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The BipA protein is a novel GTPase of the ribosome-binding GTPase superfamily that is highly
conserved in eubacterial and plants. Recent studies suggest that it regulates virulence-associated
processes in enteropathogenic Escherichia coli, raising the question of whether it has a more
general role in the pathogenesis of enteric bacteria. To address this issue, a bip4 null mutant of
Salmonella enteritidis has been constructed, validated, and characterised in in vitro and in vivo
assays.

In vitro, the mutant showed no significant growth defects but positively regulated the expression
of several surface appendages including SEF14, SEF17 and flagella. Consistent with the flagella
results, BipA also increased the cell motility of S. enteritidis. Conversely, BipA was shown to
negatively regulate the expression of SEF21 and another fimbrial system, possibly the plasmid
encoded fimbriae (PEF). Growth of the mutant in cultured macrophages was assessed using a
gentamicin resistance assay, where a decrease in its survival, relative to the parent strain, was
observed. Moreover, the mutant had an impaired response to oxidative stress.

In vivo studies were used to compare the invasion/colonisation characteristics of the bip4 null
mutant with those of the wild type parent strain. Using a one day old chick model, only a slight
reduction in the number of CFU for the mutant was found in the liver and spleen compared to the
wild type strain. However, studies with the mouse model of infection indicated that the bipA
mutant is not significantly attenuated relative to the parent strain.

Taken together, these results suggest that the BipA GTPase plays a more significant role in
survival within the environment than in the host.

Analysis of the genes downstream of bip4 uncovered a unique 5.8kb region found only in
specific Salmonella serovars. This region was found to have a lower GC content, compared to
that of the normal Salmonella chromosome, which suggested that it had been acquired by

horizontal gene transfer and hence might encoded pathogenicity-related components
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CHAPTER 1

1 Introduction

1.1 Salmonellae

Salmonella is a global pathogen and no population is spared. Members of the Salmonellae are
named after the pathologist D.E. Salmon who first isolated S. choleraesuis from porcine
intestine. Salmonellae belong to the family of Enterobacteriaceae and are gram-negative,
peritrichously flagellated and faculatively anaerobic bacilli. The Salmonella genus contains at
least 2,463 serotypes that are traditionally distinguished by the Kauffmann-White scheme
(Kaufmann, 1952) and each serotype has been given their own species name. However, with the
advent of DNA studies, Salmonella have now been reclassified as one species, S. enterica, that is
divided into six distinct subgroups (Popoff and Le Minor, 1992). Accordingly, S. enteritidis
should be referred to as S. enmferica serovar Enteritidis. It was however proposed that for
simplicity each Salmonella strain should be reported with its common serotype name (Euzeby,
1999). Salmonellae are widely dispersed in nature, being found in the gastrointestinal tracts of
domesticated and wild animals, reptiles, birds and insects. They are effective commensals, as

well as being pathogens that cause a spectrum of diseases in man and animals (Farmer and

Kelly, 1991).

1.1.1 Salmonella serotypes and host range diversity

Salmonella serotypes can be classified according to their adaptation to human and animal hosts.
Salmonella typhi and Salmonella paratyphi cause enteric fever in humans and higher primates
only and have no other known hosts. Salmonella dublin and Salmonella choleraesuis cause
systemic infection and gastroenteritis in calves and swine respectively. Salmonella gallinarum

and Salmonella pullorum cause systemic disease in avian hosts. Species such as Salmonella

1



enteritidis and Salmonella typhimurium are able to cause disease in a wide range of animals and
infection in humans can lead to gastroenteritis (Isaacson, 1998). S. fyphimurium infection in
mice, which mimics the systemic diseases caused by S. #yphi in humans, is used as a model of
systemic Salmonella infections as well as a general model system to study host-pathogen
interaction at the molecular level. S. enteritidis is the subject of this thesis and will be discussed
in more detail in the next section. Regardless of the symptoms it is thought that all types of

Salmonella need to enter and survive within host cells in order to provoke disease (Slauch et al.,

1997).

1.1.2 Salmonella enteritidis — economic cost and control

In the last 20 years S. enteritidis has become the single most common cause of food poisoning in
the UK and abroad (Baumler er al., 2000). S. enteritidis is particularly adept at infecting and
persisting within chicken flocks without causing visible disease and as a result detection and
treatment are made difficult. S. ewnteritidis is therefore most commonly found in chicken
carcasses, eggs and egg products. Government and public concerns about the increase in S.
enteritidis Salmonellosis initiated investigations into both the causes and economic costs of these
infections. It has been suggested that the recent increase in the rise of S. enteritidis infections
may be the result of modern poultry farming practices. The mass production chicken farms allow
the rapid spread of sub-clinical Sa/monella infections (Pignato et al., 1996). The cost of human
Salmonellosis in England and Wales is ambiguous as it is thought that only 1 in 100 cases are
reported. However, a conservative estimate for the cost of S. enteritidis infections in 1993 was

suggested to be between £224 and £321 million (Roberts and Sockett, 1994).

The control of Salmonella in poultry has been implemented using several different methods
including, antibiotic treatments, vaccination, and competitive exclusion. Antibiotic treatment is

one of the least attractive methods for controlling Salmonella infections due to its expense and



the alarming increase in the appearance of antibiotic-resistant bacteria. This developed resistance
is due to the increased use of antibiotics combined with the ability of the bacteria to develop
resistance although this resistance is thought to confer a cost on the bacteria. Consequently, one
strategy to reduce these resistant bacteria would be to decrease the use of these antibiotics which
would result in the counter-selection against these strains. However, studies carried out by
Bjorkman et al. (1998) indicate that this may not be the case as avirulent antibiotic-resistant
bacteria rapidly accumulated second-site compensatory mutations that restored virulence and
fitness without the loss of the resistance. This suggested that in an antibiotic free environment

these mutations will allow the resistant bacteria to survive and compete successfully with

sensitive strains (Bjorkman er al., 1998).

Several different vaccines have been used to provide farmed flocks with immunity to Salmonella
infection. Vaccination with live avirulent Salmonella can induce long-term protection against
colonisation and invasion of Salmonella within intestinal, visceral and reproductive tract tissues.
Also, colonisation of the yolk, albumen, and egg shells is prevented (Wilson ef al, 1990;
Cooper ef al., 1994a; Hassan and Curtiss, 1997). Vaccination is however not full proof because
at least 7-10 days are required for the stimulation of the acquired immune response and studies
have shown that chicks are most susceptible to Salmonella infection for up to four days post

hatch (Hinton et al.,, 1989; Humphrey ef al., 1991; Nakamura ef al., 1993).

Rantala and Nurmi (1973) found that it was possible protect young chicks from Salmonella
infection by the oral administration of caecal material derived from normal adult chickens.
Bacteria from the natural microflora are thought to competitively exclude Salmonella which
results in a reduction in the invasion of the bacteria. As a prevention of Salmonella infection

many farms now exploit this method of competitive exclusion.



1.1.3 Epidemiology and disease state of Salmonella infections

Salmonella serovars cause a broad spectrum of diseases which range from self-limiting
gastroenteritis to the more serious systemic disease typhoid fever. Recent estimates from the
World Health Organisation (WHO) suggest that the incidence of non-typhoidal Salmonellosis is
increasing worldwide. Serovars responsible for non-typhoidal disease account for approximately
1.3 billion incidences of acute gastroenteritis per year, and of these infections, approximately 3
million result in death (Pang ef al., 1995). In contrast, typhoid fever infections are decreasing

and approximately 16.6 million typhoid cases per year result in 600,00 deaths (Pang et al,

1995).

1.1.3.1 Gastroenteritis

Gastroenteritis due to Salmonella is often mild and self-limiting but can be severe and often fatal
in the young, the elderly and severely immunocompromised patients (Salyers and Whitt, 1994).
The most common source for a non-typhoidal infection in humans is through contaminated food
via the faecal/oral route. Surprisingly, as little as 10°-10° Salmonella need to be ingested to cause
an infection and symptoms normally appear within 6-24 hours and generally last up to 7 days.
They include fever chills, vomiting and nausea followed by abdominal cramps and diarrhoea
(fluid secretion). The mechanisms by which Salmonella causes diarrhoea are poorly understood.
However, Salmonella-induced fluid secretion is believed to be partly due to an influx of
polymorphonuclear cells (PMNs) into infected mucosa (Wallis er al., 1986). Wallis et al. (1989)
found that infections with bacterial strains that did not exhibit this fluid secretion failed to trigger
this influx. Cytotoxins and enterotoxins have also been shown to cause fluid accumulation in
vitro. S. typhimurium encodes a cholera-like enterotoxin gene, Stn, which elicited fluid secretion
when cloned into E. coli (Prasad et al., 1992). S. typhimurium also produces a cytotoxin, Cyx,

that has been liked to the induction of watery, sometimes bloody, diarrhoea (Reitmeyer et al.,



1986; Libby et al, 1990). Additionally, given the inflammatory nature of diarrhoea the

endotoxin, lipopolysaccharide (LPS), may contribute to diarrthoea (Finlay, 1994).

1.1.3.2 Typhoid fever

Typhoid fever and para-typhoid fever are severe systemic diseases caused by S. typhi and S.
paratyphi respectively. The disease is usually initiated due to contaminated food or water via the
faccal/oral route and generally as many as 10%-10° organisms are needed to cause infection in
healthy humans (Hornick et al. 1970). Symptoms of systemic disease normally include high
fever, a flushed appearance, anorexia and other symptoms such as chills, convulsions and
delirium can also occur. The infectious bacteria penetrate through to the intestine via the M cells
and Peyer’s patches (mechanism discussed in section 1.2.1) to the mesenteric nodes where they
are able to infect mononuclear cells such as neutrophils and macrophages (mechanism discussed
in section 1.2.3). After infection of the mesenteric lymph nodes they spread systemically,
infecting the spleen, liver and bloodstream in large numbers (Miller et al. 1995b). The
endotoxin activity of bacterial LPS can stimulate host cells to produce cytokines which results in
fever and shock. Observations carried out by Hornick et al. (1970) showed that healthy
volunteers injected with theses endotoxins produced symptoms of fever and abdominal pain
similar to those seen in a typhoidal infection. Finally, the bacteria progress from the liver into the
gall bladder and are shed into the intestine, where severe inflammation and ulceration of the

Peyer’s patches can result in death.

Salmonella is considered to be an important facultative intracellular pathogen and the

mechanism of pathogenesis is discussed below.

1.2 Salmonella as a pathogen
Interest in bacterial pathogenesis has increased dramatically in recent years due to the emergence

of new pathogens, antibiotic resistance and the lack of effective therapeutics. As a result,
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knowledge in this field has increased and research into pathogens such as Salmonella, Shigella,
Yersinia and Listeria have led the way in providing fresh insights into the molecular and cellular
mechanisms of microbial pathogenesis. It is now clear that many pathogens share common
mechanisms of interaction with the host, but each species has also evolved unique approaches to

exploit host processes (Finlay & Cossart, 1997).

Salmonella is an intracellular pathogen that has the capacity to adhere to and cross the intestinal

mucosal barrier, where it then invades and replicates within a restricted number of host cell types

(Isaacson, 1998).

1.2.1 Bacterial Adhesion and Invasion of Phagocytic cells

Once Salmonella have passed through the stomach and survived the gastric barrier they will
colonise the intestinal epithelial. The intestine provides several barriers to infection such as
competition from natural microflora, osmotic stress, low oxygen levels, bile salts, pancreatic
enzymes, secretory IgA antibodies and physical barriers including natural shedding of the gut
lining and peristalsis (Finlay, 1995). Not only must the bacteria overcome these defences it must

also be able to attach itself to the intestinal lining.

The precise site of entry for Salmonella is still controversial and appears to depend on the
Salmonella serovar and the host it is infecting (McGovern and Slavutin, 1979). In humans the
primary site of infection for non-typhoidal Sal/monellae is in the distal part of the small intestine
(Aleekseev et al, 1960). At this entry site the Salmonellae will preferentially adhere to and
invade specialised epithelial cells called M cells. M cells are found overlaying the lymphoid
tissues of the Peyer's patches. They are phagocytic cells responsible for the uptake of antigenic
components from the lumen and presenting them to the underlying cells of the immune system

(Siebers and Finlay, 1996).



The best understood mechanism of adherence to host cells is the attachment of proteinaceous
bacterial surface appendages known as fimbriae. Examination of the S. typhimurium genome
identified twelve chaperone-usher-dependent fimbrial operons (Edwards ef al., 2000). However,
only a few of these operons have been characterised and these include type 1 fimbriae (Collinson
et al, 1996b), long polar fimbriae (LPF) (Baumler and Heffron, 1995), plasmid encoded
fimbriae (PEF) (Friedrich er al, 1993), thin aggregative fimbriae (curli) (Sukupolvi ez al.,
1997), the putative fimbrial gene cluster, sqf (Folkesson et al, 1999) and the novel S.
typhimurium fimbrial operon stfACDEFG (Emmerth et al, 1999). Type 1 fimbriae (encoded by
fimAICDHF operon), which mediate mannose-sensitive agglutination of erythrocytes (Duguid ez
al,, 1966), are probably involved in the initial adherence. LPF (encoded by IpfABCDE operon)
mediate adherence to murine Peyer's patches (Baumler ef al., 1996) and PEF (encoded by
pefBACD operon on the 90 kb virulence plasmid) mediate adhesion to murine small intestine
(Baumler ef al., 1996). In contrast to E. coli, where the adhesive function of certain fimbriae to
enterocytes has been described, the specific role of fimbriae in Salmonella pathogenesis is poorly
defined (Dibb-Fuller ef al, 1999). It is not clear whether these determinants just facilitate

productive contact between the host and the bacteria or whether they play a direct role in

bacterial entry.

Upon interaction with host cells, Salmonella elicit membrane ruffles in the apical membranes of
M cells which results in the uptake of bacteria in membrane bound vesicles (Francis et al., 1993;
Jones et al., 1993). Invasion of M cells rapidly leads to cellular destruction and the bacterial
invasion of enterocytes or the dissemination of the bacteria into deeper tissues (Clark et al,
1994; Jones and Falkow, 1994b; Jensen ef al., 1998). Invasion and destruction of M cells is
essential in Salmonella virulence as mutants defective in these processes are avirulent (Kohbata

et al., 1986; Penheiter et al., 1997).



The systems involved in M cell adherence, invasion and destruction are complex and they
include the alternative sigma factor RpoS and the inv locus (encoded on Salmonella
Pathogenicity Island 1; SPI-1) (Clark et al, 1996; Nickerson and Curtiss, 1997; Clark et al.,
1998). Also, recent research has shown that that S. fyphimurium DNA adenine methylase (Dam)
mutants are attenuated for virulence and are defective in M cell invasion and destruction. Dam is
thought to play a role in the regulation of Type III secretion genes encoded on SPI-1 (Garcia-del
Portillo et al, 1999). In addition, the sly4 gene, originally identified as gene required for
virulence and survival in macrophages (Libby ez al., 1994), is essential in cytotoxic destruction
of M cells and the subsequent survival in the Peyer’s patches, but not in colonisation or invasion

(Daniels et al., 1996; Watson et al., 1999).

Once the bacteria have penetrated into deeper tissue they either replicate and establish a local
infection or are taken up by macrophages that carry the bacteria via the lymphatic system to the
liver and spleen to establish a systemic infection. The bacteria can also progress to the gall
bladder and from there are shed into the intestine, where inflammation and ulceration of the

Peyer's patches results in diarrhoea (Siebers and Finlay, 1996).

M cells are the most likely sites of entry for the bacteria because Salmonellae have developed the
ability to survive the onslaught of macrophages (Jones, 1997; Slauch et al, 1997). Invasion
genes encoded in SPI-1 are required for the invasion of M cells (Galan and Curtiss, 1989; Clark
et al, 1998). However, SPI-1-deficient S. typhimurium strains, when inoculated orally, are still
virulent in mice (Galan and Curtiss, 1989; Jones and Falkow, 1994a). This suggests that the
bacteria are able to disseminate from the gastrointestinal tract without invading M cells or
localising Peyer’s patches. Recent evidence suggests that Salmonella also use a second route to
penetrate across the intestinal barrier. Vazquez-Torres et al., (1999) proposed that the bacteria
are able to invade specific CD18-expressing phagocytes that reside in the gastrointestinal tract.

The transmigration of the phagocytes across normal tissue barriers allows the bacteria to be

8



transported through the gastrointestinal tract into the blood stream where they can be carried to

the liver and spleen (Vazquez-Torres ef al., 1999).

1.2.2 Bacterial Invasion of Non-Phagocytic cells

Salmonellae are also capable of inducing normal non-phagocytic epithelial cells to internalise
bacteria. This type of invasion is an important feature of its pathogenicity as it enables the
bacteria to reach deeper tissues where it can avoid host defence mechanisms. The entry
mechanisms are complex and involve an intimate interaction between the bacteria and the host
cell (Figure 1-1a). This interaction initiates a series of complex signal transduction processes that
result in actin rearrangement and polymerisation at the host cell membrane and an accumulation
of cytoskeletal proteins at the point of entry. These cytoskeletal rearrangements induce
membrane ruffling and macropinocytosis that ultimately result in the engulfment of the bacteria
in a membrane bound vacuole (Francis ef al, 1992) (Figure 1-1b & ¢). The membrane ruffling
is, however, transient as once the bacterium is engulfed the architecture of the epithelial cells
returns too normal (Francis ef al, 1992). Inside the vacuole the bacteria replicate and different
vacuoles may coalesce to form large spacious vacuoles carrying numerous bacteria (Figure
1-1d). The intracellular trafficking of these vacuoles differs from that of other internalised
particles as they appear to subvert the classical endocytic pathway (Garcia-del Portillo and
Finlay, 1995). However, very little is known about the mechanism of how Salmonella alters this
intracellular trafficking. Following trancytosis, Salmonella reach the basolateral surface of the

epithelial membrane where they enter the reticuloendothelial system and are taken up by

macrophages.



Figure 1-1  S. typhimurium interactions with polarized human intestinal epithelial cells

a. Bacterial adherence to microvilli on the apical surface. b. Engulfment and internalization of
the bacterium. c. Bacteria inside vacuoles within the epithelial cell (1 hr post infection). d.
Vacuoles containing bacteria coalesce and the bacteria multiply within the vacuole (12 hrs post
infection). e. Release of the organisms occurs (24 hrs post infection). The bar represents 1 pm.

(Picture obtained from Finley et al., 1991)
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1.2.3 Macrophage survival

Once the bacteria have crossed the epithelial barrier they will encounter macrophages that line
the lymph nodes; these macrophages are the first effective barrier to prevent further spread.
Salmonella must be able to survive within these macrophages to cause systemic disease as
mutants defective in intracellular survival are avirulent in the mouse model of infection (Fields et
al., 1986). Macrophages possess both oxygen-dependent and -independent killing mechanisms
to kill internalised bacteria. The primary oxygen-dependent mechanisms include the production
of toxic oxygen molecules such as superoxide, hydrogen peroxide, and hydroxyl radicals within
the phagosome. The oxygen-independent mechanisms include the acidification of the
phagosome, the secretion of digestive enzymes and antibacterial cationic proteins within the

phagosome (Beaman and Beaman, 1984; Elsbach and Weiss, 1985).

The internalisation of Salmonella into macrophages occurs either by conventional phagocytosis
or by macropinocytosis. Phagocytosis leads to the bacteria being engulfed by the membrane and
the formation of a tightly adherent phagosome (Finlay and Falkow, 1997), whereas
macropinocytosis is characterised by the formation of membrane ruffles leading to the
engulfment of the bacteria in spacious phagosomes (Alpuche-Aranda et al, 1994). Once the
bacteria are enclosed within the phagosomes the environment within these vacuoles becomes
progressively acidic. It has been reported that Salmonella can significantly delay the
acidification of the phagosome (Alpuche ef al., 1992). Also following engulfment the bacteria
are normally exposed to toxic enzymes that are released when the lysosome fuses with the
phagosome. Research has shown that Salmonella are able to inhibit this phagosome-lysosome
fusion (Buchmeier and Heffron, 1991). Additionally, recent studies have shown that the bacteria
are able to avoid exposure to the NADPH oxidase-dependent respiratory burst (discussed in

section 1.3.4) as SPI-2 interferes with the trafficking of the oxidase-containing vesicles to the
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phagosome (Vazquez-Torres et al, 2000). It follows therefore that all these properties may

contribute to the survival of Salmonellae within macrophages and in virulence.

The ability of the bacteria to adapt to and/or modify the phagosome is controlled by the two
component regulatory locus, phoP/phoQ (Miller et al, 1989b). PhoQ is a transmembrane
protein that senses changes in the external environment and exhibits histidine kinase activity.
When Salmonellae are engulfed by macrophages PhoQ senses the low Mg®' and Ca**
concentrations within the phagosome and subsequently autophosphorylates via a histidine kinase
activity (Garcia et al., 1996). The phosphate group is subsequently transferred to an Asp residue
on PhoP and phosphorylated PhoP acts as a transcriptional activator (Groisman et al, 1989;
Volz, 1993) that positively and negatively regulates a subset of virulence genes, pags (phoPQ-
activated genes) and prgs (phoPQ-repressed genes) (Miller ef al., 1989b). Miller and Mekalanos
(1990a) reported that both constitutive and null mutants of the pkoP regulon were attenuated for
virulence and survival within macrophages. This suggested that a balanced expression of the
phoPQ-activated and -repressed genes is needed for bacterial survival and propagation within the

macrophage (Miller and Mekalanos, 1990a).

The phoP/phoQ locus is also involved in resistance to host antimicrobial peptides, regulation of
the ATR and invasion through the host cell membrane (Fields et al, 1989; Groisman et al.,

1992a; Behlau and Miller, 1993; Bearson et al.,, 1998).

Several host cell responses and transduction pathways are triggered following Salmonella

adhesion and invasion. These are discussed in more detail below.

1.2.4 Mucosal Immune Responses to Salmonella Invasion

One of the hallmarks of nontyphoidal Salmonella infections is the massive influx of neutrophils
(polymorphonuclear leukocytes, PMNs) in both the large and small intestines that cause an
inflammatory response that leads to symptoms of gastroenteritis (McCormick er al, 1995).

12



Studies indicate that when the bacteria make intimate contact with the host a series of signal
transductions are initiated which results in the secretion of cytokines from epithelial cells
(McCormick et al, 1993). These cytokines are thought to play an important role in the
recruitment and trafficking of PMNs across intestinal epithelial cells to the site of bacterial
infection (Miller and O'Byrne, 1995a). When bacterial contact is made the pro-inflammatory
cytokine interleukin-8 (IL-8) is expressed at the basolateral surface of the epithelial cells and
directs PMN migration through the lamina propria (Hobbie er al, 1997). In contrast, the
pathogen-elicited epithelial chemoattractant (PEEC) is expressed from the apical cell surface and
directs PMN migration across the epithelial monolayer to the intestinal lumen (McCormick et
al, 1998). Even though the precise details of this mechanism are poorly understood it is thought
that adherence to host epithelial cells and subsequent protein synthesis in both bacterial and
epithelial cells is required to produce this phenomenon (McCormick ef al., 1993; McCormick et
al, 1995) . However, Salmonella invasion does not play a key role in this trafficking as

blocking Salmonella invasion does not reduce PMN migration (Gewirtz ef al., 1999).

1.2.5 Transduction Pathways Triggered by Bacterial Adhesion and Invasion
A number of studies have shown that the host cell plays a role in Salmonella internalization as
addition of specific actin microfilament polymerization inhibitors, Cytochalasins B and D,
prevent the formation of membrane ruffles and the subsequent invasion. This suggests that an
intact host cell cytoskeleton is needed for bacterial internalization (Bukholm, 1984). These host
cell responses are likely to be the result of signal transduction triggered by Salmonellae when

they adhere to the epithelial cells (Eckmann ef al., 1993).

In cultured epithelial cells S. typhimurium adhesion has been shown to trigger an increase in
intracellular Ca**. Calcium ions activate a number of actin-binding proteins that are involved in

the disassembly of actin filaments (Stossel, 1993). Therefore, an increase in calcium ions would
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result in the increase of free actin monomers available for use in the assembly of new
cytoskeletal structures. Strains containing mutations in invasion genes no longer show the Ca*"
flux or actin rearrangements (Pace ef al., 1993). Ruschkowski er al. (1992) found that invasion
of S. typhimurium was coupled with an increase in inositol phosphate and that addition of
chelators of intracellular Ca®*, but not extracellular Ca®*, inhibited S. fyphimurium invasion.
These results suggested that bacterial uptake is facilitated by S. typhimurium activation of host
cell phospholipase C activity to form inositol phosphate which subsequently stimulates the

release of intracellular calcium stores (Ruschkowski ef al., 1992).

Although the understanding of the signalling events that control cytoskeletal rearrangements and
Ca’* flux is incomplete, Salmonellae do have similarities to other bacteria that elicit both the
cytoskeletal reorganisation and induction of gene expression. Central to this regulation are the
small GTPases, Rac, Rho, and Cdc42 (Nobes and Hall, 1999) that regulate actin-based structures
involved in cell motility, cytokinesis, phagocytosis and intracellular transport processes (Finlay
& Falkow, 1997). Salmonella entry appears to be Cdc42-dependent (Chen et al., 1996) but Rac-

and Rho-independent (Jones et al., 1993).

1.2.6 Genetic Bases of Salmonella Entry

The molecular genetic bases of Salmonella invasion are very complex and involve many
different genes from different loci. There are at least five main loci that are responsible for the
expression of most of the determinants involved in Salmonella pathogenicity. These virulence

gene clusters are referred to as pathogenicity islands, with each island assigned a SPI designation

(Salmonella Pathogenicity Island).

1.2.6.1 SPI-1
SPI-1 (~ 40 kb) is located at 63 min on the Salmonella chromosome (Mills et al., 1995). Most of

the genes in SPI-1 encode a type III secretion system that is involved in protein secretion and
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invasion of intestinal M cells and epithelial cells (Collazo and Galan, 1997). Type III secretion
systems enable effector proteins to be translocated across the inner and outer membranes of the

bacterium into the target host cell (Gauthier and Finlay, 1998; Hueck, 1998).

In vitro experiments show that SPI-1 is essential for S. typhimurium invasion of the intestinal
epithelial cells and the lysis of macrophages. In vivo, SPI-1 mutants are not attenuated when
inoculated intraperitoneally and are only moderately attenuated when administered orally (Galan
and Curtiss, 1989; Jones and Falkow, 1994a) . This suggests that SPI-1 is primarily involved
with the intestinal stage of the disease, which may include the initial killing of the first
macrophages encountered after penetration of the epithelium. The ability of SPI-1 deficient
strains being able to cause systemic infection without invading M cells, or localising Peyer's
patches, may now be explained by the alternative route of invasion of Salmornella through the

CD18-expressing phagocytes (Vazquez-Torres et al,, 1999).

1.2.6.2 SPI"Z
SPI-2 (~ 25 kb) is located at 31 min on the Salmonella chromosome and encodes a second type
IIT secretion system. This secretion system is required for intramacrophage survival and seems to

play an auxiliary role in the development of systemic disease (Ochman ef al, 1996; Shea ef al.,

1996).

In contrast to SPI-1, SPI-2 mutants are dramatically attenuated when administered systemically
or orally. The SPI-2 mutants colonise the Peyer’s patches, but are unable to spread to the
mesenteric lymph nodes, liver or spleen (Cirillo ef al, 1998). Similarly, in vitro experiments
show that within macrophages SPI-2 mutants fail to replicate to the same extent as wild type
strains (Cirillo et al, 1998; Hensel et al, 1998) . These experiments suggested that SPI-2 is

necessary during the systemic phase of the disease.
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1.2.6.3 SPI-3

SPI-3 (~ 17 kb) is located at 82 min on the Sa/monella chromosome and encodes a high-affinity
Mg*" uptake system that may be required for survival within macrophage phagosomes (Blank-
Potard & Groisman, 1997). The island encodes two genes, mgrCB, which are required for
intramacrophage survival and virulence in mice (Blanc-Potard and Groisman, 1997; Blanc-
Potard et al, 1999). The transport of magnesium at low Mg’ conditions within the macrophage
is carried out by these encoded proteins, although their function as Mg”* transporters is still
controversial (Moncrief and Maguire, 1998; Smith et al, 1998). These genes form an operon

that is regulated by the two-component regulatory system PhoP/Q (Soncini et al, 1996).

1.2.6.4 SP1-4

SPI-4 (~27 kb) is located at 92 min on the Salmonella chromosome and is thought to be
involved with survival in murine macrophages and toxin secretion (Wong et al., 1998).
Consistent with this are reports that show several Salmonella serovars are cytotoxic to
macrophages (Chen et al., 1996; Guilloteau et al., 1996; Lindgren et al, 1996; Monack er al.,
1996). It has been proposed that SPI-4 is involved in the secretion of a cytotoxin that causes
apoptosis of S. typhimurium infected macrophages (Wong et al., 1998). Previous work carried
out by Baumler and co-workers (1994) identified a S. typhimurium locus involved in survival
within macrophages and this locus maps within SPI-4 (Baumler et a/., 1994). The main function

of SPI-4 remains to be determined.

1.2.6.5 SPI- 5

SPI-5 (~ 7.5 kb) is located at 20 min on the Salmonella chromosome and is thought to contribute
to enteric but not to systemic Salmonellosis as it encodes proteins required for recruitment of
neutrophils and fluid secretion (Wood et al, 1998). Mutations in proteins encoded by SPI-5, for

example, PipA (pathogenicity island encoded protein), PipB, PipD or SopB (Salmonella outer
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protein) display a marked attenuation in secretory responses in a bovine ligated ileal loop model
of enteritis, but have minimal effect on the systemic disease of Salmonella (Wood et al., 1998).
It is thought that the secreted effector protein, SopB, is translocated into the host where it causes

an inflammatory response and fluid secretion in infected ileal mucosa (Galyov et al., 1997a).

1.3 Stresses encountered by Salmonella
Salmonella infections are initiated when the bacteria are ingested by a suitable host via
contaminated food or water. To survive and cause disease, Sa/monellae must express a variety of

gene products to adapt to environments inside and out of the host.

Outside the host the bacteria are often present in water at low temperatures, low osmotic
strengths, neutral pH and low concentrations of organic nutrients. Inside the host the organisms
are faced with the acidic environment of the stomach, intestinal bile salts, low oxygen levels, low
iron levels, abundant organic nutrients and competition with resident microflora for nutrients and
space. The bacteria are also engulfed by macrophages where they encounter low pH, nutrient

limitations, and various antimicrobial peptides. Several of these stresses will be considered

individually below.

1.3.1 Starvation stress response

One of the most common stresses encountered by Salmonella is starvation for phosphate, carbon
and nitrogen sources (Harder and Dijkhuizen, 1983). In response to this starvation Salmonella
undergo several genetic and physiological changes as a result of the starvation stress response
(SSR). Mud-directed lac operon fusions identified eight starvation-inducible loci (stiA-H) that
were transcriptionally regulated by nutrient starvation conditions (Spector et al, 1988). The
regulation of these loci are very complex and involve the alternative sigma factor ¢ (also
known as c®) and the cyclic AMP receptor protein (CRP) (Lange and Hengge-Aronis, 1991;

Spector and Cubitt, 1992; O'Byrne and Dorman, 1994). CRP negatively regulates the genes stid,
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stiC and stiD and is cAMP dependent, whereas the CRP-mediated negative control of s#iB is
cAMP independent. This suggests that CRP acts alone, or with a signal molecule other than
cAMP, to cause repression of the stiB locus (Spector and Cubitt, 1992). The c*alternative sigma

factor positively regulates stid, and stiC, but negatively regulates stiB (Fang et al., 1992).

1.3.2 Iron stress

Salmonella require iron for their growth, and this requirement is no less stringent when the
bacteria are within the host. However, the host sequesters much of the free iron as it is tightly
bound by high-affinity, iron-binding, glycoproteins such as lactoferrin and transferrin (Otto et
al., 1992). Moreover, in response to infection, cytokines within the host mediate an increase in
transferrin that further limits the availability of iron (Beutler and Cerami, 1987). As well as
surviving iron-limitations in the host, Sa/lmonella must also survive in nature where most of the

iron is not freely available, as it is insoluble at neutral or alkaline pH in the form of ferric

hydroxide.

In response to iron stress the bacteria secrete high-affinity iron chelators, known as siderophores,
to scavenge iron from the host (Aznar ef al, 1989). These compounds are able to bind iron with
an even higher affinity than host iron-binding proteins and can therefore effectively compete
with transferrin and lactoferrin. Siderophores are also able to solubilize iron from mineral
complexes in the environment (Neilands, 1981). S. fyphimurium utilise a catechol type of
siderophore, enterobactin (enterochelin), which is synthesised from proteins encoded on the ent
gene cluster. Enterochelin is secreted into the environment where it binds to iron forming a
ferric-enterochelin complex that is transported back into the cell. The internalised ferric-
enterochelin complex is then cleaved to release the iron molecule inside the bacteria (Braun et
al., 1991). The outer membrane pores are not large enough for the complex to diffuse through,

so a series of proteins, Fep A-G, TonB, ExbB, and ExbD are required for transport (Bell et al.,
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1990; Braun et al.,, 1991). TonB connects the outer and inner membrane and the proteins ExbB
and D bind to form a complex with TonB (Skare and Postle, 1991). TonB also interacts with the
outer membrane receptor FepA to form a gated pore to allow translocation of the complex. The
periplasmic protein, FepB, passes the complex to the inner membrane proteins FepGDC where

the iron is cleaved by enterochelin esterase (Raupach et al., 1999)

The regulation of iron uptake (Fe(ll)) is mediated by a DNA-binding protein known as Fur
(Ferric uptake regulator). Fur is considered to be a negative regulator that senses an increase in
intracellular iron and as a result represses the genes involved in iron uptake (Hantke, 1987). The
Fur protein uses ionic Fe(ll) as a corepressor and binds to a specific DNA sequence (the Fur
box) located in the promoter region of the iron acquisition genes to repress their transcription

(Hantke, 1982; Bagg and Neilands, 1987).

1.3.3 Acid-Tolerance Response

During its life cycle, Salmonella is exposed to a variety of acidic conditions in the environment
(pond water, acid rain, faecal matter, and decaying organic matter), during the infection process
(extreme low pH in the stomach, volatile fatty acids present in the intestine and faeces) and in

the phagocytic vesicle of the macrophage (Lin ef al., 1995; Bearson et al., 1997; Jones, 1997).

Survival within these acidic environments requires the adaptive acid tolerance response (ATR),
which is characterized by the induction of several Salmonella proteins upon exposure to mildly
acidic conditions. These induced proteins protect the bacterium from death under severe acid
challenge. The ATR response was first discovered when it was found that S. typhimurium had
the ability to survive extreme low pH (pH 3.0 to 4.0) if first adapted to mild pH (pH 5.5 to 6.0)
(Foster and Hall, 1990). Studies have shown that when the pH drops below about 4.3 Salmonella
synthesise an array of at least 67 new Acid Shock Proteins (ASP) that are involved in both log-

phase and stationary-phase systems (Foster, 1991; Foster, 1993).
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The regulatory genes involved in log-phase acid tolerance include o°, (encoding an alternative

sigma factor), fur (encoding the major iron regulator) and phoPQ, (encoding the two-component

regulatory system) (Loewen and Hengge-Aronis, 1994; Hall and Foster, 1996; Hengge-Aronis,
1996; Bearson ef al, 1997; Bearson ef al, 1998). The stationary-phase ATR also exhibits o'
dependent or, -independent systems (Lee et al., 1994; Lee et al., 1995). Very little is known
about the regulation of the c’-independent system except recent studies have shown that the
regulatory gene, ompR, is involved in the stationary-phase ATR (Bang et al., 2000).

Induction of acid tolerance provides cross-protection to heat, oxidative stress, and osmotic stress.
However, none of these stresses induce acid tolerance (Lee et al., 1995; Leyer and Johnson,

1997)

1.3.4 The oxidative-stress response

Oxidative stress occurs when pathogenic bacteria encounter elevated levels of reactive oxygen
species such as superoxide anions (O*), hydroxyl radicals (OH") and hydrogen peroxide (H,O,).
These reactive species can occur as a by-product of normal aerobic metabolism (Fridovich,
1983) or are generated by redox-cycling compounds (e.g. paraquat or quinones). Redox-cycling
agents catalyse the flow of reducing equivalents to oxygen which divert electrons unproductively
to oxygen within the cell (Kappus and Sies, 1981). Oxygen is also converted to potent cytotoxic
oxidants during the phagocytic respiratory burst (Parkinson and Gabig, 1988; Babior, 1992; De

Groote et al., 1997):

Superoxide formation

NADPH + 20, = 20, + H" + NADP" (in presence of NADPH oxidase)

Hydrogen peroxide formation

205"+ H' — H,0,+ 0, (in presence of superoxide dismutase)
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Hypochlorous acid formation

H,0,+ Cl' — HOCl + OH  (in presence of myeloperoxidase)

Hydroxyl radical formation

20,+ H,0,—» OH + OH + 0O,

The toxic effects of oxidative stress lead to DNA, protein and membrane damage. In Salmonella
two regulons have been recognised to be involved in the adaptive resistance to oxidative stress.
The oxyR gene mediates the response to increased levels of hydrogen peroxide whereas the two-

gene locus soxRS mediates the response to increased levels of superoxide (reviewed in Demple,

1991).

1.3.5 Heat-shock response

When the bacterial cells are exposed to temperatures above optimal growth several heat shock
proteins (HSPs) are expressed. A phenomenon, known as thermotolerance has been
demonstrated in S. fyphimurium. Exposing cells to a primary heat shock at 48°C enhances the
resistance of stationary phase S. typhimurium to heating at 55°C (Bunning ef al, 1990; Mackey
and Derrick, 1990). Many HSPs are produced in response to other stress factors. However, only

acid and starvation produce cross-protection to heat.

Many of the genes associated with S. typhimurium thermotolerance have not been identified
although it is thought that the system is analogous to the E. coli system. In E. coli at least 30
heat-shock proteins form a regulon that is temperature-dependent and requires the alternative
sigma factor, 6** (RpoH). The HSPs include the chaperones GroEL, GroES, DnaK, Dnal, the
stress protein GrpE and the housekeeping RNA polymerase sigma factor 6™ (RpoD) (Yura et al.,
1993). These chaperones and cooperating proteins bind to heat denatured proteins to prevent

further degradation and to facilitate in the refolding of the protein (Parsell and Lindquist, 1993).
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Other HSPs identified include proteins involved in proteolysis (Lon and Clp proteases) and Htr

proteins involved in high-temperature resistance (Delaney ef al., 1993).

At high temperatures the induction of the HSP regulon requires the release of o from
DnaK/Dnal so that the sigma factor is free to activate target genes and to allow the binding of
DnaKJ to denatured proteins. The resulting binding of DnaKJ increases the concentration of free
c* as less DnaKJ is available to bind to and inactivate o* (Lipinska er al, 1989). In S.
typhimurium the genes dnaJ, dnak, lon, htrd and htrB have been identified (Chatfield e al.,

1992; Rutz et al., 1992; Raupach et al., 1999).

1.3.6 Osmotic-Shock Response

Salmonella will experience osmotic stress inside and out of the host. A change in medium
osmolarity will cause either an inward pressure (high external osmolarity) or an outward
pressure (low external osmolarity) on the cell. Turgor pressure (minimum outward pressure) of
the cell must be maintained for bacterial survival. If the external osmolarity increases compatible
solutes (K, proline, glycine-betaine, glutamate or trehalose) are transported into the cell to
counterbalance the increase in external pressure. This adaptive response allows the bacteria to

maintain a constant volume over a wide range of external osmolarity (Foster & Spector, 1995).

The osmotic-shock response is controlled by the two-component regulatory system OmpR/EnvZ.
EnvZ is a transmembrane protein that senses high osmolarity and phophorylates transcriptional
regulator, OmpR (Csonka and Hanson, 1991). OmpR/EnvZ inversely regulates the major outer
membrane porins, OmpC and OmpF. Inside the gut, where osmolarity is high, the expression of
OmpC is favoured compared to outside the host where OmpF expression is favoured. The
smaller pore size of OmpC could aid the exclusion of harmful molecules, such as bile salts,
found in the gut (Csonka and Hanson, 1991). Studies showed that S. typhimurium ompR’ strains

were dramatically attenuated in the mouse model when inoculated orally and intravenously,
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which suggests a role for OmpR in virulence (Dorman ef al, 1989). In contrast, strains
harbouring mutations in both ompC and ompF were attenuated only via the oral route,

suggesting a protective role for these proteins in the gut (Chatfield et al., 1991).

1.3.7 Resistance to Cationic Peptides

Salmonella will be exposed to a variety of antimicrobial peptides and proteins found within
secretions of mucosal epithelia, neutrophil granules, and macrophage phagosomes. These
antimicrobial factors include azurocidin (CAP37) cryptidins, defensins, lysozyme, and
Bactericidal/Permeability-Increasing protein (BPI or CAP57) (Shafer ef al, 1984; Hovde and
Gray, 1986; Gabay et al.,, 1989; Joiner et al, 1989; Ouellette and Lualdi, 1990; Stolzenberg et
al., 1997). Other antimicrobial factors include melittin, magainins, polymixin B (PM),

protamine sulphate, and polylysine (Vaara and Vaara, 1983; Vaara, 1992; Storm ef al., 1977).

The mechanism of action for most of these antimicrobial agents appears to be similar. These
agents bind to the lipopolysaccharides present in the bacterial membrane via unsubstituted,
negatively charged phosphyl groups of lipid A. This binding causes permeabilization of the outer
and inner membranes, thereby rendering it permeable to a range of hydrophobic compounds
(Vaara, 1992). In contrast, protamine has been found to have an antibacterial effect without
causing cell lysis or cytoplasmic membrane permeabilization by disrupting energy transduction

and inhibiting nutrient uptake (Aspedon and Groisman, 1996).

Genetic loci implicated in the resistance to these defences include eight sap (sensitivity to
antimicrobial peptides) loci, the bip4 locus (discussed in section 1.4.2) and the two-component
regulatory systems pmrA/pmrB and phoP/phoQ (Vaara and Vaara, 1981a; Vaara ef al., 1981b;

Groisman ef al., 1992a; Roland et al., 1993; Guo et al., 1997)
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1.3.7.1 sap loci

Screening for mutants that were hypersensitive to the cationic peptide protamine originally
identified the sap loci (Groisman ef al., 1992b). Of the eight sap loci identified the sapA BCDF
operon encodes a new member of the ABC transporter family that has been previously
implicated in the transport of K ions across the cytoplasmic membrane. The SapABCDF
transporter is thought to transport cationic peptides into the cell for degradation by cellular
proteases (Parra-Lopez et al., 1993). Alternatively, the transporter may be a sensory protein that
activates the relevant peptide-resistant determinants. Similarly, the sapG locus also identified
was shown to encode components of a low-affinity K'—transport system. Strains harbouring
mutations in sapG and either sapJ or sapABCDF were as sensitive as sapG single mutants,

which suggested that sapG may regulate sapJ and sapABCDF which then mediate the transport

of cationic peptides (Parra-Lopez et al,, 1994).

1.3.7.2 Two component regulatory systems pmrA/pmrB and phoP/phoQ

The two-component regulatory system pmrA/pmrB (polymyxin resistant loci) regulates the
resistance of several antimicrobial peptides including polymixin, azurocidin, BPI, polylysine and
protamine (Roland ef al., 1993b). Polymyxin resistant mutants exhibit an increase in the level of
phosphate substitutions on the LPS and a high degree of attachment of aminoarabinose and
palmitate to lipid A. These alterations reduce the net negative charge on the LPS thereby
decreasing the affinity of the positively charged cationic peptides onto the bacterial surface
(Vaara and Vaara, 1981a; Vaara ef al., 1981b; Guo et al, 1997). Activation of pmrA/pmrB loci
is induced by mild acidic conditions and by the two-component regulatory system, PhoPQ

(Fields et al., 1989; Miller er al., 1990b Groisman et al., 1992a; Groisman et al., 1997).

24



1.4 The Discovery of BipA and its Possible Involvement in virulence

Since Salmonella must avoid or inactivate cationic antimicrobial peptides the question of the
mechanisms involved arises. Such studies with S. typhimurium have uncovered a novel GTPase
that is up-regulated sevenfold when the bacteria are exposed to BPI, a cytotoxic host defense
component produced by human granulocytes (Qi ef al., 1995). Since this GTPase is the subject
of this thesis, it is appropriate to now review what is known about this protein and the gene that
it encodes. This novel protein, termed BipA (BPI-inducible protein A), is involved in many
virulence-associated processes including antibacterial resistance, EPEC cytoskeletal
rearrangements and secretion of EPEC effector proteins involved in a type III secretion system
(Farris et al., 1998; Barker et al, 2000; Grant, unpublished results). BipA has also been shown

to interact with ribosomes (Owens, R., unpublished results)

1.4.1 Sequence Homology of BipA

Sequence analysis of the EPEC bip4 gene revealed that BipA shares substantial sequence
similarity to the ribosomal binding proteins, elongation factor G (EF-G) and tetracycline
resistance proteins, TetQ/TetM (Farris et al, 1998) (Figure 1-2). Stretches of conserved
sequences are found throughout BipA although the strongest similarities are found in the amino-
terminal third of the protein, which include regions that define a guanine nucleotide-binding
pocket (residues 12-20, 74-83 and 128-131). In addition, BipA shares sequence similarity with
domain IV of EF-G (residues 486-677), which is believed to interact with ribosomes (Nissen et
al., 1995). Interestingly, in the non-pathogenic strain, E. coli K-12, there are only two sites were
the sequence is different (lle—>Thr at position 609 and Val->Ala at position 617) and these sites
also map to domain IV. Initial studies have shown that BipA does interact with ribosomes and

that BipA GTPase activity is stimulated in the presence of ribosomes (Owens, R., unpublished

results).
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1 50

BipA = --=--- VIEKLRNIAIIAHVDHGKTTLVDKLLQQSGTFDSRAETQER--VM
EF-G MARSVPLEKVRNIGIAAHIDAGKTTTTERILFYSGVVHKIGEVHDGNAVT
Tet(Q) =  ======-- MNIINLGILAHIDAGKTSVTENLLFASGATEKCGRVDNGDTIT
51 100
BipA DSNDLEKERGITILAKNTAIKWNDYRINIVDTPGHADFGGEVERVMSMVD
EF-G DWMEQERERGITITAAAISTSWKDYRVNIIDTPGHVDFTIEVERSMRVLD
Tet (Q) DSMDIEKRRGITVRASTTSIIWNGVKCNIIDTPGHMDFIAEVERTFKMLD
101 150
BipA SVLLVVDAFDGPMPQTRFVTKKAFAYGLKPIVVINKVDRPGARPDWVVDQ
EF-G GVVAVFCSVGGVQPQSETVWRQADRYSVPRIVFVNKMDRTGADFFKVYGQ
Tet (Q) GAVLILSAKEGIQAQTKLLFNTLQKLQIPTIIFINKIDRDGVNLERLYLD
151 200
BipA VEF D ———m————m e - LF
EF-G IRDRVRANAVPIQIPIGAESDFQGIVDLVEMKAHIYTNDLGTDILVTDIP
Tet (Q) IKTNLSQDVLFMQT -~ —————m e e e e e e e VVDGL
201 250
BipA VNLDATDEQLDFPIVYASALNGIAGLD----— HEDMAEDMTP-------—
EF-G AELQETAAEWRSKMVEAVAETDEALLDKYFEDGDLSIEDIKAGLRKGVLI
Tet (Q) VYPICSQTYIKEEYKEFVCNHDDNILERYLADSEISPADYWN---TIIDL
251 300
BipA = = @ o mmmmmm e LYQAIVDHVPAP-————————m——————
EF-G QGNDRLVPMLCGSAFKNKGVQLLLDAVVELLPSPQDIPPIQGTLPDGEVA
Tet (Q) VAKAKVYPVLHGSAMFNIGINELLDAISSFILPP-———=———m———————
301 350
BipA --DVDLDGPFQOMQISQLDYNSYVGVIGIGRIKRGKVKEKPNQQVTIIDSEGK
EF-G LRPSSDEAPFSALAFKIMADPYG-RLTFVRVYSGILQKG---SYVYNATK
Tet (Q) ---ESVSNRLSAYLYKIEHDPKGHKRSFLKIIDGSLRLR---DIVRINDS
351 400
BipA TRNAKVGKVLGHLGLERIETDLAEAGDIVAITGLGELNISDTVCDTQNVE
EF-G GKKERVSRLIILKADDRIEVDELRAGDLGAVLGLKDTFTGDTLCDDQNPI
Tet (Q) EKFIKIKNLKTIYQGREINVDEVGANDIAIVEDMEDFRIGDYLG--TKPC
401 450
BipA ALPALSVDEPTVSMFFCVNTSPFCGKEGKFVTSRQILDRLNKELVHNVAL
EF-G ILESLFIPEPVISVAVEPKTKNDMEK-——-—---—-— LSKALQALSEEDPTF
Tet (Q) LIQGLSHQHPALKSSVRPDRSEERSK----—----— VISALNTLWIEDPSL
451 500
BipA RVEETEDADAFRVSGRGELHLSVLIENMRREG-FELAVSRPKVIFRE---
EF-G RVSVDSETNQTVIAGMGELHLEILVDRMLREYKVEANIGAPQVAYRETVR
Tet (Q) SFSINSYSDELEISLYGLTQKEIIQTLLEERFSVKVHFDEIKTIYKE---
501 550
BipA = = ————————- IDG--RKQEPYENVTLDVEEQHQGSVMQALGERKGDLKNMN
EF-G KAVKAEGKFVRQSGGKG-QYGHVVIELEPAEPGTGFEFVSKIVGGTVPKE
Tet (Q) RPVKKVNKIIQIEVPPNPYWATIGLTLEPLPLGTGLQIESDISYGYLNHS
551 600
BipA PDGKGRVRLDYVIPSRGLIGFRSEFMTMTSGTGLLYSTFSHYDDVRPGEV
EF-G YVGPAEQGMKETCESGVLAGYPLIDIKATLVDGSYHDVDSSEMAFKIAGS
Tet (Q) FQNAVFEGIRMSCQSG-LHGWEVTDLKVTFTQAEYYSPVSTPADFRQLTP
601 650
BipA GQRONGVLISNGQGKAVAFALFGLODRGKLFLGHGAEVYEGQIIGIHSRS
EF-G MAIKEAVRKAD--—---——-— PVLLEPVMKVEVEVPEDFLGSVMGNLISRR
Tet (Q) YVFRLALQQSG--------- VDILEPMLYFELQIPQAASSKAITDLQKMM
651 700
BipA NDLTVNCLTGKKLTNMRASGTDEAVVLVPPIRMTLEQALEFIDDDELVEV
EF-G GQIEGQATTNGTATVSAKVPLAEMFGYATDLRSMTQGRGIFTMEFSQYEE
Tet (Q) SEIEDISCNNEWCHIKGKVPLNTSKDYASEVSSYTKGLGVEFMVKPCGYQI
701 728
BipA TPTSIRIRKRH---——————————————
EF-G VPRNVAETIIAKNKGNA----—-—-——--
Tet (Q) TKGDYSDNIRMNEKDKLLFMFQKSMSSK

Figure 1-2  Alignment of BipA with EF-G and TetQ

The proteins were identified using the gapped BLAST algorithm to search the SWISSPROT database and aligned
using Omiga 1.1.3. Residues that are identical in all three proteins or in just two of the proteins are highlighted in
red or blue shading respectively. Residues that are or conserved in > two of the sequences or weakly similar are
highlighted in magenta and green respectively.
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1.4.2 Involvement of BipA in Resistance to BPI and BPI-derived Peptides

BPI specifically binds to the surfaces of gram-negative bacteria via the lipid A component of
LPS (Gazzano-Santoro et al., 1992). Following attachment to LPS, BPI disrupts the outer
membrane and permeabilises the membrane to a range of hydrophobic compounds which
ultimately results in cell lysis. Studies also suggest that BPI selectively activates certain
phopholipases A2 (mediate phospholipid hydrolysis) and peptidoglycan-degrading enzymes
(Forst et al,, 1987; Elsbach and Weiss, 1993). The N-terminal fragment of BPI exhibits the
bactericidal and anti-endotoxin properties of the holoprotein (Gray and Haseman, 1994; Little er
al., 1994). Peptides containing this region retain significant antibacterial action and elicit all the

effects of the holoprotein (H.C. Barker., unpublished results).

Studies have shown that stationary phase cells of Salmonella and E. coli can be rescued from the
cytotoxic effects of a BPI-derived peptide if either formate or succinate is present. This
protective effect requires the oxidation of these organic acids and a specific part of the
respiratory chain may be the primary target for BPI. More importantly, BipA appears to
participate in the formate protection effect in stationary phase cells, but its mode of action is

unknown (Barker et al., 2000).

1.4.3 Involvement of BipA in EPEC Virulence

Enteropathogenic E. coli (EPEC) is a diarrhoeagenic F. coli often associated with mortality and
morbidity in developing countries (Gomes ef al, 1989; Donnenberg and Kaper, 1992). Its
ability to adhere to epithelial host cells and cause cytoskeletal rearrangements that result in the
formation of attaching and effacing lesions (AE) is essential to its pathogenicity (Moon ef al.,
1983; Knutton et al., 1987). Attached EPEC trigger a series of signal-transduction pathways that
result in the tyrosine phosphorylation of a membrane protein known as Tir or Hp90. This protein

is then integrated into the host membrane and associates directly with an EPEC adhesin, intimin
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(Rosenshine ef al., 1992; Kenny et al, 1997). These interactions lead to cytoskeletal nucleation
and the formation of: cup-like projections known as pedestals (Knutton ef al, 1989). More
developed pedestals, known as pseudopods, can elevate the bacteria more than 10pum above the
surface of the host cell (Rosenshine et al, 1996). The EPEC-induced pedestals are rich in
polymerized actin and also contain a-actin, myosin light chain, erzin and talin (Finlay et al.,
1992¢). Recent studies have uncovered a pathogenicity island, the locus of enterocyte effacement
(LEE), that is involved in signal transduction and pedestal formation (McDaniel et al., 1995).
This gene cluster encodes secreted proteins involved in signal transduction (e.g. EspA, EspB and
EspD) and proteins involved in the delivery of these secreted proteins into host cells. Other
proteins also encoded on the LEE locus include intimin and Tir. The LEE locus regulates

intimate adhesion, tyrosine phosphorylation of Tir and actin accumulation beneath the bacteria

(Frankel ef al., 1998).

Further studies with EPEC BipA suggest that, in this pathogen at least, the protein directly or
indirectly regulates the complex cytoskeletal rearrangements induced in host cells by adherent
bacteria (Farris et al., 1998). Farris ef al. (1998) found that when HeLa cells were infected with
EPEC strain MAROO1 they exhibited normal microvilli destruction, formation of pedestals, and
actin accumulation. However, an isogenic bipA mutant strain failed to trigger cytoskeletal
rearrangements, although adherence to most host cells was observed and in some cases
thickening of microvilli was seen. This defect was restored when a high-copy-number plasmid
containing bip4 was introduced into the mutant cells. In fact EPEC-associated pseudopods and a

40% increase, compared to the wild type, in actin accumulation was observed.

Also recent evidence has shown that bipA™ mutants of EPEC do not express several proteins
encoded in the LEE locus as the expression of intimin, Tir, and EspABD are down regulated in

the EPEC BipA mutant (Grant, A.J., unpublished results).
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1.4.4 BipA negatively regulates flagella-mediated cell motility in EPEC

Many wild-type strains of E. coli and Salmonella are motile, as they are able to produce surface
locomotive appendages known as flagella (Macnab, 1976). Flagella are slender, rigid structures,
which are usually 15-20 nm in diameter and 10-20 pm long. The bacterial flagellum is composed
of three parts, the filament which extends from the cell surface to the tip, the basal body which is
embedded in the cell and the hook, a short curved segment which links the filament to its basal
body. The filament is a hollow, rigid cylinder constructed of a single protein called flagellin.
(Silverman, 1980; Macnab, 1992). The synthesis and control of flagella is a complex process
involving at least 40 genes (Aizawa, 1996; Macnab, 1996). The importance of motility as a
virulence factor is becoming increasingly apparent. Several co-workers have suggested that
motility is important as it enables the bacteria to swim towards nutrient rich environments or
away from toxic environments. Also, in the intestine, the bacteria are able swim across the

mucus layer where they are able to adhere and colonise the host epithelial cells (Ottemann and

Miller, 1997)

Interestingly, Farris and co-workers (1998) found that EPEC BipA negatively regulates flagellin
and flagella-mediated motility. Two-dimensional gels showed that, compared to the wild type
strain, flagellin expression was 4-fold higher in the BipA~ strain and 2.8-fold lower in the
transcomplemented strain. In addition, the BipA~ strain was hypermotile compared to the parent
or transcomplemented strain. It is thought that BipA regulates other components associated with
flagella, as it is unlikely that the increased motility in bipA4~ deficient cells is solely due to the

increased expression of flagellin (Farris ef al., 1998).

Taken together, the previous observations in sections 1.4.1 to 1.4.4 suggest that BipA is a global
regulatory protein that controls a number of virulence-related processes in EPEC and this

therefore raises the question about its role in Salmonella pathogenesis.
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1.5 Aims of Work
Given the potential role of Salmonella BipA in virulence this study set out to achieve the
following aims:
1. To construct a bipA null mutant of Salmonella
2. To investigate the role of bip4 in the regulation of surface appendages involved in
adherence
3. To investigate the role of bipA4 in the adhesion and invasion of host epithelial cells and
macrophages
4. To investigate the role of bipA in stress responses such as the ATR and the oxidative

stress response
5. To investigate the role of bipA4 in Salmonella pathogenicity
6. To investigate the flanking regions of bipA4

In view of the upsurge in the incidence of S. enteritidis in gastrointestinal disease (Baumler et
al., 2000) it was decided to carry out these studies with this serovar. It should be noted,
however, that a further bipA null mutant in S. typhimurium was constructed in parallel with the S.
enteritidis studies (Kinsella, N., White, A.L, and O'Connor, C.D., unpublished results).
Therefore, the properties of this mutant will also be described where they are relevant to the

studies on S, enteritidis described here.
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CHAPTER 2

2 Materials and Methods

2.1.1 Strains and culture conditions

All bacterial strains used in this study are given in Tables 2.1 to 2.4. Bacteria were routinely
cultured in Luria-Bertani (LB) or minimal medium containing M9 salts (media compositions are
given in Table 2-5). HeLa cells and RAW macrophage-like cells were obtained from the
National Cell Culture Collection [Porton, UK] and grown at 37°C, 5% CO, in DMEM medium
[Gibco BRL] supplemented with 10% fetal calf serum. When needed kanamycin was used at a

concentration of 25 pg per ml, ampicillin was used at a concentration of 25-50 pg per ml, and

chloramphenicol was used at a concentration of 10 pg per ml.

To prepare inocula for in vivo studies several colonies were picked into LB broth and grown at

37°C for 16h with orbital shaking at 225 rpm and serial dilutions prepared in phosphate buffered

saline (PBS), pH 7.2 (composition given in Table 2-5).

Table 2-1 Salmonella serovars

Serotype roup Somatic
S. agona B 4,12
S. derby B 1,4,12
S. typhimurium PT104 B 4,5,12
S. heidelberg B 4.5,12
S. montevideo C1 6,7

S. hadar C2 6,8

S. dublin D1 9,12
S. enteritidis PT4 D1 9,12
S. pullorum D1 1,9,12
S. binza E2 3,15
S. kedougou 7 G2 13,23
S. arizona 61:k:1,5,7 SIIT 35,
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Table 2-2 The E. coli Reference Collection (ECOR)
The ECOR was established in 1984 by Howard Ochman and Robert K. Selander (J. Bacteriol. 157:690-693) The

O:H serotypes were determined in 1985 by the E. coli reference Centre at Penn State under the direction of Richard

A. Wilson

Isolate Group O H i[-lost Locale *Clinical Original
ECO1 A ON  |{HN |human USA (lowa) healthy RM74A
JECO02 A ON H32 |human USA (N.Y.) jhealthy STM1
[EC03 A 01 INM [dog USA (Mass.) healthy WI1R1(a)
[EC04 A ON  |HN |human USA (Towa) healthy RM39A
ECO05 A 079 |NM |human USA (Jowa) thealthy RM60A
[EC06 A ON  |[NM |human USA (Iowa) healthy RM66C
EC07 A 085 |HN jorangutan USA (Wash.)* healthy RM73C
EC08 A 086 |NM |human USA (Iowa) healthy RM77C
[EC09 A ON |[NM |human Sweden healthy FN98
[EC10 A 06 JH10 jhuman Sweden healthy ANT
[EC11 A 06  |H10 |jhuman Sweden UTI(C) C97
EC12 A 07 H32 |human Sweden healthy FN59
EC13 A ON HN |jhuman Sweden healthy FN10
EC14 A OM |HN |human Sweden UTI(P) P62
[EC15 A 025 |NM thuman Sweden healthy FN3
EC16 A ON  |H10 [leopard USA (Wash,)* healthy RMI91F
[EC17 A 0106 |[NM pig [ndonesia healthy IRM200Q
EC18 A 05 INM  {Celebese ape USA (Wash.)* healthy RM210F
EC19 A 05 HN [Celebese ape [USA (Wash.)* healthy RM210J
EC20 A 089 |HN steer Bali healthy RM2131
EC21 A 0121 JHN |steer Bali healthy RM213K
EC22 A ON [HN jsteer Bali healthy RM215C
[EC23 A 086 |H43 felephant USA (Wash.)* healthy RM183E
[EC24 A 015 |NM jhuman Sweden healthy FN33
EC25 A ON |HN |dog USA (N.Y.) healthy MS1
EC26 B1 0104 |H21 finfant USA (Mass.) healthy LL

EC27 B1 0104 [NM |giraffe USA (Wash,)* healthy RM24]
EC28 B1 0104 NM jhuman JUSA (Iowa) healthy RM52B
EC29 B1 0150 |H21 jkangaroo rat USA (Nev.) healthy RM3A
[EC30 B1 0113 [H21 |bison Canada healthy RM10A
EC31 IE 079 |H43 |leopard [USA (Wash.)* healthy RM12
EC32 Bl 07  |H21 |giraffe USA (Wash.)* healthy RM28
EC33 B1 07 H21 jsheep USA (Calif.) healthy RM56C
EC34 B1 088 [NM jdog USA (Mass.) healthy WIR2(a)
[EC35 ID 01 NM  jhuman USA (lowa) healthy RM42B
[EC36 D 079 |H25 |human USA (Iowa) healthy RM77B
[EC37 IE ON  |HN |marmoset USA (Wash.)* healthy RM44B
EC38 D 07 INM  |human USA (Iowa) healthy RM75A
[EC39 D 07 NM  jhuman Sweden healthy FN104
[EC40 D 07 |[NM |human Sweden UTI(P) P60
EC41 D 07 NM  |human Tonga healthy T44
|EC42 E ON  [H26 |human USA (Mass.) healthy DAR]1
EC43 E ON HN |human Sweden healthy FN36
EC44 D ON  |HN |cougar USA (Wash.)* healthy RM 1891




EC45 IB1 ON |HM pig Indonesia ealthy RM201C
EC46 D 01  [H6 |ape USA (Wash.)* healthy RM202F
[EC47 D OM IHI 8 {sheep New Guinea healthy RM211C
EC48 D ON  |HM jhuman Sweden UTI(C) C90
EC49 D 02 INM  |human Sweden healthy FN90
EC50 D 02 HN jhuman Sweden UTI(P) P97

C51 B2 025 |HN [infant USA (Mass.) healthy DD
EC52 B2 025 |H1 jorangutan USA (Wash.)* healthy RM73A
[EC53 B2 04 jHN human USA (Iowa) healthy RM33B
EC54 B2 025 H! |human USA (Iowa) healthy RM64A
EC55 B2 025 |H1 |human Sweden UTI(P) FN4
ECS56 [B2 06 H1 jhuman Sweden healthy P106
ECS7 B2 ON  |NM |gorilla USA (Wash.)* healthy RM71B
EC58 Bl 0112 |H8 Jlion USA (Wash.)* healthy RM185S
EC59 B2 04 H40 |human USA (Mass.) healthy SIL.8

C60 B2 04 HN  fhuman Sweden TI(C) C89
EC61 B2 02 INM  |human Sweden healthy FN&3
EC62 B2 02 INM  fhuman Sweden UTI(P) P69
EC63 B2 ON INM jhuman Sweden healthy FN21
EC64 B2 075 INM |human Sweden UTI(C) C70
EC65 B2 ION  |H10 [Celebese ape USA (Wash.)* ealthy IRM2021
EC66 B1i 04 |H40 {Celebese ape USA (Wash.)* healthy RM209]
EC67 B1 04 H43 {goat Indonesia healthy RM217T
EC68 B1 ON  [NM Jgiraffe USA (Wash.)* healthy RM224H
EC69 Bl ON INM  |Celebese ape USA (Wash.)* healthy RM45EM
EC70 B1 078 |NM jgorilla USA (Wash.)* healthy RM70B
EC71 Bl 078 |NM |human Sweden ABU ABUS4
EC72 B1 0144 |H8 |human Sweden UTI(P) P68

Abbreviations: ON,HN= non-typeable with standard antisera; NM=non-motile strain; * indicates isolate from zoo
animal; ABU = asymptomatic bacteriuria; UTI = symptomatic urinary tract infection, (C=acute cystitis), (P=acute
pyelonephritis



Table 2-3

Table 2-4

Other bacterial species

Strain Reference

Citrobacter spp. VLA Weybridge
Citrobacter freundii VLA Weybridge
\Edwardsiella tarda VLA Weybridge
Enterobacter cloacae VLA Weybridge
[Enterobacter fergusonii VLA Weybridge
Enterobacter hafina VLA Weybridge
Fnterobacter omnigenus VLA Weybridge
E. coli (09:K30;K99,F41) VLA Weybridge
E coli (O101:K99,F41) VLA Weybridge
E. coli (O8:K87, K88ab) VLA Weybridge
E. coli (O8:K87, K88ac) VLA Weybridge
E. coli (0149:K99,K88) VLA Weybridge
E. coli (09:K103,987p) VLA Weybridge
Klebsiella VLA Weybridge
Proteus vulgaris VLA Weybridge
Serratia spp. VLA Weybridge
Serratia marcescens VLA Weybridge

Strains used in cloning experiments

Strain lReference
E. coli IM109 (Apir) VLA Weybridge
E. coli S-17 (Apir) VLA Weybridge




Table 2-5 Media composition

Media

Composition

Luria-Bertani Broth
(LB) *

1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl, in distilled water, pH7.2

Luria-Bertani Agar

LB with the addition of 1.5% Bacto agar. In the case of motility plates, tryptone was used

(LB Agar) (per litre: 10g tryptone, 5Sg NaCl, 0.1g thymine and 0.35% agar).
. 1% (w/v) proteose peptone, 0.3% (w/v) yeast extract, 1% lactose, 1% (w/v) sucrose, 0.5%
ggf)nfk Green Agar w/v) NaCl, 0.008% (v/v) phenol red, 0.00125% (v/v) brilliant green and 1.5% Bacto

agar, in distilled water.

Colonisation Factor
Antigen Agar (CFA) *

1% (w/v) casamino acids, 0.15% (w/v) yeast extract, 0.005% (w/v) MgSO,, 0.0005%
w/v) MnCl, and 1.5% Bacto agar, in distilled water. When required, Congo red was
added to CFA to a concentration of 0.01% (w/v).

}Minimal medium (MM)

0.2% (w/v) glucose and M9 salts (0.6% (w/v) Na,PO,, 0.3% (w/v) KH,PO,, 0.1% (w/v)
INaCl) in distilled water. MM base was sterilised by autoclaving and cooled before the
addition of separately autoclaved 1mM CaCl, and 10mM MgCl,.

Heart Infusion Broth
(HIB) *

0.5% (w/v) beef heart infusion solids, 1% (w/v) proteose peptone, 0.5% (w/v) NaCl, 0.2%
(w/v) glucose, 0.25% (w/v) disodium phosphate in distilled water at a pH of 7.4.

Phosphate Buffered Saline
(PBS) *

0.8% (w/v) NaCl, 0.02% (w/v) KCl, 0.115% (w/v) Na,HPO,, 0.02% KH,PO, in distilled
water at a pH of 7.2.

SOC medium (SOC)

2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10mM NaCl, 2.5mM KCI, 10mM MgSO,,
10mM MnCl,, and 20mM glucose, in distilled water.

*BGA, CFA, HIB, LB, PBS were supplied by Oxoid in powdered or tablet form.
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2.1.2 Chemicals and Reagents
All chemicals and reagents used in this study were, wherever possible, Analar grade and are

listed below in alphabetical order followed by the supply company in brackets.

Acetic acid [Fisher Scientific], Acrylamide [Bio-Rad], ammonium persulphate [Bio-Rad],
ampholines [Amersham Pharmacia Biotech] and antibiotics (ampicillin, kanamycin, gentamicin,
and chloramphenicol) [Sigma]. Bromophenol blue [Sigma], CHAPS [Amersham Pharmacia
Biotech], 2’-deoxynucleotides (dNTPs) [Amersham Pharmacia Biotech] and dithiothreitol
(DTT) [Sigma]. Ethanol, ethylene-diamine-tetra-acetic acid, disodium salt (EDTA) [Sigma],
glycerol [Fisher Scientific], D-(+)-glucose [Sigma] and hydrochloric acid (HCl) [Fisher
Scientific]. Idoacetamide [Sigma], IPG-Buffer pH 4-7L [Amersham Pharmacia Biotech], orange
G [Sigma], methanol [BDH chemicals], p-mercaptoethanol PMSF [Sigma] and propan-2-ol
(isopropanol) [BDH chemicals]. Phenol [BDH chemicals], proteinase K [Gibco BRL Life
technologies], sodium dodecyl sulphate (SDS) [BDH Chemicals] and sucrose [Sigma]. TEMED
(N,N,N’,N’- Tetramethylethylenediamine [Sigma], Tris base [Sigma], Triton X 100 [Sigma], and

Urea [BRL].

2.1.3 Extraction and purification of plasmid DNA

Plasmid DNA was extracted from transformed cells using the PerfectPrep plasmid DNA
extraction kit [5°— 3°] and the kit was used according to the manufacturer’s instructions.
Plasmid DNA was also extracted using the Qiaprep spin miniprep kit [Qiagen] according to the

manufacturer’s instructions

2.1.4 Extraction and purification of total genomic DNA
Bacterial cultures were grown for 16 hours at 37°C in 100 ml LB, cells were pelleted by
centrifugation and resuspended in 5 ml TE buffer (0.1% (v/v) Tris-HC], 0.2% (v/v) 0.5M EDTA
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pH 8.0 in distilled water). Proteinase K (1 ml of a 50 ug/ml solution in distilled water) and SDS
(1 ml of 10% (w/v) solution in water) were added to the cell suspension and the mixture
incubated at 65°C for 1 hour. The clear lysate was cooled to room temperature and extracted
three times with an equal volume of phenol:chloroform 1:1 using Phase Lock ™ gel [S’— 3°] to
aid phase separation, according to the manufacturer’s instructions. The final, aqueous extract was
added to three times the volume of 100% ethanol at room temperature, and carefully mixed by
inversion to precipitate the DNA. The DNA was removed from the solution by spooling with a
glass rod, and washed once in 70% (v/v) ethanol in water, before being allowed to air-dry for 10

minutes. The DNA was then resuspended in 3 mls TE buffer and stored at 4°C.

2.1.5 Purification and Quantification of DNA from Agarose gels

Agarose gel electrophoresis was carried out as essentially described in Sambrook er al (1989).
DNA fragments were recovered from excised agarose bands using the Sephaglass ™ Band Prep
kit [Amersham Pharmacia Biotech] according to the manufacturer’s instructions. The
concentration of DNA in a solution was approximately quantified by comparing it to known
concentrations of salmon testes DNA [Stratagene]. Serial dilutions of the salmon testes DNA
solution, and the DNA solution to be quantified were made, and 5 pl of each dilution was mixed
with 0.1 um/ml ethidium bromide and pipetted onto the screen of a UV transilluminator emitting
at 302nm. A visual comparison of brightness was made and used to estimate the concentration of

purified DNA.

2.1.6 Restriction endonuclease digestion of DNA

Restriction endonucleases were purchased from either Promega Corporation or New England
Biolabs [NEB]. 0.1-0.5 pg of DNA or purified restriction fragments were incubated with 2 units
of each appropriate restriction enzyme in a final volume of 20-50 ul at 37°C (or 250C when

appropriate) for a minimum of 2 hours.
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2.1.7 Ligation of DNA

“Ready to go ™” T4 DNA ligase was purchased from Amersham Pharmacia Biotech and

ligations were performed according to the manufacturer’s instructions.

2.1.8 Transformation

Electro-competent E. coli and Salmonella bacterial cells were prepared according to the Bio-Rad
protocol. Initially, 500 pl of an overnight broth of bacteria was subcultured into 30 mls of LB
broth and incubated at 37°C until the cells reached an ODggpnm of approximately 0.4-0.5 (mid-log
phase). The cells were harvested by centrifugation at 6000 g (Beckman 8x50ml rotor) for 10
minutes and the pellet was washed in 10ml of ice-cold, sterile, HPLC-grade water. The cells
were recentrifuged and the pellet resuspended in 300-500 pl of ice-cold water. 40 pl of
competent cells were mixed with approximately 200 ng of DNA and left on ice for 2 minutes.
The mixture was placed into an electroporation cuvette with 1mm gap [Bio-Rad] and pulsed in a
Bio-Rad Gene Pulser at a potential of 1.8kV, a capacitance of 25uF and a resistance of 200Q.
Immediately after electroporation, the cells were transferred to 1 ml of SOC and incubated with
gentle agitation at 37°C for 1 hour. Aliquots were plated onto agar containing the appropriate

antibiotics and incubated overnight at 37°C.

2.1.9 Polymerase Chain Reaction (PCR)

DNA sequences were amplified using PCR as essentially described in Sambrook et al. (1989).
Magnesium chloride solution, dNTPs, 10x7ag DNA polymerase reaction buffer and Tag DNA
polymerase [Amersham Pharmacia Biotech] were all used in the PCR. Oligonucleotide primers
were based on published DNA sequences found in the EMBL database, and were synthesized by
Oswel (Southampton, U.K). Reaction volumes of 50 pl typically consisted of 10x7ag DNA
polymerase reaction buffer (5 pl), 100mM dNTP solution (5 pl), 50 pmol of each primer (1 pl of

a 50 nmol/ml solution), molecular biology grade water (33 ul) and Tag DNA polymerase (0.5
38



pl). The PCR reactions were conducted using a Perkin Elmer thermal cycler and a typical
cycling programme consisted of 35 cycles amplification of denaturation at 95°C for 1.5 min,
annealing at 56°C for 1.5 min and elongation at 72°C for 2 min. The annealing temperatures were
raised to increase specificity when needed and the elongation time was adjusted by an increase or

decrease of approximately 1min per 1kb of product. Following amplification the reactions were

stored at 4°C.

2.1.10 DNA manipulations

Cloning was carried out as essentially described by Sambrook et al. (1989). The S. enteritidis
bipA gene, plus the promoter region, was amplified using primers AJG001 and ALW21 (primer
sequences given in Table 2-6). The PCR product (2243 bp) was then cloned into the plasmid
vector pCR2.1 using the Original TA Cloning Kit [Invitrogen] according to the manufacturer’s

instructions. Incorporation of the desired PCR fragment was confirmed by restriction analysis of

plasmid DNA.

To knock out the bipA4 gene of S1400 the region around the 3' end was PCR amplified from
chromosomal DNA using primers ALWI1 and ALW2. The amplified fragment (644 bp) was
cloned into the suicide vector, pERFORMC (Allen-Vercoe et al, 1997) as a Sall- Smal
fragment and transformed into JM109(Apir) cells to give plasmid pAW2. Transformants were
selected using the chloramphenicol marker in the suicide vector. Several restriction digests were
carried out on pAW?2 to check that the correct fragment had been cloned. The 5' end of bip4 was
then amplified using the primer pair ALW3 and ALW4. A stop codon was inserted into primer
ALW3 (underlined in Table 2-6) so that BipA would not be expressed as BipA has been found to
be toxic to some cells. The amplified fragment (735 bp) was cloned into plasmid pAW2 as a
Sacl-Pmel fragment. The construct was transformed into JM109(Apir) cells to give plasmid

pAW3. Again, restriction digests were carried out to check that the correct fragment had been
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cloned. A kanamycin resistant cassette was cut from plasmid pDOC70 (O'Connor, unpublished
results) as a Hincll fragment to yield blunt ends and ligated into Pmel-cut pAW3. Ligation of
the cassette destroys the Pmel sites, therefore the ligation mix was incubated with Pmel to
ensure that only the vector containing the kan' cassette would be present in circular form and
hence be transformed. Selection was made jointly for kanamycin and chloramphenicol at their

respective working concentrations. The construct, designated pAW4, was transformed into

IM109(Apir) cells.

2.1.11 Mobilisation of pAW4 into wild type S1400

To mobilise pAW4 into S. enteritidis S1400/94 (recipient strain) the plasmid was transformed
into an auxotrophic mobilising strain S-17(Apir) (donor strain). The recipient and transformed
donor strains were grown overnight at 37°C in 3 ml LB containing antibiotics were appropriate.
Both cultures were pelleted, washed with 0.9% NaCl and resuspended in 100 ul LB broth. They
were then mixed together and placed onto a 0.2 um sterile filter overlaid on a LB agar plate. The
cells were incubated for 4-6 hours at which time the filter was removed from the plate,
submerged in sterile 1xM9 salts solution (10 mls), and vortexed vigorously for 1 minute. The
filter was removed and the cells were spread onto glucose minimal medium plates containing the
appropriate antibiotics and incubated at 37°C for 2 days. A kanamycin-resistant,
chloramphenicol-sensitive transconjugant was selected in which the native chromosomal bip4
gene had been replaced by homologous recombination with the bipA::kan construct with
subsequent loss of the chloramphenicol marked suicide vector. The genotype of the bipA::kan

mutant was confirmed by colony dot blot, Southern hybridisation and PCR.

2.1.12 Cloning flanking regions of bipA
To clone the flanking regions of bip4, pAW4 was mobilised into S. enteritidis S1400/94 and a

kanamycin-resistant, chloramphenicol-resistant transconjugant (single crossover event) was
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selected. Chromosomal DNA was then prepared and digested with an enzyme that cuts outside
of bipA, Mlul. The digested DNA was religated and transformed into S-17(Apir). Therefore the

resulting plasmid, pAWS, contained the flanking regions of bipA4, which could then be sequenced

2.1.13 DNA sequencing

DNA sequencing of the cloned S. enteritidis bipA was performed using primers AJG001, ALW4,
ALW7, ALW21, ALW23, and ALW24. The resulting bipA sequence was compared to the
sequence obtained from pYL98 (S. enmteritidis bipA cloned into pBR322, Y. Li., unpublished

results. EMBL accession no. AJ276889).

The cloned region downstream of bipA was sequenced using primers ALW10, ALWI1, ALWI12,
ALWI13, ALW14, ALWI15, ALW16, ALW17, ALWI19, and ALW20. The sequencing reactions

were analysed on an automated ABI377 sequencing instrument [Oswell, Southampton, U.K.].
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Table 2-6 Oligonucleotide sequences of primers

Primer Oligonucleotide sequence 5'-3'

ALW1 AAAAAAAGGATCCCCCGGGCTGCAGGAATTCGATATCAAGCTTGCGTTAACACCTCGCCGTTCTGCG
ALW2 AAAAAAAGGTACCGGGCCCCCCCTCGAGGTCGACGGTATCGATCTAGATTTCTTACCGGTCAGGCAGTTTAC
ALW3 AAAAAAAAAGTTTAAACGAGCTCTGAATCGAAAATTTGCGTAACATCGCCATC
ALW4 AAAAAAAAACCCGGGTTTAAACAGGTCAACGTCAGGCGCCGGAAC

ALW7 TAAACTGCCTGACCGGTAAGAAAC

ALW10 GAAATGCTACGTTTAGCC

ALWI11 GGCTAAACGTAGCATTTC

ALWI12 AGAAAGAGACGCCGCCAA

ALW13 CGAAATGAAAGCTCGGCG

ALW14 CTTTCATACTGCGACAGC

ALW1S ATATTTTCCTGGCGAGGC

ALW16 CTAAAGCTGACGTTCTCC

ALW17 AAAAAAGGATCCGGGCGTCGATATAGCGTA

ALW19 ACGGTTTAGCAGCGTTCC

ALW20 ATGTTTGCAGGTTCGACG

ALW21 CTCGAGAGCTTTCATTTCGGCAGG

ALW23 TAGGTAAAGTGCTGACGC

ALW24 CAGAAGAACATAGACACG

ALW25 GCATCGACGGATTACTGA

ALW26 ACGAATCAGCATCACAGC

ALW27 CCAGGTGATTCAGCAATG

AJGO01 AAAAAATCAGCATGCGGACATACTTTAACTCTCCT
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2.1.14 Preparation of DNA probes for hybridisation

DNA probes were radioisotopically labelled with *’P using a 'Ready to Go' dCTP labelling kit
[Pharmacia] following the manufacturer's recommendations. Hybridisation and post-
hybridisation washes were carried out using the RapidHyb (Amersham) system according to the
manufacturer's protocols. High and low stringency hybridisations were performed by washing at

75 °C and 65 °C respectively.

2.1.15 Colony Dot Blots

A hybond-N nylon membrane (Amersham) was overlaid onto LB agar and the appropriate
strains were streaked onto the membrane and incubated overnight. The cells were lysed by
placing the membrane onto a piece of blotting paper soaked in 5% SDS for 5 minutes. The
membrane was placed onto on a new piece of blotting paper soaked in denaturing solution (1.5M
NaCl, 0.5M NaOH) for 7 min and then onto a piece of blotting paper soaked in neutralising
solution (IM Tris, 1.5M NaCl, pH7.4) for 10 min. To remove cell debris the membrane was
dipped into beaker of 2xSSC (20xSSC: 17.53% (w/v) NaCl, 8.82% (w/v) sodium citrate, pH7)
for a few seconds prior to being briefly blotted colony side down on blotting paper. The dipping
in SSC and blotting was repeated. A positive control (1 pl probe in 9 pl distilled water) was
denatured and the product spotted onto a marked place on the membrane. The DNA on the
nitrocellulose was then fixed by incubation in an 80°C oven for 2hrs. The membrane was probed

with a radioactively labelled DNA probe.

2.1.16 Southern hybridisation
Southern hybridisation was carried out as essentially described by Sambrook et al. (1989). Total

genomic DNA was extracted, digested with the appropriate enzyme and the DNA fragments
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resolved by gel electrophoresis. The DNA fragments were transferred to a nitrocellulose

membrane and probed with the appropriate radioactively labelled DNA probe.

2.1.17 Western blotting

Proteins were resolved on SDS PAGE gels (Laemmli, 1970) and electroblotted on to
nitrocellulose membranes using a "Mini-Trans Blot Electrophoresis Transfer Cell" [BioRad].
Following transfer the reactive sites on the nitrocellulose were blocked with 2% (w/v) skim milk
in 10 mM Tris.HCI-0.9% (w/v) NaCl (Tris-NaCl pH7.4) for 1 hr. The nitrocellulose was
incubated overnight with a 1:400 dilution of anti-BipA polyclonal antibodies and subsequently
washed three times in blocking buffer. The nitrocellulose was incubated with anti-chicken
antibody conjugated to Horse Radish Peroxidase (1:4000 dilution) [Promega] and washed three
times in Tris-NaCl buffer. After incubation the immunoreactive bands were visualised by using a

chemiluminescent substrate [Super Signal, Pierce].

The BipA antibody was obtained from the immunisation of chickens with 0.5 mg/ml (His)¢BipA.
Antibodies were produced in the egg yolk and extracted by ammonium sulphate precipitation

(Farris et al., 1998.).

2.2 Invitro studies

2.2.1 Motility Test
Sterile needles were used to inoculate motility plates with bacterial samples. The plates were

incubated for 16 hours at 37°C after which time the diameter size of each bacterial sample was

noted.

2.2.2 “Lacy” colony formation test

Bacteria were inoculated into 3 mis of LB and allowed to grow overnight at 37°C with orbital

shaking at 225 rpm. A 1 pl drop of overnight culture was placed onto a dried CFA plate and the
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plate was incubated overnight at 37°C. Following this incubation period the plate was sealed
with Nescofilm [Fisher Scientific] (to prevent drying out) and incubated at 25°C for 7days. The

formation of convoluted (“lacy”) colony after this time was considered indicative of SEF17

expression.

2.2.3 Transmission Electron Microscopy (TEM)

If grown in broth, the sample was pelleted by centrifugation and resuspended in 1xPBS. A
Formavar-carbon coated electron microscopy grid [VLA, Weybridge] was then floated onto a
droplet (50 pl) of the bacterial suspension for fifteen minutes. The grid was then blotted on filter
paper, and stained with 2% (v/v) phosphotungstic acid [Agar Accessories]. When the cultures
were grown on agar, nylon membrane was placed over the agar and the grids placed on the
membrane. Several colonies were streaked across the grids and the plates were left to grow under
the conditions required. To wash the grids, the grids were placed on to a droplet of 1xPBS for 5
minutes and blotted on filter paper, this wash was repeated three times. The grids were stained as
before. Grids were viewed using a Philips CM10 transmission electron microscope. For optimal
expression of the different surface appendages several different conditions were used to grow the

cultures for TEM:

1. On cfa agar at 25°C the cultures were grown for 72 hrs

2. On cfa agar at 37°C the cultures were grown for 72 hrs

3. In cfa broth at 37°C the cultures were grown for 48 hrs

4. In Heart Infusion Broth (HIB) at 37°C the cultures were grown for 48 hrs
5. On LB-G agar at 25°C the cultures were grown for 24 hrs

6. On LB-G agar at 37°C the cultures were grown for 24 hrs
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2.2.4 Log Phase Acid Tolerance Assay

The procedure used to measure acid tolerance response is essentially described by Foster and
Hall (Foster and Hall, 1990). Bacteria were inoculated into 10 ml LB and grow overnight at
37°C. The culture was then diluted 1 in 40 (1 ml into 39 ml) into fresh LB pH7.2. The culture
was grown to mid-log phase (ODgoonm Of approximately 0.4-0.5) and diluted 1 in 40 (1 ml in 39
ml) into LB pH7.2 and LB pHS, to give nonadapted and adapted cultures respectively, and
grown for 1 hour at 37°C. Following this incubation both cultures were then diluted 1 in 40 (1 ml
in 39 ml) into LB pH3 and incubated with shaking at 37°C. Samples were taken from both the
adapted and nonadapted cultures at several different time points. Serial dilutions were then

plated and, after incubation overnight at 37°C the number of cfu/ml were calculated.

2.2.5 Oxidative stress assay

1ml of an overnight culture was diluted into 39 ml fresh LB. The culture was grown to mid-log
phase at which time 10 ml of the culture was added to two universals. To one universal hydrogen
peroxide [Sigma] was added to give a final concentration of 0.3 um (34 pl of 10 hydrogen
peroxide solution) whereas in the other universal only distilled water (34 pl) was added to give
adapted and unadapted cultures respectively. Both samples were incubated shaking at 37°C for 1
hour after which hydrogen peroxide was added to both universals to give a final concentration of
30 um (34 pl hydrogen peroxide solution). The cultures were incubated with shaking at 37°C
and samples were taken at given time points and the number of viable bacteria was determined

by plating serial dilutions.

2.2.6 Whole cell ELISA method
All bacterial samples were pelleted by centrifugation and resuspended in the same volume of
carbonate buffer (0.1M) pH9.6 [VLA, Weybridge]. The top well of a Maxisorb microtitre plate

[Nunc] was coated with the bacterial suspension (100 pl) and doubling dilutions of the
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suspension in carbonate buffer were performed in subsequent wells. The plate was dried
overnight at 37°C and subsequently washed twice with PBS-Tween. The reactive sites were
blocked with 200 ul of 3% Marvel™ [Sigma] in PBS (v/v) and incubated shaking for 1 hour at
37°C after which the plate was washed twice with PBS-Tween. The required monoclonal
antibody (diluted 1/1000 in conjugate buffer) was added to each well and incubated for a further
hour shaking at 37°C and subsequently washed four times with PBS-Tween. Anti-mouse Ig
peroxide (100 pl)(diluted 1/5000 in conjugate buffer) [Amersham] was added to each well and
incubated shaking at 37°C for 1 hour. The plate was washed four times with PBS-Tween and
twice with PBS. TMB (tetramethylbenzidine) substrate [Cambridge Veterinary Sciences] and
TMB buffer were mixed (1:1) and added to each well and incubated at room temperature for 5
minutes, after which H,SO, (100 pl)(10% v/v) was added to each well to stop the reaction.

Absorbencies were read on a spectrophotometer at 450nm.

For optimal expression of different surface appendages several different conditions were used to

grow the cultures for the ELISAs:

1. In cfa broth at 25°C the cultures were grown for 72 hrs

2. In cfa broth at 37°C the cultures were grown for 48 hrs

3. InLB-G broth at 25°C the cultures were grown for 24 hrs
4. In LB-G broth at 37°C the cultures were grown for 24 hrs

Each assay was performed at least twice and the standard ¢ test was used for statistical analysis.
The ¢ test was based on the pooled variance from the analyses of variance. A p value < 0.05

indicated a significant difference at the 5% level.
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2.2.7 Two dimensional Gel Electrophoresis
Two-dimensional gel electrophoresis was performed essentially as described previously (Gorg et

al, 1988; Qietal, 1995; Qiet al, 1996; O'Connor et al,, 1997; Adams et al, 1999).

2.2.7.1 Preparation of whole cell extracts

10 ml of an overnight culture was added to 990 ml of LB and grown to an ODgyonm of
approximately 0.4-0.5. The cells were pelleted by centrifugation at 7000 rpm (Beckman 8x50 ml
rotor) for 10 minutes. The pellet was washed in an equal volume of 0.9% NaCl (w/v) and respun
at 7000 rpm (Beckman 8x50 ml rotor) for 20 minutes. The cells were resuspended in freshly
made lysis solution (400 pl Triton X 100, 400 pl B-mercaptoethanol, 400ul ampholines, 5 mM
PMSF, in a final volume of 16 ml in distilled water) and sonicated using an MSE Soniprep 150.

Following sonication urea was added to a final concentration of 9M and the sample stored in

aliquots at -70°C.

2.2.7.2 Preparation of Soluble and insoluble fractions

The sample was prepared as before (section 2.2.7.1), however no Urea or Triton was used in the
lysis buffer. After sonication the sample was centrifuged at 1400 rpm (Beckman 8x50 ml rotor)
for 10 minutes to remove cell debris and the supernatant respun at 16000 rpm (Beckman 8x50ml
rotor) for 60 minutes. The supernatant (soluble fraction) was removed and the desired amount of

urea (0.54 g/ml) and Triton X 100 (25 pl/ml) were added to the sample. The pellet (‘cell

envelope’ fraction) was resuspended in 500 pl of lysis buffer containing urea and triton.

2.2.7.3 1IPG phor strip rehydration and first dimension run
The appropriate volume of sample to give approximately 4mg of protein was mixed with
rehydration solution (2.4g Urea, 0.1 g CHAPS, 100 ul IPG-Buffer pH 4-7, 15 mg dithiothreitiol

(DTT), few grains of Orange G and 5ml of distilled water) to give a final volume of 360 ul. The
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sample was added to an immobilised pH gradient strip (pH4-7) [Amersham-Pharmacia] and the

strip rehydrated for 12 hours prior to electrophoresis.

2.2.7.4 Equilibration of immobiline drystrips

The strip was first equilibrated for 10 minutes in equilibration solution (10 ml 0.5M Tris-HCl]
pH6.8, 36 g Urea, 30 ml Glycerol, 1 g SDS made up to 100ml with distilled water) containing
DTT (25 mg) and then for ten minutes in equilibration solution containing idoacetamide (0.45 g

plus a few grains of bromophenol blue).

2.2.7.5 Second dimension run
Electrophoresis of the strip was carried out using 12-14% gradient gels [Amersham-Pharmacia]

on a Pharmacia Mulitiophor II Electrophoresis unit according to the manufacturer’s instructions.

2.2.7.6 Gel Analysis

Gels were visualised by coomassie blue staining and digitised as previously described (Qi ef al.,
1995). Images were analysed using the Phoretix-2D software v. 5.1 [Phoretix] and imported to
Adobe Photoshop v. 5.0 for annotating and printing. Only proteins that were reproducibly

induced or repressed at least twice fold in at least two separate experiments were noted as

significant.

2.2.8 Tyrosine Phosphorylation Assay

An overnight culture was diluted 1 in 30 (1 ml into 29 ml) into fresh LB and grown at 37°C to
mid-log phase. The cells were pelleted by centrifugation and washed twice in 1 x kinase buffer
(50 mM Tris-HCI (pH 7.5, 1 mM Na2EGTA (pH 8.0), resuspending in 30 ml the first time and
in 10 ml buffer the second. The cells were sonicated using an MSE Soniprep 150 and spun at

5000 rpm (Beckman 8x50 ml rotor) for 10 minutes to remove unbroken cells. The supernatant
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was respun in fresh sterile tubes at 20,000 rpm (Beckman 8x50 ml rotor) for 30 minutes to pellet
the membranes. The supernatant was left on ice and the glassy membrane pellet resuspended in 1
x kinase RB (1 ml) and left on ice. The protein extract (membrane or supernatant) (10 pl) was
added to a microcentrifuge tube to which [y -**P] ATP (1 pl) [3000 Cimmol"; Amersham] and 1
x kinase RB (8 pl) was added. The reaction was incubated at 37°C for 15-30 minutes after which
2 x FSB (1.0 ml 0.5 M Tris-HCI, 800 pl Glycerol, 1.6 ml 10% SDS, 400 ul p-mercaptoethanol,
200 pl 0.05% (w/v) bromophenol blue, 4.0 ml distilled water) (20 pl) was added. The sample

was boiled and run on a 13% SDS-PAGE gel. The gel was dried and exposed to film.

2.2.9 Measurement of invasion by gentamicin resistance

The conditions used were essentially those described by Elsinghorst (1994). HeLa cells were
seeded to a density such that after an overnight incubation (37°C / 5% CO;) a 95-100% confluent
monolayer was obtained. Confluent monolayers contained between 4 and 6 x 10° cells in each

well of a 24-well plate. Three wells were used for each test.

For the adhesion assay, HeLa cell monolayers were washed twice with DMEM (no additions)
and fresh DMEM was applied to a volume of 1 ml prior to infection. Wild type S1400/94 and the
bipA::kan mutant were incubated statically overnight. A sample of culture was added to give a
multiplicity of infection of approximately 10 bacteria per cell. After infection the plate was
gently shaken to distribute the inoculum and incubated for 2 hrs at 37°C / 5% CO,. The
monolayers were washed six times with DMEM (no additions) to remove bacteria that had not
adhered to the cells and then disrupted with 1 ml 0.1% Triton X-100 in PBS. The supernatant

was then removed and the number of adherent bacteria determined by plating out serial dilutions.

Invasion assays were performed in duplicate 24-well plates. After allowing the bacteria to adhere
with the monolayer for 2 hrs, wells were washed three times with DMEM (no additions) before

adding 2 ml of DMEM containing 100 pg/ml gentamicin to the wells. The plates were incubated
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for 2 hrs at 37°C / 5% CO,. After this incubation the monolayers ware washed six times with
PBS to remove the gentamicin and incubated for 5 min with 1 ml 0.1% Triton X-100 in PBS.
The supernatant was removed and bacterial invasion determined by plating serial dilutions. Each

adhesion and invasion assay was performed at least twice (three wells per test).

2.2.10 Invasion of Macrophages

Bone-marrow derived macrophages from CBA or B6 mice (obtained from Thelma Biggs,
Southampton University) and RAW macrophage-like cells were grown in DMEM containing
10% fetal calf serum, 2 mM glutamine, and 50 pg/ml gentamicin. Monolayers of macrophages
for bacterial invasion were prepared by seeding 2x10° macrophages into each well of a 12-well
plate. After allowing the bacteria to adhere with the monolayers for 2 hrs, wells were washed
twice with DMEM (no additions) and fresh DMEM was applied (1ml per well) prior to infection.
The monolayers were infected with bacteria at a 10:1 multiplicity of infection. After infection the
plate was gently shaken for 5 minutes to distribute the inoculum and incubated for 2 hrs (37°C /
5% CO,). After incubation the monolayers were washed three times with DMEM (no additions)
to remove bacteria that had not adhered to the cells. Fresh DMEM supplemented with 100 pg/ml
of gentamicin was added to the monolayers and incubated for 2 hrs to kill any bacteria that had
not invaded. The monolayers were washed twice with PBS and lysed in 1ml 0.1% Triton X-100.
Serial dilutions were plated on LB agar medium and, following overnight incubation at 37°C, the

number of survivors were determined.

2.3 In vivo studies

2.3.1 Chickens dosing regimes
30 newly hatched White Leghorn chicks (specific-pathogen-free) were divided into two groups
comprising of fifteen birds each, which were housed in two separate isolators. Chicks were

dosed orally with 0.1 ml culture containing 5x10* cfu (Allen-Vercoe et al., 1999) and delivered
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into the crop by gavage tube (Cooper et al,, 1994b). Each group of birds was dosed with either
S. enteritidis S1400/94 or S. enteritidis bipA::kan. The chicks were permitted feed and water ad
libitum, observed three times daily and killed in extremis. At 6 hours, 24 hours and 48 hours post
inoculation, five birds were selected at random from each group and liver, spleen and caecal

counts of Salmonellas were performed.

2.3.2 Enumeration of Salmonellae in organ homogenates

Birds were killed by cervical dislocation and whole liver, spleen and caecum were removed at
post mortem, placed in individual sterile vessels and homogenised in PBS (pH 7.2) for 1 minute.
The viable count in liver, spleen and caccum was determined by plating decimal dilutions made
in sterile PBS on LB with or without kanamycin. Samples of organ homogenates were enriched
for Salmonellae in Selenite-F broth (CM395/L.121, Oxoid) with incubation for 24h at 37°C

followed by subculture on to brilliant green agar, BGA (CM329, Oxoid).

2.3.3 Mice dosing regimes

135 6-week old BALB/c mice were randomly divided into groups of 5 animals per box. Six
boxes of mice were infected, by the intraperitoneal (i.p) route, with one serial dilution in the
range 10" cfu to 10° cfu of Salmonella typhimurium SL1344. This was repeated for Salmonella
typhimurium SL1344 bipA::cat. Six boxes of mice were infected, by the oral route, with one
serial dilution in the range 10* cfu to 10° cfu of Salmonella typhimurium SL1344. This was
repeated for Salmonella typhimurium S1.1344 bipA::cat. The three remaining boxes were left as
controls. Each group of mice were kept separate, with food and water was permitted ad libitum,

and any mouse in extremis was killed. Survival over a period of sixteen days was recorded.
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CHAPTER 3

3 Production and preliminary characterisation of a S. enteritidis
bipA null mutant

3.1 Introduction

EPEC BipA has been shown to be involved in several processes associated with pathogenesis
(Farris et al, 1998), therefore one of the aims of this study was to identify if Salmonella
enteritidis pathogenesis is affected by BipA. To study its role in pathogenesis and other
processes a bipA knockout mutant was constructed in the strain S. enteritidis S1400/94. The
approach usually used to construct a knock out mutant is by insertional inactivation of the target
gene. This method relies on the gene being cloned into a vector so that a selectable marker can
be inserted within the gene to render it inactive. However, although PCR amplification of full-
length bipA was readily achieved, repeated experiments to clone the fragment into many
different vectors proved unsuccessful. As a result the approach taken was to PCR amplify only
the 3” and 5’ ends of bip4 and insert both fragments into a suicide vector. A selectable marker
could then be inserted in between the two fragments. Several different techniques, including
PCR, colony dot blots, southern hybridisation and western blotting, were used to confirm the
construction of the mutant. Interestingly, further into my studies, the full-length bip4 was
eventually cloned into the vector pCR2.1. This proved very useful as the clone could then be
used for sequence analysis studies. This is important because, for example, low sequence
conservation between different organisms could account for the different phenotypes observed

when comparing the role of a protein in two different species.

Like all other organisms, environmental temperature will profoundly affect the growth of the
microorganism. Salmonella and E. coli are able to survive within a temperature range of

approximately 10-45°C. Above or below these temperatures key proteins become denatured and
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growth stops altogether. Little is known about the role of S. enteritidis bipA so it was important
to establish if this gene affected such basic growth characteristics. Such studies are also
important because in the case of E. coli, it has been shown that if you knock out BipA the

organism becomes temperature sensitive at 25°C (A.J. Grant, unpublished results).

Previous studies have also showed that EPEC BipA undergoes tyrosine phosphorylation (Farris
et al., 1998). Therefore, to carry out initial comparisons of the S. enteritidis BipA and EPEC

BipA, experiments were carried out to determine if S. enteritidis BipA undergoes

phosphorylation.
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3.2 RESULTS

3.2.1 Cloning and Sequencing of S. enteritidis bipA gene

The bipA gene of S. enteritidis strain S1400 was cloned and sequenced to determine the degree
of sequence conservation of S. enteritidis bipA with S. typhimurium bipA and E. coli bipA. The
full-length bipA, including the promoter region, was amplified using primers AJG001
(complementary to start of gln4) and ALW21 (complementary to the region just 5° to the stop
codon of bipA). The resulting amplified fragment was then cloned into the vector, pCR2.1, to

give plasmid pAWS5 (Figure 3-1).

3.2.2 Sequence analysis of bipA

Sequencing was carried out from the plasmid clone, pAWS5 and this sequence was compared to
the sequence obtained from pYL98 (S. enteritidis bipA cloned into pBR322, Y. Li., unpublished
results. EMBL accession no. AJ276889). No differences were seen between the two sequences,

suggesting that the sequence obtained from pAWS is correct.

Comparison of bipA gene sequences of S. typhimurium and S. enterifidis revealed ten base
differences between the two sequences (Figure 3-2). However, only one of these base differences
is not a silent mutation (Figure 3-3). At residue 266, the asparagine amino acid in S. enteritidis is

substituted for an aspartic acid in S. fyphimurium (GAT— AAT). Thus, the two proteins are

almost identical.

Alignment of the S. enteritidis and EPEC bipA genes show that the sequences are more divergent
towards the 3’ end of bipA. There are two main areas where the sequences diverge more
compared to the rest of the alignment; these areas include nucleotides 1051 to 1163 (80.3%
homologous) and nucleotides 1929 to 3007 (82.0% homologous). However, overall the S.
enteritidis bipA sequence is 90% homologous to the EPEC bipA4 sequence, suggesting that BipA

is a highly conserved protein.
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3.2.3 Construction of a bipA null mutant of S. enteritidis S1400/94

As a prerequisite to studying the role of BipA protein in S. enteritidis, a knockout mutant was
constructed using allelic replacement. The 5' and 3' portions of the S. enteritidis bipA gene were
isolated by PCR using primers based on the sequence of the bipA gene of EPEC strain MARO0O1.
The resulting amplified DNA fragments were then cloned sequentially into the suicide vector
pERFORMC to generate plasmid pAW3. The construct was then modified by insertion of a 1.4
kb cassette, carrying a Km' gene, between the 5' and 3' fragments to generate plasmid pAW4
(Figure 3-5). pAW4 was mobilised into S1400/94 to enable allelic exchange between the
chromosomal bipA gene and the insertionally inactivated form present on the plasmid (Figure
3-6). Candidate bipA::kan colonies were screened for the loss of the wild type gene by PCR,

colony dot blots, Southern hybridisation and Western blotting.
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Figure 3-1 A flow diagram that outlines the cloning of bipA of S. enteritidis S1400
Following PCR amplification of the bipA4 gene and its promoter region the DNA fragment was inserted into pCR2.1
using the Original TA Cloning Kit. This works on the principle that Tag polymerase has a non template-dependent
activity, which adds a single deoxyadenosine (A) to the 3° ends of PCR products. The vector supplied in the kit has
single deoxythymidine (T) residues that therefore allow the PCR insert to ligate efficiently with the vector
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Figure 3-2
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Ent : 1381 attcatgaccatgacttccggtacgggtctgctgtactccaccttcagccattacgacga 1440
Prrrrrrrrrrrrrererrrrrrrrrererrrr e rrerrrereererrrrrrrrrrey
Typhm: 1381 attcatgaccatgacttccggtacgggtctgctgtactccaccttcagccattacgacga 1440

Ent : 1441 tattcgtccgggtgaagtgggtcagcgtcagaacggcgtactgatctctaacggtcaggg 1500
PEEEEEEr et eerr e e e et et
Typhm: 1441 tattcgtccgggtgaagtgggccagcgtcagaacggegtactgatctccaacggtcaggg 1500
* *

Ent : 1501 taaagcggtggcgtttgcgctgttcggtttgcaggatcgeggtaagetgttectgggtca 1560
LEEEEErr et e e et e e e e e e et e el
Typhm: 1501 taaagcggtggcgtttgcgectgttcecggtttgcaggatcgecggtaagetgttecctgggteca 1560

Ent : 1561 cggcgcggaagtttatgaaggccagattattggtattcacagtcgctccaacgacctgac 1620
FEErerrrrrrrrrerer e rreerrerrrrrrrrererrerr et errrrrred
Typhm: 1561 cggcgcggaagtttatgaaggccagattattggtattcacagtcecgectccaacgacctgac 1620

Ent : 1621 ggtaaactgcctgaccggtaagaagctgaccaacatgcgtgcgtctggtacggatgaage 1680
Frerrrrrrrrrrrrrerrerre e et rrer e et rrrr e
Typhm: 1621 ggtaaactgcctgaccggtaagaaactgaccaacatgcgtgcecgtccggtacggatgaage 1680
*

Ent : 1681 ggtgattctggttccgccaattaaaatgagccttgagcaagecgetggagttcattgatga 1740
CEETEEErE et ettt e e et e e e e e et et
Typhm: 1681 ggtgattctggttccgccaattaaaatgagccttgagcaagcecgetggagttcattgatga 1740

Ent : 1741 cgacgaactggtagaagtcaccccgacctctatcegtateccgtaaacgtcacctgacgga 1800

CEEEEEErEr e e rrrer rerreer et et e e et e e e et el

Typhm: 1741 cgacgaactggtagaagtcaccccaacctctatccecgtatcecgtaaacgtcacctgacgga 1800
*

—STOP

Ent : 1801 aaacgatcgccgccgtgcgaaccgtggtcagaaagaagag ttaacgttcttacggat 1860
FEErrrrerrrrerrrrr e ettt ey CITEEE Tttt
Typhm: 1801 aaacgatcgccgccgtgcgaaccgtggtcagaaagaagag ttaacgctcttacggat 1860
*

Ent : 1861 aaaaaccctgccgaaatgaaagctcggc 1888
CEETTEErr e errr el
Typhm: 1861 aaaaaccctgccgaaatgaaagctcggc 1888

Figure 3-2 shows an alignment of the nucleotide sequences of S. enteritidis S1400 and S. typhimurium SL1344. The
S. typhimurium sequence was obtained from the NCBI database (accession no. AJ276889). An asterisk highlights
the sequence differences between the two strains. The yellow and blue highlighted sequences represent the start and
stop codons of bipA respectively. The red highlighted sequences represent the ribosomal binding sites. The

alignment shows that the sequences are very similar and only differ in 10 nucleotides.
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Ent : 1 MIENLRNIAIIAHVDHGKTTLVDKLLOQOSGTFDARAETQERVMDSNDLEKERGITILAKN 60
MIENLRNIAIIAHVDHGKTTLVDKLLQQOSGTFDARAETQERVMDSNDLEKERGITILAKN
Typhm: 1 MIENLRNIAIIAHVDHGKTTLVDKLLQQSGTFDARAETQERVMDSNDLEKERGITILAKN 60

Ent : 61 TAIKWNDYRINIVDTPGHADFGGEVERVMSMVDSVLLVVDAFDGPMPQTRFVTKKAFAHG 120
TAIKWNDYRINIVDTPGHADFGGEVERVMSMVDSVLLVVDAFDGPMPQTRFVTKKAFAHG
Typhm: 61 TAIKWNDYRINIVDTPGHADFGGEVERVMSMVDSVLLVVDAFDGPMPQTRFVTKKAFAHG 120

Ent : 121 LKPIVVINKVDRPGARPDWVVDQVFEFDLEFVNLDATDEQLDFPIIYASALNGIAGLDHEDMA 180
LKPIVVINKVDRPGARPDWVVDQVFDLFVNLDATDEQLDFPITYASALNGIAGLDHEDMA
Typhm: 121 LKPIVVINKVDRPGARPDWVVDQVEDLFVNLDATDEQLDFPIIYASALNGIAGLDHEDMA 180

Ent : 181 EDMTPLYQAIVDHVPAPDVDLDGPLQOMQISQLDYNNYVGVIGIGRIKRGKVKPNQQVTII 240
EDMTPLYQAIVDHVPAPDVDLDGPLOMOISQLDYNNYVGVIGIGRIKRGKVKPNQQVTITI
Typhm: 181 EDMTPLYQAIVDHVPAPDVDLDGPLOMQOISQLDYNNYVGVIGIGRIKRGKVKPNQQVTII 240

Ent : 241 DSEGKTRNAKVGKVLTHLGLERIDSBIAEAGDIIAITGLGELNISDTICDPONVEALPAL 300
DSEGKTRNAKVGKVLTHLGLERIDSHIAEAGDIIAITGLGELNISDTICDPONVEALPAL
Typhm: 241 DSEGKTRNAKVGKVLTHLGLERIDSNIAEAGDIIAITGLGELNISDTICDPQONVEALPAL 300

Ent : 301 SVDEPTVSMFFCVNTSPFCGKEGKEFVTSRQILDRLNKELVHNVALRVEETEDADAFRVSG 360
SVDEPTVSMFFCVNTSPFCGKEGKFVTSRQILDRLNKELVHNVALRVEETEDADAFRVSG
Typhm: 301 SVDEPTVSMFFCVNTSPFCGKEGKFVTSRQILDRLNKELVHNVALRVEETEDADAFRVSG 360

361 RGELHLSVLIENMRREGFELAVSRPKVIFREIDGRKQEPYENVTLDVEEQHQGSVMQALG 420
RGELHLSVLIENMRREGFELAVSRPKVIFREIDGRKQEPYENVTLDVEEQHQGSVMQALG
Typhm: 361 RGELHLSVLIENMRREGFELAVSRPKVIFREIDGRKQEPYENVTLDVEEQHQGSVMQALG 420

Ent

..

Ent : 421 ERKGDLKNMNPDGKGRVRLDYVIPSRGLIGFRSEFMTMTSGTGLLYSTFSHYDDIRPGEV 480
ERKGDLKNMNPDGKGRVRLDYVIPSRGLIGFRSEFMTMTSGTGLLYSTFSHYDDIRPGEV
Typhm: 421 ERKGDLKNMNPDGKGRVRLDYVIPSRGLIGFRSEFMTMTSGTGLLYSTFSHYDDIRPGEV 480

Ent : 481 GQRONGVLISNGQGKAVAFALFGLQDRGKLFLGHGAEVYEGQIIGIHSRSNDLTVNCLTG 540
GORONGVLISNGQGKAVAFALFGLODRGKLFLGHGAEVYEGQIIGIHSRSNDLTVNCLTG
Typhm: 481 GQRONGVLISNGQGKAVAFALFGLQDRGKLFLGHGAEVYEGQIIGIHSRSNDLTVNCLTG 540

Ent : 541 KKLTNMRASGTDEAVILVPPIKMSLEQALEFIDDDELVEVTPTSIRIRKRHLTENDRRRA 600
KKLTNMRASGTDEAVILVPPIKMSLEQALEFIDDDELVEVTPTSIRIRKRHLTENDRRRA
Typhm: 541 KKLTNMRASGTDEAVILVPPIKMSLEQALEFIDDDELVEVTPTSIRIRKRHLTENDRRRA 600

Ent : 601 NRGQKEE 607
NRGOKEE
Typhm: 601 NRGQKEE 607

Figure 3-3  Protein alignment of S. enteritidis and S. typhimurium BipA
The S. enteritidis and S. typhimurium BipA proteins only differ in one protein (highlighted in blue). At residue 266,

the asparagine amino acid in S. enteritidis is substituted for an aspartic acid in S. typhimurium (GAT— AAT).
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Figure 3-4
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Alignment of the nucleotide sequences of S. enteritidis and EPEC strain

E2348/69
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Figure 3-4 shows an alignment of the nucleotide sequences of S. enteritidis S1400 and that of the enteropathogenic

E. coli strain E2348/69. The E2348/69 sequence was obtained from the NCBI database (accession no. AJ278218).

An asterisk highlights the sequence differences between the two strains. The yellow and blue highlighted sequences

represent the start and stop codons of bipA respectively. The red highlighted sequences represent the ribosomal

binding sites. The alignment shows that the sequences are more divergent towards the 3’ end of bipA. However,

overall the sequences are very similar suggesting that BipA is a highly conserved protein. Transcript mapping using

the EPEC strain E2348/69 has show that in E. coli bipA there are three potential promoters, P1, P2 and P3 (S.
Payot., unpublished data). The potential transcription starts (+1) are highlighted in pink, whereas the potential RNA

polymerase recognition (-35) and binding sites (—10) are highlighted in blue.
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Figure 3-5  Construction of plasmid designated pAW4
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PstI Hincll . Hincll Pst1
Kan

Cut with Hincll
Hincll - Hincll
I _an__, |
1400bp

Cut pAW3 with Pmel and ligate

Figure 3-5 outlines the construction of a plasmid pAW4. To knock out the S. enteritidis bipA gene the 5' and
3' portions of bipA were isolated by PCR and cloned sequentially into the suicide vector pPERFORMC to
generate plasmid pAW3. The construct was then modified by insertion of a 1.4 kb cassette, carrying a Km'

gene, between the 5' and 3' fragments to generate pAW4.
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Figure 3-6  Construction of a bipA null mutant of S. enteritidis S1400/94
pAW4 was mobilised into S1400/94 to enable homologous recombination to occur between the
chromosomal bipA gene and the insertionally inactivated form present on the plasmid. Double crossover

recombination events were selected for by selection of kanamycin-resistant, chloramphenicol-sensitive

colonies
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3.3 Characterisation of putative null mutant

3.3.1 Colony blot hybridisation

Three 'putative' null mutants were screened for the insertion of the kanamycin cassette by colony
dot blots. Wild type S. enteritidis and three 'putative’ mutants were grown overnight on a
membrane overlaid on a LB plate. The cells were then lysed in sifu and the DNA probed. The
presence of the kanamycin cassette was confirmed by probing with a radiolabelled Hincll
fragment derived from the kanamycin cassette (Figure 3-7) and the loss of the suicide vector was

confirmed by probing with radiolabelled pPERFORMC DNA (data not shown).

3.3.2 PCR analysis of the bipA genes in S. enteritidis S1400 and S1400
bipA::kan strains

Primers ALW2 and ALW3 will amplify full-length bipA. The primer pair was therefore used to
amplify the bipA region from wild type S. enteritidis, three putative bipA::kan mutants and
plasmid pAW4. In contrast to the wild type strain, which generated a 1.63 kb fragment, the three
putative mutants each yielded a 3.03 kb PCR product, as did the positive control pAW4 (Figure
3-8). This would be expected if the wild type bip4 gene had been replaced by the bipA::kan

allele as the upshift of 1.4 kb is due to the insertion of the kanamycin cassette.

3.3.3 Southern Hybridisation of DNA from S1400 and putative bipA::kan

mutant
Southern hybridisation experiments were carried out to confirm that homologous recombination
had occurred in a putative bipA:-kan strain. Total genomic DNA was extracted from S.
enteritidis S1400/94 and one isogenic bipA~ derivative. The genomic DNA was digested to
completion using Mlul, resolved by agarose gel electrophoresis, transferred to nylon membranes
and hybridised with a probe consisting of the bip4 gene. Analysis of the resulting autoradiogram

showed that an approximately 9.50 kb Mlul fragment hybridised with the bip4 probe in S1400
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genomic DNA. In contrast, an approximately 10.9 kb fragment was found in the putative
bipA::kan mutant (Figure 3-9). This is also consistent with replacement of the wild type bip4
gene on the chromosome with the bipA::kan allele as the 1.4 kb increase in the Mlul fragment of

the mutant confirms the presence of the kanamycin cassette.

3.3.4 Western Blotting

Whole cell extracts from S1400 and a putative null mutant were run on a SDS PAGE gel and
transferred to a nylon membrane prior to probing with anti-BipA antibodies. No expression of
the BipA protein could be detected in the sample of the mutant extract although a 72 kDa band,

consistent with that of BipA, was readily detected in the wild type sample (Figure 3-10).
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Three bipA::Kan mutants
S1400 #1 #2 #3

Lol
777

Figure 3-7  Autoradiogram of colony dot blot Hybridisation

Three candidate bipA::kan transconjugants that were screened for the insertion of the kanamycin cassette into bipA
by colony dot blots. The insertion of the kanamycin cassette was confirmed by probing with a radiolabelled DNA
fragment of the kanamycin cassette. Wild type S1400/94 was used as a negative control. Lane 1: S1400/94, lane 2:
bipA::kan #1, lane 3: bipA::kan #2, lane 4: bipA::kan #3

bipA::kan
2 3
E 1 2
g > £
3.03kb —» o s @ &

1.63kb —» — "

Figure 3-8 @ PCR amplification of the bipA region from S1400 and putative bipA::kan

mutant cells
Further characterisation of the three mutants was carried out using PCR and genomic DNA from the relevant strains.
The insertion of the kanamycin cassette was confirmed using primers ALW2 and ALW3 that amplify full-length
bipA. Lane 1: S1400/94, lane 2: bipA::kan #1, lane 3: bipA::kan #2, lane 4: bipA::kan #3, lane 5: pAW4.
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Figure 3-9  Southern Hybridisation of DNA from S1400 and putative bipA::kan mutant
Miul-digested chromosomal DNA from the parental and bipA::kan #3 strains were analysed by southern
hybridisation using a radiolabelled full length bipA4 fragment as probe. Lane 1: S1400/94, Lane 2: bipA::-kan #3.
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Figure 3-10 Western Blotting of whole cell extracts from S1400 and a putative bipA::kan

mutant
Proteins from S1400/94 and the null mutant (#3) were separated by a SDS PAGE gel and transferred to a nylon
membrane that was probed with anti-BipA antibodies. Increasing amounts of whole cell extracts from the WT and

putative null mutant strain were loaded from left to right on the gel.
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3.4 In vitro characterisation of general features/properties of the bipA::kan

mutant of S. enteritidis
From the experiments above it was concluded that a bipA::kan mutant had been successfully
constructed. This was therefore taken for further study. The first set of experiments was to
characterise the role of bipA4 in S. enteritidis by determining if the gene affected basic growth
characteristics or conferred auxotrophy. Secondly, previous immunoblotting experiments
indicated that the BipA protein of EPEC is tyrosine phosphorylated (Farris et al, 1998).
Eukaryotic tyrosine phosphorylation is common and pivotal in the regulation of cell division and
development, it is however uncommon in prokaryotes, and its biological significance is unclear

(Zhang, 1996). It was therefore of interest to determine if S. enteritidis BipA undergoes

phosphorylation.

3.4.1 Growth characteristics of mutant relative to parent cells

To determine the base-line characteristics of the bipA::kan mutant relative to parent cells their
growth rates in LB and minimal medium were compared. No significant differences were
detected at 37°C when grown in either LB or minimal media (Figure 3-11) or at 30°C when
grown on LB plates. This indicates that BipA does not regulate processes that are essential for

growth under these conditions.

3.4.2 S. enteritidis bipA does not undergo tyrosine phosphorylation

The immunoblotting experiments showed that in EPEC a protein that migrates at approximately
80kDa cross-reacted with [y-*?P] ATP, whereas no detectable band was seen in either the
membrane extracts or soluble extracts of S. enteritidis (Figure 3-12). The 65kDa BipA protein
migrates anomalously in SDS-polyacrylamide gels at 75kDa (S.Y. Qi and C.D. O’Connor,

unpublished results). Therefore, these results may suggest that EPEC BipA undergoes
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phosphorylation, but S. enteritidis BipA does not. However, further experiments would need to

be carried out to determine this conclusively.
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Growth curves of wild type and bipA null mutant when grown in
LB and minimal media (MM) at 37°C

10

—o—wt (LB)

——mut (LB)
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—>—mut (MM)
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Time (min)

Figure 3-11 Growth characteristics of bipA::kan mutant relative to parent cells
Overnight cultures of S1400 and bipA::kan were inoculated into pre-warmed, fresh LB and minimal media (MM)
(1 in 50 dilution) and grown at 37°C for ten hours. An ODg was taken every thirty minutes to determine the growth

rates of the wild type and mutant in both rich and minimal media.

97.2 kDa —»
66.4 kDa —»

Figure 3-12 Cross-reaction of S. enteritidis and EPEC extracts with [y’P] ATP
$1400 and MAROO1 were sonicated to give soluble and membrane extracts which were then incubated with [y**P]
ATP. The extracts were then separated by SDS PAGE gel and the gel was dried and exposed to film. Equal amounts

of each extract were loaded. Lane 1: MAR0OO1 membrane extract, Lane 2: MAROO1 soluble extract, Lane 3: S1400
membrane extract, Lane 4: S1400 soluble extract
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3.5 Discussion

Very little is known about the role of BipA in Salmonella, therefore my main aim in this chapter
was to first clone the bipA4 gene, for sequence comparisons and transcomplementation studies,
and secondly to construct a bip4 knockout mutant to allow detailed analysis of phenotypic
changes. In this chapter, it has been established that the S. enteritidis bipA gene has been cloned
and that a bipA4 knockout mutant has been constructed. Further studies with this knockout mutant
have shown that BipA does not regulate processes that are essential for growth in LB or minimal

media. It has also been shown that, unlike EPEC BipA, Salmonella BipA is not phosphorylated.

3.5.1 Cloning of S. enteritidis bipA gene

Repeated attempts to clone the bipA4 into several different vectors using restriction enzymes were
not successful. The reason for this is unclear however partial fragments of bip4 could be cloned
into the suicide vector, pERFORMC. In this case a stop codon was engineered into the 5’
fragment of bipA so that no BipA protein would expressed and therefore could not be deleterious
to the cells. This meant that a knockout mutant could be constructed without having to clone the
whole of bipA. As it is important to be able to transcomplement any phenotypic defects observed
with a knockout mutant further strategies were used to try and clone bipA. Successful cloning of
bipA was eventually achieved when a TA cloning approach was used. This relies on the
knowledge that PCR amplification of DNA, when using 7ag polymerase, results in
deoxyadenosine (A) overhangs. The vector is therefore constructed with deoxythymidine (T)

overhangs that will allow efficient ligation of the PCR insert without the use of restriction

enzymes.

The insertion of a kanamycin cassette into bip4 may have resulted in polar effects where the
expression of genes downstream of bip4 may have been affected. That is, the cassette may cause

termination of transcripts initiated by the operon’s promoter but the cassette itself does not
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provide a promoter capable of expressing distal genes. This could only be avoided if the
kanamycin cassette is designed with ribosomal binding sites and start codons at either end of the
cassette so that when the cassette was inserted into the gene in either orientation the transcription
of genes in an operon would not stopped. Unfortunately the cassette that was designed failed to
be inserted into bip4 and the resulting cassette that was cloned did not contain additional
ribosomal binding sites or start codons. In addition, the kanamycin cassette used contained its
own promoter and several studies (Hirsh et @/, 1986) have reported that the promoters of
antibiotic resistance genes may affect the expression of distal genes (Kendrick and Reznikoff,
1988; Hirsh et al., 1986) . However, the phenotypes seen with the mutant are assumed to be a

result of the bipA mutation, but it is essential to be aware that the insertion of the cassette could

cause polarity and misregulation.

3.5.2 Sequence analysis of bipA

The S. typhimurium BipA sequence differs from the S. enteritidis BipA sequence by only one
residue (Asp—Asn). This base change does not map within domain IV of EF-G, which mimics
the anti-codon arm of tRNA and is believed to interact with ribosomes (Nissen ef al, 1995;
Rodnina et al., 1997), or within the regions that define a guanine nucleotide-binding pocket.
This suggests that the interaction of BipA with ribosomes will be the same in S. fyphimurium and

S. enteritidis.

3.5.3 8. enteritidis bipA is not phosphorylated

Until recently tyrosine phosphorylation was considered to be confined to eukaryotes (Levitzki
and Gazit, 1995). However, it has now been reported in several species of bacteria (Freestone ef
al., 1998). Previous studies have shown that E. coli BipA is tyrosine phosphorylated (Farris et
al., 1998). In contrast, this study indicates that S. enterifidis BipA is not phosphorylated.

However, further work needs to be carried out to determine this conclusively. The reason for the
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difference between the two species is unknown as the role for BipA phosphorylation remains to

be determined.
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CHAPTER 4

4 Phenotypic characteristics and virulence properties of bipA Null
mutant

4.1 Introduction

In the previous chapter a bip4 knockout mutant was constructed and characterised. In this

chapter, using this bip4 null mutant, the role of bip4 in the regulation of fimbriae and flagella

will be determined as these appendages have been implicated in the association between host

cells and Salmonella.

4.1.1 Fimbriae
Fimbriae are considered to be virulence factors as they are thought to be involved in the initial
adherence of Salmonella to host mucosal surfaces. S. enferitidis exhibit at least five different

types of fimbriae including SEF21 (type 1 fimbriae), SEF14, SEF17, PEF and LPF.

4.1.1.1 Type 1 fimbriae

Type 1 fimbriae, which mediate mannose-sensitive agglutination of erythrocytes (Duguid et al.,
1966), have been shown to be involved in the adhesion to various tissue culture cell-lines
(Tavendale ef al., 1983; Ernst et al., 1990; Dibb-Fuller et al, 1999) and animal tissues (Lillard,
1986; Lindquist et al., 1987; Oyofo et al, 1989; Craven et al., 1992; Isaacson and Kinsel,
1992; Ewen et al., 1997). However, other studies have failed to shown any role for type 1
fimbriae in the adhesion to various cell lines (Barrow ef al., 1992). Lockman and Curtis (1992)
found that single mutants in either flagella or type 1 fimbriae were as virulent as the wild type
strain in the murine typhoid model, but strains harbouring mutations in both flagella and type 1

were attenuated. These discrepancies may be due to the use of undefined mutants or to the lack
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of knowledge about factors that influence in vivo fimbrial phase variation. Also, the use of
different cell lines may explain these contradictory results as Baumler er al. (1996a) reported that

type 1 fimbriae were involved in the adhesion to HeLa cells but not to Hep-2 and MDCK cells .

The Salmonella serovars Gallinarum and Pullorum exhibit host specificity for poultry and
aquatic birds and are not able to cause disease in mammalian hosts. Gallinarum and Pullorum are
unable to mediate mannose-sensitive hemagglutination and it was found that when these serovars
expressed S. typhimurium type 1 fimbriae they exhibited a significant increase in adherence and
invasiveness for mammalian cells. This suggested that these fimbriae are essential in adherence
and invasion (Wilson ez al, 2000). In contrast, recent studies using defined mutants have shown
that type 1 fimbriae are not involved in the adhesion to chick kidney epithelial cells or to chick
gut explants (Lee et al, 1996; Allen-Vercoe and Woodward, 1999). The role for SEF21 in

S. enteritidis therefore remains equivocal.

4.1.1.2 SEF14 fimbriae

The SEF14 fimbriae are restricted to S. enteritidis and other closely related group D Salmonella.
Again there are conflicting results as to the role of SEF14 in pathogenesis. Evidence suggests
that SEF14 is involved in the adherence of S. enteritidis to mouse epithelial cells and that the
pre-treatment of mice with SEF14 antibodies protects mice from S. enteritidis infection (Peralta
et al, 1994). Also, Thiagarajan et al. (1996) have demonstrated that SEF14 mediates the
attachment of S. enteritidis to chicken ovarian granulosa cells. In contrast, various other in vifro
and in vivo studies suggested no role for SEF14 fimbriae in Salmonella pathogenesis (Thorns et
al, 1996; Ogunniyi et al, 1997; Allen-Vercoe et al., 1999; Allen-Vercoe and Woodward,
1999; Dibb-Fuller ef al, 1999; Rajashekara er al.,, 2000 ). Studies carried out by Edwards ef al.
(2000) may explain this paradox as they revealed that subsequent to the colonisation and

penetration of the intestinal barrier SEF14 fimbriae mediate interactions between the bacteria
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and macrophages. Therefore, SEF14 may only be required for the systemic infection at stages

beyond the initial colonisation of host epithelial surfaces.

4.1.1.3 SEF17 fimbriae

SEF17 fimbriae, analogues of the ‘curli’ fimbriae of Escherichia coli, are essential for the
generation of ‘convoluted’ or ‘lacy’ colonies of S. enteritidis at 25°C on Colonisation Factor
Agar (CFA) (Allen-Vercoe et al, 1997). The elaboration of these convoluted colonies is
associated with the ability of the strain to contaminate eggs (Petter, 1993). It is also associated
with the ability to cause infection in mice and to its tolerance to certain environmental conditions
including heat, acid and hydrogen peroxide (Humphrey et al., 1996). In S. typhimurium the
SEF17 homologue is thought to play a role in the adhesion and invasion of mouse tissues as in
vitro work showed that SEF17 promotes interaction of the bacteria with mouse small intestine
epithelial cells (Sukupolvi et al., 1997). In vivo work showed that a S. fyphimurium mutant
which displayed a decrease in the expression of SEF17 caused a chronic infection in mice as
opposed to the normal systemic infection (Sukupolvi ef al, 1997). Also, a S. enteritidis SEF17
strain showed a significant reduction in the adherence and invasion of cultured epithelial cells
(Dibb-Fuller er al, 1999). In contrast, Rajashekara and co-workers (2000) suggest that SEF17
did not enhance S. enteritidis internalisation of enterocytes or macrophages and that in SPF
chickens the invasion, persistence and excretion of the bacteria was not affected by SEF17.
Allen-Vercoe and Woodward (1999b) also found that S. enteritidis SEF17 defective strains

adhered as well as the wild type strain to chick gut explants.

4.1.1.4 PEF fimbriae
Serotype Associated Plasmids (SAPs) have been identified in a number of Salmonella spp. and
are thought to contribute to virulence. One locus on the plasmid has been identified as a fimbrial

gene that elaborates fine, peritrichous, matted fimbriae, otherwise know as Plasmid Encoded
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Fimbriae (PEF) (Friedrich et al, 1993). The pef fimbrial operon mediates adhesion of
Salmonella typhimurium to the murine small intestine and is necessary for fluid accumulation
(Béumler ef al., 1996). PEF may selectively bind to certain tissues as it has been demonstrated
that even though PEF was involved in adhering to the murine small intestine, adhesion to
epithelial cell lines such as Hela, Hep-2, Int-407, MDCK or murine Peyer’s patch cells could not
be seen (Baumler ef al., 1996). It has been show that the Sa/monella virulence plasmid enhances
Salmonella—induced lysis of macrophages and influences inflammatory responses, therefore the
SAP genes may only be required after the initial colonisation and invasion (Guilloteau et af.,
1996). The role of PEF in S. enteritidis is unclear, but it has been shown in vivo to be expressed

within the chick (Woodward er al., 1996).

4.1.1.5 LPF fimbriae

Long Polar Fimbriae (LPF) were discovered by Baumler and Heffron (1995) and were found to
be long, fine fimbriae radiating from the poles of the bacteria and are thought to be involved in
adhesion to murine Peyer’s patches (Bdumler ef al, 1996). Very little is known about how the

Ipf operon contributes to the colonisation of the Peyer’s patches.

4.1.2 Flagella

In E. coli flagella are one of the cell surface appendages that have been well defined and are
thought to be responsible for bacterial motility. Bacteria are exposed to a wide variety of
environments and in order to survive the bacteria must be able to swim away from or towards
favourable or toxic environments respectively (Aizawa, 1996). Flagella are composed of three
parts, the basal body, the curved hook and the filament. The synthesis of flagella is controlled by
the expression of genes that are organised into a regulatory hierarchy of three classes. Each class
is required for the expression of the next (Kutsukake ef al, 1990). The first class (class I)

includes two master regulatory genes, fIhDC, that when induced turn on expression of the
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middle-class (class IT) of genes that are required for the structure and assembly of the hook-basal
body complex (Yokota and Gots, 1970; Komeda et al., 1975). Included in the middle-class of
genes is the fli4 gene that encodes the alternative sigma factor, >3, required specifically for the
transcription of the late class of genes (Kutsukake et al., 1990; Ohnishi ez al., 1990). The late
class (class III) includes genes that express flagellin, hook associated proteins (HAP) (Ikeda et
al., 1987) and genes that are responsible for chemotaxis and motility. Class III also encodes the
anti-sigma factor, FlgM, which binds to FliA to prevent its association with RNA polymerase
core enzyme. Following assembly of the hook-basal body complex, the flagellum-specific export
apparatus secretes FlgM, therefore flagella assembly is effectively coupled with transcriptional

regulation.

Flagella have been implicated in the survival within murine macrophages. Flagellated S.
typhimurium survived longer than non-flagellated derivatives in an in vitro macrophage assay
(Weinstein et al, 1984). Also, non-motile S. typhimurium mutants were less able to survive
within mouse macrophages and were significantly less virulent than the wild type in vivo (Fields
et al, 1986). Previous studies have also implicated the importance of motility in the invasion of
host epithelial cells (Jones et al., 1981; Khoramian-Falsafi et al., 1990; Jones et al., 1992).
Until recently however it was unclear if it was due to a direct requirement for motility or whether
flagellum-associated genes were required for entry. In the serovars S. typhimurium and S. {)phi,
Eichelberg and Galan (2000) introduced loss-of-function mutations in the three regulatory
classes of flagellar genes and examined their effect on bacterial invasion and gene expression. It
was found that knocking-out any flagella genes impaired the ability of S. typhimurium to invade
tissue culture cells and induce macrophage cell death. These defects could however be reversed
by a mild centrifugal force. Moreover, McCormick (1988) found that non-flagellated S.
typhimurium mutants adhered to and invaded the mouse large intestine to the same extent as the

parent strain. These results and previous results (Jones ef al, 1981) suggest that in S.
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typhimurium motility per se is not required for entry into host cells. Motility may aid the entry
process by facilitating the intimate contact between the bacteria and the host cell that is required
for the delivery of effector proteins via the type III secretion system. In contrast, S. &yphi fIThDC
and fli4 mutants were unable to invade host epithelial cells and cause macrophage cytotoxicity
even when a mild centrifugal force was applied (Eichelberg and Galan, 2000). Eichelberg and
Galan (2000) also found a decrease in the expression of components of the SPI-1 encoded type
III secretion system in the S. typhi flagella regulatory protein mutations (f/ADC™ and fli4’). These
results suggested that in S. fyphi motility is not necessary for invasion but there is an overlap

between regulatory mechanisms that control flagellar and type I1I secretion gene expression.

Using ELISAs and TEM the role of BipA in the regulation of surface appendages will be
investigated in this chapter. Another technique to identify other proteins regulated by BipA is to

compare the 2-D profiles of the bipA mutant and its parent strain.

4.1.3 Two-dimensional gel electrophoresis

Two-dimensional gel electrophoresis is an alternative approach to transposon mutagenesis to
identify and study proteins implicated in virulence. Two-dimensional gel electrophoresis is a
technique that separates hundreds of polypeptides orthogonally by their isoelectric points and
molecular masses (Qi et al, 1996). There are several important reasons why protein
identification is relatively simple in Salmonella. Firstly, Salmonella has a small genome
compared to eukaryotic genomes as it is estimated to have coding potential of around 4000 gene
products, which is approximately half the size of the smallest eukaryotic genomes. Secondly, due
to the close evolutionary relationships between Salmonella and E. coli, proteins expressed by
Salmonella often have homologous sequences in E. coli and can therefore be reliably assigned.
Thirdly, protein identification by N-terminal sequencing may be hindered by post-translational

modifications, however these modifications in prokaryotes are relatively rare (O'Connor et al.,
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1997). Taken together, these factors suggest that in the case of the bipA null mutant, proteomics

can be used to identify what proteins are under the control of bipA.

This chapter first describes results obtained from a phenotypic analysis of the bip4 null mutant

on the expression of different fimbriae and flagella. It then details the results of the 2-D gels

carried out.
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4.2 RESULTS

Previous studies have shown that bipA negatively regulates flagella-mediated cell motility in the
enteropathogenic E. coli strain MAROO1 (Farris e al, 1998). It was therefore of interest to
investigate the expression of: flagella and other surface appendages including SEF14, SEF17 and
SEF21 in the S. enteritidis bipA null mutant. This was carried out using enzyme-linked
immusorbent assays (ELISAs) and transmission electron microscopy (TEM). For optimal
expression of the different surface appendages several different conditions were used to grow the

cultures for the ELISAs and TEM (described in Materials and Methods).

4.2.1 The effect of BipA on the expression of SEF14

Compared to its parent strain, the expression of SEF14 in the bipA null mutant differed
depending on the culture conditions. No difference in SEF14 expression was seen between the
wild type and mutant when grown in cfa at either 25°C or 37°C (Figure 4-1). When grown in
LB-G there was no difference at 25°C, however at 37°C the expression of SEF14 in the mutant
was reduced by 40% (p < 0.001) compared to the wild type (Figure 4-2). A difference in possible
SEF14 expression was seen under TEM when the strains were grown for 24 hrs on LB-G agar as
the surface appendages seen were similar in appearance to SEF14 fimbriae seen by Thorns

(1995). Compared to wild type very little SEF14 expression could be seen in the mutant (Figure

4-3).
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Expression of SEF14 when grown in cfa broth
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Figure 4-1  The effect of bipA on the expression of SEF14 when grown in cfa broth

The ELISA was carried out as described in Materials and Methods. Strains were grown at either 37°C or 25°C in cfa
broth for 72hrs under oxygen-limiting conditions before the assay. The assay was carried out in triplicates using the
same culture. This assay was then repeated using a fresh culture. w.t: S1400, mut: bipA::kan mutant, mut (pBipA):
bipA::kan mutant transcomplemented with pBipA, pCR2.1: bipA::kan mutant transcomplemented with pCR2.1

Expression of SEF14 when grown in LB-G broth
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Figure 4-2  The effect of bipA on the expression of SEF14 when grown in LB-G broth
The ELISA was carried out as described in Materials and Methods. Strains were grown at either 37°C or 25°C in
LB-G broth for 24hrs under oxygen-limiting conditions before the assay. The assay was carried out in triplicates

using the same culture. This assay was then repeated using a fresh culture. Wild type: S1400, mutant: bipA::kan

mutant.
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Figure 4-3  Transmission Electron Micrographs of Wild type and Mutant when grown

on LB-G agar at 37°C for 24hrs

Salmonella enteritidis negatively stained with phosphotungstic acid showing SEF14 fimbriae (arrows) in the wild

type but no fimbrial organelles in the mutant. Both micrographs are at a magnification of 28.75K.
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4.2.2 The role of BipA in the expression of SEF17

When S. enteritidis is grown in cfa broth at 37°C BipA has a slight affect on the expression of
SEF17 as a 30% reduction (p < 0.05) was seen in SEF17 expression in the mutant compared to
the wild type. This defect was not however transcomplemented by the expression of BipA on a
plasmid inserted into the mutant (Figure 4-4). TEM studies showed that when the strains were
grown on cfa agar at 25°C for 72hrs there was a decrease in the expression of a particular
fimbriae, possibly SEF17, in the mutant (Figure 4-6). The fimbriae seen were similar in
appearance to those observed by Allen-Vercoe ef al. (1997) . In contrast, when the strains were
grown at 25 °C in cfa broth (Figure 4-4) or in LB-G broth at either 37 °C or 25 °C (Figure 4-5)

there was no significant reduction in the expression of SEF17.
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Expression of SEF17 when grown in cfa broth
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Figure 4-4  The effect of bipA on the expression of SEF17 when grown in cfa broth

Strains were grown at either 37°C or 25°C in cfa broth for 72hrs under oxygen-limiting conditions before the assay.
The assay was carried out in triplicates using the same culture and the assay was then repeated using a fresh culture.
w.t: S1400, mut: bipA::kan mutant, mut (pBipA): bipA::kan mutant transcomplemented with pBipA, pCR2.1:
bipA: :kan mutant transcomplemented with pCR2.1
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Figure 4-5  The effect of bipA on the expression of SEF17 when grown in LB-G broth
For 24hrs under oxygen-limiting conditions the strains were grown at either 37°C or 25°C in LB-G broth before the

assay. The assay was carried out in triplicates using the same culture. This assay was repeated using a fresh culture.

Wild type: S1400, mutant: bipA::kan mutant.
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Figure 4-6  Transmission Electron Micrographs of Wild type and Mutant when grown

on cfa agar at 25°C for 72hrs

Salmonella enteritidis negatively stained with phosphotungstic acid showing a certain fimbrial organelle, possibly

SEF17. There is an increase in the amount of SEF17 in the wild type (arrows) compared to the mutant. Both

micrographs are at a magnification of 28.75K.
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4.2.3 BipA negatively regulates the expression of SEF21

A significant difference was seen in the expression of SEF21 between the wild type and mutant.
Figure 4-7 shows that bip4 negatively regulates the expression of SEF21 as a 41% increase
(p < 0.05) in the expression of SEF21 fimbriae was seen in the mutant when grown in cfa broth
at 37°C. This defect was not restored if a plasmid containing full-length S. enteritidis bipA was
inserted into the mutant. Surprisingly the defect was enhanced as the expression of SEF21,
compared to the mutant, increased by a further 58% (p < 0.01). This increase was not due to the
insertion of the plasmid as pCR2.1, containing no bipA4, was transformed into the mutant and
SEF21 expression was not affected (Figure 4-7). These findings were supported by TEM as the
micrographs in Figure 4-9 show an increase in SEF21 expression in the mutant when grown in
cfa broth for 48hrs at 37°C. Also the expression of SEF21 was affected to a lesser extent when
the cultures were grown in LB-G at either 37 °C or 25 °C. There was an increase in the
expression of SEF21 by 29% (p = 0.05) and 27% (p < 0.05) in the mutant at 37 °C and 25 °C,
respectively (Figure 4-8). In contrast, the expression of SEF21 was not affected by bip4 when

the cultures are grown in cfa broth at 25°C (p = 0.82) (Figure 4-7).
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Figure 4-7  The effect of bipA on the expression of SEF21 when grown in cfa broth

The ELISA was carried out as described in Materials and Methods. For 72hrs under oxygen-limiting conditions the
strains were grown at either 37°C or 25°C in cfa broth before the assay. The assay was carried out in triplicates using
the same culture and the assay was then repeated using a fresh culture. w.t: S1400, mut: bipA::kan mutant, mut
(pBipA): bipA::kan mutant transcomplemented with pBipA, pCR2.1: bipA::kan mutant transcomplemented with
pCR2.1
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Figure 4-8  The effect of bipA on the expression of SEF21 when grown in LB-G broth
Strains were grown at either 37°C or 25°C in LB-G broth for 24hrs under oxygen-limiting conditions before the
assay. The assay was carried out in triplicates using the same culture. This assay was then repeated using a fresh

culture. Wild type: S1400, mutant: bipA::kan mutant.
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Figure 4-9

Transmission Electron Micrographs of Wild type and Mutant when grown in

cfa broth at 37°C for 72hrs

Salmonella enteritidis negatively stained with phosphotungstic acid showing SEF21. There is an increase in the

amount of SEF21 in the mutant (arrow) compared to the wild type. Both micrographs are at a magnification of

28.75K.
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4.2.4 The effect of bipA on other fimbrial organelles

When S. enteritidis S1400, S. enteritidis bipA::kan and S. enteritidis bipA::kan (pBipA) were
grown in cfa broth for 48 hrs at 37°C, the mutant and S. enteritidis bipA::kan (pBipA) both
expressed two different type of fimbriae including SEF21 (section 4.2.3) and a unknown
fimbriae, possibly PEF (Figure 4-10 & Figure 4-11). It is thought that the fimbriae are PEF
because they share very similar morphology to the fimbriae seen by Woodward et al. (1996)
when the S. enteritidis pef operon is expressed in E. coli. Again the transcomplemented strain
seemed to enhance the defect as more bundles of the fimbriae can be seen in this strain (Figure
4-11). In the mutant and transcomplemented strains most cells were seen to exhibit SEF21
whereas the number of cells exhibiting possible PEF was approximately 1 in 10. These
observations suggest that these cells alternate between PEF-fimbriated and non-PEF-fimbriated

states. Further experiments would need to be carried out to determine the role of BipA in this

possible phase variation.

96



Figure 4-10 Transmission Electron Micrographs of Wild type and Mutant when grown in
cfa broth at 37°C for 72hrs

Salmonella enteritidis negatively stained with phosphotungstic acid showing a certain fimbrial organelle, possibly
PEF. PEF only seems to be expressed in the mutant (arrows). Micrographs A and B are at a magnification of
38.75K. Micrographs C and D are at a magnification of 22.25K and 71.25K respectively. Micrograph D is the same

bacteria as in micrograph E but at a higher magnification.
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Figure 4-11 Transmission Electron Micrographs of Mutant (pBipA) when grown in cfa

broth at 37°C for 72hrs
Salmonella enteritidis mutant transcomplemented with pBipA negatively stained with phosphotungstic acid showing
a certain fimbrial organelle, possibly PEF. PEF seems to be expressed in the mutant pBipA strain (arrows).

Micrograph E is at a magnification of 52.5K.
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4.2.5 BipA has a significant effect on the production of flagella

In E. coli BipA is known to negatively regulate flagella-mediated cell motility (Farris et al.,
1998). However, in the case of S. enteritidis, flagella expression seems to be positively regulated
by bipA. A 55% reduction (p < 0.05) in flagella was seen when the bip4 null mutant was grown
in cfa broth for 72 hrs at 25°C. This defect was not transcomplemented by the insertion of pBipA
into the mutant, on the contrary, the defect was enhanced as a further 62% reduction (p < 0.05)
was seen compared to the mutant (Figure 4-12). At 37°C a 21% reduction (p = 0.05) was seen in
the production of flagella in the mutant, this defect was also enhanced by the insertion of pBipA
as a further 33% reduction (p < 0.05) was seen (Figure 4-12). When the cultures were grown in
LB-G broth a slight, but not significant reduction (21%; p = 0.07), was seen when the cultures

were grown at 25°C (Figure 4-13).

4.2.6 S. enteritidis S1400/94 bipA::kan is less motile than parental cells

The previous findings (section 4.2.5) showed that S. enteritidis BipA positively regulates flagella
expression. It was therefore of interest to determine if this difference in flagella expression
altered cell motility. Not surprisingly, the bipA::-kan mutant was found to be less motile than the
parent strain (Figure 4-14 A). Similar results were obtained with a bipA::cat mutant of S.
typhimurium SL1344 (Kinsella, N., White, A.L., and O'Connor, C.D., unpublished results).
Therefore, in contrast to the EPEC findings, the bipA gene of Salmonella spp. is a positive

regulator of cell motility.

Again, when plasmid pAWS (pCR2.1 containing full-length bip4) was transformed into the
mutant cells the motility was not restored (Figure 4-14B) instead the defect was enhanced and
the cells became less motile than the mutant cells. This transformation was also carried out
using a plasmid (pBR322) containing full-length S. #phimurium bipA (pYL98, Li, Y.,

unpublished results) and again the defect was enhanced (Figure 4-15 B). The resulting phenotype
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of both the transcomplemented strains was not due to the plasmid itself as when the cells were
transformed with the vectors containing no bip4 the motility of the cells remained the same as

the mutant cells (Figure 4-14 C & Figure 4-15 C).
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Expression of Flagella when grown in cfa broth
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Figure 4-12 The effect of bipA on the expression of Flagella when grown in cfa broth

For 72hrs the strains were grown statically at either 37°C or 25°C in cfa broth. The assay was carried out in
triplicates using the same culture. This assay was repeated using a fresh culture. w.t: S1400, mut: bipA.:kan mutant,
mut (pbipA): bipA::kan mutant transcomplemented with pbipA, pCR2.1: bipA::kan mutant transcomplemented
with pCR2.1

Expression of Flagella when grown in LB-G broth
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Figure 4-13 The effect of bipA on the expression of Flagella when grown in LB-G broth
Strains were grown statically at either 37°C or 25°C in LB-G broth for 24hrs. The assay was carried out in triplicates

using the same culture. This assay was repeated using a fresh culture. Wild type: S1400, mutant: bipA::kan mutant.
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Figure 4-14 Effect of BipA on motility

Typical results obtained in motility tests. Mid-exponential phase cultures were inoculated into motility agar and
incubated overnight at 37°C. Plate A represents motility of S1400 (left) and bipA::kan (right). Plate B represents
motility of S1400 (left) and bipA::kan transformed with pAWS (right). Plate C represents motility of bipA::kan
(left) and bipA::kan (pCR2.1) (right)
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Figure 4-15 Effect of BipA on motility

Typical results obtained in motility tests. Mid-exponential phase cultures were inoculated into motility agar and
incubated overnight at 37°C. Plate A represents motility of S1400 (left) and bipA::kan (right). Plate B represents
motility of S1400 (left) and bipA::kan transformed with pYL98 (right). pYL98 contains full length S. typhimurium
gene cloned into pBR322. Plate C represents motility of bipA::kan (left) and bipA::kan (pBR322) (right).
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4.2.7 Comparing the protein profiles of wild type and bipA null mutant

Figure 4-16 shows the protein profiles obtained with whole cell lysates of S. enteritidis wild type
and S. enteritidis bipA mutant. Spot changes were analysed by densitometry using the Phoretix-
2D software v. 5.1 [Phoretix]. Spot volumes were quantified relative to three internal standards
(spots circled in blue in Figure 4-1), as the level of these proteins were unaffected between the
wild type and bipA mutant protein profiles. Only proteins that were reproducibly induced or

repressed at least twice fold were considered to be valid.

When comparing the two profiles only one spot difference was seen (circled in red in Figure
4-16). The expression of this protein was absent in the mutant profile. This protein was found to
have a pl of 5.26 and a molecular weight of 75kDa, which is indicative of the BipA protein.
BipA is a 65.4Kda protein that migrates autonomously on 2D gels. When this spot was excised
and identified by mass spectrometry it showed a 35% peptide match to BipA (S. Payot.,
unpublished results). This was also the only difference seen when the soluble membrane fraction
proteins profiles of the wild type and mutant were compared. The loss of BipA expression in

mutant whole cell and soluble fractions would be expected, as expression of BipA should not be

seen in the knockout mutant.

Although the only difference seen in the two protein profiles was the loss of the BipA protein,
the role of BipA in the regulation of a large number of proteins can be ruled out as many of the
spots have already been identified in S. fyphimurium (N. Kinsella., unpublished results), which
has a very similar protein profile to S. enteritidis. For example, there was no difference in the
ribosomal proteins 112 and L7 (spots 1 and 2, respectively) and since it is known that many
ribosome components are co-regulated this suggests that other ribosome components are also not
affected by loss of BipA. Similarly, several glycolytic enzymes have been identified (pyruvate

dehydrogenase E2 and EIl, enolase, pyruvate kinase, fructose bisphosphate aldolase,
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phosphofructokinase and phosphoglycerate kinase; spots 3,4,5,6,7,8 and 9, respectively) so it is
unlikely that BipA affects at least these stages of glycolysis. Also, several citric acid cycle
enzymes have been identified, including succinyl CoA synthetase (spot 10), fumarase (spot 11)
and malate dehydrogenase (spot 12), which suggests that BipA plays no role in these stages of
the citric acid cycle. The heat shock proteins GroEL (spot 13) and DnaK (spot 14) have also
been identified, therefore BipA is unlikely to affect the binding of these proteins to heat

denatured proteins.

106



70

55
50

45
40
35

30

25

45 46 47 48 49 50 51 52 53 54 55 5.6 5.7 58 59 6.0

Wild Type

bipA::kan
Mutant

Figure 4-16 Two-Dimensional Gel profiles of Wild Type and Mutant

Protein profiles obtained with whole cell lysates of S. enteritidis wild type and S. enteritidis bipA mutant. Red circle:
BipA, blue circles: internal standards and the black numbered circles: proteins identified in S. typhimurium
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4.3 Discussion

In this chapter it has been established that BipA regulates one or more fimbrial systems in
Salmonella enteritidis. BipA positively regulates SEF14 when grown in either LB-G broth at
37°C or grown on LB-G agar at 37°C. BipA also seems to positively regulate the expression of
SEF17 when grown on cfa agar at 25°C or in cfa broth at 37°C. In contrast, BipA negatively
regulates the expression of SEF21 and another fimbriae, possibly PEF, when grown in cfa broth
at 37°C. It has also been established that the only difference seen in the protein profiles of S.

enteritidis wild type and S. enteritidis bipA null mutant is the loss of the BipA protein in the

mutant.

4.3.1 BipA positively regulates SEF14

It is interesting that BipA is involved in the regulation of fimbriae that are restricted to S.
enteritidis and other closely related group D Salmonella. Investigation into how bipA regulates
SEF14 may provide an insight into the unique aspects of virulence that distinguish these
Salmonella serovars. The biogenesis and translocation of SEF14 is specified by the sefABCD
operon (Clouthier et al, 1993). Sef4 and SefD encode the major subunit and the putative
adhesin of SEF14, respectively. SefB encodes a chaperone that is responsible for the
translocation of sefd and sefC encodes the usher (Clouthier et al, 1993; Turcotte and
Woodward, 1993). The regulatory gene that activates the transcription of these genes, sefR, is
located next to the sefD gene (Edwards et al., 2000). TEM and ELISA studies showed that there
is a reduction in the expression of SEF14 in the mutant. BipA may be involved in the regulation
of sefR. Hence, further work could involve investigating the expression of this gene and other

genes encoded on the sef4BCD operon.

The role of SEF14 in pathogenesis is controversial. Recent studies carried out by Edwards et al.

(2000) suggest that the putative SEF14 adhesion subunit is essential for full virulence of S.
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enteritidis in vivo and that the adhesin is required for either the uptake or survival in peritoneal
macrophages. In conjunction with these results, it has been found that the bip4 mutant shows
reduced invasion/survival in macrophages (section 5.2.2), which could be a result of the

reduction in SEF14 expression.

4.3.2 BipA positively regulates SEF17

Multicellular behaviour in pathogenic bacteria can be expressed in several different forms such
as biofilm formation, cell clumping, swarming or fruiting body development (Shapiro, 1998). A
multicellular morphotype (rdar), characterised by the expression of thin aggregative fimbriae and
long-range cell-cell interactions, has been identified in S. fyphimurium (Romling ef al, 1998).
Salmonella produce thin aggregative fimbriae (known as SEF17 in S. enteritidis) which are
composed of polymerised AgfA fimbrin proteins (Collinson ef al., 1996a). The agfBAC operon
is responsible for the expression of these fimbrial subunit proteins (Collinson ef al., 1996a) and
the transcriptional regulator, AgfD, positively regulates this operon (Hammar er al, 1995).
Studies have shown that a S. typhimurium agfD mutant lacked both aggregative fimbriae and
long-range intracellular adhesion, whereas an agfB4 mutant only lacked the thin aggregative
fimbriae. A putative transmembrane protein, AdrA (agfD regulated gene), was found to be AgfD
dependent and AdrA mutant cells were shown to express thin aggregative fimbriae, but did not
exhibit long-range intercellular adhesion. An agfB4 and adrA double mutant was shown to
exhibit similar characteristics to those of the single agfD mutant. Therefore the agfD regulates at
least two independent pathways contributing to the multicellular morphotype in S. fyphimurium
(Romling er al,, 2000). TEM and ELISA studies showed a reduction in the expression of SEF17
in the mutant. Therefore, it could be considered that BipA may be involved in the regulation of
agfD or that BipA protein may interact with the fimbrial subunit proteins. If the BipA protein is
involved in the regulation of agfD it would be interesting to look at the morphotype of the bipA4

mutant by scanning electron microscopy.
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4.3.3 BipA negatively regulates the expression of SEF21

Type 1 fimbriae, also know as SEF21 in S. enteritidis, are encoded on the fim operon similar to
that of E. coli (Clegg et al., 1985; Clegg et al., 1987, Feutrier et al, 1988). This operon
encodes at least four different subunits of type 1 fimbriae, including the major subunit, FimA,
and the three minor subunits FimF, FimG and FimH. In S. typhimurium the regulation of fimA is
controlled by a number of ancillary fim genes, including fimZ, fimY, fimW, and fimU (Swenson
and Clegg, 1992). fimZ and fimY are transcriptional regulators where as fimU encodes an
arginine tRNA molecule that is know to affect both S. typhimurium and S. enteritidis type 1
fimbrial expression (Swenson ef al., 1994; Clouthier ef al, 1998; Tinker and Clegg, 2000). It
would be interesting to investigate if bip4 alters the expression of any of these ancillary genes as
the bipA knock out mutant exhibited higher levels of SEF21 expression. It is however unlikely
that bipA would affect the expression of fimU as recent studies have shown that ,fimU
simultaneously controls the production of SEF21 and SEF14 (Clouthier et al., 1998). Therefore
knocking out bip4 should have the same effect on both these fimbriae i.e. both fimbriae would
be positively regulated or negatively regulated by bipA. This is not the case as SEF21 is
negatively regulated by bip4 (section 4.2.3) whereas SEF14 is positively regulated by bipA4

(section 4.2.1).

4.3.4 BipA negatively regulates the expression of another fimbriae, possibly

PEF
The PEF fimbrial operon mediates adhesion to murine small intestine and is necessary for fluid
accumulation (Béumler ef al., 1996). In S. typhimurium the pefBACD operon encodes a major
subunit PefA, an usher, PefC, a chaperone PefD and a regulator PefB (Baumler ef al., 1997). In
the bipA null mutant the expression of PEF increases, therefore, it would be interesting to
investigate if BipA is involved in negatively regulating any of the genes encoded on the pef

operon or if BipA interacts with any of these proteins to prevent PEF synthesis. Future studies
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could also involve comparing the fluid accumulation and murine small intestine adhesion of S.

enteritidis wild type and S. enteritidis bipA mutant.

Recent evidence has shown that in S. fyphimurium the leucine-responsive regulatory protein
(Lrp) and DNA adenine methylase (Dam) are required for PEF transcription. In contrast, the
histone-like protein (H-NS) and the stationary-phase sigma factor (RpoS) represses PEF
transcription (Nicholson and Low, 2000). Freestone et al. (1998) reported that in certain
conditions H-NS expression is increased in the E. coli MAROO1 bipA™ strain. The effect of bipA
on H-NS expression in S. typhimurium and S. enteritidis has yet to be established. It would be
interesting if Salmonella H-NS expression was positively regulated by BipA as this would tie in

with the PEF results seen here.

4.3.5 BipA positively regulates the expression of flagella

The regulation of flagella is complex and involves the expression of genes that are organised in a
hierarchy of three classes (Kutsukake er al., 1990). In S. enteritidis it was found that in certain
conditions bipA positively controls the expression of flagella. The BipA GTPase may interact
with some component of the flagella system or it may be involved in the regulation of flagella
biosynthesis. However, because the regulation and biosynthesis of flagella involves the

expression of more than 50 genes it would be a laborious task to find where in the three classes

bipA possibly exerts its effect.

%

The role of flagella in the survival within murine macrophages is equivocal. Several studies have
shown no role for flagella in pathogenesis (Lockman and Curtiss, 1990; Lockman and Curtiss,
1992b). In contrast, non-flagellated S. typhimurium mutants showed a reduction in macrophage
survival and were less virulent in vivo (Weinstein et al., 1984; Fields et al, 1986). Further
studies in this thesis have shown that a loss of BipA results in a decrease in macrophage

survival/invasion (section 5.2.2), this may be due to a reduction in flagella expression.
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4.3.6 BipA positively regulates cell motility

The high degree of sequence conservation between S. enteritidis, S. typhimurium, and EPEC
bipA (section 3.2.2) would suggest that BipA has a similar role in all three species, however this
is not the case for motility. In contrast to EPEC findings (Farris et al, 1998) Salmonella
negatively regulates motility. This decrease in motility could be due to a reduction in flagella

expression seen in the bipA null mutant (section 4.3.5).

Interestingly, this motility defect is not transcomplemented with plasmids that contain either the
S. enteritidis, S. typhimurium or EPEC bipA gene. The EPEC bipA seems to be redundant in S.
enteritidis bipA::kan cells as the defect remains the same, however the defect is enhanced when
bipA::kan cells are transformed with a plasmid carrying a copy of either the S. enteritidis or S.
typhimurium bipA gene. These findings suggest that in Salmonella the regulation of motility is
controlled specifically by Salmonella BipA and that its level is critical. To investigate if a
specific concentration of BipA is essential to the regulation of motility, bipA would need to be
cloned into an arabinose inducible plasmid where you could control the amount of bipA4 that is
being expressed. If the motility defect were restored at a specific concentration of bipA4, but at no
other concentration of bipA, you would be able to define this phenotype seen with the

transcomplemented strain as a titration effect.

4.3.7 Comparing the protein profiles of wild type and bip4 null mutant
The almost identical profiles of the wild type strain and the bip4 mutant strain suggested that
BipA is not involved in 1) the regulation of several ribosomal proteins 2) in several stages in the

glycolytic or citric acid cycle pathways or 3) in the refolding of heat shock denatured proteins.
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CHAPTERSS

5 The role of BipA in other processes implicated in virulence

5.1 Introduction
In the previous chapter studies showed that BipA plays a role in the regulation of numerous
fimbriae and flagella-mediated cell motility. As these appendages have been implicated in

virulence it therefore seemed logical to continue to look at the involvement of BipA in other

virulence associated properties.

5.1.1 Bacterial adhesion of the intestine

Once Salmonella cells have passed through the stomach and survived the gastric barrier they will
colonise the intestinal epithelial. Fimbriae are the best understood mechanism of adherence,
although the fimbriae actually involved in adherence are equivocal (details in Chapter 4). The
precise site of entry within the intestine is still controversial, however studies in S. typhimurium
suggest that although these bacteria are able to penetrate normally non-phagocytic epithelial
cells, M cells are the preferred target in this pathogen (Jones and Falkow, 1996). Binding to M
cells is thought to be mediated by the Ipf operon, though the host receptor for this adhesin is
unknown (Baumler et al., 1996). Interestingly, despite the striking similarities in invasion loci
and mechanism between S. typhi and S. typhimurium, S. typhi was shown to use the cystic
fibrosis transmembrane conductance regulator (CFTR) as a receptor (Pier ef al., 1998) whereas

S. typhimurium was not (Mills and Finlay, 1994).

5.1.2 Bacterial Invasion of the intestine
Invasive enteric bacteria must pass through the intestinal epithelium in order to establish
infection. A type III secretion system (TTSS) encoded on Salmonella Pathogenicity Island 1
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(SPI1) is required for the invasion of eukaryotic cells (Darwin and Miller, 1999; Schechter and
Lee, 2000). Many bacterial pathogens use type III secretion systems to deliver virulence factors
into the host cell to interfere with or subvert normal host cell signalling. The regulation of SPI1
gene expression is very complex and it has been shown in vitro that S. typhimurium invasion of
host cells is regulated by many factors including oxygen, osmolarity and growth phase of the
bacteria (Collazo and Galan, 1997). However, the principal factor in induction of the secretion
system was found to be a change in the pH of the culture medium from acidic to mildly alkaline.
These differing conditions would be experienced in vivo as the bacteria move from the acid

environment of the stomach to the mildly alkaline mucus of the small intestine, where they cause

disease (Daefler, 1999).

Several genes have been implicated in the cytoskeletal rearrangements involved in bacterial
engulfment. Proteins encoded on the sip (Salmonella Invasion Protein) operon in SPI-1 (Figure
5-1) have different effects on the invasion of cultured epithelial cells. Mutations in sipB, sipC
and sipD profoundly effect invasion whereas inactivation of sip4 only has a subtle effect
(Collazo and Galan, 1997). SipB, SipC and SipD are involved in the translocation of effector
proteins whereas SipA is an effector protein. Recent evidence suggests that SipA is an actin-
binding protein that contributes to host cell actin cytoskeletal rearrangements. SipA binds
directly to actin and decreases its critical concentration for polymerization. SipA also inhibits
depolymerization of actin filaments. These activities facilitate bacterial uptake as they result in
the spatial localization and more pronounced outward extension of the Salmonella-induced
membrane ruffles (Zhou et al, 1999). Recent evidence suggests that SipC may also have an
effector function in host cells as the amino-terminus of the protein was found to mediate
condensation (‘bundling’) of actin filaments which is necessary for bacterial engulfment
(Hayward and Koronakis, 1999). A different translocated effector protein, SopE (Salmonella

outer proteins), stimulates cytoskeletal reorganization by acting as a guanyl-nucleotide-exchange
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factor on Rho GTPase proteins such as Cde42 and Rac which regulate actin cytoskeleton (Hardt

etal, 1998).

SptP (Salmonella protein tyrosine phosphatase) encoded on SPI-1 (Figure 1-1), is also involved
in host membrane cytoskeletal rearrangements. Following bacterial engulfment the host
membrane returns to normal (Finlay ef al., 1991) and recent evidence suggests that this may be
mediated by SptP as it acts as a GTPase-activating protein (GAP) which promotes inactivation of
Rac-1 and Cdc42 (Fu and Galan, 1999). Translocation of SptP requires the function of the
secreted proteins, SipB, SipC and SipD, as strains carrying mutations in any of the genes failed

to translocate SptP (Fu and Galan, 1998).

In contrast to the belief that SPI-1 invasion genes are essential to bacterial infection of the host
mucosa, Murray and Lee (2000) have found that invasion genes are not required for S.
typhimurium to breech the intestinal epithelium. A transcriptional activator encoded on SPI-1,
HilA, regulates the expression of SPI-1 invasion genes (Eichelberg and Galan, 1999). A strain
harbouring a mutation in hil4 was recovered in lower numbers from infected mice compared to
the parent strain and a strain where SPI-1 had been deleted. These results suggested that only

hilA4 is necessary for intestinal colonisation (Murray and Lee, 2000).

A gene encoded on SPI-5, SigD (Salmonella invasion gene) (Figure 5-1), has also been
implicated in invasion (Hong and Miller, 1998). SigD was originally identified in S. dublin as
SopB which is an inositol phosphate phosphatase that mediates inflammation and fluid secretion

in the intestinal mucosa (Galyov et al., 1997).

5.1.3 Macrophage invasion and survival

Following invasion of host cells the bacteria are enclosed within a Salmonella-containing
vacuole (SCV) where they are able to replicate and survive the formidable defences such as
bactericidal cationic peptides and a decrease in pH (Elsbach and Weiss, 1985). The bacteria
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eventually kill the host cell where they are released in to the extracellular medium so that they
can infect other cells (Dunlap ef al, 1991; Richter-Dahlfors er al, 1997). The ability of
Salmonella to survive and replicate in host cells is essential for virulence as mutants defective in
replication within the macrophage and cell lines are avirulent in animals (Fields ef al., 1986;
Leung and Finlay, 1991). Several genes encoded on the pathogenicity islands have been

implicated in the survival and lysis of macrophages.

SPI-2 encodes a second type III secretion system and mutants defective in SPI-2 fail to
proliferate to the same level as wild-type strains in mouse macrophages and human epithelial
cell lines (Cirillo et al.,, 1998; Hensel ef al, 1998). Expression of these genes is regulated by the
two-component regulatory systems PhoPQ and SsrA/SsrB (secretion system regulators; encoded
on SPI-2) (Figure 5-1) (Cirillo et al., 1998; Deiwick er al, 1999). Further studies into this type
III secretion system have shown that OmpR regulates SsrA/SsrB as early transcription of ssr4,
after entry into macrophages, is most efficient in the presence of OmpR. Furthermore, the

purified OmpR protein binds directly to the ssr4 promoter (Lee et al., 2000).

Genes encoded on SPI-3 and SPI-4 are also involved in macrophage survival and lysis. Two
genes encoded on SPI-3, mgrCB, are involved in intramacrophage survival (Blanc-Potard ef al.,
1999) whereas genes encoded on SPI-4 are thought to be involved in the secretion of a cytotoxin

that causes macrophages lysis (Wong et al,, 1998).

Recent evidence has shown that SipB induces macrophage lysis by binding to the pro-apoptotic
protease caspase-1. Caspase-1 activity is essential for macrophage cytotoxicity as macrophages
lacking caspase-1 are not susceptible to Salmonella-induced lysis (Hersh ef al., 1999). Recent
evidence has also shown that contrary to earlier results, S. fyphimurium can lyse macrophages by

a mechanism distinct from apoptosis and this mechanism is dependent on a on a subset of

caspases and SipB (Watson et al., 2000).
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A recent report showed that S. enterica SEF14 fimbrial mutations were unable to survive in

activated macrophages, indicating a role for the fimbriae in the attachment and/or invasion of

macrophages (Edwards et al., 2000).
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Figure 5-1  Genetic organisation of the Salmonella pathogenicity islands
The boxes indicate the genes encoded on the pathogenicity islands whereas the arrows indicate the direction of

transcription. Diagram modified from Marcus et al. (2000). There are likely to be other ‘islands’ and ‘islets’, these

are however the best characterised ones currently.
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5.1.4 Acid-Tolerance response

During pathogenesis Salmonella encounter a variety of potentially lethal acid stress conditions.
Following bacterial invasion of macrophages the Salmonella are exposed to a progressively
acidic environment (pH 3-4) produced by various metabolic activities within the phagosome. In
vitro Salmonella would not be able to survive such low pH, however in vivo Salmonella are able
to survive within these acidic conditions due to the adaptive acid tolerance response (ATR)
(Foster and Hall, 1990). Two major ATR systems have been identified in Salmonella and they

are classified by the growth phase at which each becomes induced.

5.1.4.1 Log Phase Acid Tolerance

Three global regulators involved in exponential acid tolerance response include the alternative
sigma factor ° encoded by rpoS, the major iron regulatory protein Fur, and the two-component

regulatory system PhoPQ (Loewen and Hengge-Aronis, 1994; Hall and Foster, 1996; Hengge-
Aronis, 1996; Bearson et al, 1998). Mutations in any of these regulators conferred an acid-
sensitive phenotype (Foster and Moreno, 1999). Also further work has shown that the Ada
protein (involved with the adaptive response of E. coli to alkylating agents) is involved with

resistance, but its role in ATR is unknown (Hakura et al,, 1991).

The o° protein is an essential transcription factor needed for the survival of Salmonella after

entry into stationary phase. However, is it now recognised as a crucial factor in many stress

responses (Loewen and Hengge-Aronis, 1994; Hengge-Aronis, 1996). Exponential phase acid
tolerance mechanisms can be classified as either a ¢ -dependent or, -independent. Recent
findings have shown that when log phase cells are exposed to acid they exhibit increased levels
of ¢° which in turn stimulates at least 8 Acid Shock Proteins (ASPs) (Lee ef al, 1995) . RpoS is

needed to sustain this acid tolerance response as RpoS mutants (defective in ¢° production) are
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only transiently able to induce ATR (Lee et al, 1995; Wilmes-Riesenberg et al., 1997). The
mouse virulence gene, mvi4 (mouse virulence), is thought to negatively regulate the expression

of ¢°. MivA is a 38-kDa protein which has significant sequence homology to the response
q gy p

regulatory family of bacterial transcriptional regulators (Bearson et al., 1996).

The o° -independent systems involve the two global regulators Fur and PhoPQ. In contrast to
iron regulation Fur is thought to positively regulate acid tolerance as mutants defective in fur
repressed the expression of > 8 ASPs. The role of Fur in acid tolerance is independent to its role
in iron regulation (Hall and Foster, 1996; Foster and Moreno, 1999). The PhoPQ regulatory
system is involved in survival in inorganic acid (low pH). Two-dimensional gel electrophoresis
showed that > four ASPs were missing from an acid-adapted PhoP’ strain. PhoP was one of these

ASPs, but the identities of the other three are at present unknown (Bearson ef al., 1998).

5.1.4.2 Stationary Phase Acid tolerance

Stationary phase growing cells also exhibit o°-dependent or, -independent ATR systems. The c'-
P y

dependent system is not induced by acidity because levels of o are already increased due to
entry into stationary phase, however these increased levels do improve acid tolerance (Lee ef al.,
1994; Lee et al,, 1995). In contrast, the c'-independent system is induced by acid and > 15 ASPs
are activated (Lee et al., 1994; Foster, 1991). Very little is known about this system except that
Bang and co-workers (2000) have recently shown that the regulatory protein OmpR plays an
integral role in controlling the expression of genes needed for acid-induced stationary phase acid
tolerance. The production of OmpR is increased when the cells are exposed to acid and
phosphorylated OmpR can trigger the expression of genes needed for an acid-induced stationary-

phase acid tolerance (Bang et al., 2000).
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5.1.5 The oxidative-stress response

Salmonella are often exposed to the reactive oxygen species superoxide (O*) and hydrogen
peroxide (H,0,) in the non-host environment (Kappus and Sies, 1981) and within the cell
(normal aerobic metabolism) (Fridovich, 1983). These reactive species are lethal as they can
damage DNA, proteins, and membranes. In response Salmonella have various regulons that
produce numerous proteins that will either avert or repair the eventual oxidative damage. For
example, the OxyR protein mediates hydrogen peroxide-inducible expression of > nine proteins,
whereas the two-gene locus soxRS controls the induction of at least fifteen other proteins in

response to superoxide and nitric oxide (Farr and Kogoma, 1991).

In E. coli functional OxyR or SoxRS regulons are essential for macrophage survival as they are
required for resistance to cytotoxic oxidants during the phagocytic respiratory burst (Christman
et al, 1989; Wu and Weiss, 1991). In contrast, S. typhimurium OxyR or SoxRS mutants are as
virulent as the parental strain, which suggests that Sa/monella have acquired an alternative
strategy to avoid exposure to high concentrations of toxic phagocyte-derived oxidants (Fang et
al, 1997; Taylor et al., 1998). Recent evidence suggests that, in Sa/monella, SPI-2 interferes
with the trafficking of oxidase-containing vesicles to the phagosome as SPI-2 mutants were only

able to survive in the absence of the NADPH oxidase-dependent respiratory burst (Vazquez-

Torres et al., 2000).

5.1.5.1 Function of OxyR protein

OxyR is a transcriptional regulator that activates genes involved in the production of the
peroxide-destroying enzymes catalse (katG), glutathione reductase (gor4) and the NADPH-
dependent alkyl hydroperoxidase (aipFC). KatG catalyses the reaction where hydrogen peroxide
is converted to oxygen and water. Glutathione reductase maintains a pool of reduced glutathione,

which as result maintains the reduced state of the cellular proteins. The hydroperoxidase
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converts the lipid hydroperoxides (consequence of H,0, damage) into corresponding non-toxic

alcohols (Halliwell and Gutteridge, 1984; Storz et al., 1987).

5.1.5.2 Function of SoxRS regulon

SoxR is a transcriptional regulator that when oxidised dramatically increases the production of a
second transcriptional activator, SoxS (Li and Demple, 1994). SoxS then activates the
transcription of various genes including sod4 (Mn-containing superoxide dismutase), nfo (DNA-
repair enzyme endonuclease 1V), zwf (glucose-6-phosphate dehydrogenase), micF
(posttranscriptionally decreases production of OmpF), fpr (NADPH ferredoxin oxidoreductase),
acrdAB (efflux pump), acr (aconitase), fumC (oxidation-resistance fumerase), and nfsA4

(nitroreductase A) (Pomposiello and Demple, 2000).

This chapter describes the studies to determine if the bip4 mutant is compromised in its ability to
invade epithelial and macrophage cells. Additionally, it reports the role of BipA in the acid

tolerance response and the oxidative stress response.

121



5.2 RESULTS

Detailed studies in EPEC indicate that mutants defective for BipA, although capable of adhering
to host epithelial cells, lose the capacity to trigger the cytoskeletal rearrangements that are found
in epithelial cells infected with wild type EPEC. In marked contrast enhanced expression of
BipA results in actin accumulation beneath the bacteria and the formation of EPEC-associated
pseudopods (Farris ef al., 1998). BipA also appears to act as virulence regulator associated with
the control of bacterial cell motility and resistance to antibacterial effects of host defence
proteins. The question therefore has arisen as to whether bip4 also plays a role in processes
implicated in Salmonella pathogenesis. To address this issue, the involvement of bip4 in the
invasion of HeLa cells and macrophages in vitro was studied and the involvement of bip4 in the

acid tolerance response and the resistance to oxidative stress was also studied.

5.2.1 The role of BipA in the adhesion and invasion of HeLa cells

Invasion of Salmonella into host epithelial cells is essential for its virulence (Kohbata et al.,
1986; Penheiter et al., 1997). In view of this finding the adhesion and invasion characteristics of
the bipA::kan mutant were investigated. Studies with the HeLa cells showed that bipA::kan

mutant cells adhere to and invade these cells to the same extent as wild type cells (Figure 5-2).

5.2.2 BipA plays a role in the invasion and survival in macrophages

Another important step in Salmonella infection is bacterial entry and survival in macrophages
(Fields et al, 1986; Gahring et al, 1990). The intramacrophage survival of wild type S.
enteritidis and BipA™ S. enteritidis was consequently investigated using different types of
macrophages. Two types of bone marrow derived mouse macrophages were used, CBA and B6,
and one RAW macrophage-like cell line was used. CBA macrophages are resistant to bacterial
survival due to their allele Nramp' (natural resistance-associated macrophage protein), whereas

B6 macrophages are non-resistant to bacterial survival due to their Nramp™ genotype. All three
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macrophage assays showed that the bipA::kan mutant had reduced survival relative to wild type
cells (Figure 5-3, Figure 5-4 and Figure 5-5). A 2.9, 2.2 and 1.74 fold decrease was seen in CBA,
B6 and RAW macrophages, respectively. BipA therefore seems to play a role in macrophage

invasion and/or survival, at least in vitro.
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Adhesion and Invasion of Hela cells
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Figure 5-2  Analysis of the role of BipA on the invasion and survival of S. enferitidis in

HeLa cells
HelLa cells were infected with S1400 or its bipA::kan derivative using a 1:10 ratio. The adhesion and invasion were
measured as described in Materials and Methods. The values plotted are representative of three assays carried out.

Strains were grown in LB under oxygen-limiting conditions before the assay.
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Figure 5-3  Effect of BipA on the invasion and survival of S. enteritidis in CBA

macrophages
Bone marrow macrophages from CBA mice were collected and propagated as described in Materials and Methods.
S1400 or S1400 bipA::kan were then added at a m.o.i of 10 and the number of gentamicin resistant bacteria was
determined after 4 hours. The survival values are reported as the percentage of the bacterial inoculum surviving

gentamicin treatment.
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Figure 5-4  Effect of BipA on the invasion and survival of S. enteritidis in B6

macrophages
Bone marrow macrophages from B6 mice were infected with S1400 or S1400 bipA::kan mutant at a m.o.i. of 10 and
the number of gentamicin resistant bacteria was determined after 4 hours. The survival values are reported as the

percentage of the bacterial inoculum surviving gentamicin treatment
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Figure 5-5  Effect of BipA on the invasion and survival of S. enteritidis in RAW-like

macrophages
RAW macrophage-like cells were infected with S1400 or S1400 bipA::kan mutant at a m.o.i. of 10 and the number
of gentamicin resistant bacteria was determined after 4 hours. The survival values are reported as the percentage of

the bacterial inoculum surviving gentamicin treatment.
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5.2.3 The effect of hipA on S. enteritidis acid tolerance

The acid tolerance response of Salmonella is fundamental to survival at low pH. When the
bacteria are engulfed by macrophages they must survive the low pH within the phagosome
(Bearson ef al., 1997). A reduction in macrophage survival was seen with the bip4 mutant strain

compared to the wild type (section 5.2.2). It was therefore of interest to investigate the effect of

BipA on the acid tolerance response.

Studies into the acid tolerance of wild type and bip4 mutant, when grown to mid-exponential
phase, showed that both strains exhibited normal acid tolerance. Both experiments showed that
the pre-adapted strains continued to survive for 60 minutes after exposure to pH 3 whereas the

un-adapted strains died after only 10 minutes (Figure 5-6 & Figure 5-7)

5.2.4 The effect of bipA on S. enteritidis oxidative stress

Salmonella are often exposed to toxic oxidants in a variety of situations including the natural
environment (Kappus and Sies, 1981; Fridovich, 1983). Very little studies have been carried out
to determine the role of BipA in the non-host environment. Therefore, it was of interest to

investigate the effect of BipA on S. enteritidis response to oxidative stress

The oxidative stress assays show that BipA affects the survival of S. enteritidis when exposed to
hydrogen peroxide. Compared to the wild type cells the survival of both adapted and un-adapted
bipA::kan cells is reduced (Figure 5-8 & Figure 5-9). After 5 minutes of exposure to hydrogen
peroxide a 100-fold decrease was seen in the survival of unadapted mutant cells compared to the
wild type. At 15 and 30 minutes the survival of wild type cells remained almost level, but were
unable to survive after 90 minutes. In comparison, no mutant cells were able to survive after 30
minutes of exposure. Pre-adapted wild type cells were able to survive for longer, compared to
pre-adapted mutant cells, when exposed to a high concentration of hydrogen peroxide.

Throughout the time course the wild type cfu remained almost level whereas a steady decrease
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was seen in the mutant and at 60 minutes a 1000-fold difference was seen in the survival of the

mutant cells compared to the wild type cells (Figure 5-8 & Figure 5-9).
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Figure 5-6  Acid tolerance response of wild type

A mid-log phase culture was diluted into LB pH7.2 and LB pHS5 to give un-adapted and adapted cultures
respectively. Both cultures were incubated for 1 hour at 37°C. Following incubation both cultures diluted into LB
pH3 and incubated at 37°C. Samples were taken from both the adapted and un-adapted cultures at several different

time points. Serial dilutions were then plated to establish bacterial survival.

Acid Tolerance of Mutant
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Figure 5-7  Acid tolerance response of wild type

A mid-log phase culture was diluted into LB pH7.2 and LB pH5 to give un-adapted and adapted cultures
respectively. Both cultures were incubated for 1 hour at 37°C. Following incubation both cultures diluted into LB
pH3 and incubated at 37°C. Samples were taken from both the adapted and un-adapted cultures at several different

time points. Serial dilutions were then plated to establish bacterial survival.

128



Oxidative Stress of Wild type
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Figure 5-8  Oxidative stress of wild type

A mid-log phase culture was added to two universals. To one universal HO, was added to give a final concentration
of 0.3um whereas in the other only distilled water was added to give adapted and un-adapted cultures respectively.
Both cultures were incubated for 1 hour at 37°C after which hydrogen peroxide was added to both universals to give
a final concentration of 30um. The cultures were incubated with shaking at 37°C. Samples were taken at different

time points and the concentration of viable bacteria was determined by plating serial dilutions.

Oxidative Stress of Mutant
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Figure 5-9  Oxidative stress of Mutant

A mid-log phase culture was added to two universals. To one universal H,O, was added to give a final concentration
of 0.3um whereas in the other only distilled water was added to give adapted and un-adapted cultures respectively.
Both cultures were incubated for 1 hour at 37°C after which hydrogen peroxide was added to both universals to give
a final concentration of 30um. The cultures were incubated with shaking at 37°C. Samples were taken at different

time points and the concentration of viable bacteria was determined by plating serial dilutions.
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5.3 Discussion

5.3.1 The contribution of BipA to invasion and survival in host cells In Vitro

The invasion of host epithelial cells and survival within macrophages is essential for the
virulence of S. typhimurium (Fields et al., 1986; Galan, 1996). In vitro studies have shown that
SPI-1 encodes type III secretion system that is involved in protein secretion and invasion of host
cells (Collazo and Galan, 1997). Also, a second type III secretion system is encoded on SPI-2
and this system is involved in bacterial entry and replication within macrophages (Cirillo et al.,
1998; Hensel ef al., 1998). Ongoing studies with EPEC BipA have shown that it is involved in
the regulation of a type III secretion system in E. coli (Grant, A. unpublished results). Since it is
presumed that Salmonella uses similar mechanisms during infection it was of interest to explore

the role of BipA in S. enteritidis invasion and survival in host cells.

The HeLa cell results suggest that BipA has no effect on the invasion of host epithelial cells. The
results of intracellular survival do suggest, however, that BipA may play a role in the invasion
and/or survival in macrophages. The bip4 mutant showed a small (three-fold) reduction in
intracellular survival. Further experiments could be carried out to establish whether this is due to
decreased invasion or a reduction in survival. The experiment would be repeated as before, but
samples would be taken at several different time points after infection, not just after 2 hrs. If the
number of bacteria recovered after 24 hrs was less than that recovered after 6 hrs it would
suggest that BipA is involved with survival within the macrophage. However, if the number
recovered at 24hrs was similar or slightly higher than at 6hrs it would suggest that BipA is
involved in the initial penetration of macrophages. Also, in view of these results it would be
interesting to see if BipA affects the biosynthesis or secretion of effector proteins encoded by the

SPI-1 and particularly the SPI-2 pathogenicity islands.

130



The induction of SPI2 gene expression is regulated by the two-component regulatory systems
PhoPQ and SsrAB (Cirillo ef al, 1998; Deiwick ef al., 1999). Furthermore, OmpR activates
expression of ssr4 soon after Salmonella enters the macrophage (Lee ef al., 2000). Therefore, if
BipA did affect the expression of SPI-2 effector proteins it would also be interesting to look at
the effect of BipA on the expression of OmpR, PhoP and PhoQ to determine where on the
regulatory cascade it exerts its effect. Other pathogenicity islands, including SPI-3 and SPI-4,
have been implicated in intramacrophage survival and secretion of cytotoxins (Wong et al,
1998; Blanc-Potard et al., 1999). Again bhipA may be involved in the regulation of these genes
and it would be of interest to look at the effect of hipA on the expression of the genes encoded on
these pathogenicity islands, particularly mgiC and mgtB as they are involved in macrophage

survival.

A recent report indicated a role for fimbriae in the attachment and/or invasion of macrophages as
it showed that S. enferitidis SEF14 fimbrial mutants were unable to survive in activated
macrophages (Edwards ef al, 2000). The results obtained in this chapter may support this
hypothesis as previous results have shown that the expression of SEF14 fimbriae is down
regulated in the bip4 mutant (section 4.2.1). Therefore the reduction in macrophage survival in

the mutant may be due to a reduction in SEF14 expression.

5.3.2 The contribution of BipA to acid tolerance and oxidative stress

Salmonella have evolved systems such as the acid tolerance response and the oxidative stress
response to evade host defences such as low pH and reactive oxygen species. Within
macrophages bacteria are faced with an acidic environment. The previous intramacrophage
survival results suggested that BipA may play a role in the invasion and/or survival in
macrophages (section 5.2.2). Consequently it seemed logical to investigate the role of BipA on

acid tolerance and oxidative stress.
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The acid tolerance results suggest that BipA does not affect the acid tolerance of S. enteritidis.
The oxidative stress results do suggest, however, that BipA is involved in this response as both
the un-adapted and pre-adapted mutant cells did not survive as well as the wild type cells.
Similar results have been found in S. typhimurium (G. Howell, unpublished results). It would be
valid to look at the expression of the genes encoded on the SoxRS and OxyR regulons that

control the response of Salmonella to oxidative stress.
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CHAPTER 6

6 Animal studies

6.1 Introduction

As discussed in chapters 4 and 5, in vitro studies have shown that BipA may be involved in
several properties associated with Salmonella virulence including invasion and survival in
macrophages. It followed therefore that the extent of attenuation in the one-day old chick model

and the BALB/c mouse model of infection would be investigated using the bip4 null mutant.

6.1.1 One-day old chick model

S. enteritidis phage type (PT) 4 is invasive in young chicks (Hinton ef al, 1989) and studies
have shown that chickens generally become more resistant to Salmonella infection with age
(Humphrey et al, 1991). Hinton et al. (1989) found that if chicks were dosed 24 hours after
hatching an invasive disease of the reticuloendothelial system was seen. However, if chicks were

dosed at 7 days the chicks showed a huge reduction in invasive S. enteritidis infection and by 20

days the chicks appeared resistant to infection (Humphrey et al., 1991).

The development of the natural gut microflora may account for the resistance to infection in the
older chick (Coloe et al., 1984). No bacteria could be detected in the small intestine, caecum or
large intestine of one-day old SPF chicks, however 3 days after hatching significant levels of
faecal streptococci and coliforms were isolated from all sites. By 40 days the flora had stabilised
to consist predominantly of faecal streptococci, Escherichia coli, Bacteroides spp. and
Lactobacillus spp. These species conferred increased resistance to the establishment of
Salmonella infection (Coloe et al., 1984) as the formation of this mat of microflora prevented
the adherence of Salmonellae to the mucosa of the caeccum (Soerjadi et al., 1982). Results to

confirm this resistance have shown that it is possible to protect young chicks from Salmonella
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infection by the oral administration of caecal material derived from normal adult chickens

(Rantala and Nurmi, 1973).

The change in the pathogenesis of Salmonella in different aged chicks may also be explained by
the increase in the functional activity of the chicken heterophil (Wells er al., 1998). In poultry
one of the primary cells in the innate immune response to early bacterial invasion by Salmonella
is the heterophil. By studying the phagocytic and bactericidal activities of heterophils from
chickens during the first 7 days post-hatch, Wells ef al. (1998) found that from 1 to 4 days after
hatching there was no significant difference in the activity of the heterophils whereas by day 7
the activity had doubled. Therefore, chicks are most susceptible to Salmonella infection during
the first 4 days post-hatch. The age response of chicks to infection may also be influenced by the

development of the gut-associated lymphoid tissues (Jeurissen ef al., 1989).

Because chicks are most susceptible to Salmonella infection at an early age, the invasion
properties of the wild type strain and the BipA mutant strain were compared using chicks dosed
at 24 hours post-hatch. In this model the extent of bacterial invasion is estimated by counting the

numbers of bacteria that have invaded the liver, spleen and caecum.

6.1.2 Persistence of S. enteritidis

Even though chickens generally become more resistant to Salmonella infection with age, the
bacteria are still able to persist within the caeca (Humphrey et al., 1991). The roles of fimbriae
and flagella in the adherence and colonisation of the caeca are ambiguous. Thorns et al. (1996)
showed that SEF14 fimbriae alone do not appear to play a significant role in the
adhesion/invasion of S. enferitidis host cells. However, compared to the parent strain, the
excretion of a strain harbouring a SEF14 mutation was reduced in the first week following
infection. This difference was not seen between 2 and 7 weeks after infection. Therefore, the role

of SEF14 may only be significant in the first few weeks post infection. Moreover, a significant
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reduction in caecal colonisation and faecal shedding was observed in hens inoculated with a
strain that lacked SEF14 and SEF21 fimbriae compared to hens inoculated with strains that
expressed one or both these fimbriae (Thiagarajan ef al, 1996). In contrast, more recent studies
using well-defined afimbriate and aflagellate mutants have shown that flagella, but not fimbriae,

play a role caecal colonisation (Allen-Vercoe ef al., 1999a).

Many of these studies identified the extent of caecal colonisation by counting bacterial numbers

taken from cloacal swabs. In this study the role of BipA in caecal colonisation and faecal

shedding was investigated using this method.

6.1.3 Mouse model of infection

Different Salmonella species infect different hosts. For example S. fyphi cases typhoid fever in
humans whereas S. typhimurium causes mild gastroenteritis in humans but induces a systemic
disease in mice that is similar to typhoid fever. Studies have shown that when murine ligated
loops are infected with S. typhimurium the bacteria cause systemic disease by preferentially
invading and destroying the specialised M cells of the Peyer’s patches (Jones et al., 1994b). The
infection of a mouse with S. typhimurium is the best characterised animal model for studying

human typhoid fever.

This chapter describes the studies to determine if the bip4 mutant is attenuated in either the chick

or mouse model of infection.
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6.2 RESULTS

6.2.1 BipA’ S. enteritidis cells are less invasive to the livers and spleens of one
day-old SPF chicks
The invasion/colonisation characteristics of the mutant were compared with the wild type strain

by the counting the number of bacteria recovered from livers, spleens and caeca of day old

chickens at 6 hours, 24 hours and 48 hours post inoculation (Figure 6-1 & Figure 6-2).

In experiment 1, an analysis of colonisation/cell invasion of a day old chick model showed that a
reduced number of CFU in the liver and spleen were recovered relative to the wild type. At 6
hours post inoculation, on average, 700 CFU were recovered from the livers of chicks inoculated
with the wild type. In contrast, no bipA::kan cells were recovered from the livers of chicks
inoculated with the mutant, even after enrichment of the organ homogenates. However, at 24
hours and 48 hours the invasion of wild type and mutant cells was almost identical (Figure 6-1.
A). No Salmonellae were recovered from the spleen at 6 hrs in either the mutant or wild type. At
24 hours and 48 hours invasion of the spleen was greater in the wild type compared to the

mutant, these differences were however not statistically significant (Figure 6-1. B).

In experiment 2, the analysis of bacterial invasion showed that no Salmonellae were recovered
from the liver at 6 hours post inoculation in either the wild type or mutant. At 24 hours a 3.4 fold
decrease was seen in the number of bipA::kan cells recovered from the livers compared to the
wild type cells. After 48 hours the number of wild type cells and the mutant cells recovered was
not significantly different (Figure 6-2. A). In the spleen at 6 hours post inoculation no
Salmonellae were recovered from chicks inoculated with either the wild type or mutant. At 24
hours a 3.1 fold reduction was seen in the number of mutant cells compared to the wild type

cells. After 48 hours the number of bacteria recovered from both groups was almost identical

(Figure 6-2. B).



The caeca counts in both experiments showed an initial reduction in the number of mutant cells
compared to the wild type. At 6 hours post inoculation a 4.4 and 21 fold reduction was seen in
the number of mutant cells recovered from the caecum in experiments 1 and 2, respectively.
After 6 hours no difference was seen in the numbers of bacteria recovered from either the wild

type or mutant in both experiments 1 and 2 (Figure 6-1. C & Figure 6-2. C).

6.2.2 Persistence of wild type and mutant

A semi-quantative method first used by Williams-Smith and Tucker (1975) was applied to
determine the persistence of the wild type strain and mutant strain in the chick caeca. In this
experiment 12 one-day-old SPF White Leghorn chicks were divided into two groups and
inoculated with either the wild type strain or the bip4A mutant strain (10° cfu/ml). Post
inoculation, a cloacal swab was taken every week from each bird and the extent of shedding was
noted by the amount of colonies seen after plating out the swab onto a BGA plate. The chick was
considered to be shedding heavily if 200 or more colonies were seen, medium shedding was
considered when 200-1 colonies were seen and low shedding was considered if the colonies were

only detected after enrichment in selenite broth.

Figure 6-3 shows that the persistence of the wild type strain and mutant strain is different in the
one-day-old chick animal model. The graph shows that at day one S1400 was able to colonise
the caeca more efficiently than the mutant as 40% of the chicks infected with wild type were
shedding heavily compared to only 20% when infected with the mutant. Also, only heavy and
medium shedding was seen with the wild type whereas heavy, medium and low shedding was
seen with the mutant. At day 7 80% wild type birds were shedding heavily compared to only
40% in the mutant birds. At day 14 the chicks infected with the wild type began to clear the
infection and only 17% of the chicks remained to shed heavily. However, chicks infected with

the mutant were not able to clear the infection and the percentage of the birds shedding heavily
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increased to 60%. At day 21 the wild type chicks became re-infected from the environment and
thus an increase in the number of birds heavily shedding was seen. In the case of the mutant the
chicks began to clear the infection and a decrease was seen in the number of bird shedding
heavily. At day 28 the wild type birds started to clear the second infection and only medium, low
and clear birds were seen. This was similar to the mutant birds except that they were only
clearing the first infection and had not yet been re-infected. These results suggest that initially
mutant cells are not able to colonise the caeca as efficiently as the wild type cells. However, once

the bacteria have colonised the caeca the mutant cells seem more able to persist.

6.2.3 S. typhimurium S1.1344 bipA::cat is not attenuated in the mouse model

The effect of the null mutant on virulence in the mouse model was also examined. 120 BALB/c
mice were divided into two groups, one group was inoculated orally and the other by the
intraperitoneal route. The i.p dose ranged from 10" cfu to 10° cfu, whereas the oral dose ranged
from 10* cfu to 10° cfu. Surprisingly in both experiments the bip4 null mutant was as virulent as

the wild type. (Figure 6-4 & Figure 6-5)
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Figure 6-1 Experiment 1: Effect of BipA on the invasion of S. enteritidis in the livers,

spleens and caeca of day old SPF chicks
Chicks were dosed orally with 5x10* cfu of either S1400 or S1400 bipA::kan. Chicks were sacrificed at 6, 24, and 48
hours post-inoculation and their spleens, livers and caeca were removed and homogenised. Following
homogenisation dilutions were plated on LB supplemented with or without kanamycin and incubated overnight at

37°C. A. invasion of the liver, B. invasion of the spleen and C. invasion of the caecum.
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Figure 6-2  Experiment 2: Effect of BipA on the invasion of S. enteritidis in the livers,

spleens and caeca of day old SPF chicks
Chicks were dosed orally with 5x10* cfu of either S1400 or S1400 bipA::kan. Chicks were sacrificed at 6, 24, and 48
hours post-inoculation and their spleens, livers and caeca were removed and homogenised. Following
homogenisation dilutions were plated on LB supplemented with or without kanamycin and incubated overnight at

37°C. A. invasion of the liver, B. invasion of the spleen and C. invasion of the caecum.
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Figure 6-3  The persistence of wild type and BipA mutant
Cloacal swabs were taken every week post inoculation from chicks infected with either wild type strain or mutant
strain. When streaking out the swab 200 or more colonies on a plate was considered to be heavy shedding by the

chick, between 1-200 colonies was considered medium whereas colonies detected only after selenite enrichment was

considered low.
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SL1344
Day 4 |Day 5 |Day 6 |Day7 [Day 8 |Day 9 |Day 10 |Day 11 |Day 12 [Day 13 |Day 14 |Day 15 |Day 16 | Deaths
Mice [Dose
A1l 1.0E+04 X X 2\5
A2 1.0E+05 0\5
A3 1.0E+06 X X X XX 5\5
A4 1.0E+07 XXX X X 5\5
A5 1.0E+08 XX X XX 5\5
A6 1.0E+09 X XXX X 5\5
SL1344 bipA::cat
Day 4 |Day 5 |Day 6 |Day 7 (Day 8 |[Day 9 |Day 10 |Day 11 |Day 12 |Day 13 |Day 14 |Day 15 |Day 16 | Deaths
Mice [Dose
B1 1.0E+04 X 15
B2 1.0E+05 X X XXX 5\5
B3 1.0E+06 XX X X X 5\5
B4 1.0E+07 XXXX |X : 5\5
B5 1.0E+08 X XX XX 5\5
B6 1.0E+09 X X X X X 5\5
Figure 6-4  Oral inoculation of BALB/c mice with SL.1344 and SL1344 bipA::cat strains

60 BALB/c mice were divided into two groups and inoculated orally with either the wild type strain or mutant strain.

The oral dose ranged from 10* cfu to 10° cfu. Survival over a period of sixteen days was recorded.

SL1344
Day 4 |Day 5 |Day6 |Day7 (Day8 |Day9 |Day 10 |Day 11 |Day 12 |Day 13 |Day 14 |Day 15 [Day 16 | Deaths
Mice [Dose
A1 1.0E+01 XX XX X 5\5
A2 1.0E+02 XX XX X 5\5
A3 1.0E+03 XXX [XX 5\5
Ad 1.0E+04 XXX X X 5\5
A5 1.0E+05 X XXXX {5\5
A6 1.0E+06|X XXX [X 5\5
SL1344 bipA::cat
Day 4 |Day5 |Day 6 |Day7 [Day8 [Day9 |Day 10 |Day 11 [Day 12 [Day 13 [Day 14 |Day 15 [Day 16 [Deaths
Mice [Dose
B1 1.0E+01 XXXX X 5\5
B2 1.0E+02 XXXX X 5\5
B3 1.0E+03 XX XXX 5\5
B4 1.0E+04 XXX XX 5\5
B5 1.0E+05]X XXX X 5\5
B6 1.0E+06|XX X XX 5\5
Figure 6-5  IP inoculation of BALB/c mice with SL.1344 and SL1344 bipA::cat strains

60 BALB/c mice were divided into two groups and inoculated by the IP route with either the wild type strain or

mutant strain. The IP dose ranged from 10" cfu to 10° cfu. Survival over a period of sixteen days was recorded.

Note: The crosses indicate how many mice have died on that day. The highlighted grey cells indicate that all of the

mice from that group have died and the last column gives the total number of mice that have died compared to the

number of mice that were originally in each group.
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6.3 Discussion

6.3.1 Day-old chick model

The response of SPF chickens to S. enteritidis infection is dependent on the age of the bird that is
being dosed (Humphrey ef al., 1991). Invasion of the liver and spleen is seen with chicks dosed
orally within 24 hrs of hatching, whereas by 7 days invasion is reduced significantly and by 20
days the chickens appear resistant to infection. One-day old chicks were therefore used to

investigate the colonisation and invasion potential of the bip4 mutant.

Experiments using the day-old chick model suggest that BipA is involved in the initial
colonisation and invasion of the reticuloendothelial system. Experiment 1 showed that in the
chicks dosed with the bip4 mutant a reduced number of bacteria, compared to the wild type,
were recovered from the liver at 6 hrs. In experiment 2, at 6 hrs post inoculation no Salmonellae
were recovered from any of the chicks dosed. However, at 24 hrs a decrease was seen in the
number of bipA::kan cells recovered from the livers compared to the wild type cells. Both
experiments suggested that when you knock out BipA a slight reduction in the initial
colonisation and invasion of host liver cells will be seen. It was only in experiment 2 that, at 24
hrs after infection, a reduction in the initial colonisation of the bipA::kan cells in the spleen was
seen. This result may be artefactual, however it is consistent with the trend that cells which do
not express BipA are slightly less invasive. This trend was also seen in the colonisation/invasion

of mutant cells within the caeca as the number of mutant cells recovered from the caeca at 6 hrs
was reduced in both experiments.

The initial reduced number of bipA::kan cells recovered from the liver, spleen and caeca may be
due to a delay in colonisation/invasion of the bipA::kan cells or to a reduction in bacterial

viability. However, further studies would be required to address this issue directly. Interestingly,

these findings correlate with the in vifro studies as the differences seen in the invasion of the
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wild type and mutant with macrophages (section 5.2.2) may be one of the contributing factors to

the initial delay of invasion of the bipA:.:kan cells in the liver and spleen.

Several experiments have shown that when chicks are exposed to S. enteritidis within 24 hours
of hatching they exhibit long-tem intermittent shedding at least until 28 weeks after contact
(Nakamura et al., 1993; Gast and Holt, 1998; Holt et al., 1999). Chicks dosed with S. enteritidis
wild type showed high levels of intermittent shedding, whereas chicks dosed with S. enteritidis
bipA initially showed slightly lower levels of shedding. After several weeks of contact however
the mutant strain, compared to the wild type, became slightly more persistent and the chicks
were less able to clear the infection. The roles of flagella and fimbriae in caecal colonisation are
undetermined. However, studies have shown that SEF14 fimbriae may only play a role in
colonisation in the first few weeks after infection (Thorns ef al, 1996). Interestingly, previous
studies in this thesis (section 4.2.1) have shown that SEF14 is down regulated in the bip4 null
mutant. This phenotype could account for the initial decrease seen in caecal colonisation within
the first few weeks after infection. SEF21 have also been implicated in the persistence of S.
enteritidis (Thiagarajan et al., 1996). Studies in this thesis have shown that SEF21 expression is
increased in the bip4 mutant (section 4.3.3). This phenotype could account for the increased

persistence seen with the mutant several weeks after infection.

6.3.2 Mouse Animal Model

The BALB/c mouse, which contracts a typhoid-like disease when orally infected with S.
typhimurium, is the best characterised animal model for studying the importance of Salmonella
interactions with intestinal cells. The in vivo experiments carried out with the S. typhimurium
bipA mutant showed that BipA has very little effect on Salmonella virulence in the mouse model.
However, this does not conclusively rule out a role for BipA in Salmonella pathogenicity as

controversial studies carried out by Vazquez-Torres et al., (1999) suggest that Salmonella has
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two entry routes through the gut epithelium. If this is the case then bip4 may only be knocking
out one of the routes of invasion, which may explain why the bip4 mutant is still able to cause
systemic disease. This hypothesis has also been used for experiments carried out with SPI-1-
deficient S. typhimurium strains as these mutants are able to cause lethal infection in mice
without invading M cells or localising in Peyer’s patches (Galan and Curtiss, 1989; Jones and
Falkow, 1994a; Baumler et al, 1997b). Invasion genes encoded in SPI-1 are required for the
invasion of M cells (Galan and Curtiss, 1989; Clark et al., 1998), therefore this suggests that the

bacteria use an alternative strategy to disseminate from the gastrointestinal tract.

It would be interesting to investigate the effect of BipA in the bovine model of gastroenteritis as
it is often overlooked that the mouse model is a systemic disease model whereas the bovine is a
diarrhoea model. BipA may only play a role in one of these diseases. For example, SirA
(regulates genes within SPI1) is not a virulence factor in S. typhimurium-infected mice, yet SirA

mutants are dramatically attenuated in the bovine model of gastroenteritis (Ahmer et al., 1999).
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CHAPTER 7

7 Analysis of the flanking regions of bipA

7.1 Introduction
Very little is known about the downstream region of bipA4 in different eubacteria. In this chapter
bioinformatic and in vitro analysis will be carried out to firstly examine the differences in the

flanking regions of bipA in several different species and secondly to investigate this region more

thoroughly in several different Salmonella serotypes.

7.2 The genus Salmonella enterica

The current basis for Salmonella classification and identification has been a serological scheme
initiated by White and elaborated by Kauffmann (1952). The Kauffmann-White scheme is based
on the variations in O (somatic) and H (flagellar) antigens which provide each Salmornella
serotype (serovars) with its own unique antigenic combination. As described in Chapter One,
there are currently 2,463 serotypes of Salmonella (Popoff et al., 2000). Salmonella serovars
identified by this scheme have traditionally been given their own species name and are therefore
designated by italicised Latin binomials (e.g. S. typhimurium and S. enteritidis). However, the
actual phylogenetic relationships within a the Salmomnella genus have been reclassified by
multilocus enzyme electrophoresis (MLEE) and nucleotide sequence analysis (Boyd er al.,
1996). The genus is now distinguished by two species, S. bongori and S. enterica (Reeves et al.,

1989), where S. enterica is divided into six distinct subgroups (Popoff and Le minor, 1992).

7.2.1 Evolution of Salmonella
The genetic maps of Salmonella and E. coli K12 are highly conserved and both genomes are

similar with respect to base composition, chromosome size and the order, orientation and
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spacing of genes (Bachmann, 1990; Sanderson et al., 1995). However, several large differences
in the lengths of gene intervals between the two genomes have been observed (Krawiec and
Riley, 1990). These differences are known as loops and their sizes can range from 20 to 70 kb
(Krawiec and Riley, 1990). It is thought that these loops may contribute to the major
physiological and biochemical differences between E. coli and Salmonella and are therefore part
of the evolutionary process of these two genera from a common ancestor some 100-175 million

years ago (Ochman and Wilson, 1987; Riley and Krawiec, 1987; Krawiec and Riley, 1990;

Groisman ef al., 1992c).

7.2.2 Pathogenicity Islands

Salmonella have been implicated in an array of diseases and sequences found to be specific to
this species often encode virulence attributes not seen in closely related benign microorganisms
such as E. coli K-12. Most virulence genes are encoded on pathogenicity islands specific to
Salmonella and are highly conserved between different serotypes. SPIs are defined as gene
clusters that have a lower G+C content (between 37% and 47%) than the normal Salmonella
G+C content (52-54%). SPIs are also often inserted into tRNA genes. These pathogenicity
islands are therefore thought to have been acquired by horizontal gene transfer from phage or

plasmid of unknown origin (Marcus et al., 2000).

Genes within pathogenicity islands are often responsible for establishing specific interactions
with the host and are required for bacterial virulence in a given animal model. At least five
pathogenicity islands have been identified. SPI1 encodes a type III secretion system involved
with protein secretion and invasion (Mills ef al., 1995; Galan, 1996). SP12 encodes a second
type III secretion system required for later stages of systemic disease including macrophage
survival (Ochman et al.,, 1996; Shea et al., 1996). SPI3 is also essential for macrophage survival

and is involved in the ability of the bacteria to grow in Mg* limiting conditions (Blanc-Potard
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and Groisman, 1997). SPI4 is involved in toxin secretion and macrophage survival (Wong et al.,

1998) whereas SPI5 is more important for gastroenteritis rather than systemic Salmonellosis
(Wood et al., 1998).
Although complete genomic sequence for any Salmonella has yet to be published, perusal of the

available information suggests that additional pathogenicity islands and islets remain to be

discovered. With this in mind, it was therefore decided to undertake an analysis of the genetic

regions flanking the bipA gene in Salmonella.
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7.3 RESULTS

7.3.1 Bioinformatic analysis: Analysis of genes that flank bipA

Pathogenic bacteria often need to regulate the expression of multiple genes in response to a
particular signal. As a result, the genes can be organised in an operon where a single promoter
transcribes all the genes as part of a single transcript. Often virulence genes are clustered in the
same region to form an operon. For example, flagella and fimbriae genes are organised within
discrete but different operons. Previous studies have shown that bipA4 is involved in regulating
several virulence properties in Salmonella and E. coli. Very little research has been carried out to
analyse the genes that flank bip4. Consequently, it was of interest to investigate, in different
eubacteria, if bipA is part of an operon. Using the full length S. enteritidis bipA sequence
(sequence obtained in Chapter 3) BLAST searches were carried out in the NCBI database and
figures 7-1 and 7-2 show the organisation of bip4 in several different eubacteria. The
organisation of the genes in each species shows that genes that flanking bipA are not conserved.
Hence, bipA does not seem to be part of an operon nor is it consistently associated with any
gene. It is interesting, however, that a unique 5.8kb region is found downstream of Salmonella
bipA and that the three genes found in E. coli, yihL, yihM and yihN, are replaced by this unique

region (Figure 7-1).

7.3.2 Analysis of 5.8kb unique region found downstream of Salmonella bipA

A recent hypothesis on microbial pathogenicity suggests that horizontal gene transfer drives the
evolution of virulence in Salmonella. This diversification has given rise to highly flexible
pathogens that are able to colonize new niches and extend their host range (Baumler, 1997a).
Baumler (1997a) suggests that tracing the record of these horizontal gene transfers could provide
clues to the virulence factors that contribute to the formation of new pathovars. In Salmonella
horizontal gene transfer is often associated with a change in the normal 52% G+C content. Using
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Omiga 1.1.3 software the G+C content of this 5.8kb unique region was found to be 48.11%
which suggested that this region of DNA has been acquired from horizontal gene transfer. As a
result, the region was analysed in more detail to determine the putative open reading frames
(ORFs) and to determine the putative proteins that may be expressed. Figure 7-3 shows that in S.
typhimurium the 5.8kb region contains five possible ORFs. However, translation of these ORFs
and subsequent BLAST analysis gave only one match to a protein. ORF4 shared 40% sequence
identity to the oxygen-independent coproporphyrinogen III oxidase (coprogen oxidase) in

Synechocystis spp.
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7.4 In vitro studies

7.4.1 Cloning and sequencing of flanking regions of S. enteritidis bipA

An unusual technique was used to clone the flanking regions of S. enteritidis bipA. Plasmid
pAW4, used in the previous conjugation experiment (section 3.2.3), was mobilised into
S1400/94 to enable homologous recombination to occur between the chromosomal bip4 gene
and the insertionally inactivated form present on the plasmid. Single crossover recombination
events were selected for by obtaining kanamycin-resistant, chloramphenicol-resistant colonies.
The kanamycin cassette is within bip4 whereas the chloramphenicol cassette is within the vector.
The chromosomal DNA from one such strain was digested with Mlul, recircularised with T4
DNA ligase and transformed into S17(APir). Since Mlul does not have a site within the vector,
this procedure results in the cloning of flanking DNA. Therefore the resulting plasmid, pAWS,

contained the flanking regions of bipA, which could then be sequenced (Figure 7-4).

Figure 7-5 shows the comparison of the putative ORFs within the unique regions of S.
typhimrium and S. typhi with the sequenced portion of S. enteritidis. The S. enteritidis and S.
typhi sequences within this region are very similar and only differ slightly in ORF3 and ORF4.
The S. typhi ORF3 is only 60bp larger than the S. enferitidis ORF3 whereas the S. typhi ORF4 is
399bp smaller than the S. enteritidis ORF4. In contrast, the S. fyphi ORF4 is very different in
size relative to the S. fyphimurium ORF4, as there is a difference of 687bp. However, both ORFs
share the same stop codon. The S. fyphimurium 3° sequence of the 5.8kb region is slightly
different to that of S. enteritidis and S. typhi as S. typhimurium has no ORF6 and ORFS5 is 576bp
smaller. Overall however it is encouraging that all three different serovars contain the unique

region and that the ORFs show similar trends in all three serovars.
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Figure 7-4  Scheme for cloning the flanking regions of bipA in S. enteritidis
pAW4 was mobilised into S1400 to allow homologous recombination. A single crossover event was selected for and the chromosomal DNA from such strains

was digested with M/ul. The digested DNA was religated and transformed into S17(APir)
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sequence was obtained from sequencing pAWS. All sequences were analysed for putative ORFs using the Omiga 1.1.3 software package.
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7.5 Southern blotting profiles

7.5.1 Distribution of bipA in other Salmonella serovars

Previous chapters have shown that S. enteritidis bipA regulates several different processes
that are thought to be associated with virulence. For example, bipA regulates the expression
of flagella and certain fimbriae (Chapter 4) and is also associated with the oxidative stress
response (Chapter 5). However, very little work has been carried out on the distribution of
bipA in other Salmonella serotypes. If bipA is only present in specific serotypes it could be
hypothesised that that bip4 may be associated with host specificity. Accordingly, the
distribution of bipA4 in a range of Salmonella serotypes was investigated. To ensure that the
results obtained were not artefacts due to spontaneous mutation to create or destroy specific
sites, five S. typhimurium and S. enteritidis serotypes of the same phage type were used. In

the case of the other serotypes only two of each strain was used.

Southern hybridisation experiments were carried out to confirm the presence of bip4 in
different Salmonella serotypes. Total genomic DNA was extracted from each strain and the
DNA digested to completion using Miul. The DNA was resolved by agarose gel
electrophoresis, transferred to nylon membranes and hybridised with a probe consisting of
the bipA gene. Analysis of the resulting autoradiograms showed that all of the Salmonella
strains contained bipA4 (Figure 7-6). An approximately 9.50 kb Mlul fragment hybridised with
the bipA probe in S. enteritidis, S. typhimurium, S. dublin, S. derby, S. pullorum, S. binza S.
agona, and S. kedougou. In contrast, an approximately 12.4 kb fragment hybridised with the
bipA probe in S. montevideo, which was the same as the positive control E. coli K12. In the
case of S. heidelberg and S. hadar a 6.5 kb fragment hybridised with the bipA probe. In S.
arizona two fragments of approximately 6.5 kb and 4.4 kb hybridised with the bip4 probe.

These results suggest that BipA is present in all of the Salmonella serovars examined.
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Figure 7-6  Distribution of BipA in Salmonella serovars

Comparison of Mlul-digested chromosomal DNA from several Salmonella serotypes by Southern hybridisation
using bipA as a probe. Lane 1: Positive control E. coli K12, lanes 2-6: S. enteritidis, lane 7: S. typhimurium, lane
8: S. typhimurium (strain 3148), lanes 9-11: S. typhimurium, lane 12: positive control, E. coli K12. Lane 13: S.
agona, lane 14: S. pullorum, lanes 15-16: S. arizona, lanes 17-18: S. dublin, lanes 19-20: S. kedougou, lane 21:
S. derby, lane 22: positive control, E. coli K12. Lanes 23-24: S. binza, lanes 25-27: S. montevideo, lanes 28-30:

S. heidelberg, lanes 31-33: S. hadar, lane 34: S. enteritidis. Molecular markers are given in kb.
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7.6 Further analysis of unique ORFs

Many virulence genes are located on pathogenicity islands that have been acquired by
horizontal gene transfer. Previous bioinformatic studies looking at the regions that flanked
bipA showed a unique 5.8kb region downstream of Salmonella bipA (section 7.3). The unique
region in Sa/monella was found to have a lower GC content which suggested that it had been
obtained from gene transfer. It was thus of interest to investigate if this region was

Salmonella specific and if so to investigate the DNA-DNA hybridisation profiles of the

flanking regions of bipA.

7.6.1 Distribution of unique ORFs in several different eubacteria.

Several different eubacteria, including all strains from the E. coli reference collection (details
given in Materials and Methods in Table 2-2 and Table 2-3), were screened for the unique
ORFs by colony dot blots. The different strains were grown overnight on a membrane
overlaid on a LB plate. The cells were then lysed in situ and the DNA probed. As the 5.8kb
region was too large to use as a single probe two different probes had to be used to confirm
the presence of the whole of the region. One probe consisted of the 5° region of the ORFs
whereas the other consisted of the 3’ region. No hybridisation was seen with either the 3” or
5° probe in any of the different strains suggesting that the region is unique to Salmonella

(results not shown as all negative).

7.6.2 Southern Hybridisation profiles of region downstream of bipA

Southern hybridisation experiments were carried out to confirm the presence of the unique
region found downstream of bipA in different Salmonella serotypes. Total genomic DNA was
extracted from each strain and the DNA digested to completion using an enzyme that cut
within the region being probed. The DNA was resolved by agarose gel electrophoresis and
transferred to nylon membranes. The presence of the ORFs was confirmed by probing with a
radiolabelled 3” or 5’ fragment of the unique region. The Mlul-, EcoRI- (Figure -7-7, Figure

7-8 and Figure 7-9), Ndel- and Pvul-digested blots (Figure 7-11, Figure 7-12 and Figure
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7-13) show that, within the different serovars, there are differences in the genetic makeup
downstream of bip4 (summarised in Figure 7-10 and Figure 7-14). Approximately 9.5kb and
8.9kb Mlul fragments hybridised with the 5’ probe in S. typhimurium, S. dublin, S. derby
compared to 9.5kb and 6.5kb fragments in S. enteritidis and S. pullorum and 9.5kb and 3.4kb
fragments in S. binza S. agona and S. kedougou. In contrast S. heidelberg, S. hadar and S.
montevideo only gave one Mlul fragment that hybridised to the probe. A 12.4kb fragment
was seen in S. montevideo, compared to a 6.5kb fragment in S. heidelberg and S. hadar. In
the EcoRI-digested blots fragments of approximately 6.7kb and 4.1kb hybridised with the 5’
probe in S. typhimurium, S. dublin, S. derby, S. enteritidis, S. pullorum, S. binza, S. agona
and S. kedougou compared to a 5.7kb fragment in S. heidelberg, S. hadar and S. montevideo.

Interestingly, no hybridisation was seen with S. arizona in either the Miul- or EcoRI-digested

blots.

Hybridisation with the 3° probe also varied with different serovars. Two Ndel-digested
fragments of 12kb hybridised with the 3’probe in S. typhimurium, S. dublin, S. derby
compared to 12kb and 10kb fragments in S. enteritidis and S. pullorum. In S. binza and S.
kedougou fragments of 12kb and 3.8kb hybridised compared to fragments of 9kb and 3.8kb
in S. agona. In the Pvul-digested blots fragments of approximately 3kb and 1.6kb hybridised
with the probe in S. typhimurium, S. dublin, S. derby, S. enteritidis, S. pullorum, S. binza and
S. kedougou. Interestingly, no hybridisation was seen with the probe in S. arizona, S.

heidelberg, S. hadar or S. montevideo in either the Ndel- or Pvul-digested blots.

The Mlul- and Ndel-digested blots suggested that in the serovars S. typhimurium, S. dublin,
S. derby, S. enteritidis, S. pullorum, S. binza and S. kedougou there is genetic polymorphism
downstream of the unique region. However, the EcoRI- and Pvul-digested and blots
suggested that the genetic makeup within the unique region may be similar as the EcoRI and
Pvul sites are the same in all of the serovars. EcoRI cuts within bip4 and just outside the
unique region, whereas Pvul cuts within bipA4 and at the end of the unique region. However,

in the serovars S. heidelberg, S. hadar and S. montevideo there seems to be polymorphism
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downstream and within the unique region as these serovars did not hybridise with the 3’

region of the ORFs and the M/ul sites are different.

The Southern blots carried out showed that several of the serovars have identical restriction
sites which meant that these serovars could be divided into groups (groups 1-4).
Unfortunately, when comparing these groups with the Kauffmann-White scheme there is no
relationship between either the group that the serovar belongs or with the somatic antigens

that each serovar exhibits (Table 7-1).

Serotype Group |Somatic

antigen
S. typhimurium  |B 4,5,12
S. dublin D1 9,12 Group 1
S. derby B 1,4,12
S. enteritidis D1 9,12 G 5
S. pullorum DI 1,9,12 roup
S. binza E2 3,15 G 3
S. kedougou G2 13,23 roup
S. heidelberg B 4,5,12
S. hadar C2 6.8 } Group 4

Table 7-1: Relationship of Southern profiles with the Kauffmann-White scheme

Interestingly, the S. typhimurium strain 3148 showed identical DNA-DNA hybridisation
profiles as S. montevideo suggesting that this serovar may have been wrongly typed when it

was obtained. Further work would however need to be carried out to confirm this.
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Figure -7-7 Miul profiles of several different Salmonella serovars when probed with

Comparison of Mlul-digested chromosomal DNA from several Salmonella serotypes by Southern hybridisation
using 5’ region of ORFs as a probe. Lanes 1-5: S. enteritidis, lanes 6: S. typhimurium, lane 7: S. typhimurium
(strain 3148), lanes 8-10: S. typhimurium, lane 11: negative control E. coli K12, lane 12: S. agona, lane 13: S.
pullorum, lanes 14-15: S. arizona, lanes 16-17: S. dublin, lanes 18-19: S. kedougou, lanes 20-21: S. derby.
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Molecular markers are given in kb.
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Figure 7-8  Mlul profiles of several different Salmonella serovars when probed with

S’ region of unique ORFs
Comparison of Mlul-digested chromosomal DNA from several Salmonella serotypes by Southern hybridisation
using 5’ region of ORFs as a probe. Lane 1-2: S. binza, lanes 3-5: S. montevideo, lanes 6-8: S. heidelberg, lanes

9-11: S. hadar, lane 12: S. enteritidis, lane 13: negative control E. coli K12. Molecular markers are given in kb.
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Figure 7-9  EcoRI profiles of several different Salmonella serovars when probed with

5’ region of unique ORFs

Comparison of EcoRI-digested chromosomal DNA from several Sa/monella serotypes by Southern
hybridisation using 5’ region of ORFs as a probe. Lanes 1-3: S. dublin, lanes 4 - 6: S. derby, lane 7: S.
typhimurium, lane 8: S. typhimurium (strain 3148), lanes 9-11: S. typhimurium, lane 12: negative control E. coli
K12. Lane 13: S. agona, lane 14: S. pullorum, lane 15: S. arizona, lane 16: S. kedougou, lane 17: S. binza, lane
18: S. montevideo, lane 19: S. heidelberg, lane 20: S. hadar, lane 21: S. enteritidis, lane 22: negative control E.

coli K12. Molecular markers given in kb.
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Figure 7-10 Possible profiles of different Salmonella serovars

Diagrams have been produced from the information obtained from the M/ul— and EcoRI-digested Southern
blots.
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Figure 7-11 Ndel profiles of several different Salmonella serovars when probed with

3’ region of unique ORFs
Comparison of Ndel-digested chromosomal DNA from several Salmonella serotypes by Southern hybridisation
using 3’ region of ORFs as a probe. Lanes 1-5: S. enteritidis, lane 6: S. typhimurium, lane 7: S. typhimurium
(strain 3148), lanes 8-10: S. typhimurium, lane 11 negative control E. coli K12, lane 12-13: S. arizona, lanes 14-
15: S. agona, lanes 16-17: S. pullorum, lane 18: negative control E. coli K12.

167



12 oy - X

el

H

W

8 9 10 11 12 13 14 15 16 17 18 19

12 - D e

w

Figure 7-12 Ndel profiles of several different Salmonella serovars when probed with

3’ region of unique ORFs
Comparison of Ndel-digested chromosomal DNA from several Salmonella serotypes by Southern hybridisation
using 3’ region of ORFs as a probe. Lanes 1-2: S. dublin, lanes 3-4: S. kedougou, lanes 5-6: S. derby, lane 7:
negative control E. coli K12, lane 8-9: S. binza, lane 10-12: S. montevideo, lanes 13-15: S. heidelberg, lanes 16-

18: S. hadar, lane 19: negative control E. coli K12
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Figure 7-13  Pvul profiles of several different Salmonella serovars when probed with

3’ region of unique ORFs

Comparison of Pvul-digested chromosomal DNA from several Salmonella serotypes by Southern hybridisation
using 3’ region of ORFs as a probe. Lane 1: S. binza, lane 2: S. montevideo, lane 3: S. heidelberg, lane 4: S.
hadar lane 5: S. agona, lane 6: S. pullorum, lane 7: S. arizona, lane 8: S. dublin, lane 9: S. kedougou, lane 10: S.
derby, lane 11: S. typhimurium (strain 3148), lane 12: S. typhimurium, lane 13: S. enteritidis, lane 14: negative
control E. coli K12.
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1) S. typhimurium, S.dublin, S. derby 2) S. enteritidis, S.pullorum 3) S. binza, S. kedougou 4) S. agona
negative strains: S. montevideo, S. heidelberg, S. hadar, S. arizona
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1) S. typhimurium, S.dublin, S.derby, S. enteritidis, S.pullorum, S. binza, S. kedogou, S.agona
negative strains: S. montevideo, S. hiedelberg, S. hadar, S. arizonae

Figure 7-14 Possible profiles of different Salmonella serovars

Diagrams have been produced from the information obtained from the Ndel— and Pvul-digested Southern blots.
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7.7 Discussion

Investigations into phylogenetic diversity and host adaptation of Salmonella spp. have uncovered
various virulence attributes seen only in pathogenic species. Analysis of Salmonella in vivo-
induced genes located in low GC content areas have uncovered regions that are host specific
which may therefore distinguish their host range. These genes may contribute to the degree of

host adaptation, host specificity, tissue tropism and disease manifestation (Conner et al., 1998).

The evolution of Salmonella from E. coli is thought to have occurred in three phases (Baumler,
1997a). Phase 1 involved the acquisition of a pathogenicity island, that was required for the
intestinal phase of infection, to give the species S. bongori (Mills et al., 1995; Galan, 1996). The
second phase led to two distinct lineages of Salmonella: S. enterica and S. bongori (Reeves ef
al., 1989). This stage involved the acquisition of a second pathogenicity island necessary for the
colonisation of deeper tissues and hence the hosts ability to cause a systemic infection (Ochman
et al., 1996; Shea ef al., 1996). The third phase involved the lineage of S. enterica into 6 groups
with subgroup I containing most of the pathogenic species for warm-blooded vertebrates,
whereas most of the other subgroups were generally isolated from reptiles (Farmer ef al, 1984).

With the exception of S. arizona, which belongs to subgroup II1, all of the Salmonella serotypes

used in this chapter belong to subgroup I.

Investigations into the flanking regions of bip4 uncovered a unique 5.8kb atypical base
composition region that is specific to several Salmonella serotypes. These serotypes include S.
typhimurium, S. dublin, S. derby, S. enteritidis, S. pullorum, S. binza, S. kedougou, S. heidelberg,
S. hadar and S. montevideo, but not S. arizona. Interestingly S. arizona belongs to subgroup III
and is mainly isolated from cold-blooded animals, whereas all the other serotypes belong to
subgroup I and are therefore mainly isolated from warm-blooded animals. This suggests that the

genetic element not found in S. arizona and other eubacteria may be involved in Salmonella host
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range. Future work could involve investigating if this region was present in subgroups II, IV, V,

and VI to determine if it is only present in serovars that infect warm-blooded animals.

A lower GC content often initially distinguishes pathogenicity islands (Marcus et al., 2000). The
region downstream of hip4 was found to have a lower GC content of 48.11%, suggesting that
this region may be a pathogenicity island. Further analysis of the region indicated at least five
putative ORFs and ORF4 shared 40% sequence homology to the oxygen-independent
coproporphyrinogen III oxidase. Coproporphyrinogen III oxidase, an enzyme involved in heme
biosynthesis, catalyses the oxidative decarboxylation of coproporphyrinogen III to form
protoporphyrinogen IX. Heme biosynthesis is an integral part of bacterial survival therefore this
region may be involved in virulence. Alternatively, there are several factors that suggest this
region may not be a pathogenicity island. Sa/monella pathogenicity islands are highly conserved
between the different Sa/monella serotypes. This is not however the case with this unique region
as it is not conserved in the serotypes S. heidelberg, S. hadar and S. montevideo. These serovars
did not hybridise with the 3’ region of the ORFs which indicted a genetic polymorphism within
this area. In contrast, the region is highly conserved in the serotypes .S. typhimurium, S. dublin,
S. derby, S. enteritidis, S. pullorum, S. binza and S. kedougou. A knockout mutant would need to
be constructed to identify if this region was a new pathogenicity island. Also, coupled in vifro
transcription/translation of linear DNA templates could be carried out to determine the

authenticity of the putative ORFs.
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CHAPTER 8

8 General Discussion

8.1 The significance of S. enteritidis

The broad-host range species, S. enteritidis, is able to cause gastroenteritis in humans and it is
one of the most common causes of food poisoning worldwide (Baumler et al, 2000). The
interest in the virulence properties of this serovar is therefore extensive. The BipA GTPase has
been implicated in several virulence properties in EPEC and S. typhimurium (Farris et al., 1998,;
Barker er al, 2000). BipA interacts with ribosomes, increases antibacterial resistance, is
involved in EPEC pseudopod cytoskeletal rearrangements and plays a role in the expression of
several effector proteins encoded on the LEE locus (Farris et al., 1998; Barker et al,, 2000; R.
Owens., unpublished data; A. Grant.,, unpublished data). It therefore seemed logical to

investigate the virulence and stress response attributes of BipA in S. enteritidis.

8.1.1 The regulatory targets of BipA

The roles of fimbriae and flagella in Salmonella pathogenesis are equivocal. Fimbriae are
considered to be virulence factors as they are involved in initial adherence to eukaryotic cell
surfaces (Peralta et al, 1994; Thiagarajan et al., 1996; Sukupolvi et al, 1997; Dibb-Fuller et
al, 1999; Wilson et al, 2000) and several studies have implicated flagella in the survival
within macrophages and to invasion of host cells (Weinstein et al., 1984; Fields et al., 1986). In
contrast, other studies have found no such findings (Lockman and Curtiss, 1992; Thorns ef al.,

1996; Ogunniyi et al., 1997; Allen-Vercoe and Woodward, 1999b; Rajashekara et al., 2000).

BipA positively regulates the expression of SEF14 and flagella and plays a role in macrophage
survival, but not in host cell adhesion or invasion. Edwards et al. (2000) observed that SEF14

fimbriae contribute to systemic disease as these fimbriae mediate the efficient uptake and
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survival of the bacteria in macrophages. Additionally, non-flagellated and non-motile strains
were unable to survive as well as their parent strains within mouse macrophages (Weinstein et
al., 1984; Fields ef al., 1986). These results suggest that bip4 may regulate the expression of
SEF14 and flagella, which in turn, regulate the invasion and survival of Salmonella within
macrophages (Figure 8-1). However, this hypothesis is disputable as other studies have indicated
no role for flagella in macrophage survival or virulence (Lockman and Curtiss, 1992). In
addition, further analysis in this study indicated that BipA positively regulates not only flagella

but also cell motility in general. This suggests that BipA operates relatively early on the flagella

assembly pathway.

The transmission of Salmonella on animate and inanimate surfaces may be a vital factor in the
spread of disease (Morris ef al, 1970a; Morris and Wells, 1970b; Tadesse and Cizek, 1994).
Important factors involved in adherence to these surfaces include bacterial surface
hydrophobicity, charge, cell density and the production of exopolysaccharides. Several studies
have also implicated flagella and fimbriae. This however, is still ambiguous (Baier, 1980;
Rogers, 1979). Previous reports suggest a role for type-1 fimbriae and flagella in the non-specific
adherence of S. fyphimurium to mineral particles (albite, biotite, felspar and magnetite) and glass
(Stenstrom and Kjelleberg, 1985; Dickson and Koohmaraie, 1989). Also, the reduced adhesion
of an isogenic SEF14/SEF21 mutant and SEF17 mutant to Teflon and stainless steel and the
reduced biofilm formation in the SEF17 mutant, indicated a role for these surface appendages in
adhesion to these inanimate surfaces (Austin ef al, 1998). In addition, strains unable to
elaborate SEF14, SEF17 or flagella were found to adhere poorly to polystyrene. SEF17 and
flagella mutants both showed reduced adherence at 25°C, whereas a SEF14 mutant showed
reduced adherence at 37°C. Consequently, these results indicated that these appendages played a
role in the bacterial cell aggregation on inanimate surfaces (Woodward et al, 2000).

Interestingly, the expression of SEF17 and flagella was reduced in the bipA4 null mutant at 25°C
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whereas at 37°C SEF14 expression was reduced. This suggests that BipA may coregulate the
expression of these surface appendages and that this coregulation is dependent on the
environmental conditions. For example, at ambient temperatures the expression of SEF17 and
flagella will be upregulated, whereas at higher temperatures the expression of SEF14 will be
upregulated. BipA may either enhance transcription or translation. Alternatively, it might interact
with the fimbrial proteins to allow the adherence of this surface appendage (Figure 8-1). In
contrast, BipA negatively regulates the expression of SEF21, therefore it may be involved in
decreasing the expression of SEF21 when it is no longer needed (Figure 8-1). These results
indicate that it would be worthwhile to ascertain the adhesion and biofilm properties of the bip4
null mutant.

When pathogenic microbes are engulfed by macrophages they must withstand the oxidative
killing by means of the oxidative stress response. However, the role of this response in
Salmonella virulence has recently been reviewed, as functional OxyR or SoxRS regulons are not
required for survival in macrophages (Fang ef al., 1997; Taylor et al., 1998). Evidence suggests
that Salmonella interferes with the trafficking of the oxidase-containing vesicles (Vazquez-
Torres et al., 2000). In despite of this Salmonella are still exposed to reactive oxygen species in
the non-host environment (Kappus and Sies, 1981). This resistance may be an important factor in
the transmissibility of Salmonella and other food-borne pathogens as it enables the bacteria to
survive in environments outside the host. BipA positively regulates the hydrogen peroxide
oxidative stress response in S. enteritidis and S. typhimurium (G. Howell., unpublished results).
The OxyR regulon enables Salmonella to resist the effects of hydrogen peroxide (Farr and
Kogoma, 1991). Therefore, bip4 may act as a transcriptional or translational activator that
positively regulates the oxyR regulon or BipA may interact with proteins encoded by the regulon
(Figure 8-1). Interestingly, Humphrey ef al. (1995) have shown that S. enteritidis isolates that are

more tolerant to hydrogen peroxide also survive longer on surfaces. Future work could
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incorporate the assessment of not only the adherence but also the survival of the bipA4 null
mutant on inanimate surfaces. If survival were reduced, a plasmid containing the full-length bipA
gene would need to be inserted into the H,O, sensitive strains to see if survival was restored. It
would also be beneficial to assess the survival of the flagella, SEF17 and SEF14 mutants used by
Woodward et al. (1999). Again, if survival were reduced plasmids containing genes that
expressed each appendage would need to be inserted into the H,O, sensitive strains and the
survival determined. If in both cases survival increased, a link between fimbrial expression and
H,0, survival could be made. One hypothesis could be that BipA regulates the H,O, response,
which activates the expression of certain fimbriae, which in turn modulates the adherence and

survival of the bacteria on inanimate surfaces (Figure 8-2).

/ OxyR regulon ot H,0, stress responseW

BipA
37°C_~ +
37°C
+ +
25°C o
e SEF14 > ; T
Invasion/survival in
+
SEF21  SEF17 FLAGELLA — 5 | macrophages
+ + + +
Adherence
v
Glass Teflon Glass Teflon
Minerals Stainless steel Minerals Stainless steel
Teflon Polystyrene Polystyrene | | Polystyrene
Stainless steel

Figure 8-1  Regulatory targets of BipA

Only the temperature at which bipA regulates the expression of the fimbriae the most are given. The symbol, +,
represents positive regulation, whereas negative regulation is represented by a -.
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Figure 8-2 A possible pathway for the BipA regulation of surface appendages
The symbol, +, represents positive regulation. BipA regulates the hydrogen peroxide response, which in turn

activates the expression of certain surface appendages, which then modulates adherence and survival on inanimate

surfaces.

8.1.2 BipA plays a role in survival in the natural environment but not in

virulence
Flagella and fimbriae have been implicated in virulence and strains unable to survive in
macrophages are avirulent (Fields et al, 1986). Consequently, because BipA affects the
expression of several different surface appendages and is involved in the invasion/survival in
macrophages (Figure 8-1), it would not be unexpected if the BipA mutant were attenuated in
vivo. However, studies in the thesis showed that this was not the case. The bipA null mutant was
as virulent as its parent strain in the BALB/c mouse model and only a slight reduction, compared
to the wild type, was seen in the in the initial colonisation and invasion of the caeca and livers of
SPF chickens. These results suggest that the effects of bip4 in the host are not essential to

virulence. However, collating these results and the effects of BipA on the H,O, response, it
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could be concluded that BipA is more involved in the survival of S. enteritidis outside the host.
Determining the factors that enable Salmonella to survive in the natural environment is as
important as determining the virulence attributes of S. enteritidis as cross-contamination during
catering is known to be important in food poisoning outbreaks caused by S. enferitidis
(Anonymous, 1993). BipA may enhance survival outside the host, which consequently, will

increase Salmonella transmission from host to inanimate and animate surfaces.

BipA is unrelated to know virulence or global regulatory proteins but shares substantial sequence
similarity to GTPases that interact with ribosomes, notably the Tet(Q)/Tet(M) tetracycline
resistant proteins and EF-G. Conserved sequences are found throughout BipA, in particular the
sequence conservation extends to domain IV of EF-G. Interestingly, this domain shares
structural homology with the anti-codon arm of tRNA in the ternary complex of elongation
factor Tu and is thought to interact with the small ribosomal subunit (Nissen ef al., 1995;
Rodnina et al., 1997). Similarly, studies carried out by Owens et al. (unpublished results) have
shown that BipA does interact with ribosomes and that BipA GTPase activity is stimulated in the
presence of ribosomes. These results and the structural homology to tRNA suggest that BipA
may regulate the target proteins, such as flagella and fimbrial proteins and proteins involved in

the oxidative stress response, by a novel mechanism operating at the level of the ribosome.

In conclusion, further investigations into the role of BipA in the non-host environment would

prove invalid in resolving the unknown aspects of environmental survival.

178



Reference List

Anonymous (1993) Salmonella in eggs. Commun Dis Rep CDR Wkly 3, 47-47.

Adams, P., Fowler, R., Howell, G., Kinsella, N., Skipp, P., Coote, P. and O'Connor, C.D. (1999)
Defining protease specificity with proteomics: a protease with a dibasic amino acid
recognition motif is regulated by a two-component signal transduction system in

Salmonella. Electrophoresis 20, 2241-2247.

Ahmer, B.M., van Reeuwijk, J., Watson, P.R., Wallis, T.S. and Heffron, F. (1999) Salmonella
SirA is a global regulator of genes mediating enteropathogenesis. Mol Microbiol 31,

971-982.
Aizawa, S.I. (1996) Flagellar assembly in Salmonella typhimurium. Mol Microbiol 19, 1-5.

Aleekseev, P.A., Berman, M.I. and Korneeva, E.P. (1960) Clinical and histological picture of

Salmonella typhimurium infection in children. J. Microbiol. Epidemiol. Inmunobiol. 31,

133-139.

Allen-Vercoe, E., Dibb-Fuller, M., Thorns, C.J. and Woodward, M.J. (1997) SEF17 fimbriae
are essential for the convoluted colonial morphology of Salmonella enteritidis. FEMS

Microbiol Lett 153, 33-42.

Allen-Vercoe, E., Sayers, A.R. and Woodward, M.J. (1999a) Virulence of Salmonella enterica
serotype Enteritidis aflagellate and afimbriate mutants in a day-old chick model.

Epidemiol Infect 122, 395-402.

Allen-Vercoe, E. and Woodward, M.J. (1999b) The role of flagella, but not fimbriae, in the
adherence of Salmonella enterica serotype Enteritidis to chick gut explant. J Med

Microbiol 48, 771-780.

Alpuche-Aranda, C.M., Racoosin, E.L., Swanson, J.A. and Miller, S.I. (1994) Salmonella
stimulate macrophage macropinocytosis and persist within spacious phagosomes. J Exp
Med 179, 601-608.

179



Alpuche, A., Swanson, J.A., Loomis, W.P. and Miller, S.I. (1992) Salmonella typhimurium
activates virulence gene transcription within acidified macrophage phagosomes. Proc

Natl Acad Sci US 4 89, 10079-10083.

Aspedon, A. and Groisman, E.A. (1996) The antibacterial action of protamine: evidence for
disruption of cytoplasmic membrane energization in Salmonella typhimurium.

Microbiology 142 (Pt 12), 3389-3397.

Austin, J.W., Sanders, G., Kay, W.W. and Collinson, S.K. (1998) Thin aggregative fimbriae
enhance Salmonella enteritidis biofilm formation. FEMS Microbiol Lett 162, 295-301.

Aznar, R., Amaro, C., Alcaide, E. and Lemos, M.L. (1989) Siderophore production by

environmental strains of Salmonella species. FEMS Microbiol Lett 48, 7-12.

Babior, B.M. (1992) The respiratory burst oxidase. Adv Enzymol Relat Areas Mol Biol 65, 49-
95.

Bachmann, B.J. (1990) Linkage map of Escherichia coliK-12, edition 8 [published erratum
appears in Microbiol Rev 1991 Mar;55(1):191]. Microbiol Rev 54, 130-197.

Bagg, A. and Neilands, J.B. (1987) Ferric uptake regulation protein acts as a repressor,
employing iron (II) as a cofactor to bind the operator ofi an iron transport operon in

Escherichia coli. Biochemistry 26, 5471-5477.

Baier, R.E. (1980) Substrata influences on adhesion of microorganisms and their resultant new

surface properties, New York: Wiley and Sons.

Bang, I.S., Kim, B.H., Foster, J.W. and Park, Y.K. (2000) OmpR regulates the stationary-phase
acid tolerance response of Salmonella enterica serovar Typhimurium. J Bacteriol 182,

2245-2252.

Barker, H.C., Kinsella, N., Jaspe, A., Friedrich, T. and O'Connor, C.D. (2000) Formate protects
stationary-phase Escherichia coli and Salmonella cells from killing by a cationic

antimicrobial peptide. Mol Microbiol 35, 1518-1529.

180



Barrow, P.A., Lovell, M.A. and Old, D.C. (1992) In-vitro and in-vivo characteristics of TnphoA
mutant strains of Salmonella serotype Gallinarum not invasive for tissue culture cells. J

Med Microbiol 36, 389-397.

Baumler, A.J. (1997a) The record of horizontal gene transfer in Salmonella. Trends Microbiol

5, 318-322.

Baumler, A.J., Hargis, B.M. and Tsolis, R.M. (2000) Tracing the origins of Salmonella
outbreaks. Science 287, 50-52.

Baumler, A.J. and Heffron, F. (1995) Identification and sequence analysis of IpfABCDE, a
putative fimbrial operon of Salmonella typhimurium. J Bacteriol 177, 2087-2097.

Baumler, A.J., Kusters, J.G., Stojiljkovic, I. and Heffron, F. (1994) Salmonella typhimurium loci

involved in survival within macrophages. Infect Immun 62, 1623-1630.

Baumler, A.J., Tsolis, RM. and Heffron, F. (1996a) Contribution of fimbrial operons to
attachment to and invasion of epithelial cell lines by Salmonella typhimurium. Infect

Immun 64, 1862-1865.

Baumler, A.J., Tsolis, R.M., Valentine, P.J., Ficht, T.A. and Heffron, F. (1997b) Synergistic
effect of mutations in invA and IpfC on the ability of Salmonella typhimurium to cause

murine typhoid. Infect Immun 65, 2254-2259.

Bédumler, A.J., Tsolis, R M., Bowe, F.A., Kusters, J.G., Hoffmann, S. and Heffron, F. (1996b)
The pef fimbrial operon of Salmonella typhimurium mediates adhesion to murine small

intestine and is necessary for fluid accumulation in the infant mouse. Infect Immun 64,

61-68.

Biumler, A.J., Tsolis, R.M. and Heffron, F. (1996¢) The Ipf fimbrial operon mediates adhesion
of Salmonella typhimurium to murine Peyer's patches. Proc Natl Acad Sci US A 93,
279-283.

181



Baumler, A.J., Tsolis, R.M. and Heffron, F. (1997c) Fimbrial adhesins of Salmonella
typhimurium. Role in bacterial interactions with epithelial cells. Adv Exp Med Biol 412,
149-158.

Beaman, L. and Beaman, B.L. (1984) The role of oxygen and its derivatives in microbial

pathogenesis and host defense. Annu Rev Microbiol 38, 27-48.

Bearson, B.L., Wilson, L. and Foster, J.W. (1998) A low pH-inducible, PhoPQ-dependent acid
tolerance response protects Salmonella typhimurium against inorganic acid stress

[published erratum appears in J Bacteriol 1998 Jul;180(14):3734]. J Bacteriol 180,
2409-2417.

Bearson, S., Bearson, B. and Foster, J.W. (1997) Acid stress responses in enterobacteria. FEMS
Microbiol Lett 147, 173-180.

Bearson, S.M., Benjamin, W.H.J., Swords, W.E. and Foster, J.W. (1996) Acid shock induction
of RpoS is mediated by the mouse virulence gene mvid of Salmonella typhimurium. J

Bacteriol 178, 2572-2579.

Behlau, I. and Miller, S.I. (1993) A PhoP-repressed gene promotes Salmonella typhimurium
invasion of epithelial cells. J Bacteriol 175, 4475-4484.

Bell, P.E., Nau, C.D., Brown, J.T., Konisky, J. and Kadner, R.J. (1990) Genetic suppression
demonstrates interaction of TonB protein with outer membrane transport proteins in

Escherichia coli. J Bacteriol 172, 3826-3829.

Beutler, B. and Cerami, A. (1987) Cachectin: more than a tumor necrosis factor. N Engl J Med
316, 379-385.

Bjorkman, J., Hughes, D. and Andersson, D.I. (1998) Virulence of antibiotic-resistant
Salmonella typhimurium. Proc Natl Acad Sci US A 95, 3949-3953.

Blanc-Potard, A.B. and Groisman, E.A. (1997) The Salmonella selC locus contains a
pathogenicity island mediating intramacrophage survival. EMBO J 16, 5376-5385.

182



Blanc-Potard, A.B., Solomon, F., Kayser, J. and Groisman, E.A. (1999) The SPI-3
pathogenicity island of Salmonella enterica. .J Bacteriol 181, 998-1004.

Boyd, E.F., Wang, F.S., Whittam, T.S. and Selander, R.K. (1996) Molecular genetic
relationships of the Salmonellae. Appl Environ Microbiol 62, 804-808.

Braun, V., Gunter, K. and Hantke, K. (1991) Transport of iron across the outer membrane. Biol

Met 4, 14-22.

Buchmeier, N.A. and Heffron, F. (1991) Inhibition of macrophage phagosome-lysosome fusion
by Salmonella typhimurium. Infect Immun 59, 2232-2238.

Bukholm, G. (1984) Effect of cytochalasin B and dihydrocytochalasin B on invasiveness of

entero-invasive bacteria in HEp-2 cell cultures. Acta Pathol Microbiol Immunol Scand

[B] 92 ,145-149.

Bunning, V.K., Crawford, R.G., Tierney, J.T. and Peeler, J.T. (1990) Thermotolerance of
Listeria monocytogenes and Salmonella typhimurium after sublethal heat shock. Appl

Environ Microbiol 56, 3216-3219.

Chatfield, S.N., Dorman, C.J., Hayward, C. and Dougan, G. (1991) Role of ompR-dependent
genes in Salmonella typhimurium virulence: mutants deficient in both ompC and ompF

are attenuated in vivo. Infect Immun 59, 449-452.

Chatfield, S.N., Strahan, K., Pickard, D., Charles, 1.G., Hormaeche, C.E. and Dougan, G. (1992)
Evaluation of Salmonella typhimurium strains harboring defined mutations in Afr4 and

aroA in the murine Salmonellosis model. Microb Pathog 12, 145-151.

Chen, L.M., Hobbie, S. and Galan, J.E. (1996) Requirement of CDC42 for Salmonella-induced

cytoskeletal and nuclear responses. Science 274,2115-2118.

Chen, L.M., Kaniga, K. and Galan, J.E. (1996) Salmonella spp. are cytotoxic for cultured
macrophages. Mol Microbiol 21, 1101-1115.

183



Christman, M.F., Storz, G. and Ames, B.N. (1989) OxyR, a positive regulator of hydrogen
peroxide-inducible genes in Escherichia coli and Salmonella typhimurium, is
homologous to a family of bacterial regulatory proteins. Proc Natl Acad Sci US A4 86,
3484-3488.

Cirillo, D.M., Valdivia, R.H., Monack, D.M. and Falkow, S. (1998) Macrophage-dependent
induction of the Salmonella pathogenicity island 2 type III secretion system and its role

in intracellular survival. Mol Microbiol 30, 175-188.

Clark, M.A., Hirst, B.H. and Jepson, M.A. (1998) Inoculum composition and Salmonella
pathogenicity island 1 regulate M-cell invasion and epithelial destruction by Salmonella

typhimurium. Infect Immun 66, 724-731.

Clark, M.A., Jepson, M.A., Simmons, N.L. and Hirst, B.H. (1994) Preferential interaction of
Salmonella typhimurium with mouse Peyer's patch M cells. Res Microbiol 145, 543-

552.

Clark, M.A., Reed, K.A., Lodge, J., Stephen, J., Hirst, B.H. and Jepson, M.A. (1996) Invasion
of murine intestinal M cells by Salmonella typhimurium inv mutants severely deficient

for invasion of cultured cells. Infect Immun 64, 4363-4368.

Clegg, S., Hull, S., Hull, R. and Pruckler, J. (1985) Construction and comparison of
recombinant plasmids encoding type 1 fimbriae of members of the family

Enterobacteriaceae. Infect Immun 48, 275-279.

Clegg, S., Purcell, B.K. and Pruckler, J. (1987) Characterization of genes encoding type 1
fimbriae of Klebsiella pneumoniae, Salmonella typhimurium, and Serratia marcescens.

Infect Immun 58, 281-287.

Clouthier, S.C., Collinson, S.K., White, A.P., Banser, P.A. and Kay, W.W. (1998) tRNA(Arg)
(fimU) and expression of SEF14 and SEF21 in Salmonella enteritidis. J Bacteriol 180,

840-845.

184



Clouthier, S.C., Muller, K.H., Doran, J.L., Collinson, S.K. and Kay, W.W. (1993)
Characterization of three fimbrial genes, sefABC, of Salmonella enteritidis. J Bacteriol

175, 2523-2533.

Collazo, C.M. and Galan, J.E. (1997) The invasion-associated type III system of Salmonella
typhimurium directs the translocation of Sip proteins into the host cell. Mol Microbiol

24, 747-756.

Collinson, S.K., Clouthier, S.C., Doran, J.L., Banser, P.A. and Kay, W.W. (1996a) Salmonella
enteritidis agfBAC operon encoding thin, aggregative fimbriae. J Bacteriol 178, 662-
667.

Collinson, S.K., Liu, S.L., Clouthier, S.C., Banser, P.A., Doran, J.L., Sanderson, K.E. and Kay,
W.W. (1996b) The location of four fimbrin-encoding genes, agf4, fimA, sefA and sefD,
on the Salmonella enteritidis and/or S. typhimurium Xbal-Blnl genomic restriction maps.

Gene 169, 75-80.

Coloe, P.J., Bagust, T.J. and Ireland, L. (1984) Development of the normal gastrointestinal

microflora of specific pathogen-free chickens. J Hyg (Lond) 92, 79-87.

Conner, C.P., Heithoff, D.M., Julio, S.M., Sinsheimer, R.L. and Mahan, M.J. (1998) Differential
patterns of acquired virulence genes distinguish Salmonella strains. Proc Natl Acad Sci

US A 95,4641-4645.

Cooper, G.L., Venables, L.M., Woodward, M.J. and Hormaeche, C.E. (1994a) Vaccination of
chickens with strain CVL30, a genetically defined Salmonella enteritidis aroA live oral

vaccine candidate. Infect Immun 62, 4747-4754..

Cooper, G.L., Venables, L.M., Woodward, M.J. and Hormaeche, C.E. (1994b) Invasiveness and
persistence of Salmonella enteritidis, Salmonella typhimurium, and a genetically defined

S. enteritidis aroA strain in young chickens. Infect Immun 62, 4739-4746

Craven, S.E., Cox, N.A., Bailey, J.S. and Blankenship, L.C. (1992) Binding of Salmonella

strains to immobilized intestinal mucosal preparations from broiler chickens. Avian Dis

36, 296-303.
185



Crosa, J.H., Brenner, D.J., Ewing, W.H. and Falkow, S. (1973) Molecular relationships among
the Salmoneliae. J Bacteriol 115, 307-315.

Csonka, L.N. and Hanson, A.D. (1991) Prokaryotic osmoregulation: genetics and physiology.
Annu Rev Microbiol 45, 569-606.

Daetler, S. (1999) Type III secretion by Salmonella typhimurium does not require contact with a

eukaryotic host. Mol Microbiol 31, 45-51.

Daniels, J.J., Autenrieth, I.B., Ludwig, A. and Goebel, W. (1996) The gene sly4 of Salmonella
typhimurium is required for destruction of M cells and intracellular survival but not for

invasion or colonization of the murine small intestine. Infect Immun 64, 5075-5084.

Darwin, K.H. and Miller, V.L. (1999) Molecular basis of the interaction of Salmonella with the
intestinal mucosa. Clin Microbiol Rev 12, 405-428.

De Groote, M.A., Ochsner, U.A., Shiloh, M.U., Nathan, C., McCord, J.M., Dinauer, M.C.,
Libby, S.J., Vazquez-Torres, A., Xu, Y. and Fang, F.C. (1997) Periplasmic superoxide
dismutase protects Sal/monella from products of phagocyte NADPH-oxidase and nitric

oxide synthase. Proc Natl Acad Sci US A 94, 13997-14001.

Deiwick, J., Nikolaus, T., Erdogan, S. and Hensel, M. (1999) Environmental regulation of
Salmonella pathogenicity island 2 gene expression. Mol Microbiol 31, 1759-1773.

Delaney, J.M., Wall, D. and Georgopoulos, C. (1993) Molecular characterization of the
Escherichia coli htrD gene: cloning, sequence, regulation, and involvement with

cytochrome d oxidase. J Bacteriol 175, 166-175.

Demple, B. (1991) Regulation of bacterial oxidative stress genes. Annu Rev Genet 2§, 315-
337.

Dibb-Fuller, M.P., Allen-Vercoe, E., Thorns, C.J. and Woodward, M.J. (1999) Fimbriae- and
flagella-mediated association with and invasion of cultured epithelial cells by Salmonella

enteritidis. Microbiology 145 ( Pt 5), 1023-1031.

186



Dickson, J.S. and Koohmaraie, M. (1989) Cell surface charge characteristics and their

relationship to bacterial attachment to meat surfaces. Appl Environ Microbiol 55, 832-
836.

Donnenberg, M.S. and Kaper, J.B. (1992) Enteropathogenic Escherichia coli. Infect Immun 60,
3953-3961.

Dorman, C.J., Chatfield, S., Higgins, C.F., Hayward, C. and Dougan, G. (1989) Characterization
of porin and ompR mutants of a virulent strain of Salmonella typhimurium: ompR

mutants are attenuated in vivo. Infect Immun 57,2136-2140.

Duguid, J.P., Anderson, E.S. and Campbell, I. (1966) Fimbriaec and adhesive properties in
Salmonellae. J Pathol Bacteriol 92, 107-138.

Dunlap, N.E., Benjamin, W.H.J., McCall, R.D.J., Tilden, A.B. and Briles, D.E. (1991) A 'safe-
site’ for Salmonella typhimurium is within splenic cells during the early phase of

infection in mice. Microb Pathog 10,297-310.

Eckmann, L., Jung, H.C., Schiirer-Maly, C., Panja, A., Morzycka-Wroblewska, E. and Kagnoff,
M.F. (1993) Differential cytokine expression by human intestinal epithelial cell lines:

regulated expression of interleukin 8 . Gastroenterology 105, 1689-1697.

Edwards, R.A., Schifferli, D.M. and Maloy, S.R. (2000) A role for Salmonella fimbriae in
intraperitoneal infections. Proc Natl Acad Sci US A 97, 1258-1262.

Eichelberg, K. and Galan, J.E. (1999) Differential regulation of Salmonella typhimurium type 111
secreted proteins by pathogenicity island 1 (SPI-1)-encoded transcriptional activators

InvF and hilA. Infect Immun 67, 4099-4105.

Eichelberg, K. and Galan, J.E. (2000) The flagellar sigma factor FliA (sigma(28)) regulates the
expression of Salmonella genes associated with the centisome 63 type III secretion

system. Infect Immun 68,2735-2743.

Elsbach, P. and Weiss, J. (1993) Bactericidal/permeability increasing protein and host defense
against Gram-negative bacteria endotoxin. Curr Opin Immunol 5, 103-107.

187



Elsbach, P. and Weiss, J. (1985) Oxygen-dependent and oxygen-independent mechanisms of
microbicidal activity of neutrophils. Immunol Lett 11, 159-163.

Emmerth, M., Goebel, W., Miller, S.I. and Hueck, C.J. (1999) Genomic subtraction identifies
Salmonella typhimurium prophages, F-related plasmid sequences, and a novel fimbrial

operon, stf, which are absent in Salmonella typhi. J Bacteriol 181, 5652-5661.

Ermnst, R.K., Dombroski, D.M. and Merrick, J.M. (1990) Anaerobiosis, type 1 fimbriae, and
growth phase are factors that affect invasion of HEp-2 cells by Salmonella typhimurium.
Infect Immun 58, 2014-2016.

Euzeby, J.P. (1999) Revised Salmonella nomenclature: designation of Salmonella enterica (ex
Kauffimann and Edwards 1952) Le Minor and Popoff 1987 sp. nov., nom. rev. as the
neotype species of the genus Salmonella Lignieres 1900 (approved lists 1980), rejection
of the name Salmonella choleraesuis (Smith 1894) Weldin 1927 (approved lists 1980),
and conservation of the name Salmonella typhi (Schroeter 1886) Warren and Scott 1930
(approved lists 1980). Request for an opinion. IntJ Syst Bacteriol 49 Pt2,927-930.

Ewen, S.W., Naughton, P.J., Grant, G., Sojka, M., Allen-Vercoe, E., Bardocz, S., Thorns, C.J.
and Pusztai, A. (1997) Salmonella enterica var Typhimurium and Salmonella enterica
var Enteritidis express type 1 fimbriae in the rat in vivo. FEMS Immunol Med Microbiol

18, 185-192.

Fang, F.C., Libby, S.J., Buchmeier, N.A., Loewen, P.C., Switala, J., Harwood, J. and Guiney,
D.G. (1992) The alternative sigma factor katF (rpoS) regulates Salmonella virulence.
Proc Natl Acad Sci US A 89, 11978-11982.

Fang, F.C., Vazquez-Torres, A. and Xu, Y. (1997) The transcriptional regulator SoxS is
required for resistance of Salmonella typhimurium to paraquat but not for virulence in

mice. Infect Immun 65, 5371-5375.

Farmer, J.J. and Kelly, M.T. (1991) Enterobacteriaceae. In: Manual of Clinical Microbiology.
Washington D.C: American Society for Microbiology; 371-373.

188



Farmer, J.J., McWhorter, A.C., Brenner, D.J. and Morris, G.K. (1984) The Salmonella-arizona
group of Enterobacteriaceae: nomenclature, classification and reporting.

Cli. Microbiol. Newsl. 6 63-66.

Farr, S.B. and Kogoma, T. (1991) Oxidative stress responses in Escherichia coli and Salmonella

typhimurium. Microbiol Rev 55, 561-585.

Farris, M., Grant, A., Richardson, T.B. and O'Connor, C.D. (1998) BipA: a tyrosine-
phosphorylated GTPase that mediates interactions between enteropathogenic Escherichia

coli (EPEC) and epithelial cells. Mol Microbiol 28, 265-279.

Feutrier, J., Kay, W.W. and Trust, T.J. (1988) Cloning and expression of a Salmonella
enteritidis fimbrin gene in Escherichia coli. J Bacteriol 170, 4216-4222.

Fields, P.I., Groisman, E.A. and Heffron, F. (1989) A Salmonella locus that controls resistance

to microbicidal proteins from phagocytic cells. Science 243, 1059-1062.

Fields, P.I., Swanson, R.V., Haidaris, C.G. and Heffron, F. (1986) Mutants of Salmonella
typhimurium that cannot survive within the macrophage are avirulent. Proc Natl Acad

Sci US A 83,5189-5193.

Finlay, B.B. (1994) Molecular and cellular mechanisms of Sa/monella pathogenesis. Curr Top

Microbiol Immunol 192, 163-185.

Finlay, B.B. (1995) Interactions between Salmonella typhimurium, enteropathogenic

Escherichia coli (EPEC), and host epithelial cells. Adv Dent Res 9, 31-36.
Finlay, B.B. (1999) Bacterial disease in diverse hosts. Cell 96, 315-318.

Finlay, B.B. and Falkow, S. (1997) Common themes in microbial pathogenicity revisited.

Microbiol Mol Biol Rev 61, 136-169.

Finlay, B.B., Rosenshine, 1., Donnenberg, M.S. and Kaper, J.B. (1992) Cytoskeletal
composition of attaching and effacing lesions associated with enteropathogenic

Escherichia coli adherence to HeLa cells. Infect Immun 60, 2541-2543.

189



Finlay, B.B., Ruschkowski, S. and Dedhar, S. (1991) Cytoskeletal rearrangements
accompanying Salmonella entry into epithelial cells. J Cell Sci 99 ( Pt 2), 283-296.

Finlay, B.B., Starnbach, M.N., Francis, C.L., Stocker, B.A., Chatfield, S., Dougan, G. and
Falkow, S. (1988) Identification and characterization of TnphoA mutants of Salmonella

that are unable to pass through a polarized MDCK epithelial cell monolayer. Mol
Microbiol 2,757-766.

Folkesson, A., Advani, A., Sukupolvi, S., Pfeifer, J.D., Normark, S. and Lofdahl, S. (1999)
Multiple insertions of fimbrial operons correlate with the evolution of Salmonella

serovars responsible for human disease. Mol Microbiol 33, 612-622.

Forst, S., Weiss, J., Maraganore, J.M., Heinrikson, R.L. and Elsbach, P. (1987) Relation
between binding and the action of phopholipases A2 on Escherichia coli exposed to the
bactericidal/permeability-increasing protein of neutrophils. Biochim Biophys Acta 920,

221-225.

Foster, J.W. (1991) Salmonella acid shock proteins are required for the adaptive acid tolerance

response. J Bacteriol 173, 6896-6902.

Foster, J.W. (1993) The acid tolerance response of Salmonella typhimurium involves transient

synthesis of key acid shock proteins. J Bacteriol 175, 1981-1987.

Foster, J.W. and Hall, HK. (1990) Adaptive acidification tolerance response of Salmonella
typhimurium. J Bacteriol 172, 771-778.

Foster, J.W. and Moreno, M. (1999) Inducible acid tolerance mechanisms in enteric bacteria.

Novartis Found Symp 221, 55-54.

Francis, C.L., Ryan, T.A., Jones, B.D., Smith, S.J. and Falkow, S. (1993) Ruffles induced by

Salmonella and other stimuli direct macropinocytosis of bacteria. Nature 364, 639-642.

Francis, C.L., Starnbach, M.N. and Falkow, S. (1992) Morphological and cytoskeletal changes
in epithelial cells occur immediately upon interaction with Salmonella typhimurium
grown under low-oxygen conditions. Mol Microbiol 6, 3077-3087.

190



Frankel, G., Phillips, A.D., Rosenshine, 1., Dougan, G., Kaper, J.B. and Knutton, S. (1998)
Enteropathogenic and enterohaemorrhagic Escherichia coli: more subversive elements.

Mol Microbiol 30, 911-921.

Freestone, P., Trinei, M., Clarke, S.C., Nystrom, T. and Norris, V. (1998) Tyrosine
phosphorylation in Escherichia coli. J Mol Biol 279, 1045-1051.

Fridovich, I. (1983) Superoxide radical: an endogenous toxicant. Annu Rev Pharmacol Toxicol

23, 239-257.

Friedrich, M.J., Kinsey, N.E., Vila, J. and Kadner, R.J. (1993) Nucleotide sequence of a 13.9 kb
segment of the 90 kb virulence plasmid of Salmonella typhimurium: the presence of

fimbrial biosynthetic genes. Mol Microbiol 8, 543-558.

Fu, Y. and Galan, J.E. (1998) The Salmonella typhimurium tyrosine phosphatase SptP is
translocated into host cells and disrupts the actin cytoskeleton. Mol Microbiol 27, 359-

368.

Fu, Y. and Galan, J.E. (1999) A Salmonella protein antagonizes Rac-1 and Cdc42 to mediate

host-cell recovery after bacterial invasion . Nature 401, 293-297.

Gabay, J.E., Scott, R.W., Campanelli, D., Griffith, J., Wilde, C. and Marra, M.N. (1989)
Antibietic proteins of human polymorphonuclear leukocytes. Proc Natl Acad Sci U S 4
86, 5610-5614.

Gahring, L.C., Heffron, F., Finlay, B.B. and Falkow, S. (1990) Invasion and replication of

Salmonella typhimurium in animal cells. Infect Immurn 58, 443-448.

Galan, J.E. (1996) Molecular genetic bases of Salmonella entry into host cells. Mol Microbiol
20, 263-271.

Galan, J.E. and Curtiss, R. (1989) Cloning and molecular characterization of genes whose
products allow Salmonella typhimurium to penetrate tissue culture cells. Proc Natl Acad

SciUS A 86,6383-6387.

191



Galyov, E.E., Wood, M.W., Rosqvist, R., Mullan, P.B., Watson, P.R., Hedges, S. and Wallis,
T.S. (1997) A secreted effector protein of Salmonella dublin is translocated into
eukaryotic cells and mediates inflammation and fluid secretion in infected ileal mucosa.

Mol Microbiol 25, 903-912.

Garcia-del Portillo, F. and Finlay, B.B. (1995) Targeting of Salmonella typhimurium to vesicles
containing lysosomal membrane glycoproteins bypasses compartments with mannose 6-

phosphate receptors. J Cell Biol 129, 81-97.

Garcia-del Portillo, F., Pucciarelli, M.G. and Casadesus, J. (1999) DNA adenine methylase
mutants of Salmonella typhimurium show defects in protein secretion, cell invasion, and

M cell cytotoxicity. Proc Natl Acad Sci US A 96, 11578-11583.

Garcia, V., Soncini, F.C. and Groisman, E.A. (1996) Mg*> as an extracellular signal:

environmental regulation of Salmonella virulence. Cell 84, 165-174.

Gast, R.K. and Holt, P.S. (1998) Persistence of Salmonella enteritidis from one day of age until
maturity in experimentally infected layer chickens. Poult Sci 77, 1759-1762.

Gauthier, A. and Finlay, B.B. (1998) Protein translocation: delivering virulence into the host

cell. Curr Biol 8,R768-R770

Gazzano-Santoro, H., Parent, J.B., Grinna, L., Horwitz, A., Parsons, T., Theofan, G., Elsbach, P.,
Weiss, J. and Conlon, P.J. (1992) High-affinity binding of the bactericidal/permeability-
increasing protein and a recombinant amino-terminal fragment to the lipid A region of

lipopolysaccharide. Infect Immun 60, 4754-4761.

Gewirtz, A.T., Siber, A.M., Madara, J.L. and McCormick, B.A. (1999) Orchestration of
neutrophil movement by intestinal epithelial cells in response to Salmonella typhimurium

can be uncoupled from bacterial internalization. Infect Immun 67, 608-617.

Gomes, T.A., Blake, P.A. and Trabulsi, L.R. (1989) Prevalence of Escherichia coli strains with
localized, diffuse, and aggregative adherence to HeLa cells in infants with diarrhea and

matched controls. J Clin Microbiol 27, 266-269.

192



Gorg, A., Postel, W. and Gunther, S. (1988) The current state of two-dimensional
electrophoresis with immobilized pH gradients. Electrophoresis 9, 531-546.

Gray, B.H. and Haseman, J.R. (1994) Bactericidal activity of synthetic peptides based on the
structure of the 55-kilodalton bactericidal protein from human neutrophils. Infect Immun

62, 2732-2739.

Groisman, E.A., Chiao, E., Lipps, C.J. and Heffron, F. (1989) Salmonella typhimurium phoP
virulence gene is a transcriptional regulator. Proc Natl Acad Sci US A 86, 7077-7081.

Groisman, E.A., Heffron, F. and Solomon, F. (1992a) Molecular genetic analysis of the
Escherichia coli phoP locus. J Bacteriol 174,486-491.

Groisman, E.A., Kayser, J. and Soncini, F.C. (1997) Regulation of polymyxin resistance and
adaptation to low-Mg** environments. J Bacteriol 179, 7040-7045.

Groisman, E.A., Parra-Lopez, C., Salcedo, M., Lipps, C.J. and Heffron, F. (1992b) Resistance to
host antimicrobial peptides is necessary for Salmonella virulence. Proc Natl Acad Sci U

SA 89,11939-11943.

Groisman, E.A., Saier, M.H.J. and Ochman, H. (1992¢) Horizontal transfer of a phosphatase

gene as evidence for mosaic structure of the Salmonella genome. EMBO J 11, 1309-

1316.

Guilloteau, L.A., Wallis, T.S., Gautier, A.V., Maclntyre, S., Platt, D.J. and Lax, A.J. (1996) The
Salmonella virulence plasmid enhances Salmonella-induced lysis of macrophages and

influences inflammatory responses. Infect Immun 64, 3385-3393.

Guo, L., Lim, K.B., Gunn, J.S., Bainbridge, B., Darveau, R.P., Hackett, M. and Miller, S.I.
(1997) Regulation of lipid A modifications by Salmonella typhimurium virulence genes

phoP-phoQ. Science 276, 250-253.

Hakura, A., Morimoto, K., Sofuni, T. and Nohmi, T. (1991) Cloning characterisation of the
Salmonella  typhimurium ada gene, which encodes O%methylguanine-DNA
methyltransferase. J Bacteriol 173, 3663-3672.

193



Hall, H.X. and Foster, J.W. (1996) The role of fur in the acid tolerance response of Salmonella
typhimurium is physiologically and genetically separable from its role in iron acquisition.

J Bacteriol 178, 5683-5691.

Halliwell, B. and Gutteridge, J.M. (1984) Oxygen toxicity, oxygen radicals, transition metals
and disease. Biochem J 219, 1-14.

Hammar, M., Arnqvist, A., Bian, Z., Olsen, A. and Normark, S. (1995) Expression of two csg
operons is required for production of fibronectin- and congo red-binding curli polymers

in Escherichia coli K-12. Mol Microbiol 18, 661-670.
Hantke, K. (1982) Negative control of iron uptake in E. coli. FEMS Microbiol Lett 15, 83-92.

Hantke, K. (1987) Selection procedure for deregulated iron transport mutants (fur) in

Escherichia coli K 12: fur not only affects iron metabolism. Mol Gen Genet 210, 135-
139.

Harder, W. and Dijkhuizen, L. (1983) Physiological responses to nutrient limitation. Annu Rev
Microbiol 37, 1-23.

Hardt, W.D., Chen, L.M., Schuebel, K.E., Bustelo, X.R. and Galan, J.E. (1998) S. typhimurium
encodes an activator of Rho GTPases that induces membrane ruffling and nuclear

responses in host cells. Cell 93, 815-826.

Hassan, J.O. and Curtiss, R. (1997) Efficacy of a live avirulent Salmonella typhimurium vaccine
in preventing colonization and invasion of laying hens by Salmonella typhimurium and

Salmonella enteritidis. Avian Dis 41, 783-791.

Hayward, R.D. and Koronakis, V. (1999) Direct nucleation and bundling of actin by the SipC
protein of invasive Salmonella. EMBO J 18, 4926-4934.

Hengge-Aronis, R. (1996) Back to log phase: sigma S as a global regulator in the osmotic

control of gene expression in Escherichia coli. Mol Microbiol 21, 887-893.

194



Hensel, M., Shea, J.E., Waterman, S.R., Mundy, R., Nikolaus, T., Banks, G., Vazquez-Torres,
A., Gleeson, C., Fang, F.C. and Holden, D.W. (1998) Genes encoding putative effector
proteins of the type III secretion system of Salmonella pathogenicity island 2 are required

for bacterial virulence and proliferation in macrophages. Mol Microbiol 30, 163-174.

Hersh, D., Monack, D.M., Smith, M.R., Ghori, N., Falkow, S. and Zychlinsky, A. (1999) The
Salmonella invasin SipB induces macrophage apoptosis by binding to caspase-1. Proc

Natl Acad Sci US 4 96, 2396-2401.

Hinton, M., Pearson, G.R., Threlfall, E.J., Rowe, B., Woodward, M. and Wray, C. (1989)
Experimental Salmonella enteritidis infection in chicks. Vet Rec 124,223-223.

Hirsh, P.R., Wang, C.L. and Woodward, M.J. (1986) Construction of a TnS derivative
determining resistance to gentamicin and spectinomycin using a fragment cloned from

R1033. Gene 48, 203-2009.

Hobbie, S., Chen, L.M., Davis, R.J. and Galan, J.E. (1997) Involvement of mitogen-activated
protein kinase pathways in the nuclear responses and cytokine production induced by

Salmonella typhimurium in cultured intestinal epithelial cells. J Immunol 159, 5550-

5559.

Holt, P.S., Gast, RK., Porter, R.EJ. and Stone, H.D. (1999) Hyporesponsiveness of the
systemic and mucosal humoral immune systems in chickens infected with Salmonella

enterica serovar Enteritidis at one day of age. Poult Sci 78, 1510-1517.

Hornick, R.B., Greisman, S.E., Woodward, T.E., DuPont, H.L., Dawkins, A.T. and Snyder, M.J.
(1970) Typhoid fever: pathogenesis and immunologic control. N Engl J Med 283, 686-
691.

Hong, K.H. and Miller, V.L. (1998) Identification of a novel Salmonella invasion locus
homologous to Shigella ipgDE. J Bacteriol 180, 1793-1802.

Hovde, C.J. and Gray, B.H. (1986) Physiological effects of a bactericidal protein from human

polymorphonuclear leukocytes on Pseudomonas aeruginosa. Infect Immun 52, 90-95.

195



Hueck, C.J. (1998) Type III protein secretion systems in bacterial pathogens of animals and

plants. Microbiol Mol Biol Rev 62, 379-433.

Humphrey, T.J., Chart, H., Baskerville, A. and Rowe, B. (1991) The influence of age on the
response of SPF hens to infection with Salmonella enteritidis PT4. Epidemiol Infect

106, 33-43.

Humphrey, T.J., Slater, E., McAlpine, K., Rowbury, R.J. and Gilbert, R.J. (1995) Salmonella
enteritidis phage type 4 isolates more tolerant of heat, acid, or hydrogen peroxide also

survive longer on surfaces. Appl Environ Microbiol 61, 3161-3164.

Humphrey, T.J., Williams, A., McAlpine, K., Lever, M.S., Guard-Petter, J. and Cox, J.M. (1996)
Isolates of Salmonella enterica Enteritidis PT4 with enhanced heat and acid tolerance are

more virulent in mice and more invasive in chickens. Epidemiol Infect 117, 79-88.

Ikeda, T., Homma, M., Iino, T., Asakura, S. and Kamiya, R. (1987) Localization and
stoichiometry of hook-associated proteins within Salmonella typhimurium flagella. J

Bacteriol 169 ,1168-1173.

Isaacson, R.E. (1998) Enteric bacterial pathogens, villus atrophy and microbial growth. The
Veterinary Quarterly 20, 568-572.

Isaacson, R.E. and Kinsel, M. (1992) Adhesion of Salmonella typhimurium to porcine intestinal
epithelial surfaces: identification and characterization of two phenotypes. Infect Immun

60, 3193-3200.

Jensen, V.B., Harty, J.T. and Jones, B.D. (1998) Interactions of the invasive pathogens
Salmonella typhimurium, Listeria monocytogenes, and Shigella flexneri with M cells and

murine Peyer's patches. Infect Immun 66, 3758-3766.

Jeurissen, S.H., Janse, E.M., Koch, G. and De Boer, G.F. (1989) Postnatal development of

mucosa-associated lymphoid tissues in chickens. Cell Tissue Res 258, 119-124.

196



Joiner, K.A., Ganz, T., Albert, T. and Rothosen, D. (1989) The opsonizing ligand on Salmonella
typhimurium influences the incorporation of specific, but not azurophil, granual

constituent into neutrophil phagosomes. J Cell Biol 109, 2771-2782.

Jones, B.D. (1997) Host responses to pathogenic Salmonella infection. Genes Dev 11, 679-
687.

Jones, B.D. and Falkow, S. (1994a) Identification and characterization of a Salmonella

typhimurium oxygen-regulated gene required for bacterial internalization. Infect Immun

62, 3745-3752.

Jones, B.D. and Falkow, S. (1996) Salmonellosis: host immune responses and bacterial

virulence determinants. Annu Rev Immunol 14, 533-561.

Jones, B.D., Ghori, N. and Falkow, S. (1994b) Salmonella typhimurium initiates murine
infection by penetrating and destroying the specialized epithelial M cells of the Peyer's
patches. J Exp Med 180, 15-23.

Jones, B.D., Lee, C.A. and Falkow, S. (1992) Invasion by Salmonella typhimurium is affected
by the direction of flagellar rotation. Infect Immun 60, 2475-2480.

Jones, B.D., Paterson, H.F., Hall, A. and Falkow, S. (1993) Salmonella typhimurium induces
membrane ruffling by a growth factor-receptor-independent mechanism. Proc Natl Acad

SciUS 4 90,10390-10394.

Jones, G.W., Richardson, L.A. and Uhlman, D. (1981) The invasion of HeLa cells by
Salmonella typhimurium: reversible and irreversible bacterial attachment and the role of

bacterial motility. .J Gen Microbiol 127 (Pt 2), 351-360.

Kappus, H. and Sies, H. (1981) Toxic drug effects associated with oxygen metabolism: redox

cycling and lipid peroxidation. Experientia 37, 1233-1241.

Kaufmann, F. (1952) Classification and nomenclature of Enterobacteriaceae.

Bacteriol Nomencl. Taxon 2, 2-8.

197



Kendrick, K.E. and Reznikoff, W.S. (1988) Transposition of ISs5oL activates downstream genes.
J Bacteriol 170, 1965-1968.

Kenny, B., DeVinney, R., Stein, M., Reinscheid, D.J., Frey, E.A. and Finlay, B.B. (1997)
Enteropathogenic E. coli (EPEC) transfers its receptor for intimate adherence into

mammalian cells. Cell 91, 511-520.

Khoramian-Falsafi, T., Harayama, S., Kutsukake, K. and Pechere, J.C. (1990) Effect of motility
and chemotaxis on the invasion of Salmonella typhimurium into Hela cells. Microb

Pathog 9, 47-53.

Knutton, S., Baldwin, T., Williams, P.H. and McNeish, A.S. (1989) Actin accumulation at sites
of bacterial adhesion to tissue culture cells: basis of a new diagnostic test for

enteropathogenic and enterohemorrhagic Escherichia coli. Infect Immun 57, 1290-1298.

Knutton, S., Lloyd, D.R. and McNeish, A.S. (1987) Adhesion of enteropathogenic Escherichia
coli to human intestinal enterocytes and cultured human intestinal mucosa. Infect Immun

55, 69-77.

Kohbata, S., Yokoyama, H. and Yabuuchi, E. (1986) Cytopathogenic effect of Salmonella typhi
GIFU 10007 on M cells of murine ileal Peyer's patches in ligated ileal loops: an
ultrastructural study. Microbiol Immunol 30, 1225-1237.

Komeda, Y., Suzuki, H., Ishibashi, Y. and Iino, T. (1975) The role of cAMP in flagellation of
Salmonella typhimurium. Mol Gen Genet 142, 289-298.

Krawiec, S. and Riley, M. (1990) Organization of the bacterial chromosome. Microbiol Rev
54, 502-539.

Kutsukake, K., Ohya, Y. and Iino, T. (1990) Transcriptional analysis of the flagellar regulon of
Salmonella typhimurium. J Bacteriol 172, 741-747.

Laemmli, U.K. (1970) Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature 227, 680-685.

198



Lange, R. and Hengge-Aronis, R. (1991) Identification of a central regulator of stationary-phase

gene expression in Escherichia coli. Mol Microbiol §, 49-59.

Lee, A K., Detweiler, C.S. and Falkow, S. (2000) OmpR regulates the two-component system
ssrA-ssrB in Salmonella pathogenicity island 2. J Bacteriol 182, 771-781.

Lee, L.S., Lin, J., Hall, HK., Bearson, B. and Foster, J.W. (1995) The stationary-phase sigma
factor sigma S (RpoS) is required for a sustained acid tolerance response in virulent

Salmonella typhimurium. Mol Microbiol 17, 155-167.

Lee, L.S., Slonczewski, J.L.. and Foster, J.W. (1994) A low-pH-inducible, stationary-phase acid

tolerance response in Salmonella typhimurium. J Bacteriol 176, 1422-1426.

Lee, M.D., Curtiss, R. and Peay, T. (1996) The effect of bacterial surface structures on the

pathogenesis of Salmonella typhimurium infection in chickens. Avian Dis 40, 28-36.

Leung, K.Y. and Finlay, B.B. (1991) Intracellular replication is essential for the virulence of

Salmonella typhimurium. Proc Natl Acad Sci US A 88, 11470-11474.

Levitzki, A. and Gazit, A. (1995) Tyrosine kinase inhibition: an approach to drug development.
Science 267, 1782-1788.

Leyer, G.J. and Johnson, E.A. (1993) Acid adaptation induces cross-protection against
environmental stresses in Salmonella typhimurium. Appl Environ Microbiol 59, 1842-

1847.

Leyer, G.J. and Johnson, E.A. (1997) Acid adaptation sensitizes Salmonella typhimurium to
hypochlorous acid. Appl Environ Microbiol 63, 461-467.

Li, Z. and Demple, B. (1994) SoxS, an activator of superoxide stress genes in Escherichia coli.

Purification and interaction with DNA. J Biol Chem 269, 18371-18377.

Libby, S.J., Goebel, W., Ludwig, A., Buchmeier, N., Bowe, F., Fang, F.C., Guiney, D.G.,
Songer, J.G. and Heffron, F. (1994) A cytolysin encoded by Salmonella is required for
survival within macrophages. Proc Natl Acad Sci US A 91, 489-493.

199



Libby, S.J., Goebel, W., Muir, S., Songer, G. and Heffron, F. (1990) Cloning and
characterization of a cytotoxin gene from Salmonella typhimurium. Res Microbiol 141,

775-783.

Lillard, H.S. (1986) Role of fimbriae and flagella in the attachment of Salmonella typhimurium
to poultry skin. J Food Sci 51, 54-56.

Lin, J., Lee, 1.S., Frey, J., Slonczewski, J.L. and Foster, J.W. (1995) Comparative analysis of
extreme acid survival in Salmonella typhimurium, Shigella flexneri, and Escherichia coli.

J Bacteriol 177, 4097-4104.

Lindgren, S.W., Stojiljkovic, I. and Heffron, F. (1996) Macrophage killing is an essential
virulence mechanism of Salmonella typhimurium. Proc Natl Acad Sci US A 93, 4197-

4201.

Lindquist, B.L., Lebenthal, E., Lee, P.C., Stinson, M.W. and Merrick, J.M. (1987) Adherence of
Salmonella typhimurium to small-intestinal enterocytes of the rat. Infect Immun S35,

3044-3050.

Lipinska, B., Fayet, O., Baird, L. and Georgopoulos, C. (1989) Identification, characterization,
and mapping of the Escherichia coli htrA gene, whose product is essential for bacterial

growth only at elevated temperatures. J Bacteriol 171, 1574-1584.

Little, R.G., Kelner, D.N., Lim, E., Burke, D.J. and Conlon, P.J. (1994) Functional domains of
recombinant bactericidal/permeability-increasing protein (rBPly;). J Biol Chem 269,

1865-1872.

Lockman, H.A. and Curtiss, R. (1990) Salmonella typhimurium mutants lacking flagella or

motility remain virulent in BALB/c mice. Infect Immun 58, 137-143.

Lockman, H.A. and Curtiss, R. (1992) Virulence of non-type 1-fimbriated and nonfimbriated
nonflagellated Salmonella typhimurium mutants in murine typhoid fever. Infect Immun

60, 491-496.

200



Loewen, P.C. and Hengge-Aronis, R. (1994) The role of the sigma factor sigma S (KatF) in
bacterial global regulation. Annu Rev Microbiol 48, 53-80.

Mackey, B.M. and Derrick, C. (1990) Heat shock protein synthesis and thermotolerance in
Salmonella typhimurium. J Appl Bacteriol 69, 373-383.

Macnab, R.M. (1976) Examination of bacterial flagellation by dark-field microscopy. J Clin
Microbiol 4, 258-265.

Macnab, R.M. (1992) Genetics and biogenesis of bacterial flagella. Annu Rev Genet 26, 131-
158.

Macnab, R.M. (1996) Flagella and Motility. In: Neidhardt, F.C., Ingraham, K.B., Low, B.,
Magasanik, M., Schaachter, M. and Umbarger, H.E., (Eds.) Escherichia coli and
Salmonella: cellular and molecular biology, pp. 1649-1654. Washington D.C.:

American Society for Microbiology]

Marcus, S.L., Brumell, J.H., Pfeifer, C.G. and Finlay, B.B. (2000) Salmonella pathogenicity
islands: big virulence in small packages. Microbes Infect 2, 145-156.

McCormick, B.A., Colgan, S.P., Miller, S.I. and Madara, J.L. (1993) Salmonella typhimurium
attachment to human intestinal epithelial monolayers: transcellular signalling to

subepithelial neutrophils. J Cell Biol 123 895-907.

McCormick, B.A., Hofman, P.M., Kim, J., Carnes, D.K., Miller, S.I. and Madara, J.L. (1995)
Surface attachment of Salmonella typhimurium to intestinal epithelia imprints the

subepithelial matrix with gradients chemotactic for neutrophils. J Cell Biol 131, 1599-
1608.

McCormick, B.A., Miller, S.1., Carnes, D. and Madara, J.L. (1995) Transepithelial signaling to
neutrophils by Salmonellae: a novel virulence mechanism for gastroenteritis. Infect

Immun 63, 2302-2309.

McCormick, B.A., Parkos, C.A., Colgan, S.P., Carnes, D.K. and Madara, J.L. (1998) Apical
secretion of a pathogen-elicited epithelial chemoattractant activity in response to surface

201



colonization of intestinal epithelia by Salmonella typhimurium. J Immunol 160, 455-

466.

McDaniel, T.K., Jarvis, K.G., Donnenberg, M.S. and Kaper, J.B. (1995) A genetic locus of

enterocyte effacement conserved among diverse enterobacterial pathogens. Proc Natl

Acad Sci US A 92, 1664-1668.

McGovern, V.J. and Slavutin, L.J. (1979) Pathology of Salmonella colitis. Am.J.Surg.Pathol. 3
483-490.

Miller, B.E. and O'Byme, E. (1995a) Inflammatory cytokines workshop. Agents Actions Suppl
47, 189-191.

Miller, J.F., Mekalanos, J.J. and Falkow, S. (1989a) Coordinate regulation and sensory

transduction in the control of bacterial virulence. Science 243, 916-922.

Miller, S.I., Hohmann, E. and Pegues, D.A. (1995b) Salmonella (including Salmonella typhi).
In: Mandel, G., Bennett, J. and Dolin, R., (Eds.) Principles and practice of infectious
diseases, pp. 2013-2033. Churchill Livingstone, New Y ork:

Miller, S.I., Kukral, A.M. and Mekalanos, J.J. (1989b) A two-component regulatory system
(phoP phoQ) controls Salmonella typhimurium virulence. Proc Natl Acad Sci US A 86,

5054-5058.

Miller, S.I. and Mekalanos, J.J. (1990a) Constitutive expression of the phoP regulon attenuates

Salmonella virulence and survival within macrophages. J Bacteriol 172, 2485-2490.

Miller, S.I., Pulkkinen, W.S., Selsted, M.E. and Mekalanos, J.J. (1990b) Characterization of
defensin resistance phenotypes associated with mutations in the phoP virulence regulon

of Salmonella typhimurium. Infect Immun 58, 3706-3710.

Mills, D.M., Bajaj, V. and Lee, C.A. (1995) A 40 kb chromosomal fragment encoding
Salmonella typhimurium invasion genes is absent from the corresponding region of the

Escherichia coli K-12 chromosome. Mol Microbiol 15, 749-759.

202



Mills, S.D. and Finlay, B.B. (1994) Comparison of Salmonella typhi and Salmonella
typhimurium invasion, intracellular growth and localization in cultured human epithelial

cells. Microb Pathog 17, 409-423.

Monack, D.M., Raupach, B., Hromockyj, A.E. and Falkow, S. (1996) Salmonella typhimurium
invasion induces apoptosis in infected macrophages. Proc Natl Acad Sci U S 4 93,

9833-9838.

Moncrief, M.B. and Maguire, M.E. (1998) Magnesium and the role of MgtC in growth of
Salmonella typhimurium. Infect Immun 66, 3802-3809.

Moon, HW., Whipp, S.C., Argenzio, R.A., Levine, M.M. and Giannella, R.A. (1983) Attaching
and effacing activities of rabbit and human enteropathogenic Escherichia coli in pig and

rabbit intestines. Infect Immun 41, 1340-1351.

Morris, G.K., Martin, W.T., Shelton, W.H., Wells, J.G. and Brachman, P.S. (1970a)
Salmonellae in fish meal plants: relative amounts of contamination at various stages of

processing and a method of control. Appl Microbiol 19, 401-408.

Morris, G.K. and Wells, J.G. (1970b) Salmonella contamination in a poultry-processing plant.
Appl Microbiol 19, 795-799.

Murray, R.A. and Lee, C.A. (2000) Invasion genes are not required for Salmonella enterica
serovar Typhimurium to breach the intestinal epithelium: evidence that Salmonella
pathogenicity island 1 has alternative functions during infection. Infect Immun 68, 5050-

5055.

Nakamura, M., Nagamine, N., Suzuki, S., Norimatsu, M., Oishi, K., Kijima, M., Tamura, Y. and
Sato, S. (1993) Long-term shedding of Salmonella enteritidis in chickens which received

a contact exposure within 24 hrs of hatching. J Vet Med Sci 55, 649-653.
Neilands, J.B. (1981) Microbial iron compounds. Annu Rev Biochem 50, 715-731.

Nicholson, B. and Low, D. (2000) DNA methylation-dependent regulation of pef expression in
Salmonella typhimurium. Mol Microbiol 35, 728-742.

203



Nickerson, C.A. and Curtiss, R. (1997) Role of sigma factor RpoS in initial stages of Salmonella

typhimurium infection. Infect Immun 65, 1814-1823.

Nissen, P., Kjeldgaard, M., Thirup, S., Polekhina, G., Reshetnikova, L. and Clarke, B.F.C.
(1995) Crystal structure of the ternary complex of Phe-tRNAPhe, EF-Tu, and GTP
analog. Science 270 1464-1472.

Nobes, C.D. and Hall, A. (1999) Rho GTPases control polarity, protrusion, and adhesion during
cell movement. J Cell Biol 144, 1235-1244.

O'Byrne, C.P. and Dorman, C.J. (1994) The spv virulence operon of Salmonella typhimurium
LT?2 is regulated negatively by the cyclic AMP (cAMP)-cAMP receptor protein system.
J Bacteriol 176, 905-912.

O'Connor, C.D., Farris, M., Fowler, R. and Qi, S.Y. (1997) The proteome of Salmonella
enterica serovar Typhimurium: current progress on its determination and some

applications. FElectrophoresis 18, 1483-1490.

Ochman, H., Soncini, F.C., Solomon, F. and Groisman, E.A. (1996) Identification of a
pathogenicity island required for Salmonella survival in host cells. Proc Natl Acad Sci U

SA4 93,7800-7804.

Ochman, H. and Wilson, A.C. (1987) Evolutionary history of enteric bacteria. In: Neidhardt,
F.C., Ingraham, K.B., Low, B., Magasanik, M., Schaachter, M. and Umbarger, H.E.,
(Eds.) Escherichia coli and Salmonella: cellular and molecular biology, pp. 1649-1654.
Washington D.C.: American Society for Microbiology]

Ogunniyi, A.D., Kotlarski, I., Morona, R. and Manning, P.A. (1997) Role of SefA subunit
protein of SEF14 fimbriae in the pathogenesis of Salmonella enterica serovar Enteritidis.

Infect Immun 65, 708-717.

Ohnishi, K., Kutsukake, K., Suzuki, H. and lino, T. (1990) Gene fli4 encodes an alternative
sigma factor specific for flagellar operons in Salmonella typhimurium. Mol Gen Genet

221, 139-147.

204



Ottemann, K.M. and Miller, J.F. (1997) Roles for motility in bacterial-host interactions. Mol
Microbiol 24,1109-1117.

Otto, B.R., Verweij-van Vught, A.M. and MacLaren, D.M. (1992) Transferrins and heme-

compounds as iron sources for pathogenic bacteria. Crit Rev Microbiol 18,217-233.

Ouellette, A.J. and Lualdi, J.C. (1990) A novel mouse gene family coding for cationic, cysteine-
rich peptides. Regulation in small intestine and cells of myeloid origin [published

erratum appears in J Biol Chem 1994 Jul 15;269(28):18702]. J Biol Chem 265, 9831-
9837.

Oyofo, B.A., Droleskey, R.E., Norman, J.O., Mollenhauer, H.H., Ziprin, R.L., Corrier, D.E. and
DeLoach, J.R. (1989) Inhibition by mannose of in vitro colonization of chicken small

intestine by Salmonella typhimurium. Poult Sci 68, 1351-1356.

Pace, J., Hayman, M.J. and Galan, J.E. (1993) Signal transduction and invasion of epithelial
cells by S. yphimurium. Cell 72, 505-514.

Pang, T., Bhutta, Z.A., Finlay, B.B. and Altwegg, M. (1995) Typhoid fever and other

salmonellosis: a continuing challenge. Trends Microbiol 3,253-255.

Parkinson, J.F. and Gabig, T.G. (1988) Isolation of the respiratory burst oxidase: the role of a
flavoprotein component. J Bioenerg Biomembr 20, 653-677.

Parra-Lopez, C., Baer, M.T. and Groisman, E.A. (1993) Molecular genetic analysis of a locus
required for resistance to antimicrobial peptides in Salmonella typhimurium. EMBO J

12, 4053-4062.

Parra-Lopez, C., Lin, R., Aspedon, A. and Groisman, E.A. (1994) A Salmonella protein that is
required for resistance to antimicrobial peptides and transport of potassium. EMBO J

13, 3964-3972.

Parsell, D.A. and Lindquist, S. (1993) The function of heat-shock proteins in stress tolerance:

degradation and reactivation of damaged proteins. Annu Rev Genet 27, 437-496.

205



Penheiter, K.L., Mathur, N., Giles, D., Fahlen, T. and Jones, B.D. (1997) Non-invasive
Salmonella typhimurium mutants are avirulent because of an inability to enter and

destroy M cells of ileal Peyer's patches. Mol Microbiol 24, 697-709.

Peralta, R.C., Yokoyama, H., Ikemori, Y., Kuroki, M. and Kodama, Y. (1994) Passive
immunisation against experimental salmonellosis in mice by orally administered hen egg-

yolk antibodies specific for 14-kDa fimbriae of Salmonella enteritidis. J Med Microbiol
41 ,29-35.

Petter, J.G. (1993) Detection of two smooth colony phenotypes in a Salmonella enteritidis
isolate which vary in their ability to contaminate eggs. Appl Environ Microbiol 59,

2884-2890.

Pier, G.B., Grout, M., Zaidi, T., Meluleni, G., Mueschenborn, S.S., Banting, G., Ratcliff, R.,
Evans, M.J. and Colledge, W.H. (1998) Salmonella typhi uses CFTR to enter intestinal
epithelial cells. Nature 393, 79-82.

Pignato, S., Nastasi, A., Mammina, C., Fantasia, M. and Giammanco, G. (1996) Phage types
and ribotypes of Salmonella enteritidis in southern Italy. Zentralbl Bakteriol 283, 399-
405.

Pomposiello, P.J. and Demple, B. (2000) Identification of SoxS-regulated genes in Salmonella

enterica serovar Typhimurium. J Bacteriol 182, 23-29.

Popoff, M.Y., Bockemuhl, J. and Brenner, F.W. (2000) Supplement 1998 (no. 42) to the
Kauffmann-White scheme. Res Microbiol 151, 63-65.

Popoff, M.Y. and Le Minor, L., (1992) Antigenic formulas of the Salmonella serovars, WHO

Collaborating Center for Reference and Research on Salmonella

Prasad, R., Chopra, A.K., Chary, P. and Peterson, J.W. (1992) Expression and characterization
of the cloned Salmonella typhimurium enterotoxin. Microb Pathog 13,109-121.

206



Qi, S.Y., Li, Y., Szyroki, A., Giles, 1.G., Moir, A. and O'Connor, C.D. (1995a) Salmonella
typhimurium responses to a bactericidal protein from human neutrophils. Mol Microbiol

17, 523-531.

Qi, S.Y., Moir, A. and O'Connor, C.D. (1996b) Proteome of Salmonella typhimurium S1.1344:
identification of novel abundant cell envelope proteins and assignment to a two-

dimensional reference map. J Bacteriol 178, 5032-5038.

Rajashekara, G., Munir, S., Alexeyev, M.F., Halvorson, D.A., Wells, C.L. and Nagaraja, K.V.
(2000) Pathogenic role of SEF14, SEF17, and SEF21 fimbriae in Salmonella enterica
serovar Enteritidis infection of chickens. Appl Environ Microbiol 66, 1759-1763.

Rantala, M. and Nurmi, E. (1973) Prevention of the growth of Salmonella infantis in chicks by
the flora of the alimentary tract of chickens. Br Poult Sci 14, 627-630.

Raupach, B., Mecsas, J., Heczko, U., Falkow, S. and Finlay, B.B. (1999) Bacterial epithelial cell
cross talk. Curr Top Microbiol Immunol 236, 137-161.

Reeves, M.W., Evins, G.M., Heiba, A.A., Plikaytis, B.D. and Farmer, J.J. (1989) Clonal nature
of Salmonella typhi and its genetic relatedness to other Salmonellae as shown by
multilocus enzyme electrophoresis, and proposal of Salmonella bongori comb. nov. J

Clin Microbiol 27, 313-320.

Reitmeyer, J.C., Peterson, J.W. and Wilson, K.J. (1986) Salmonella cytotoxin: a component of

the bacterial outer membrane. Microb Pathog 1, 503-510.

Richter-Dahlfors, A., Buchan, A.M.J. and Finlay, B.B. (1997) Murine salmonellosis studied by
confocal microscopy: Salmonella typhimurium resides intracellularly inside macrophages

and exerts a cytotoxic effect on phagocytes in vivo. J Exp Med 186, 569-580.

Riley, M. and Krawiec, S. (1987) Genome Organisation. In: Neidhardt, F.C., Ingraham, K.B.,
Low, B., Magasanik, M., Schaachter, M. and Umbarger, H.E., (Eds.) Escherichia coli
and Salmonella: cellular and molecular biology, pp. 967-981. Washington D.C.
American Society for Microbiology]

207



Roberts, J.A. and Sockett, P.N. (1994) The socio-economic impact of human Salmonella

enteritidis infection. IntJ Food Microbiol 21, 117-129.

Rodnina, M.V, Savelsbergh, A., Katunin, V.I. and Wintermeyer, W. (1997) Hydrolysis of GTP
by elongation factor G drives tRNA movement on the ribosome. Nature 385,37-41.

Rogers, H.R. (1979) Adhesion of microorganisms to surfaces: some general considerations of
the role of the envelope. In: Ellwood, D.C. and Rutter, P., (Eds.) Scociety for General
Microbiologyspecial publication, pp. 29-55. London: Academic Press]

Roland, K.L., Martin, L.E., Esther, C.R. and Spitznagel, J.K. (1993) Spontaneous pmr4 mutants
of Salmonella typhimurium LT2 define a new two-component regulatory system with a

possible role in virulence. J Bacteriol 175, 4154-4164.

Romling, U., Rohde, M., Olsen, A., Normark, S. and Reinkoster, J. (2000) AgfD, the checkpoint
of multicellular and aggregative behavior in Salmonella typhimurium regulates at least

two independent pathways. Mol Microbiol 36, 10-23.

Romling, U., Sierralta, W.D., Eriksson, K. and Normark, S. (1998) Multicellular and
aggregative behavior of Salmonella typhimurium strains is controlled by mutations in the

agfD promoter. Mol Microbiol 28, 249-264.

Rosenshine, 1., Duronio, V. and Finlay, B.B. (1992) Tyrosine protein kinase inhibitors block
invasin-promoted bacterial uptake by epithelial cells. Infect Immun 60,2211-2217.

Rosenshine, I., Ruschkowski, S., Stein, M., Reinscheid, D.J., Mills, S.D. and Finlay, B.B. (1996)
A pathogenic bacterium triggers epithelial signals to form a functional bacterial receptor

that mediates actin pseudopod formation. EMBO J 15, 2613-2624.

Ruschkowski, S., Rosenshine, I. and Finlay, B.B. (1992) Salmonella typhimurium induces an
inositol phosphate flux in infected epithelial cells. FEMS Microbiol Lett 74, 121-126.

Rutz, .M., Liu, J., Lyons, J.A., Goranson, J., Armstrong, S.K., McIntosh, M.A., Feix, J.B. and
Klebba, P.E. (1992) Formation of a gated channel by a ligand-specific transport protein
in the bacterial outer membrane. Science 258, 471-475.

208



Salyers, A. and Whitt, D. (1994) Salmonella infections. In: Bacterial Pathogenesis, pp. 229-
243. Washington, D.C.

Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular Cloning Laboratory Manual, 1
edn. Cold Spring Harbour.

Sanderson, K.E., Hessel, A. and Rudd, K.E. (1995) Genetic map of Salmonella typhimurium,
edition VIII. Microbiol Rev 59, 241-303.

Schechter, L.M. and Lee, C.A. (2000) Salmonella invasion of non-phagocytic cells. Subcell
Biochem 33, 289-320.

Shafer, W.M., Martin, L.E. and Spitznagel, J.K. (1984) Cationic antimicrobial proteins isolated
from human neutrophil granulocytes in the presence of disopropyl fluorophosphate.

Infect Immun 45, 29-35.

Shapiro, J.A. (1998) Thinking about bacterial populations as multicellular organisms. Annu Rev
Microbiol 52, 81-104.

Shea, J.E., Hensel, M., Gleeson, C. and Holden, D.W. (1996) Identification of a virulence locus
encoding a second type III secretion system in Salmonella typhimurium. Proc Natl Acad

Sci US A 93,2593-2597.

Siebers, A. and Finlay, B.B. (1996) M cells and the pathogenesis of mucosal and systemic
infections. Trends Microbiol 4,22-29.

Silverman, M. (1980) Building bacterial flagella. Q Rev Biol 55, 395-408.

Skare, J.T. and Postle, K. (1991) Evidence for a TonB-dependent energy transduction complex
in Escherichia coli. Mol Microbiol 5, 2883-2890.

Slauch, J., Taylor, R. and Maloy, S. (1997) Survival in a cruel world: how Vibrio cholerae and
Salmonella respond to an unwilling host. Genes Dev 11, 1761-1774.

209



Smith, R.L., Kaczmarek, M.T., Kucharski, L.M. and Maguire, M.E. (1998) Magnesium
transport in Salmonella typhimurium: regulation of mgt4 and mgtCB during invasion of

epithelial and macrophage cells. Microbiology 144 ( Pt 7), 1835-1843.

Soerjadi, A.S., Rufner, R., Snoeyenbos, G.H. and Weinack, O.M. (1982) Adherence of
Salmonellae and native gut microflora to the gastrointestinal mucosa of chicks. Avian

Dis 26, 576-584.

Soncini, F.C., Garcia, V., Solomon, F. and Groisman, E.A. (1996) Molecular basis of the
magnesium deprivation response in Salmonella typhimurium: identification of PhoP-

regulated genes. J Bacteriol 178, 5092-5099.

Spector, M.P. and Cubitt, C.L. (1992) Starvation-inducible loci of Salmonella typhimurium:

regulation and roles in starvation-survival. Mol Microbiol 6, 1467-1476.

Spector, M.P., Park, Y.K., Tirgari, S., Gonzalez, T. and Foster, J.W. (1988) Identification and
characterization of starvation-regulated genetic loci in Salmonella typhimurium by using

Mud-directed lacZ operon fusions. J Bacteriol 170, 345-351.

Stenstrom, T.A. and Kjelleberg, S. (1985) Fimbriae mediated nonspecific adhesion of
Salmonella typhimurium to mineral particles. Arch Microbiol 143, 6-10.

Stolzenberg, E.D., Anderson, G.M., Ackermann, M.R., Whitlock, R.H. and Zasloff, M. (1997)
Epithelial antibiotic induced in states of disease. Proc Natl Acad Sci US A 94, 8636-

8690.

Storm, D.R., Rosenthal, K.S. and Swanson, P.E. (1977) Polymyxin and related peptide
antibiotics. Annu Rev Biochem 46, 723-763.

Storz, G., Christman, M.F., Sies, H. and Ames, B.N. (1987) Spontaneous mutagenesis and
oxidative damage to DNA in Salmonella typhimurium. Proc Natl Acad Sci U S A 84,
8917-8921.

Stossel, T.P. (1993) On the crawling of animal cells. Science 260, 1086-1094.

210



Sukupolvi, S., Edelstein, A., Rhen, M., Normark, S.J. and Pfeifer, J.D. (1997) Development of a

murine model of chronic Salmonella infection. Infect Immun 65, 838-842.

Sukupolvi, S., Lorenz, R.G., Gordon, J.I., Bian, Z., Pfeifer, J.D., Normark, S.J. and Rhen, M.
(1997) Expression of thin aggregative fimbriae promotes interaction of Salmonella
typhimurium SR-11 with mouse small intestinal epithelial cells. Infect Immun 65, 5320-
5325.

Swenson, D.L. and Clegg, S. (1992) Identification of ancillary fim genes affecting fim4
expression in Salmonella typhimurium. J Bacteriol 174, 7697-7704.

Swenson, D.L., Kim, K.J., Six, E.-W. and Clegg, S. (1994) The gene fimU affects expression of
Salmonella typhimurium type 1 fimbriae and is related to the Escherichia coli tRNA gene
argU. Mol Gen Genet 244, 216-218.

Tadesse, W.M. and Cizek, A. (1994) The isolation of Salmonellae from poultry carcasses and
equipment in the poultry processing plant by means of two procedures. Vet Med (Praha)

39, 315-320.

Tavendale, A., Jardine, C.K., Old, D.C. and Duguid, J.P. (1983) Haemagglutinins and adhesion
of Salmonella typhimurium to HEp2 and HeLa cells. J Med Microbiol 16,371-380.

Taylor, P.D., Inchley, C.J. and Gallagher, M.P. (1998) The Salmonella typhimurium AhpC
polypeptide is not essential for virulence in BALB/c mice but is recognized as an antigen

during infection. Infect Immun 66, 3208-3217.

Thiagarajan, D., Thacker, H.L. and Saeed, A.M. (1996) Experimental infection of laying hens
with Salmonella enteritidis strains that express different types of fimbriae. Poult Sci 75,

1365-1372.

Thorns, C.J., Turcotte, C., Gemmell, C.G. and Woodward, M.J. (1996) Studies into the role of
the SEF14 fimbrial antigen in the pathogenesis of Salmonella enteritidis. Microb Pathog

20, 235-246.

211



Tinker, J.K. and Clegg, S. (2000) Characterization of FimY as a coactivator of type 1 fimbrial

expression in Salmonella enterica serovar Typhimurium. Infect Immun 68, 3305-3313.

Turcotte, C. and Woodward, M.J. (1993) Cloning, DNA nucleotide sequence and distribution of
the gene encoding the SEF14 fimbrial antigen of Salmonella enteritidis. J Gen Microbiol

139 (Pt 7), 1477-1485.

Vaara, M. (1992) Agents that increase the permeability of the outer membrane. Microbiol Rev
56, 395-411.

Vaara, M. and Vaara, T. (1981a) Outer membrane permeability barrier disruption by polymyxin
in polymyxin-susceptible and -resistant Salmonella typhimurium. Antimicrob Agents

Chemother 19, 578-583.

Vaara, M. and Vaara, T. (1983) Polycations as outer membrane-disorganizing agents.

Antimicrob Agents Chemother 24, 114-122.

Vaara, M., Vaara, T., Jensen, M., Helander, 1., Nurminen, M., Rietschel, E.T. and Makela, P.H.
(1981b) Characterization of the lipopolysaccharide from the polymyxin-resistant pmrA
mutants of Salmonella typhimurium. FEBS Lett 129, 145-149.

Vazquez-Torres, A., Jones-Carson, J., Baumler, A.J., Falkow, S., Valdivia, R., Brown, W, Le,
M., Berggren, R., Parks, W.T. and Fang, F.C. (1999) Extraintestinal dissemination of
Salmonella by CD18-expressing phagocytes. Nature 401, 804-808.

Vazquez-Torres, A., Xu, Y., Jones-Carson, J., Holden, D.W., Lucia, S.M., Dinauer, M.C,,
Mastroeni, P. and Fang, F.C. (2000) Salmonella pathogenicity island 2-dependent
evasion of the phagocyte NADPH oxidase. Science 287, 1655-1658.

Volz, K. (1993) Structural conservation in the CheY superfamily. Biochemistry 32, 11741-
11753.

212



Wallis, T.S., Hawker, R.J., Candy, D.C., Qi, G.M., Clarke, G.J., Worton, K.J., Osborne, M.P.
and Stephen, J. (1989) Quantification of the leukocyte influx into rabbit ileal loops

induced by strains of Salmonella typhimurium of different virulence. J Med Microbiol

30, 149-156.

Wallis, T.S., Starkey, W.G., Stephen, J., Haddon, S.J., Osborne, M.P. and Candy, D.C. (1986)
The nature and role of mucosal damage in relation to Salmonella typhimurium-induced

fluid secretion in the rabbit ileum. J Med Microbiol 22, 39-49.

Watson, P.R., Gautier, A.V., Paulin, S.M., Bland, A.P., Jones, P.W. and Wallis, T.S. (2000)
Salmonella enterica serovars Typhimurium and Dublin can lyse macrophages by a

mechanism distinct from apoptosis. Infect Immun 68, 3744-3747.

Watson, P.R., Paulin, S.M., Bland, A.P., Libby, S.J., Jones, P.W. and Wallis, T.S. (1999)
Differential regulation of enteric and systemic salmonellosis by slyA. Infect Immun 67,

4950-4954.

Weinstein, D.L., Carsiotis, M., Lissner, C.R. and O'Brien, A.D. (1984) Flagella help Salmonella

typhimurium survive within murine macrophages. Infect Immun 46, 819-825.

Wells, L.L., Lowry, V.K., DeLoach, J.R. and Kogut, M.H. (1998) Age-dependent phagocytosis
and bactericidal activities of the chicken heterophil. Dev Comp Immunol 22, 103-1009.

Wilmes-Riesenberg, M.R., Foster, J.W. and Curtiss, R. (1997) An altered rpoS allele contributes
to the avirulence of Salmonella typhimurium LT2. Infect Immun 65,203-210.

Wilson, D.R., Chatfield, S., Betts, J., Griffiths, A., Leung, K.Y., Dougan, G. and Finlay, B.B.
(1990) Alternative methods of attenuating Salmonella species for potential vaccine use.

Res Microbiol 141, 827-830.

Wilson, R.L., Elthon, J., Clegg, S. and Jones, B.D. (2000) Salmonella enterica serovars
Gallinarum and Pullorum expressing Salmonella enterica serovar Typhimurium type 1

fimbriae exhibit increased invasiveness for mammalian cells. Infect Immun 68, 4782-

4785.



Wong, K.K., McClelland, M., Stillwell, L.C., Sisk, E.C., Thurston, S.J. and Saffer, J.D. (1998)
Identification and sequence analysis of a 27-kilobase chromosomal fragment containing a
Salmonella pathogenicity island located at 92 minutes on the chromosome map of

Salmonella enterica serovar typhimurium LT2. Infect Immun 66, 3365-3371.

Wood, M.W., Jones, M.A., Watson, P.R., Hedges, S., Wallis, T.S. and Galyov, E.E. (1998)
Identification of a pathogenicity island required for Salmonella enteropathogenicity. Mol

Microbiol 29, 883-891.

Woodward, M.J., Allen-Vercoe, E. and Redstone, J.S. (1996) Distribution, gene sequence and
expression in vivo of the plasmid encoded fimbrial antigen of Salmonella serotype

Enteritidis. Epidemiol Infect 117, 17-28.

Woodward, M.J., Sojka, M., Sprigings, K.A. and Humphrey, T.J. (2000) The role of SEF14 and
SEF17 fimbriae in the adherence of Salmonella enterica serotype Enteritidis to inanimate

surfaces. J Med Microbiol 49, 481-487.

Wu, J. and Weiss, B. (1991) Two divergently transcribed genes, soxR and soxS, control a

superoxide response regulon of Escherichia coli. J Bacteriol 173,2864-2871.

Yokota, T. and Gots, J.S. (1970) Requirement of adenosine 3', 5'-cyclic phosphate for flagella

formation in Escherichia coli and Salmonella typhimurium. J Bacteriol 103, 513-516.

Yura, T., Nagai, H. and Mori, H. (1993) Regulation of the heat-shock response in bacteria.
Annu Rev Microbiol 47, 321-350.

Zhang, C.C. (1996) Bacterial signalling involving eukaryotic-type protein kinases. Mol
Microbiol 20, 9-15.

Zhou, D., Mooseker, M.S. and Galan, J.E. (1999) Role of the S. typhimurium actin-binding
protein SipA in bacterial internalization. Science 283, 2092-2095.

214



