temperature from 37°C to 

42°C (fig. 5c.1).

5c.2.2. The transcriptome response of F. novicida to elevated 

temperature

Due to the similarity between the growth rate of F. novicida at 37°C 

and at 42°C (fig. 5c.1), the transcriptome response of F. novicida to elevated 

temperature was investigated at three time points selected during the first 

hour post stress-induction: 15 min., 30 min., and 60 min. As described in 

section 5.1., F. novicida was cultured in CDM-Met for transcriptomics 

analysis in response to elevated temperature. RNA was isolated for each 

condition on three separate occasions (biological replicates) and hybridised 

to the microarray twice technical replicates). A list of genes that were 

regulated by F. novicida at 42°C (compared to 37°C) can be found in table 

5c.1. As previously described in section 5a.3.2.1., because the microarray 

oligonucleotides used to carry out F. novicida in vitro stress response studies 

were originally designed to be complementary to the F. tuiarensis Schu S4 

genome sequence, the sequence each oligonucleotide that was identified as 

regulated by F. novicida to elevated temperature was compared to the F. 

novicida genome sequence that was subsequently available (Brittnacher et
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Fig. 5c.1 Comparison of the replication rate of F. novicida cultured in CDM at 

42°C vs. 37°C. The growth rate was equivalent throughout the assay.
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Table 5c.1 Genes up-regulated by F. novicida in response to at 42°C 

compared to 37°C. aLocus tag assigned in the F. novicida U112 genome 

sequence (Brittnacher et al., 2006). dLocus tag assigned in the F. tuiarensis 

Schu S4 genome sequence (Larsson et al., 2005). cPseudogene in F. 

tuiarensis Schu S4.
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a/., 2006) using the BLASTn program (Altschul et al., 1990). In most cases 

100% complementarity was achieved between the oligonucleotide and the F. 

novicida genome sequence and within the F. novicida CDS corresponding to 

the F. tularensis Schu S4 CDS to which the oligonucleotide was designed. If 

less than 100% complementarity between the oligonucleotide and the F. 

novicida genome was achieved, then the most likely F. novicida binding site 

was selected according to the criteria of > 75% overall complementarity and 

> 15 base pairs contiguous complementarity (Kane et al., 2000). In these 

cases the sequence of the F. novicida CDS selected was then used to find 

the corresponding CDS in F. tularensis Schu S4 using tBLASTx (Altschul et 

al., 1990) to ensure continuity when interpreting the results in the context of 

either genome.

5c.2.3. Regulated CDS were grouped according to function

Each of the CDS regulated by F. novicida in response to elevated 

temperature was assigned to a functional category as previously defined in 

GenProtEC (Serres et al., 2004) (Appendix 1), and represented graphically 

(fig. 5c.2). The GenProtEC classification assigns gene products to groups 

according to their broad function, and into sub-groups which describe 

increasingly specific functions at each level. It should be noted that some 

CDS are assigned to more than one GenProtEC category.

5c.2.3.1. Functional groups of up-regulated CDS

The functional group containing the highest number of up-regulated 

CDS was Metabolism (fig. 5c.3). Within the Metabolism functional group, the
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1
1 2 4 11 12 13

functional groups

□ up 

B down

Fig. 5c.2 GenProtEC categories of CDS regulated by F. novicida in response 

to culture under elevated temperature. The x-axis represents GenProtEC 

categories of CDS regulated in response to elevated temperature were 

Metabolism (category 1), Information transfer (category 2), Transport 

(category 4), Pathogenic related genes (category 11), Conserved 

hypothetical genes (category 12), and Hypothetical genes (category 13). The 

y-axis represents the number of genes up-regulated (+) or down -regulated 

(-)■

227



Chapter 5c Elevated temperature

y~ fi

m

y

1
■

^  ] ............... 1 ■ ■ 1 1 T-----------------

1.1 1.2 1.3 1.4 1.5 1.6 1.7

metabolism sub-category

□ up 

B down

Fig. 5c.3 GenProtEC Metabolism sub-categories of CDS regulated by F. 

novicida in response to culture under elevated temperature. The x-axis 

represents GenProtEC Metabolism sub-categories of CDS regulated in 

response to elevated temperature were Carbon compounds metabolism 

(category 1.1), Macromolecule degradation (category 1.2), Energy 

metabolism, carbon (category 1.3), Energy production, transport (category 

1.4), Building block biosynthesis (category 1.5), Macromolecule biosynthesis 

(category 1.6), and Central intermediary metabolism (category 1.7). The y- 

axis represents the number of genes up-regulated (+) or down -regulated (-).
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up-regulated CDS were assigned to macromolecular biosynthesis (M-antigen 

and cytochromes), building block biosynthesis (isoprenoids, vitamin B6, and 

thiamin), energy production and transport (electron donor and carrier), 

energy metabolism (aerobic and anaerobic respiration, and tricarboxylic acid 

cycle), central intermediary metabolism (glucose and galactose metabolism), 

and carbon compounds metabolism. The second largest functional group of 

up-regulated CDS was Transport, including ferrous uptake family-, 

electrochemical potential driven- and primary active-transporters. Of the four 

up-regulated CDS for which a cellular location of the final gene product was 

assigned, two were located in the inner membrane, one was located in the 

outer membrane, and one was located in the cytoplasm (fig. 5c.4). Three up- 

regulated CDS were assigned to a cell structure sub-category: two were 

assigned to the Membrane, and one to Capsule. Two up-regulated CDS 

were assigned to the Cell Processes category: one to Desiccation and one to 

Iron acquisition.

5c.2.3.2. Functional groups of down-regulated CDS

The functional group containing the largest number of down-regulated 

CDS was also Hypothetical proteins, followed by Metabolism (Macromolecule 

biosynthesis and degradation) (fig. 5c.3) and Pathogenic-related genes. Of 

the four down-regulated CDS for which a cellular location of the final gene 

product was assigned, two were located in the periplasm, one was located in 

the outer membrane, and one was located in the cytoplasm (fig. 5c.4). The 

only down-regulated CDS assigned to a Cell Structure sub-category was
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cytoplasm periplasm inner outer
membrane membrane

location

□  up 

■  down

Fig. 5c.4 GenProtEC Cellular locations of CDS regulated by F. novicida in 

response to culture under elevated temperature (x-axis). The y-axis 

represents the number of genes up-regulated (+) or down -regulated (-).
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linked to Peptidoglycan, and the only down-regulated CDS assigned to a 

Cellular processes category was in linked to cell division.

5C.2.4. QPCR

TaqMan QPCR was carried out on five CDS that were indicated by 

microarray as regulated by F. novicida in response to elevated temperature: 

FTT1361 and FTT0978 were up-regulated, and FTT1658, FTT0715, and 

proS were down-regulated (table 5c. 1). For each RNA sample, the 

previously reported F. tularensis housekeeping gene, prfB, was also assayed 

to provide a normalisation standard (Nubel e ta i, 2006). It was noted that the 

level of expression of prfB as determined by microarray was similar in both 

test and control cultures, supporting the use of this as a housekeeping gene. 

These microarray results were confirmed by QPCR with a Pearson 

correlation of 0.966 (fig. 5c.5). As mentioned in section 5a.3.4., the overall 

Pearson correlation between microarray data and TaqMan QPCR data for 18 

genes assayed, selected because they were indicated by microarray as 

regulated by F. novicida in response to one of the conditions tested was 

0.533.
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Fig. 5c.5 QPCR confirmation of microarray data. The QPCR data supported 

the microarray data in that all genes were regulated in the same direction, 

although not always to the same magnitude:

Gene Microarray QPCR
FTN_1326 24.88 20.35
FTN_0026 -3.25 -1
FTN_0859 2.9 1.23

chiA -7.23 -1.5
proS -6.62 -1.74

Correlation 0.9655319
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5c.3. Discussion

5c.3.1. Francisella does react to culture at elevated temperatures

The growth rate of F. novicida was not affected by elevating the 

culture temperature from 37°C to 42°C (fig. 5c. 1). This confirms the findings 

of a previous study carried out by Ericsson et al., who reported that the 

survival of F. tularensis LVS was not affected by culture at 42°C (compared 

to 37°C), and that the rate of protein synthesis remained stable for at least 

one hour after the shift in temperature (Ericsson et al., 1994). The similarity 

between the Francisella growth rates at 37°C and 42°C may imply that that 

the bacteria do not react to the increase in temperature, however, in the 

study by Ericsson et al. mentioned above, the increased expression of a 

number of proteins, including heat shock proteins (HSPs), was observed 

(Ericsson et al., 1994), indicating that regulation of gene expression is a 

requirement for the maintenance of the growth rate by F. tularensis at 

elevated temperatures.

5c.3.2. The transcriptome response of F. novicida to elevated 

temperature

Several groups of CDS that were regulated by F. novicida in response 

to elevated temperature were assigned to the GenProtEC classification 

groups of Metabolism and/or Pathogen-related genes. Metabolic systems 

that were up-regulated included genes that were involved steroid 

biosynthesis, possibly in order to maintain cellular membrane integrity, and 

genes involved in energy production and metabolism, likely to be required by 

bacteria in order to cope with the increased physiological burdens imposed
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by elevated temperature. Pathogenic-related genes that were up-regulated 

included a putative HSP. Genes for the metabolism of nucleotide sugars 

were both up and down-regulated, again possibly in order to reinforce the cell 

membrane.

5c.3.3. HSPs

HSPs, as the name suggests, are a group of proteins whose rate of 

expression is transiently elevated by cells (both prokaryotic and eukaryotic) in 

response to a rise in temperature (Georgopoulos and Ang, 1990). Most 

HSPs fall into one of two categories: chaperones, the main role of which is to 

assist in the correct folding of newly synthesised proteins and to prevent their 

aggregation but without becoming part of the final protein or protein complex 

themselves, and proteases, which remove improperly folded or otherwise 

abnormal proteins (Arsene etal., 2000). Both chaperones and proteases are 

required for growth at all temperatures, but become more important for 

growth at higher temperatures when the frequency of mis-folding or 

aggregation becomes higher (Hecker et al., 1996).

The F. tularensis Schu S4 and F. novicida genomes encode at least 

14 known HSPs, including at least six chaperones and two ATP-dependent 

proteases (Larsson et al., 2005; Brittnacher et al., 2006). A previous 

proteomics study of the response of F. tularensis LVS to a shift in 

temperature from 37°C to 42°C showed the up-regulation of at least 15 

proteins, most prominently the chaperones DnaK, GroEL, and GroES, in 

samples taken up to 35 minutes after exposure to the higher temperature
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(Ericsson et al., 1994). However, in this study only one potential HSP was 

observed to be up-regulated in F. novicida after the temperature shift from 

37°C to 42°C: FTN_1326 was up-regulated within 15 minutes but was not 

observed again, fitting with the assertion that HSPs are transiently 

expressed. In a previous study FTN_1326 was putatively annotated as 

pmcA (Nano et al., 2004) which is homologous to putative molecular 

chaperones, in particular the VdcC protein of B. subtilis (Nano et al., 2004; 

Broekhuijsen et al., 2003; Samrakandi et al., 2004). This gene corresponds 

to CDS FTT1361, a pseudogene in F. tularensis Schu S4, and also coincides 

with RD/,0/arcf/ca6 (section 4.3.5.6.) meaning that the CDS is either absent or 

highly divergent in many F. tularensis subsp. holarctica strains (Broekhuijsen 

et al., 2003; Samrakandi et al., 2004). This RD is also coincident with the 

previously described FPI (Nano et al., 2004). FTN_1326 has also been

demonstrated, using an in vivo negative selection assay, to be required for 

growth and survival of F. novicida in murine spleens after infection via the i.p. 

route (Weiss et al., 2007). Since the gene corresponding to FTN_1326 is 

either missing or non-functional in F. tularensis subsp. tularensis and subsp. 

holarctica, both of which are virulent to a greater or lesser degree in several 

mammalian species including humans, it becomes apparent that the 

intracellular survival of F. novicida, and perhaps the pathogenicity that it does 

display in some hosts, may well be mediated by very different gene 

expression patterns to those of F. tularensis.

Of the remaining known Francisella HSPs, which would be expected 

to be up-regulated upon temperature increase, only five were potentially up-
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regulated (chaperones grpE, secB, and groES, and the ATP-dependent 

protease CIpP subunits dpP  and dpX), and nine were potentially down- 

regulated, disappointingly none of these had an associated p-value that was 

appropriate to pass the criteria for designation as regulated in either 

direction.

5c.3.4. Genes involved in energy release were up-regulated

Two genes involved in oxidative phosphorylation, nuoA and sdhC, (fig. 

5c.6) were up-regulated by F. novicida in response to the elevated 

temperature. Oxidative phosphorylation is the process by which energy, in 

the form of adenosine 5’-triphosphate (ATP) is stored by the cell. The up- 

regulation of genes in the oxidative phosphorylation pathway indicates that 

there is a requirement for additional energy to overcome the physiological 

stresses imposed by heat shock. Zavilgelsky et al. have reported that HSPs 

require ATP to re-fold thermo-inactivated luciferase expressed in E. coli 

(Zavilgelsky et al., 2002) and as the two main heat shock proteases encoded 

by Francisella, Lon and CIpP, are both ATP-dependent it seems likely that a 

similar requirement for ATP could exist to drive the heat stress response 

mechanisms. The Francisella aCGH study showed that sdhC is absent or 

highly divergent in some F. tularensis subsp. holarctica strains tested, 

including LVS, (section 4.3.4.4.). The gene sdhC encodes succinate 

dehydrogenase, cytochrome B, and was up-regulated by F. novicida after 60 

minutes growth at the elevated temperature, and has also been shown to be 

required for growth and survival of F. novicida in murine spleens after 

infection via the i.p. route, with a F. novicida AsdhC strain demonstrated by
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Fig. 5c.6 Oxidative phosphorylation pathway (KEGG, 2007). Genes 

highlighted in red (nuoA and sdhC) were up-regulated.
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competition index to be mildly attenuated in vivo (Weiss et a!., 2007). In E. 

coli, cytochrome b556 forms part of complex II which catalyzes the reduction 

of ubquinone by succinate (Nakamura 1996). In mice, mutants in the SDHC 

gene of complex II are unable to protect against mitochondrial oxidative 

stress damage to nuclear DNA (Ishii et al., 2005). Taken together this may 

indicate that sdhC is required for an effective stress response by Francisella, 

and that the absence of this gene in some strains of F. tularensis subsp. 

holarctica could be one of the attenuating factors of this subsp.

5c.3.5. Steroid biosynthesis genes were up-regulated

Also up-regulated by F. novicida in response to elevated temperature 

were two genes from the steroid biosynthesis pathway, dxs and ispF (fig. 

5c.7). The products of these two genes are specifically part of the pathway 

for the formation of isopentenyl-diphosphate which is required for the 

biosynthesis of all of the steroids shown. Two steroid biosynthetic pathways 

of particular interest in the context of a bacterial heat shock response are 

those of terpenoid and porphyrin biosynthesis. Both of these classes of 

molecules are found in all living cells. Porphyrins combine readily with metal 

ions e.g. heme is iron II protoporphyrin-IX complex which can then become 

assimilated into enzymes e.g. heme is found in both oxidase and catalase. It 

is noted that after 60 min at 42°C the gene encoding the ferrous iron 

transport protein, feoA, is also up-regulated, potentially providing additional 

iron for complex with porphyrins. Terpenoids play a role in all cellular 

membranes, in particular sterols, which are complex terpenoids, influence 

membrane fluidity. It is possible to hypothesise roles for both porphyrins and
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Fig. 5c.7 Steroid biosynthesis pathway (KEGG, 2007). Genes highlighted in 

red (ispF and dxs) were up-regulated.
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terpenoids in the bacterial heat shock response: porphyrins can provide 

additional metal binding groups for the enzymes that are likely to be required, 

and terpenoids can play a role in maintaining membrane integrity which is 

likely to be adversely affected by heat. Of the remaining five genes in the 

steroid biosynthesis pathway, only ispD was putatively up-regulated, however 

the p-values for all five genes were higher than the acceptable range to give 

statistically significant results.

5c.3.6. Genes involved in metabolism of nucleotide sugars were 

regulated

Two genes that are included in the KEGG pathway describing the 

metabolism of nucleotide sugars were down-regulated by F. novicida in 

response to elevated temperature, and one gene was up-regulated (fig. 

5c.8). The down-regulated genes were sit, which putatively encodes a 

soluble lytic murein transglycosylase, and chiA, which putatively encodes a 

chitinase. The substrate both of these enzymes is described in the pathway 

as ‘pentosans’ which simply refers to homopolysaccharides which degrade to 

pentoses upon hydrolysis. The pentosan substrate for the ChiA protein 

would appear to be based on arabinose and the substrate for Sit would 

appear to be based on xylose. Down-regulation of both of these genes 

would suggest that ‘pentosans’ are lacking in F. novicida cultured at 42°C. 

Chitinase encoded by chiA can be considered as a potential virulence factor 

for intracellular bacteria since L  pneumophila has been shown to express 

chitinase (chiA) upon intra-tracheal inoculation into murine lungs (DebRoy et 

al., 2006). In E. coli, Sit belongs to a superfamily of glyosidases and it is
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reported to play a role in correct assembly of the peptidoglycan layer (Chaput 

et a!., 2007), and to be involved in recycling muropeptides during cell 

elongation and/or division (Engel et al., 1991, Chaput et a/., 2007). Sit has 

previously been reported as a virulence factor (Mushegian et al., 1996), and 

the down-regulation of this gene by F. novicida in response to elevated 

temperature was unexpected, although one possible explanation could be 

that F. novicida reinforces its cell membrane in response to elevated 

temperature, reducing the availability of surplus muropeptides for recycling. 

This hypothesis may be supported by a recent publication where it was 

demonstrated that a H. pylori A sit mutant accumulated extra long glycan 

strands in its peptidoglycan layer, suggesting a role for sit in regulation of 

glycan length (Chaput et al., 2007).

After one hour at the elevated temperature, galU, the gene encoding 

UTP-glucose-1-phosphate uridylyltransferase, was up-regulated by F. 

novicida. In E. coli the functional enzyme, a tetramer of the galU gene 

product, converts UTP-glucose to UDP-glucose, which is in itself of central 

importance in the synthesis of components of the E. coli cell envelope 

(Weissborn et al., 1994). UDP-glucose, in particular that formed through 

GalU catalysis, is also required for the biosynthesis of LPS, capsular 

polysaccharide, and membrane-derived oligosaccharides (Dean and 

Goldberg, 2002; Chang et al., 1996; Nesper et al., 2001; Weissborn et al., 

1992) and the up-regulation of this gene may further indicate that F. novicida 

modifies one or more of these cell membrane components in response to 

elevated temperature.
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5d.1 Introduction

5d.1.1. Is the Francisella-containing phagosome acidified?

It was reported by Fortier et al., that F. tularensis LVS grows in an 

acidified compartment which provides essential iron that is required for 

growth because the low pH causes the release of iron from transferrin 

(Fortier et al, 1995). However in direct contrast to these findings, Clemens et 

al. have more recently reported that endosomes containing live Francisella 

are at pH 6.7 and therefore not significantly acidified (Clemens et al., 2004). 

This group propose that transferrin is delivered to the early phagosome 

(approximately 15 minutes after infection), but no explanation is offered as to 

how iron is released from transferrin at neutral pH. Clemens et al. also 

calculated that killed bacteria reside in acidified phagosomes at pH 5.5, 

indicating that F. tularensis possesses some mechanism for preventing 

acidification of the phagosome (Clemens etal., 2004). In the Clemens study, 

the phagosomal pH of human monocytes at approximately three hours post

infection with F. tularensis subsp. tularensis was measured directly using an 

immunoelectron microscopy technique. In the Fortier study, the acidification 

of the phagosome was inferred from a reduction in viable F. tularensis LVS 

recovered at 72 hours post-infection from murine monocytes that were 

treated with a variety of agents selected for their ability to prevent endosome 

acidification. An obvious discrepancy between these two studies is that one 

was carried out using murine cells infected with F. tularensis LVS, whereas 

the other was carried out using human cells infected with F. tularensis subsp. 

tularensis. Therefore perhaps these experiments indicate a difference in the 

way that human and murine monocytes react to Francisella, or perhaps the
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difference between the two findings indicates that an ability to prevent 

acidification of the initial endocytic compartment is a trait of virulent F. 

tularensis strains only. However, in light of the recent report that F. 

tularensis enters the autophagic pathway after replication in the cytosol 

(Checroun et al., 2006), the possibility must be considered that the anti

acidification reagents used by Fortier et al. actually prevented acidification of 

the FCV rather than of the phagosome, especially as bacteria were 

enumerated at 72 hours post-infection, meaning that bacteria would have 

had time to escape the phagosome, although it was assumed in the report 

that this did not occur. It therefore seems unlikely that the Francisella- 

containing phagosome is acidified, although it does seem likely that F. 

tularensis encounters acidic conditions at some point inside the macrophage.

5d.1.2. Aim

The aim of this study was to use the F. tularensis Schu S4 microarray 

to examine the transcriptomic profile of F. novicida as a specific response to 

acidic pH. Determination of the response of F. novicida to low pH can 

provide clues as to whether similar conditions are encountered by Francisella 

in vivo, and clues as the survival mechanisms that Francisella employs when 

confronted with such conditions.
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5d.2. Results

5d.2.1. Growth of F. novicida at reduced pH

It has previously been reported that, at three to four hours post

infection of human macrophages, live F. tularensis subsp. holarctica reside in 

a phagosome with a pH of 6.7, whereas the pH of phagosomes containing 

formalin-killed F. tularensis was measured as pH 5.5 (Clemens et al., 2004). 

The pH of CDM produced for this study was measured as 6.2, and, as this 

slightly acidic medium had supported the growth F. novicida in previous 

studies, this was used as the control compared to acidified CDM at pH 5.4. 

In order to select biologically relevant sampling times for transcriptomic 

studies, a comparison of the growth rate of F. novicida cultured at pH 5.4 and 

at pH 6.2 (the control) was compared. Adjustment of the pH from 6.2 to 5.4 

did not affect the growth rate of F. novicida (fig. 5d.1).

5d.2.2. The transcriptomic response of F. novicida to acidic conditions

Due to the similarity between the growth rate of F. novicida at neutral 

and acidic pH (fig. 5d.1), the transcriptomic response of F. novicida to acidic 

pH was investigated at three time points selected during the first hour post 

stress-induction: 15 min., 30 min., and 60 min. As described in section 5.1, 

F. novicida was cultured in CDM-Met for transcriptomics analysis in response 

to acidic pH, RNA was isolated for each condition on three separate 

occasions (biological replicates) and hybridised to the microarray twice 

(technical replicates). A list of genes that were regulated by F. novicida in 

response to acidic conditions can be found in table 5d.1. As previously 

described in section 5a.3.2.1., as the microarray oligonucleotides used to
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Fig. 5d.1 Comparison of the replication rate of F. novicida cultured in CDM at 

pH 5.4 vs. pH 6.2. The growth rate was equivalent for all of the time points 

taken.
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Table 5d.1 Genes regulated by F. novicida in response to culture under 

acidic conditions. aLocus tag assigned in the F. novicida U112 genome 

sequence (Brittnacher et al., 2006). 6Locus tag assigned in the F. tularensis 

Schu S4 genome sequence (Larsson et al., 2005). cPseudogene in F. 

tularensis Schu S4.
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carry out F. novicida in vitro stress response studies were originally designed 

to be complementary to the F. tuiarensis Schu S4 genome sequence, the 

sequence of each oligonucleotide that was identified as regulated by F. 

novicida to elevated temperature was compared to the F. novicida genome 

sequence that was subsequently available (Brittnacher etal., 2006) using the 

BLASTn program (Altschul et al., 1990). In most cases 100% 

complementarity was achieved between the oligonucleotide and the F. 

novicida genome sequence and within the F. novicida CDS corresponding to 

the F. tuiarensis Schu S4 CDS to which the oligonucleotide was designed. If 

less than 100% complementarity between the oligonucleotide and the F. 

novicida genome was achieved, then the most likely F. novicida binding site 

was selected according to the criteria of £ 75% overall complementarity and 

> 1 5  base pairs contiguous complementarity (Kane et al., 2000). In these 

cases the sequence of the F. novicida CDS selected was then used to find 

the corresponding CDS in F. tuiarensis Schu S4 using tBLASTx (Altschul et 

al., 1990) to ensure continuity when interpreting the results in the context of 

either genome.

5d.2.3. Regulated CDS were grouped according to function

Each of the CDS regulated by F. novicida in response to acidic pH 

was assigned to a functional category as previously defined by the 

GenProtEC database (Serres et al., 2004) (Appedix 1), and represented 

graphically (fig. 5d.2). The GenProtEC classification assigns gene products 

to groups according to their broad function, and into sub-groups which
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□  up 

■  down

Fig. 5d.2 GenProtEC categories of CDS regulated by F. novicida in response 

to culture under acidic conditions. The x-axis represents GenProtEC 

categories of CDS regulated in response to acidic conditions were 

Metabolism (category 1), Information transfer (category 2), Transport 

(category 4), extrachromosomal genes (category 8), Pathogenic related 

genes (category 11), Conserved hypothetical genes (category 12), and 

Hypothetical genes (category 13). The y-axis represents the number of 

genes up-regulated (+) or down -regulated (-).
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describe increasingly specific functions at each level. It should be noted that 

some CDS are assigned to more than one GenProtEC category.

5d.2.3.1. Functional groups of up-regulated CDS

The four CDS that were up-regulated by F. novicida in response to 

acidic pH were divided equally between the Metabolism and Hypothetical 

groups (fig. 5d.2). The up-regulated CDS from the Metabolism functional 

group were linked to amino acid biosynthesis and to amino acid conversion 

(fig. 5d.3). Only one of the final gene products of the four up-regulated CDS 

was assigned to a cellular location, which was the cytoplasm. None of the 

four CDS up-regulated in response to low pH were assigned to cellular 

processes or to a cell structure.

5d.2.3.2. Functional groups of down-regulated CDS

The functional group containing the largest number of CDS down- 

regulated by F. novicida in response to acidic pH was Pathogenic-related 

genes, followed by the two Hypothetical groups (fig. 5d.2). Three down- 

regulated CDS were assigned to the Metabolism group (fig. 5d.3), including 

carbon compounds metabolism, glycolysis, and lysine biosynthesis. The 

gene products of two CDS were assigned to cellular locations: the cytoplasm 

and the inner membrane. Two of the down-regulated CDS were linked to the 

membrane structure, and one was linked to cell division.
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amino acid carbon amino acid energy
biosynthesis compounds conversion metabolism,

metabolism carbon

metabolism sub-category

□ up 
■  down

Fig. 5d.3 GenProtEC Metabolism sub-categories of CDS regulated by F. 

novicida in response to culture under acidic conditions (x-axis). The y-axis 

represents the number of genes up-regulated (+) or down -regulated (-).
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5d.2 4. QPCR

TaqMan QPCR was carried out on three CDS that were indicated by 

microarray as regulated by F. novicida in response to acidic pH: FTT0613 

was up-regulated, and FTT0659 and hfIK were down-regulated (table 5d.1). 

For each RNA sample, the previously reported F. tuiarensis housekeeping 

gene, prfB, was also assayed to provide a normalisation standard (Nubel et 

al., 2006). It was noted that the level of expression of prfB as determined by 

microarray was similar in both test and control cultures, supporting the use of 

this as a housekeeping gene. These microarray results were confirmed by 

QPCR with a Pearson correlation of 0.998 (fig. 5d.4). As mentioned in 

section 5a.3.4., the overall Pearson correlation between microarray data and 

TaqMan QPCR data for 18 genes assayed, selected because they were 

indicated by microarray as regulated by F. novicida in response to one of the 

conditions tested was 0.533.
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Fig. 5d.4 QPCR confirmation of microarray data. The QPCR data supported 

the microarray data in that all genes were regulated in the same direction, 

although not always to the same magnitude:

Gene Microarray QPCR
FTN 1024 -2.13 -2.5

hflK -1.46 -1.56
FTN 1068 1.56 1.6

Correlation 0.99756586
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5d.3 Discussion

5d.3.1. The transcriptomic response to a low pH environment

CDS from the GenProtEC Metabolism sub-categories of fatty acid 

biosynthesis and amino acid conversion were up-regulated by F. novicida in 

response an acidic pH, the implications of up-regulation of both of these CDS 

are discussed below. A number of CDS assigned to GenProtEC Pathogenic- 

related genes were down-regulated by F. novicida at low pH, possibly 

suggesting that the intracellular pH is higher than the experimental pH tested 

here.

5d.3.2. Many of the genes up-regulated at low pH are annotated as 

hypothetical

One of the two hypothetical proteins up-regulated in response to acidic 

conditions, FTN_1068, was also up-regulated by F. novicida in response to 

culture at 42°C. This gene has been shown in F. novicida to be under the 

regulatory control of a recently described orphan response regulator, 

encoded by pmrA (Mohapatra et al., 2007). The PmrAB two component 

regulator is a well characterised bacterial virulence factor (Soncini and 

Groisman, 1996; Marchal et al., 2004). It has been shown to confer 

resistance to polymyxin B (Soncini and Groisman, 1996), and the expression 

of the response-regulator PmrA in particular has been shown to be induced 

by mildly acidic pH through a mechanism involving protonation of PmrB 

(Soncini and Groisman, 1996; Perez and Groisman, 2007). It is thought that 

PmrA regulates a number of genes which in turn modify the lipid A portion of 

LPS, altering the barrier properties of the outer membrane (Marchal et al,
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2004; Gibbons et al., 2005; Froelich et al., 2006). A ApmrA mutant of F. 

novicida was defective for growth in both murine and human macrophage 

lines, and was attenuated for virulence in a murine model of infection 

(Mohapatra et al., 2007). The up-regulation of FT_1068 in response to two 

stress conditions, coupled with the fact that it is regulated by a virulence 

factor that is known in turn to be activated by mildly acidic pH, may indicate 

that expression of this gene is important for Francisella infection in mammals, 

and in particular under acidic conditions that may be encountered in the 

intracellular environment.

5d.3.3. A fatty acid biosynthesis gene was up-regulated at low pH

One gene that is involved in fatty acid biosynthesis, fabH, was also up- 

regulated by F. novicida in response to acidification of the growth medium. 

This gene encodes a 3-oxoacyl-[acyl-carrier protein] synthase III, which may 

indicate that F. novicida fortifies itself against the lower pH by altering or 

increasing the fatty acid component of its outer membrane. None of the 

other fatty acid biosynthesis pathway genes were up-regulated in response to 

the lower pH (fig. 5d.5), but if an increase in the amount of fatty acid available 

is required, it is possible that the gene product of fabH is the limiting 

component under non-stressful conditions. Interestingly, fabH has been 

shown to be up-regulated by the acidophilic gastric bacterium H. pylori upon 

attachment to human stomach epithelial cells (Kim eta!., 2004), which further 

supports the role of this gene in survival of bacteria subject to low pH and 

perhaps also suggests a role in infection if it is true that acidic conditions are 

encountered inside the macrophage (section 5d.1.1.).
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Fig. 5d.5 Fatty acid biosynthesis pathway (KEGG, 2007). The gene 

highlighted in green (fabH) was up-regulated by F. novicida in response to 

oxidative stress.
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5d.3.4. An asparaginase gene was up-regulated at low pH

The gene encoded by FTN_0588, which was up-regulated by F. 

novicida in response to acidic conditions, is annotated as an asparaginase, 

an enzyme which catalyzes the conversion of asparagine to aspartic acid and 

an ammonium ion. The up-regulation of an asparaginase by F. novicida in 

response to low pH is in contrast to the acid response of H. pylori, which has 

been shown to down-regulate asparaginase at low pH (Merrell et al., 2003). 

However, the production of ammonium ions (as a product of urease 

catalyzed hydrolysis of urea) has been shown to protect both H. pylori and Y. 

pseudotuberculosis under acidic conditions. Ammonium ions raise the local 

pH, acting to buffer the acidic environment (Marshall et al., 1990; De Koning- 

Ward & Robins-Browne, 1995), and therefore it is intuitive that up-regulation 

of an enzyme which catalyses a reaction with ammonium as a product is 

likely to be a mechanism by which F. novicida protects itself when faced with 

acidic conditions.

5d.3.5. A number of virulence-associated genes were down-regulated at 

low pH

A VacJ-like lipoprotein, encoded by FTN_1160, was down-regulated 

by F. novicida at the lower pH. VacJ is involved in cell envelope biosynthesis 

and has previously been showed to be up-regulated by Pseudomonas putida 

in response to stress by phenol (Santos et al., 2004). VacJ is also 

associated with the intercellular spread of S. flexneri (Suzuki et al., 1994) and 

has been shown by subtractive hybridisation to be present in the highly 

pathogenic N. meningitidis but absent in less pathogenic N. gonorrhoeae
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(Perrin et al., 1999). It may be pertinent to note that vacJ is a pseudogene in 

F. tuiarensis strain Schu S4 and therefore cannot contribute to the high 

virulence of this strain. However, F. novicida is virulent in some species, for 

example mice, and the possibility cannot be discounted that this gene is a 

virulence factor for this species of Francisella. Also down-regulated in 

response to low pH were two genes that have been shown to play a role in F. 

tuiarensis LVS infection of the mouse lung via the intranasal route: hflK and 

rpIT (Su et al., 2007), and three genes that have been shown to be required 

for the survival of F. novicida in murine spleens after i.p. infection: 

FTN_0494, lysA, and FTN_0544 (Weiss et al., 2007). One possible 

physiological explanation that can be proposed for the down-regulation of 

hflK under stressful conditions is that hflK is part of the FtsH enzyme which is 

an ATP-dependent protease that is universally conserved in bacteria 

(Bieniossek et al., 2006). In E. coli the heat shock response depends on a 

transient increase in the intracellular level of a32, FtsH being a major mediator 

of a32 degradation (Kanemori et al., 1999, and Arsene et al., 2000). It is 

possible that a similar mechanism exists in F. tuiarensis and that there is a 

requirement for stabilization of a32 (through down-regulation of hflK) in 

response to acidic conditions.

5d.3.6. These data suggest that the intracellular pH is at times higher 

than 5.5

The paucity of genes up-regulated specifically in response to low pH 

conditions, combined with down-regulation of a number of genes that might 

be expected to play a role in Francisella virulence and comparatively similar
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growth rates, at least for the first hour, under low pH and control conditions 

suggests that F. novicida is not stressed at the lower pH, and that in fact it is 

quite able to survive within the pH range investigated here without eliciting a 

classical stress response. It is important to note that, because these 

microarray data were used to calculate the relative expression between two 

states, there are two possible interpretations of the data i.e. genes which are 

down-regulated under test conditions (compared to control) can also be 

considered to be up-regulated under control conditions (compared to test). 

Therefore, if the findings of Clemens et al. are correct, and phagosomes 

containing live F. tuiarensis are at pH 6.7 (Clemens et al., 2004), then the 

experimental control pH of 6.2 is actually closer to the real intraphagosomal 

situation and these data could actually indicate that putative virulence factors 

such as vacJ, and genes with a demonstrated role in Francisella infection, 

are up-regulated at the pH found in vivo compared to the lower pH tested 

here. Of course this does not preclude the possibility that a lower pH could 

be encountered by Francisella at some other stage of its intracellular journey, 

including in the autophagosome as suggested by Checroun et al. (Checroun 

etal., 2006).
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5.2. Conclusions

The main advantage of culturing F. novicida under conditions of methionine 

starvation, so that the growth phases of both the test and control samples 

would remain the same, may also have proven to been the main 

disadvantage, in that a reduction in growth rate, probably through induction of 

the SOS response, in fact forms an integral part of the bacterial response to 

stressful conditions. Methionine was selected for removal from the growth 

media because F. tuiarensis LVS has previously been shown to be able to 

grow for at least one hour in the absence of this amino acid, including whilst 

under either heat shock or oxidative stress conditions, in order for 

investigators to pulse-label samples using [35S]methionine (Ericsson et al., 

1994; Golovliov et al., 1997). The main risk of using this strategy was that 

genes which may have been regulated in response to the main condition of 

interest were also regulated by bacteria for which both the test and control 

cultures were starved of methionine, and therefore were not observed by a 

technique such as microarray in which transcriptomes are compared. In fact 

this would appear to have been the case, as indicated by the low number of 

changing genes identified under the three conditions for which methionine- 

free media was used (elevated temperature, low pH, and oxidative stress [22, 

18, and 21 genes, respectively]), compared to 53 changing genes identified 

under iron-free growth, which was carried out using methionine-replete 

media. However, the benefit of using this approach was that genes identified 

as regulated by F. novicida in response to elevated temperature, to low pH 

and to oxidative stress were highly specific to the conditions of interest and 

insomuch were not incorrect, and in fact the rate of false-positives was so far
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reduced as to probably provide a number of false negatives. This could be 

viewed as a good thing from a technique which can traditionally be thought of 

as generating unwieldy amounts of data with a high rate of false positives. 

However, culture under starvation conditions would not be recommended for 

future studies.

In this study a number of genes were regulated by F. novicida in response to 

in vitro stress conditions that have been shown previously to be required for 

Francisella infection (table 5.1). Some genes, or genes with similar 

suggested functions, were up-regulated in response to one condition but 

down-regulated in response to another, for example lysA and frgA, which 

form part of the F. tuiarensis siderophore operon, were down-regulated in 

response to hydrogen peroxide but up-regulated in response to iron- 

starvation. It is possible to provide a possible explanation for both of these 

results individually, but, as both iron-starvation and ROS are likely to be 

encountered in vivo, these types of conflicting results can be difficult to 

interpret with respect to a real infection. This is a real limitation of in vitro 

expression studies, and demonstrates the value of data obtained using in 

vivo transcription models.

5.2.1. Future work

The nature of this study has been to investigate the transcriptome of F. 

novicida under selected conditions that are usually thought of a stressful to 

intracellular bacteria. Information about genes that are regulated by bacteria 

during infection can provide targets for vaccines, either through the
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generation of rationally attenuated strains or through the provision of 

potential antigens for subunit vaccines. At the time of writing, seven genes 

regulated by F. novicida in this study have been forwarded to a Tularemia 

Vaccine programme for further investigation as potential vaccine candidates.

It has been possible to suggest reasons as to why F. novicida regulates 

some of the observed genes in response to these conditions based on either 

the putative or confirmed functions of the genes and on previously published 

works. However, in order to confirm or disprove these hypotheses, and 

perhaps to put them into the context of a fully virulent F. tuiarensis strain, 

further experimental work is essential, for example the generation and 

characterisation of deletion mutants in genes shown to be regulated in 

response to a given condition mentioned previously. Characterisation could 

include investigation of the response of the mutant strain to the condition 

under which gene regulation was observed here, or to other conditions 

designed to mimic an infection environment. Responses other than 

transcription that could also be measured, for example proteomics 

techniques could be used to study gene expression, or specific assays could 

be designed to measure the output of a particular gene, both in mutant and 

wild type strains. Use of model systems of infection, both in vivo and ex vivo, 

would also be excellent ways to characterise mutant strains.

Of particular interest from the iron-starvation response data presented here 

was the second putative iron-related cluster of genes that were up-regulated 

by F. novicida in response to iron-starvation (section 5a.4.3.), deletion 

mutants could be constructed in any or all of these genes and characterised
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using some of the techniques mentioned above, and in particular in response 

to iron-starvation. The response of F. novicida to H20 2 cannot be fully 

characterised without transcription data for katG and sodB, as roles for these 

two genes in the oxidative stress response of F. tuiarensis have been 

previously reported (section 5b.4.1.). Therefore work to further characterise 

the oxidative stress response of F. novicida should investigate these two 

genes in particular. Based on the data presented here, it would also be 

interesting to perform further experiments to assess whether pyruvate is 

important in the response of Francisella to oxidative stress brought about by 

H20 2 (section 5b.4.2). It would also be interesting to see whether a 

Francisella AFTN_1068 strain was able to survive under stress conditions 

and in particular in vivo. This ORF was up-regulated under both elevated 

temperature and under acidic pH conditions and has previously been 

demonstrated to be under the control of the known virulence regulator PmrA 

(section 5d.4.2) meaning that this could be an important Francisella stress 

response gene.

Finally, a most important study that could be carried out using the F. 

tuiarensis DNA microarray would be to investigate the transcription profile of 

Francisella in vivo. However, this type of experiment is technically 

challenging in a variety of ways, not least because an in vivo (or ex vivo) 

model contains a large amount of contaminating host mRNA compared to a 

relatively low amount of bacterial mRNA. There are two main approaches 

often taken to solve this problem: separation of the bacterial cells from the 

host cells in advance of bacterial cell lysis, thus preventing mixing of the two
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mRNA populations, or concurrent lysis of both host and bacterial cells with 

enrichment for bacterial mRNA. The first approach, separation of the two cell 

populations, requires an agent that will selectively lyse host cells whilst 

leaving the bacteria intact. This has been successfully achieved for other 

bacterial species using ex vivo models, for example M. tuberculosis-infected 

macrophages can be lysed using guanidium isothiocyanate, but the complex 

outer membrane of this acid-fast bacterium protects it from lysis (Butcher et 

al., 1998). This lysis agent also serves to stabilize the RNA from further 

transcription and degradation (Butcher et al., 1998). However, bacteria that 

do not have a complex outer membrane, including Francisella, will not be 

protected from lysis by guanidium isothiocyanate. The approach taken to 

solve this problem for S. enterica serovar Typhimurium was to use a mixture 

of SDS, phenol, and ethanol (Eriksson et al., 2003). SDS was the lysis agent 

whilst the phenol and ethanol mixture served to stabilize the RNA (Eriksson 

et al., 2003). A mixture of saponin and RNAprotect (Ambion) has also been 

recommended for the same purpose (Ambion, 2003). However, whilst an ex 

vivo model can provide valuable insights into the transcription profile of 

bacteria upon infection, it cannot fully substitute for an in vivo model of 

infection. Selective lysis of host cells as tissue, i.e. from an in vivo model, is 

more problematic than for tissue cultured cells because bacteria are not able 

to withstand any agent that is able to lyse whole or even ground tissues. For 

transcription profiling of bacteria from in vivo models of infection it is more 

often reported that both host and bacterial cells are lysed, with separation of 

the two RNA populations post-lysis. Separation is sometimes carried out 

using poly-thymine-based affinity chromatography, on the basis that
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prokaryotic mRNA is not polyadenylated, for example using the 

MICROBEnrich system (Ambion). However, the assertion that only 

eukaryotic mRNA is polyadenylated is not correct, and it has been reported 

that at any given time up to 50% of bacterial mRNA may be polyadenylated 

(Sarkar, 1997). Another approach used with mixed populations of RNA is to 

enrich for bacterial mRNA using specific primers for RT-PCR (Talaat et al., 

2000). A potential limitation of these genome-directed primers is that, unlike 

random primers which inevitably bind at multiple sites within each ORF, 

genome-direct primer sets are designed to include only the minimum number 

of oligonucleotides of a specified length required to bind to each ORF once. 

This means that failure of any primer to bind to one or more of its 

corresponding ORFs will bias the data set against these genes. Both in and 

ex vivo models of Francisella infection have been developed at Dstl, and 

work to refine Francisella transcription profiling techniques using these 

models is underway. Transcription profiling using the ex vivo model has 

focussed on separation of the two intact cell populations, with lysis using 

deoxycholate and concurrent RNA stabilisation using RNAprotect. The main 

limitation of this model has been low numbers of bacteria recovered, even at 

the optimal point of infection for maximum recovery (data not shown). 

Transcription profiling using the in vivo model has focussed on enrichment of 

bacterial mRNA from a mixed population using genome-directed primers. 

However, this enriched bacterial mRNA may still be too contaminated with 

host RNA for use with a DNA microarray (data not shown). Future work to 

solve this problem may include further refining a Francisella genome-directed 

primer set to specifically exclude priming to host RNA (Blick et al., 2003), or
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enrichment for bacterial mRNA based on the polyadenylation status of host 

mRNA, accepting the limitations of this technique.
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Appendix 1 RD observed in F. tuiarensis strains

Appendix 1.1 RD observed in F. tuiarensis subsp. holarctica, FSC012

Gene ID Gene ID Gene ID Gene ID Gene ID Gene ID Gene ID
16s rRNA FTT0158 FTT0768 FTT1159 FTT1693 lipA rpIV
acnA FTT0170 FTT0784 FTT1162 FTT1761 IpxA rpmA
acpA FTT0200 FTT0823 FTT1180 FTT1763 IpxC rpoA1
alaS FTT0210 FTT0825 FTT1184 FTT1776 maeA rpsF
aroG FTT0219 FTT0845 FTT1185 FTT1779 malP rpsG
atpH FTT0230 FTT0849 FTT1198 FTT1783 mdaB rpsU3
bioD FTT0242 FTT0851 FTT1201 FTT1791 mdh sdhC
bioF FTT0244 FTT0865 FTT1203 FTT1799 merA serA
birA FTT0248 FTT0898 FTT1211 FTT1804 metK sun
dpX FTT0254 FTT0902 FTT1242 ftsA moxR talA
cynT FTT0272 FTT0909 FTT1252 ftsQ msrA1 thyA
cyoC FTT0292 FTT0913 FTT1277 gidA mutM tmk
cysC FTT0294 FTT0921 FTT1292 gigA napH trkA
dedA2 FTT0301 FTT0931 FTT1308 gigc nupC trmD
def2 FTT0310 FTT0933 FTT1332 giki nusG trpG
dpt FTT0376 FTT0949 FTT1334 glmU omp26 trpG1
dinP FTT0394 FTT0961 FTT1343 glnA oppC trpR
dnaA FTT0401 FTT0965 FTT1350 gloA oppF trpS
dnaB FTT0433 FTT0973 FTT1361 glpK panC trxA1
dnaG FTT0444 FTT0975 FTT1380 giyQ panD tsf
dnaN FTT0446 FTT0981 FTT1388 gpml parB ung
engA FTT0487 FTT0991 FTT1399 groL pdpD usp
eno FTT0515 FTT0996 FTT1423 grxB pdxY valB
fabG FTT0519 FTT1012 FTT1426 gshA pepN valS
fabl FTT0531 FTT1023 FTT1439 gyrA pgsA vanY
fabZ FTT0539 FTT1025 FTT1441 hemE pheS wbtD
fdh FTT0550 FTT1043 FTT1492 hemH phnA wbtG
feoA FTT0576 FTT1048 FTT1493 hfIX phoH wbtl
feoB FTT0599 FTT1051 FTT1495 hfg phrB wbtJ
ffh FTT0602 FTT1071 FTT1497 hipA pIsX xthA
folK FTT0604 FTT1072 FTT1522 htpG polA yagD
frr FTT0611 FTT1073 FTT1536 iciA ppiC yajR
FTT0003C FTT0628 FTT1075 FTT1565 iglA ppnK yhbH
FTT0012 FTT0663 FTT1077 FTT1582 ilvD ppx yjjv
FTT0024 FTT0667 FTT1078 FTT1586 infC prfC
FTT0045 FTT0669 FTT1079 FTT1588 ISFtuI priA
FTT0046 FTT0696 FTT1080 FTT1589 ISFtu2 proS
FTT0095 FTT0718 FTT1082 FTT1594 IspA purH
FTT0096 FTT0719 FTT1083 FTT1598 ispF pyk
FTT0097 FTT0732 FTT1089 FTT1650 kdpA pyrB
FTT0101 FTT0737 FTT1109 FTT1651 kdpC recX
FTT0105 FTT0744 FTT1136 FTT1659 kdsA me
FTT0112 FTT0747 FTT1140 FTT1667 kdsB rplK
FTT0156 FTT0748 FTT1141 FTT1684 kdsB rpIO
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Appendix 1.2 RD observed in F. tuiarensis subsp. holarctica, FSC338.

Gene ID Gene ID Gene ID
16s rRNA FTT0965 glyQ
acnA FTT1068 grxB
acpA FTT1069 gyrA
alaS FTT1070 ilvD
aroG FTT1071 lip A
cynT FTT1072 napH
dinP FTT1073 nusG
ffh FTT1242 oppF
folK FTT1252 panC
FTT0095 FTT1277 pheS
FTT0112 FTT1308 ppx
FTT0177 FTT1334 purH
FTT0446 FTT1425 recX
FTT0488 FTT1426 res
FTT0552 FTT1443 sdhC
FTT0747 FTT1580 usp
FTT0851 FTT1791 wbtJ
FTT0961 gigc xthA

Appendix 1.3 RD observed in F. tuiarensis subsp. holarctica, FSC155.

Gene ID Gene ID Gene ID
16s rRNA FTT1068 hfq
acnA FTT1069 ilvD
alaS FTT1070 kdpC
aroG FTT1071 lipA
cynT FTT1072 napH
dedA2 FTT1073 nusG
dinP FTT1242 oppF
ffh FT1252 ostA1
folK FTT1308 panC
FTT0095 FTT1334 pheS
FTT0112 FTT1425 ppx
FTT0156 FTT1426 prfC
FTT0177 FTT1443 purH
FTT0446 FTT1580 recX
FTT0488 FTT1791 res
FTT0552 ftsA rim1
FTT0747 gigc sdhC
FTT0851 glyQ usp
FTT0961 grxB wbtJ
FTT0965 gyrA xthA
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Appendix 1.4 RD observed in F. tuiarensis subsp. holarctica, FSC200.

Gene ID Gene ID
FTT0522 napH
FTT0552 oppF
FTT0844 pdpD
FTT1071 res
FTT1308 thrA
FTT1361 xthA
FTT1791 yhiP

Appendix 1.5 RD observed in F. tuiarensis subsp. holarctica, FSC354.

Gene ID
FTT0177
FTT0552
FTT0604
FTT0843
FTT0844
FTT0961
FTT1070
FTT1071
FTT1073
FTT13Q8
FTT1580
hfIB
mdaB
OPPF
ostA1
pdpD
xthA
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Appendix 1.6 RD observed in F. tuiarensis subsp. holarctica, FSC352.

Gene
ID

Gene
ID

Gene
ID Gene ID

Gene
ID

Gene
ID

apaH FTT0455 FTT0977 FTT1407 hipA ribF
birA FTT0498 FTT0978 FTT1416 holB rimK
blaA FTT0505 FTT0988 FTT1419 hsdM rne
capB FTT0522 FTT1007 FTT1441 hsIR rplF
capC FTT0523 FTT1010 FTT1492 htpG rpIL
csp FTT0527 FTT1040 FTT1502 htpX rpIV
cspC FTT0539 FTT1045 FTT1511 htrB rpmB
cydA FTT0550 FTT1051 FTT1513 infB rpmG
cyoD FTT0554 FTT1052 FTT1514 IpnB rpmH
dacB1 FTT0596 FTT1064 FTT1519 IpxH rpoB
dnaA FTT0599 FTT1066 FTT1525 ISFtuI rpoC
dsbB FTT0603 FTT1069 FTT1557 ISFtu2 rpsF
fadB/acbP FTT0611 FTT1071 FTT1566 ispA rpsQ
folE FTT0622 FTT1072 FTT1576 ispF secB1
folK FTT0628 FTT1083 FTT1583 kbl secB2
FTT0003C FTT0645 FTT1102 FTT1624 kdsB secD
FTT0024 FTT0647 FTT1113 FTT1633 lepB secE
FTT0028 FTT0660 FTT1135 FTT1640 lolA smpB
FTT0069 FTT0665 FTT1159 FTT1645 lolB sohB
FTT0083 FTT0685 FTT1166 FTT1655 maeA speH
FTT0101 FTT0745 FTT1167 FTT1659 manC sun
FTT0135 FTT0755 FTT1184 FTT1686 minE tdk
FTT0155 FTT0761 FTT1195 FTT1690 mltA thrA
FTT0161 FTT0767 FTT1198 FTT1691 mpl tolC
FTT0165 FTT0768 FTT1207 FTT1723 napH tpiA
FTT0166 FTT0786 FTT1209 FTT1729 nuoJ treA
FTT0177 FTT0795 FTT1219 FTT1747 nusB trpS
FTT0180 FTT0828 FTT1272 FTT1757 olmA wbtH
FTT0200 FTT0843 FTT1282 FTT1770 oppF wbtl
FTT0201 FTT0844 FTT1284 FTT1791 pdpD XerD?
FTT0237 FTT0853 FTT1308 fumC pdxY xthA
FTT0241 FTT0864 FTT1320 gatB phnA ybhR
FTT0248 FTT0878 FTT1333 Qcp potH yfhQ
FTT0264 FTT0919 FTT1334 gcvH prfC yhiP
FTT0268 FTT0930 FTT1343 ggt proS yidC
FTT0289 FTT0931 FTT1347 gidB purH yjjK
FTT0308 FTT0933 FTT1348 glnA pyrB
FTT0359 FTT0944 FTT1350 guaA rep
FTT0361 FTT0949 FTT1355 hemN res
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Appendix 1.7 RD observed in F. tularensis subsp. holarctica, FSC358.

Gene ID Gene ID Gene ID Gene ID
acnA FTT0596 FTT1234 ISFtuI
alaS FTT0604 FTT1240 IspA
aroG FTT0611 FTT1242 kdpA
aspC2 FTT0612 FTT1272 igt
atpF FTT0619 FTT1277 lipA
atpH FTT0628 FTT1308 maeA
bioF FTT0665 FTT1334 manC
dpP FTT0677 FTT1342 mdaB
cutC FTT0732 FTT1361 moxR
cyoC FTT0748 FTT1384 napH
cysC FTT0843 FTT1388 nrdA
dedA2 FTT0844 FTT1402 nupC
dpt FTT0845 FTT1422 oppF
dnaA FTT0890 FTT1426 ostA1
dnaB FTT0898 FTT1492 pdpD
dnaG FTT0921 FTT1504 pgsA
dnaX FTT0928 FTT1546 phoH
fadA FTT0961 FTT1565 priA
folK FTT0974 FTT1576 recX
FTT0012 FTT0978 FTT1580 res
FTT0024 FTT0982 FTT1651 rim1
FTT0057 FTT0985 FTT1655 rne
FTT0177 FTT1001 FTT1658 rnhB
FTT0200 FTT1012 FTT1659 rpIO
FTT0237 FTT1030 FTT1694 rplY
FTT0242 FTT1043 FTT1763 rpoA1
FTT0244 FTT1051 FTT1764 serA
FTT0248 FTT1055 FTT1770 talA
FTT0276 FTT1066 FTT1791 thrA
FTT0294 FTT1068 galP1 tmk
FTT0359 FTT1069 gidA trpG
FTT0443 FTT1070 gipQ trpR
FTT0446 FTT1071 greA ubiA
FTT0507 FTT1072 hemA wbtD
FTT0522 FTT1073 hemD wbtH
FTT0524 FTT1126 hemN wbtJ
FTT0550 FTT1203 holB xthA
FTT0552 FTT1207 iciA yajR
FTT0558 FTT1219 ilvE ybhR

yqaB
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Appendix 1.8 RD observed in F. tularensis subsp. holarctica, FSC124.

Gene ID Gene ID Gene ID Gene ID
16s
rRNA FTT0737 FTT1242 hfIX
acpA FTT0794 FTT1252 hfq
atpH FTT0851 FTT1277 kdpC
cysC FTT0898 FTT1308 maeA
dinP FTT0902 FTT1334 moxR
dnaB FTT0961 FTT1400 oppF
dnaG FTT0982 FTT1426 ostA1
frr FTT0996 FTT1443 panC
FTT0156 FTT1043 FTT1536 pilC
FTT0230 FTT1066 FTT1580 ppx
FTT0241 FTT1068 FTT1582 prfC
FTT0242 FTT1069 FTT1583 res
FTT0244 FTT1070 FTT1684 rne
FTT0433 FTT1071 FTT1791 sdhC
FTT0446 FTT1072 ftsQ tmk
FTT0552 FTT1073 gidA trpG1
FTT0576 FTT1174 glyQ xthA
FTT0611 FTT1203 gpml yhiP
FTT0719 FTT1209 grxB

Appendix 1.9 RD observed in F. tularensis subsp. holarctica, FSC257.

Gene ID Gene ID
bioF FTT1308
fabZ FTT1361
FTT0446 FTT1580
FTT0552 FTT1659
FTT0576 FTT1791
FTT0961 ftsA
FTT0982 mdaB
FTT1066 napH
FTT1068 panD
FTT1069 pdpD
FTT1070 purH
FTT1071 puril
FTT1073 sdhC
FTT1242 xthA
FTT1302
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Appendix 2 GenProtEC Classifications

1 metabolism
1.1 carbon utilization

1.1.1 carbon compounds
1.1.2 fatty acids
1.1.3 amino acids
1.1.4 amines
1.1.5 other compounds

1.2 macromolecule degradation
1.2.1 RNA “  —  —
1.2.2 DNA
1.2.3 proteins/peptides/glycopeptides
1.2.4 polysaccharides

1.3 energy metabolism, carbon
1.3.1 glycolysis
1.3.2 pentose phosphate shunt, oxidative branch
1.3.3 pyruvate dehydrogenase
1.3.4 tricarboxylic acid cycle
1.3.5 fermentation
1.3.6 aerobic respiration
1.3.7 anaerobic respiration
1.3.8 ATP proton motive force interconversion
1.3.9 Entner-Doudoroff pathway

1.4 energy production/transport
1.4.1 electron donor
1.4.2 electron acceptor
1.4.3 electron carrier

1.5 building block biosynthesis
1.5.1 amino acids

1.5.1.1 glutamate
1.5.1.10 glycine
1.5.1.11 serine
1.5.1.12 cysteine
1.5.1.13 phenylalanine
1.5.1.14 tyrosine
1.5.1.15 tryptophan
1.5.1.16 histidine
1.5.1.17 alanine
1.5.1.18 isoleucine/valine
1.5.1.19 leucine
1.5.1.2 glutamine
1.5.1.20 chorismate
1.5.1.21 homoserine
1.5.1.3 arginine
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1.5.1.4 proline
1.5.1.5 aspartate
1.5.1.6 asparagine
1.5.1.7 lysine, diaminopimelate
1.5.1.8 threonine
1.5.1.9 methionine

1.5.2 nucleotide
1.5.2.1 purine biosynthesis
1.5.2.2 pyrimidine biosynthesis
1.5.2.3 purine ribonucleotide biosynthesis
1.5.2.4 pyrimidine ribonucleotide biosynthesis

1.5.3 cofactor, small molecule carrier
1.5.3.1 biotin
1.5.3.10 glutathione
1.5.3.11 menaquinone, ubiquinone
1.5.3.12 heme, porphyrine
1.5.3.13 cobalamin (Vitamin B12)
1.5.3.14 enterochelin (enterobactin)
1.5.3.2 folic acid
1.5.3.3 lipoate
1.5.3.4 molybdenum
1.5.3.5 Coenzyme A
1.5.3.6 pyridoxine (vitamin B6)
1.5.3.7 nicotinamide adenine dinucleotide
1.5.3.8 thiamin
1.5.3.9 riboflavin (Vitamin B2), FAD, FMN

1.5.4 fatty acid and phosphatidic acid
1.6 macromolecules (cellular constituent) biosynthesis

1.6.1 phospholipid
1.6.10 lipoprotein
1.6.11 glycoprotein
1.6.12 flagella
1.6.13 fimbria, pili
1.6.15 large molecule carriers

1.6.15.1 cytochromes
1.6.15.2 thioredoxin, glutaredoxin
1.6.15.3 biotin carboxyl carrier protein
1.6.15.4 acyl carrier protein

1.6.2 colanic acid (M antigen)
1.6.3 lipopolysaccharide

1.6.3.1 O antigen
1.6.3.2 core region
1.6.3.3 lipid A
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1.6.4 enterobacterial common antigen (surface glycolipid)
1.6.5 K antigen
1.6.6 osmoreguiated periplasmic glucan
1.6.7 peptidoglycan (murein)
1.6.9 cytoplasmic polysaccharides

1.7 central intermediary metabolism
1.7.1 unassigned reversible reactions
1.7.10 sugar nucleotide biosynthesis, conversions
1.7.12 amino sugar conversions
1.7.13 amino acid conversion
1.7.14 polyamine biosynthesis
1.7.15 2'-deoxyribonucleotide metabolism
1.7.17 formyl-tetrahydrofolate biosynthesis
1.7.18 betaine biosynthesis
1.7.19 incorporation of metal ions
1.7.2 glyoxylate bypass
1.7.20 S-adenosyl methionine biosynthesis
1.7.21 glyoxylate degradation
1.7.22 carnitine metabolism
1.7.23 methylglyoxal metabolism
1.7.24 cyanate catabolism
1.7.25 glycolate metabolism
1.7.26 allantoin assimilation
1.7.27 pyridoxal 5'-phosphate salvage
1.7.28 pyruvate oxidation
1.7.29 acetate catabolism
1.7.3 pentose phosphate shunt, non-oxidative branch
1.7.30 threonine catabolism
1.7.31 aminobutyrate catabolism
1.7.32 putrescine catabolism
1.7.33 nucleotide and nucleoside conversions
1.7.34 peptidoglycan (murein) turnover, recycling
1.7.6 glycerol metabolism
1.7.7 galactose metabolism
1.7.8 gluconeogenesis
1.7.9 glucose metabolism

1.8 metabolism of other compounds
1.8.1 phosphorous metabolism
1.8.2 sulfur metabolism
1.8.3 nitrogen metabolism 

2 information transfer
2.1 DNA related

2.1.1 DNA replication

280



Appendix 2 GenProtEC Classifications

2.1.2 DNA restriction/modification
2.1.3 DNA recombination
2.1.4 DNA repair
2.1.5 DNA degradation

2.2 RNA related
2.2.2 transcription related
2.2.3 RNA modification
2.2.4 RNA degradation

2 2 6 rRNA stab!e RNA ~~

2.2.7 antisense RNA
2.3 protein related

2.3.1 amino acid -activation
2.3.2 translation
2.3.3 posttranslational modification
2.3.4 chaperoning, folding
2.3.5 export, signal peptide cleavage
2.3.6 turnover, degradation
2.3.7 nucleoproteins, basic proteins
2.3.8 ribosomal proteins
2.3.9 non-ribosomal peptide synthetase 

3 regulation
3.1 type of regulation

3.1.1 DNA structure level
3.1.1.1 DNA bending, supercoiling, inversion
3.1.1.2 methylation

3.1.2 transcriptional level
3.1.2.1 sigma factors, anti-sigmafactors
3.1.2.2 activator
3.1.2.3 repressor
3.1.2.4 complex regulation

3.1.2.4.1 more than one signal needed
3.1.2.4.2 regulons or multilayer component regulatory systems
3.1.2.4.3 two component regulatory systems (external signal)
3.1.2.4.4 quorum sensing

3.1.2.5 action unknown
3.1.3 posttranscriptional

3.1.3.1 translation attenuation and efficiency
3.1.3.2 covalent modification, demodification, maturation
3.1.3.3 inhibition/activation of enzymes
3.1.3.4 proteases, cleavage of compounds
3.1.3.5 multilayer regulatory system
3.1.3.6 antisense RNA
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3.1.4 regulation level unknown
3.3 genetic unit regulated

3.3.1 operon
3.3.2 regulon
3.3.3 stimulon
3.3.4 global

3.4 trigger
3.5 trigger modulation 

4 transport
4.1 Channel-type Transporters

4.1.A alpha-type channels
4.1.A.1 The Voltage-gated Ion Channel (VIC) Superfamily
4.1.A.11 The Chloride Channel (CIC) Family
4.1.A.22 The Large Conductance Mechanosensitive Ion Channel (MscL) Family
4.1.A.23 The Small Conductance Mechanosensitive Ion Channel (MscS) Family
4.1.A.46 The H+- or Na+-translocating Bacterial Flagellar Motor (Mot) Family
4.1.A.8 The Major Intrinsic Protein (MIP) Family

4.1.B Beta barrel porins (The Outer Membrane Porin (OMP) Functional Superfamily)
4.1.B.1 The General Bacterial Porin (GBP) Family
4.1.B.10 The Nucleoside-specific Channel-forming Outer Membrane Porin (Tsx) Family
4.1.B.14 The Outer Membrane Receptor (OMR) Family
4.1.B.21 The OmpG Porin (OmpG) Family
4.1.B.3 The Sugar Porin (SP) Family
4.1 .B.9 The FadL Outer Membrane Protein (FadL) Family

4.2 Electrochemical potential driven transporters
4.2.A Porters (Uni-, Sym- and Antiporters)

4.2.A.1 The Major Facilitator Superfamily (MFS)
4.2.A.10 The 2-Keto-3-Deoxygluconate Transporter (KDGT) Family
4.2.A.13 The C4-Dicarboxylate Uptake (Dcu) Family
4.2.A.14 The Lactate Permease (LctP) Family
4.2.A.15 The Betaine/Carnitine/Choline Transporter (BCCT) Family
4.2.A.16 The Telurite-resistance/Dicarboxylate Transporter (TDT) Family
4.2.A.17 The Proton-dependent Oligopeptide Transporter (POT) Family
4.2.A.19 The Ca2+:Cation Antiporter (CaCA) Family
4.2.A.2 The Glycoside-Pentoside-Hexuronide (GPH).Cation Symporter Family
4.2.A.20 The Inorganic Phosphate Transporter (PiT) Family
4.2.A.21 The Solute:Sodium Symporter (SSS) Family
4.2.A.23 The Dicarboxylate/Amino Acid:Cation (Na+ or H+) Symporter (DAACS) Family
4.2.A.25 The Alanine/Glycine:Cation symporter (AGCS) Family
4.2.A.26 The Branched Chain Amino Acid:Cation Symporter (LIVCS) Family
4.2.A.27 The Glutamate: Na+ Symporter (GltS) Family
4.2.A.3 The Amino Acid-Polyamine-Choline (APC) Family
4.2.A.33 The NhaA Na+:H+ Antiporter (NhaA) Family
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4.2.A.34 The NhaB Na+:H+ Antiporter (NhaB) Family
4.2.A.36 The Monovalent Cation: Proton Antiporter-1 (CPA1) Family
4.2.A.37 The Monovalent Cation: Proton Antiporter-2 (CPA2) Family
4.2.A.38 The K+ Transporter (Trk) Family
4.2.A.39 The Nucleobase:Cation Symporter-1 (NCS1) Family
4.2.A.4 The Cation Diffusion Facilitator (CDF) Family
4.2.A.40 The Nucleobase:Cation Symporter-2 (NCS2) Family
4.2.A.41 The Concentrative Nucleoside Transporter (CNT) Family
4.2.A.42 The Hydroxy/Aromatic Amino Acid Permease (HAAAP) Family
4.2.A.44 The Formate-Nitrite Transporter (FNT) Family
4.2.A.45 The Metal Ion Transporter (MIT) Family
4.2.A.47 The Divalent Anion:Na+ Symporter (DASS) Family
4.2.A.49 The Ammonium Transporter (Amt) Family
4.2.A.53 The Sulfate Permease (SulP) Family
4.2.A.55 The Manganese (Nramp) Fam.
4.2.A.58 The Phosphate:Na+ Symporter (PNaS) Family
4.2.A.6 The Resistance-Nodulation-Cell Division (RND) Superfamily
4.2.A.61 The C4-dicarboxylate Uptake C (DcuC) Family
4.2.A.64 The Type V Secretory Pathway or Twin Arginine Targeting (Tat) Family
4.2.A.66 The Multi Antimicrobial Extrusion (MATE) Family
4.2.A.68 The p-Aminobenzoyl-glutamate Transporter (AbgT) Family
4.2.A.69 The Auxin Efflux Carrier (AEC) Family
4.2.A.7 The Drug/Metabolite Transporter (DMT) Superfamily
4.2.A.72 The K+ uptake permease (KUP) Family
4.2.A.75 The L-lysine exporter (LysE) Family
4.2.A.76 The Resistance to Homoserine/Threonine (RhtB) Family
4.2.A.8 The Gluconate:H+ Symporter (GntP) Family
4.2.A.9 The L-Rhamnose Transporter (RhaT) Family

4.2.C lon-gradient-driven energizers
4.2.C.1 TonB Family of Auxiliary Proteins for Energization of OMR-mediated Transport

4.3 Primary Active Transporters
4.3.A Pyrophosphate Bond (ATP; GTP; P2) Hydrolysis-driven Active Transporters

4.3.A.1 The ATP-binding Cassette (ABC) Superfamily + ABC-type Uptake Permeases
4.3.A.1.a ABC superfamily ATP binding cytoplasmic component
4.3.A.1.am ABC superfamily, ATP binding and membrane component
4.3.A.1.m ABC superfamily, membrane component
4.3.A.1 .p ABC superfamily, periplasmic binding component

4.3.A.2 The H+/Na+-translocating F-, V- and A-type ATPase (F-ATPase) Superfamily
4.3.A.3 The P-type ATPase (P-ATPase) Superfamily
4.3.A.4 The Arsenite-Antimonite (Ars) Efflux Family
4.3.A.5 The Type II (General) Secretory Pathway (MSP) Family

4.3.D Oxidoreduction-driven Active Transporters
4.3.D.1 The Proton- or sodium ion-translocating NADH Dehydrogenase (NDH) Family
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4.3.D.4 The Proton-translocating Cytochrome Oxidase (COX) Superfamily
4.4 Group Translocators

4.4.A Phosphotransferase Systems (PEP-dependent PTS)
4.4.A.1 The PTS Glucose-Glucoside (Glc) Family
4.4.A.2 The PTS Fructose-Mannitol (Fru) Family
4.4.A.3 The PTS Lactose-N,N'-Diacetylchitobiose-betaucoside (Lac) Family
4.4.A.4 The PTS Glucitol (Gut) Family
4.4.A.5 The PTS Galactitol (Gat) Family
4.4.A.6 The PTS Mannose-Fructose-Sorbose (Man) Family

4.8.A Accessory Factors Involved in Transport
4.8.A.1 The Membrane Fusion Protein (MFP) Family
4.8.A.3 MPA1 Family auxiliary transport protein
4.8.A.7 The Phosphotransferase System Enzyme I (El) Family
4.8.A.8 The Phosphotransferase System HPr (HPr) Family

4.9 Transporters of Unknown Classification
4.9.A recognized transporters of unknown biochemical mechanism

4.9.A.1 The Polysaccharide Transporter (PST) Family
4.9.A.13 The Short Chain Fatty Acid Transporter (scFAT) Family
4.9.A.16 The Septal DNA Translocator (SDT) Family
4.9.A.17 The Metal Ion Transporter (MIT) Family
4.9.A.4 The Nicotinamide Mononucleotide (NMN) Uptake Permease (PnuC) Family
4.9.A.8 The Ferrous Iron Uptake (FeoB) Family

4.9.B Putative uncharacterized transport protein
4.9.B.10 The 6TMS Putative MarC Transporter (MarC) Family
4.9.B.18 The SecDF-associated Single Transmembrane Protein (SSTP) Family
4.9.B.21 The Frataxin (Frataxin) Family
4.9.B.22 The Putative Permease (PerM) Family
4.9.B.24 The Testis-Enhanced Gene Transfer (TEGT) Family
4.9.B.25 The YbbM (YbbM) Family ~~ ™~
4 Q B 2? The YdjX_z (YdjX-Z) Family
4>9>B 28 The YqaE (YqgE) Famj|y - 

~~~ 4.9.B.29 The YebN (YebN) Family’ —
4.9.B.3 The Putative Bacterial Murein Precursor Exporter (MPE) Family

___ 4 9 B 3»j The YqiH (YqiH) Family ~~~~
4.9.B.32 The Putative Vectorial Glycosyl Polymerization (VGP) Family
4.9.B.4 The Putative Efflux Transporter (PET) Family
4.9.B.6 The Toxic Hok/Gef Protein (Hok/Gef) Family

4.5 substrate 
5 cell processes

5.1 cell division
5.10 defense/survivial
5.11 DNA uptake
5.2 cell cycle physiology
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5.3 motility (incl. chemotaxis, energytaxis, aerotaxis, redoxtaxis)
5.4 genetic exchange, recombination
5.5 adaptation to stress

5.5.1 osmotic pressure
5.5.2 temperature extremes
5.5.3 starvation response
5.5.4 pH response
5.5.5 dessication
5.5.6 other (mechanical, nutritional, oxidative stress)
5.5.7 Fe aquisition

5.6 protection
5.6.1 radiation
5.6.2 detoxification (xenobiotic metabolism)
5.6.3 cell killing
5.6.4 drug resistance/sensitivity

5.8 SOS response
6 cell structure

6.1 membrane
6.2 peptidoglycan (murein)
6.3 surface antigens (ECA, O antigen of LPS)
6.4 flagellum
6.5 pilus
6.6 ribosome
6.7 capsule (M and K antigens)

7 location of gene products
7.1 cytoplasm
7.2 periplasmic space
7.3 inner membrane
7.4 outer membrane
7.5 extracellular

8 extrachromosomal
8.1 prophage genes and phage related functions
8.2 plasmid related
8.3 transposon related
8.4 colicin related

9 DNA sites
10 cryptic genes
11 pathogenic related genes
12 Conserved Hypothetical
13 Hypothetical
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