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Abstract

Escherichia coli is a diverse bacterial species found largely as a harmless commensal in the
gastrointestinal tract of warm-blooded mammals. However, an array of highly adapted E.
coli pathotypes have evolved over time capable of causing a variety of niche specific
diseases, both intestinally and extraintestinally. This ability to cause disease results from
the adaptation of the core genome to the host and the acquisition of horizontally
acquired virulence factors. Furthermore, these foreign virulence factors are integrated
into the regulatory network of the cell allowing niche specific competitive advantages for
the emerged pathogen. Enterohaemorrhagic E. coli 0157:H7 is a dangerous pathogen
capable of causing haemorrhagic colitis and the potentially fatal haemolytic uremic
syndrome. This pathogen is a harmless coloniser of ruminants whereas humans are
extremely susceptible with transmission via the faecal-oral route, commonly associated

with contaminated food products.

It is becoming apparent that the carriage of virulence factors is only one element to the
adaptive nature of E. coli pathogens, with the specific response to niche specific signals
governing when and where these virulence factors are utilised. 0157:H7 utilise a type 3
secretion system (T3SS) as their major colonisation factor, which facilitates subversion of
and subsequent intimate attachment to the human intestinal epithelium. This T3SS is
encoded on a pathogenicity island known as the locus of enterocyte effacement (LEE)
that encodes all the necessary components of a T3SS and a number of effector proteins.
The LEE is tightly regulated in a temporal manner that is highly responsive to components
of the intestinal physiology - namely nutrients, metabolites and hormone-like signals.
Interestingly, despite the LEE encoded T3SS being capable of mediating attachment to a
diverse variety of cell types in vitro, this colonisation factor is exclusively utilised by

intestinal E. coli pathotypes but the mechanistic reasoning behind this is unknown.

In this work, the impact of the host metabolite D-serine on 0157:H7 is explored in detail.
D-serine is highly abundant in sites commonly colonised by extraintestinal E. coli
pathotypes, such as the urinary tract and the brain. Furthermore, it acts as a positive
fitness trait and regulator of virulence factors within these niches. Conversely, intestinal

strains of E. coli are largely unable to metabolise D-serine but its effects on their gene



expression has not previously been investigated. Here, it is demonstrated that D-serine
selectively affects gene expression in 0157:H7 by repressing the LEE encoded T3SS and
activating the SOS stress response. The toxicity of D-serine was entirely dependent on
intracellular accumulation of this metabolite however the ability of D-serine to repress
the LEE was found to be independent of its ability to be metabolised. Comparative
genomic analysis revealed that carriage of both the LEE and the D-serine tolerance locus
(dsdCXA) is an extremely rare event attributed to the apparent incompatibility between
the two loci. It is proposed that the negative effects of D-serine on the LEE limit
pathotypes such as 0157:H7 to the gastrointestinal tract by forcing the evolutionary loss
of dsdCXA, demonstrating the importance of co-operation between horizontally acquired
and core pathogenic elements in defining niche specificity. A novel D-serine sensing
system was also identified and characterised in 0157:H7. This system includes a D-serine
transporter, YhaO, and a LysR-type transcriptional regulator, Yhal, which are absolutely
required for expression of the LEE in O157:H7. This system is highly conserved in all E. coli
and further demonstrates the adaptive ability of the core genome to perceive and

respond to important environmental signals that define specific niches.

Collectively, this thesis describes the mechanistic basis of D-serine sensing in 0157:H7
and the physiological relevance of D-serine sensing for diverse E. coli pathotypes. This
work provides a strong framework for further research both by revealing novel insights

into bacterial evolution and also creating potential targets for anti-bacterial therapeutics.
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Chapter 1: Introduction

1.1 Escherichia coli

Escherichia coli was first discovered in 1885 by the German-Austrian scientist and
paediatrician Theodor Escherich, under the name Bacterium coli commune, and it was not
until 1954 that its now commonly used name was recognised (Cowan 1954, Escherich
1885). E. coli is widely regarded as a harmless commensal found in the gastrointestinal
tract of humans and warm-blooded animals forming part of the natural intestinal flora
soon after birth (Kaper et al., 2004). A member of the Enterobacteriaceae, E. coli is a rod-
shaped, Gram-negative bacterium. Key traits of this facultative anaerobe are that it grows
ideally at 37°C, has the ability to ferment sugars and lactose, the latter in certain strains,

and can be motile or non-motile depending on the presence of peritrichous flagella.

E. coli are typically typed using serological methods based on their lipopolysaccharide O-
antigen, flagellar H-antigen, capsular K-antigen and the presence of surface fimbriae
however not all strains can be classified in this way so alternative techniques, such as
multilocus sequence typing, have been developed and used to classify strains based on
genetic information (Croxen et al., 2013). The dawn of next-generation sequencing has
led to a wealth of information on the E. coli genome and thus, its evolution. No longer are
researchers limited to phenotypic characterisation of strains, analysis based on a small
number of housekeeping genes and reference only to a small number of sequenced
genomes. Now, old and new isolates are routinely sequenced leading to an extremely
detailed comparative view of the vast array of E. coli strains. At the time of this work
more than 1500 sequenced E. coli genomes were publically available (Goldstone et al.,

2014).

1.2 Evolution of E. coli pathotypes

In terms of population genetics, E. coli can be divided into a number of phylogenetically
distinct groups, or phylogroups for short (Figure 1-1). Recent studies have suggested that
as many as seven phylogroups of E. coli (A, B1, B2, C, D, E and F) can be defined in the

evolutionary timeline with the closely related Shigella species forming an eighth
2
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accessory group (S) (Clermont et al., 2013). The fine details of the E. coli phylogeny varies
slightly from study to study depending largely on the method of analyses applied
however this overall structure remains accepted as a framework for phylogenetic studies
on E. coli (Clermont et al., 2013, Ogura et al., 2009, Sims & Kim 2011, Touchon et al,,
2009).

Figure 1-1 Phylogenomic tree of the E. coli lineage. Circularised maximum likelihood
dendrogram built from a comparative analysis of the nucleotide sequences of 159 E. coli
‘core genes’ (Goldstone et al, 2014). The sequences of 1591 E. coli and Shigella sp.
isolates were obtained from NCBI as of 3/6/2014 and used in the analysis. Prototypical
strains with their corresponding phylogroup are labelled according to their position on
the tree. Phylogroups are colour coded: A = Blue; B1 = Green; B2 = Red; C = Violet; D =
Purple; E = Cyan; F = Brown. The point at which each phylogroup diverged is indicated by
a dot corresponding to the relevant colour group. Figure courtesy of Dr Robert Goldstone.
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Such genetic diversity occurring in the E. coli species can be largely attributed to the
plasticity of the E. coli genome (Touchon et al., 2009). It is well known that bacteria are
subject to widespread horizontal gene transfer (HGT) through the ability of being able to
move DNA between bacterial hosts and that this plays a key role in the emergence of
pathogenic strains (Croxen et al., 2013). Individual and clusters of virulence genes
(pathogenicity islands or PAI) are often encoded on mobile genetic elements (MGEs) such
as plasmids, transposons, insertion sequences and bacteriophage. MGEs can either self
replicate within the host or integrate into the host genome, often near tRNA genes,
allowing expression of virulence specific loci within an otherwise commensal strain
(Croxen & Finlay 2010). Non-virulence associated genes can also be carried on MGEs
allowing bacteria to occupy new niches in a non-virulent manner as well. Genome
minimalism can contribute to pathogen evolution, in the same respect as acquisition of
MGEs, by optimizing the emerged pathogen towards a specific niche (Moran 2002). A
recent study by Touchon et al. illustrated the impact HGT has on the plasticity of E. coli by
highlighting that the average size of the E. coli genome is somewhere in the region of
~4700 genes, with the core genome being only ~2000 genes and the pan genome
extending to ~18000 genes based on a number of diverse strains selected (Figure 1-2)

(Touchon et al., 2009).

Maintenance

Evolutionary Adaptation
pressure \ l

~26%
Acquisition

Average

Pan
Genome

Genome

~62%

~2000 genes ~4700 genes ~18000 genes
House-keeping PAls Gene volatility
Core metabolism Adaptive metabolism Strain specific
Persistance Stress tolerance Phage/IS elements
Phylogenetic signatures

Figure 1-2 Genome plasticity of E. coli. Schematic representation illustrating an
approximate size comparison size of the E. coli ‘core’, ‘average’ and ‘pan’ genomes. The
core genome is comprised of so-called ‘persistent’ genes largely involved in housekeeping
and core-metabolism. Acquisition or loss of genetic elements to facilitate evolutionary
pressure, niche adaptation or maintenance results in an inflation of the genome. The
‘pan’ genome is comprised of 11% core elements, 62% persistent genes and a final 26%
referred to as ‘volatile’ elements. This figure was adapted from Elsas et al., 2010.
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Over the course of history, numerous pathogenic E. coli have evolved via the mechanisms
described above and group largely into a number of defined ‘pathotypes’ (Kaper et al.,
2004). E. coli pathotypes commonly lead to varying degrees of enteric pathogenesis.
Included in this group of intestinal pathogenic E. coli (InPEC) are seven major pathotypes:
shiga-toxigenic E. coli (STEC), enteropathogenic E. coli (EPEC), enteroaggregatative E. coli
(EAEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), diffusely adherent E.
coli (DAEC) and adherent-invasive E. coli (AIEC). However, certain pathotypes of E. coli
that have evolved the ability to passage through the intestinal tract and disseminate to
extraintestinal niches (extraintestinal E. coli or EXPEC) are also prevalent causes of disease
(Croxen & Finlay 2010). Urinary tract infections (UTI) are one of the most common
infections in humans worldwide with significant rates of morbidity and mortality (Totsika
et al., 2012). Uropathogenic E. coli (UPEC) is the most common representative of the
EXPEC and is the primary cause of UTI being responsible for the majority of all cases
(Totsika et al., 2012). An emerging ExPEC is meningitis associated E. coli (MNEC) that is
capable of causing sepsis and meningitis, primarily in newborns, with high fatality rates
(Croxen & Finlay 2010). These ExPEC have evolved the ability to cross the blood-brain
barrier gaining access to the central nervous system of the host. In this work three
pathotypes will be discussed. Primarily, enterohaemorrhagic E. coli (EHEC), a subset of
the STEC group, will be introduced in section 1.2. Additionally, two members of the

ExPEC, UPEC and MNEC, will also be introduced more briefly in section 1.3.

1.3 Enterohaemorrhagic E. coli — a subset of the STEC

EHEC is a subset of the STEC pathotype. STEC are broadly defined as E. coli pathotypes
that harbour the Shiga toxin (Stx) 1 or 2 genes (stx; or stx,) (Schiller 2011). STEC strains
are diverse causing disease that ranges from mild diarrhoea to haemorrhagic colitis (HC)
and haemolytic uremic syndrome (HUS) in extreme cases. Subsets of STEC vary in their
serotype and virulence factor reservoir. Typically EHEC are a LEE-positive attaching and
effacing (A/E) pathogen. The LEE (locus of enterocyte effacement) is a large PAI that
encodes a type 3 secretion system (T3SS) and is responsible for the A/E lesion phenotype

(McDaniel et al., 1995). However, numerous serotypes are capable of causing HC and HUS
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in a LEE-independent manner (Croxen et al., 2013). For instance, the 2011 German
outbreak of E. coli was caused by the 0104:H4 strain, a largely EAEC-like pathogen that
acquired the Shiga toxin, resulting in the emergence of a new hybrid STEC that caused
over 900 cases of HUS and 50 deaths (Grad et al., 2012). STEC strains appear to have
evolved on multiple occasions and fall into four clonal lineages: EHEC 1, EHEC 2, STEC 1

and STEC 2 (Table 1-1).

Table 1-1 Clonal lineages of the STEC pathotype and associated serotypes.

STEC Lineage Associated characteristics Common serotypes
EHEC 1 LEE/O157-positive 0157:H7
EHEC 2 0157-negative; LEE-positive 0111:H8, 026:H11
STEC1 LEE/O157-negative 0113:H21, 091:H21
STEC 2 LEE-positive; O157-negative 045:H2, 0103:H2/H6

*For details see Croxen et al., 2013.

The most common EHEC serogroup associated with regular outbreaks is E. coli 0157:H7, a
LEE-positive, Shiga toxin producing STEC that falls into the EHEC 1 lineage. EHEC O157:H7
has been studied extensively as the prototypical EHEC and a vast array of literature
describing its prevalence and molecular mechanisms of disease exists, which will be

discussed in the following sections.

1.3.1 Origin, occurrence and prevalence of E. coli 0157:H7

Riley et al. described the first recognised outbreaks of 0157:H7 in the United States in
1983. They reported an unusual gastrointestinal illness defined by severe abdominal pain
and initial watery diarrhoea culminating in extreme bloody diarrhoea. The outbreak
affected 47 people in the Oregon and Michigan areas and was attributed to a rare isolate
of E. coli that was found to have contaminated ground beef distributed to the same fast
food chain in both locations (Riley et al., 1983). An investigation by the Centre for Disease
Control and Prevention (CDC) subsequently revealed that the 0157:H7 serotype was

indeed an emerging pathogen and its isolation was extremely rare prior to the 1970’s.

Since this initial outbreak, 0157:H7 has become known as a major cause of foodborne
illness worldwide, particularly in the United States where in 2011 there were 463 cases
reported and a further 521 cases associated with non-0157 STEC infections (FoodNet

6
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2011 surveillance report; CDC). Although the incidence of 0157:H7 cases has dropped in
recent years, particularly in comparison to non-0157 STEC, it is still regarded as a major
pathogen (Croxen et al., 2013). Hospitalization rates and case-fatality rates are almost
twice as high for 0157:H7 in comparison to non-0157 STEC. Reports from the CDC have
also highlighted the association of 0157:H7 with fresh produce and not just contaminated
meat products. In 2013, an outbreak associated with ready to eat salads infected 33
people in four US states (Arizona, California, Texas and Washington) resulting in seven
hospitalizations and two cases of HUS. Cases associated with contaminated meat
products also continue to be reported annually, most recently in 2014 when a multistate
outbreak was associated with contaminated ground beef (www.cdc.gov). The European
CDC 2013 epidemiological report highlighted the rise in 0104 associated STEC cases since
the 2011 outbreak, however 0157:H7 still remains the major cause of STEC HUS across all

age groups.

The major reservoir for E. coli 0157:H7 is ruminants, primarily cattle, which the organism
colonizes asymptomatically at the recto-anal junction (Naylor et al., 2003). Ruminants are
therefore regarded as the major shedding source for 0157:H7 resulting in contamination
of crop and water sources in the nearby farm area or meat during slaughter by direct
contact with contaminated faeces. Cattle faeces have been reported to contain up to 10°
colony-forming units (CFU) of O157:H7 per gram (Chase-Topping et al., 2007). lliness can

also be caused by direct contact with the infected animal or its faeces (Hale et al., 2012).

1.3.2 Pathogenesis of E. coli 0157:H7

E. coli 0157:H7 is the most extensively studied EHEC, and STEC for that matter, but the
carriage of similar virulence factors between members of other lineages and even E. coli
pathotypes suggest shared mechanisms. The repertoire of virulence factors in 0157:H7
includes a T3SS and its associated effector proteins, the Shiga toxin, the pO157 plasmid
and the flagella (Nataro & Kaper 1998). Evidence for horizontal acquisition of virulence
factors was highlighted in a study characterizing the complete genome sequence of E. coli
0157:H7 (Perna et al., 2001). Analysis of the genome sequence showed that it contains
hundreds of introgressed segments or ‘O-islands’, many of which contain known virulence
factors such as the LEE PAI encoding a T3SS. They also described genomic regions related

to known bacteriophage, including BP-933W which encodes stx,, and a selection of
7



Chapter 1: Introduction

cryptic prophage that encode various virulence related proteins but lack all necessary

phage-like genes (Perna et al., 2001).

1.3.3 The LEE encoded type 3 secretion system

E. coli 0157:H7 forms A/E lesions on host epithelial cells characterised by destruction of
brush border microvilli, intimate attachment, reorganisation of the host actin
cytoskeleton and bacterial ‘pedestal’ formation (McDaniel et al., 1995). This phenotype is
not restricted to 0157:H7 however. Other A/E pathogens include EPEC and the mouse
pathogen Citrobacter rodentium (Schauer & Falkow 1993). The A/E phenotype has been
attributed to the carriage of the large LEE PAI (Figure 1-3). This ~35 kb PAI contains all the
necessary genes for the formation of a functional T3SS, as well seven secreted effector
proteins, chaperones and the master regulators of the system (Wong et al., 2011).
Indeed, a study by McDaniel and Kaper described how they cloned the entire LEE from
the EPEC strain E2348/69 on a plasmid and successfully used this to confer the A/E
phenotype to the non-pathogenic K-12 strain (McDaniel & Kaper 1997). Genetically
distinct T3SSs are widely used by a range of Gram-negative animal and plant pathogens
(over 25 species including species of Salmonella, Shigella, Yersinia, Burkholderia,
Chlamydia and Pseudomonas) to facilitate attachment to the host (Cornelis 2006). The
LEE has a GC content of 38.3%, significantly lower than the 50.8% that makes up the E.
coli chromosome, suggesting that the LEE was acquired by HGT (Frankel et al., 1998,
McDaniel & Kaper 1997). In 0157:H7 the LEE is located at the se/C tRNA locus and
similarly in EPEC. This site is also the insertion point for a large PAI in UPEC suggesting an
active hotspot for acquisition of virulence genes (Blum et al., 1994). However, alternative
insertion sites for the LEE have been identified suggesting acquisition of the LEE at

multiple stages of the EHEC and EPEC evolutionary timeline (Frankel et al., 1998).

The LEE contains 41 open reading frames (ORFs), which can be organized into five
operons, namely LEE1 through LEES (Elliott et al.,, 1998, Wong et al., 2011). LEE1 encodes
the master regulator Ler (LEE encoded regulator) through which activation of LEE2 to
LEES is mediated (Haack et al., 2003, Mellies et al., 1999, Sdnchez-SanMartin et al., 2001).
The second master regulator, GrIRA, is encoded between the LEE1 and LEE2 operons,
forming a regulatory feedback loop on ler expression (Deng et al., 2004). The esc genes

encoding the basal T3SS machinery are located on LEE1/2/3/4, the Sep secretion
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machinery are located on LEE2/3/4, the T3SS needle filament gene (espA) and the
translocon pore genes (espB/D) are encoded on LEE4, the major adhesin intimin (eae) and
its cognate ‘translocated intimin receptor’ (tir) are located on LEE5, the Iytic
transglycosylase (etgA) is located between LEE1 and LEE2, and numerous secreted
effectors and chaperones are located throughout LEE1 through LEE5S (Elliott et al., 1998,
Wong et al., 2011).

The structure of the T3SS is complex (Figure 1-4). The basal apparatus of the T3SS spans
the inner membrane (IM), periplasm and outer membrane (OM) of the bacterial cell
(Blttner 2012, Cornelis 2006). EscC, a secretin, forms an oligomeric pore structure in the
OM (Burghout et al., 2004). This is fused to EscJ, which forms the periplasmic portion of
the basal apparatus (Crepin et al., 2005). EscU, EscT, EscS and EscR form the multi-protein
complex that spans the IM with Esc)] composing the inner ring. EscV forms a cytoplasmic
docking domain for substrates and SepQ forms the C-ring that surrounds the docking
domain (Blttner 2012, Cornelis 2006). Escl is thought to form the inner rod of the basal
apparatus (Sal-Man et al., 2012). SeplL and SepD are thought to act as gatekeepers for the
T3SS prior to full assembly of the needle complex (Deng et al., 2005). EscN is an ATPase
that powers the T3SS machinery and interacts with SepQ and Escl (Zarivach et al., 2007).
The T3SS needle protein, EscF, forms a helical polymerised base extending from the OM
outwards (Wilson et al., 2001). EspA subunits then form the needle filament that extends
to reach the host cell surface making contact via the T3SS translocon proteins, EspB and
EspD. EspB and EspD form an active pore in the host cell membrane allowing

translocation of effectors through the T3SS and into the host (Ide et al., 2001).
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EscN/

Figure 1-4 The T3SS injectisome. Schematic representation of the EHEC T3SS apparatus.
The basal body that spans the bacterial inner membrane (IM), periplasmic peptidoglycan
layer (PG) and outer membrane (OM) is illustrated in red. The EscN ATPase at the
cytoplasmic side of the basal body is illustrated in purple whereas the needle filament,
composed of EspA subunits, and the translocon pore, which contacts the eukaryotic host
membrane (EM) are illustrated in green. This figure was adapted from Blittner 2012.

1.3.4 Intimate attachment and translocation of effector proteins

Initial attachment of 0157:H7 to the intestinal epithelium is not fully understood. There
are currently a number of fimbrial-like factors that potentially play a role in attachment
but a definitive mechanism is not known (Croxen & Finlay 2010, Low et al., 2006). Others
include the E. coli common pilus, the more recently described haemorrhagic coli pilus and
long polar fimbriae (Croxen et al., 2013). The EHEC H7 flagella have also been implicated
to play a role in initial attachment. In this study, the authors elegantly describe the
adhesive properties of the H7 flagella and time-dependent expression of flagella during
adherence to bovine epithelial cells, whereby at earlier time points attached bacteria
express flagella but do not form A/E lesions and in the latter stages of infection
expression of flagella is only seen on individually adhered bugs that have not formed A/E

lesions. This study supports an efficient model of EHEC colonisation demonstrating a
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controlled expression of virulence factors during infection (Mahajan et al., 2009). The H7
flagella is also known to be highly immunogenic stimulating a strong toll-like receptor 5
response from the immune system (Hayashi et al., 2001). Temporal expression of flagella

may also be a mechanism of modulating the immune system during intimate attachment.

As described in section 1.2.3, the LEE encodes the major adherence factor Intimin and its
receptor Tir (Kenny et al., 1997). Once the EspB/D translocon has formed, Tir is
translocated to the host cell cytoplasm via the T3SS where it relocates to the epithelial
cell membrane, exposing itself to the cell surface. Here, it can interact with Intimin and
ultimately lead to tight attachment (Figure 1-5). Tir has also been shown to play a role in
A/E pedestal formation by recruiting cytoskeletal proteins to the site of attachment.
Briefly, Tir becomes linked to insulin receptor tyrosine kinase substrate (IRTKS), which
binds another translocated effector protein EspFy (also known as Tir cytoskeleton-
coupling protein or TccP) (Campellone et al., 2004, Weiss et al., 2009). EspFy then
interacts with Neuronal Wiskott-Aldrich syndrome protein (N-WASP) activating localized

actin assembly resulting in pedestal formation (Sallee et al., 2008).
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Figure 1-5 Pathogenesis of EHEC via A/E lesion formation. Schematic illustration of EHEC
forming an attaching and effacing (A/E) lesion on the host epithelium (blue). EHEC
translocates Tir into the host cell, which acts as the receptor for the surface adhesion
Intimin. Tir forms a complex with the host cell factors IRTKS and N-WASP as well as
another translocated effector protein named EspFy, subverting the normal function of
host cell actin and reorganising the cytoskeleton to form a pronounced pedestal upon
which the bacterial cell resides. Numerous effector proteins are subsequently
translocated via the T3SS and carry out multifactorial subversion of the host cell. LEE
encoded effectors and their functions are highlighted in yellow whereas the non-LEE
encoded effector (NLE) “suite” functions are highlighted by the orange NLE illustration.
This figure was adapted from Croxen and Finlay 2010.

The LEE encodes 6 other effector proteins (Map, EspF, EspG, EspZ, EspH and EspB) that
play a part in the formation of A/E lesions. These effector proteins have been the subject
of many studies in EPEC and EHEC and often play multifactorial roles in host cell
modulation. Map localizes to the mitochondria and mediates disruption of intestinal tight
junctions (Dean & Kenny 2004, Kenny & Jepson 2000). EspF targets the mitochondria also
but has other roles in disruption of tight junctions (Marchés et al.,, 2006). EspG induces

the formation of actin stress fibres and disrupts the epithelium, whereas EspZ promotes
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survival of the host cell (Dean et al., 2010, Shames et al., 2010). EspF, EspB and EspH are
all involved in inhibition of phagocytosis as well as having other important roles in
modulation of the actin cytoskeleton (Dong et al., 2010, Marches et al., 2008). LEE

encoded effectors are listed in Table 1-2.

As discussed above, EspFy is translocated into the host cell via the T3SS but this protein is
not encoded on the LEE, instead its gene is found on the cryptic prophage CP-933U and is
known as a non-LEE encoded effector protein (NLE) (Campellone et al., 2004). The
repertoire of NLEs in E. coli and C. rodentium is extensive with a recent report
summarising that EPEC and C. rodentium encoded 19 and 28 NLEs respectively, whereas
EHEC encoded a staggering 55 NLEs (Table 1-2) (Tobe et al., 2006). Not all of these are
fully characterised however with a number of pseudogenes being present in each
pathotype (6, 12 and 6 respectively for EPEC, EHEC and C. rodentium). The genomic
context of NLEs is largely associated with lambdoid prophage, the majority of which are
found on horizontally acquired genetic islands scattered throughout the genome. Indeed,
this comprehensive study by Tobe et al. concluded that the likely major function of
lambdoid prophage in EHEC was to carry T3S effectors (Tobe et al., 2006). Functionally,
NLEs are diverse with confirmed roles including inhibition of phagocytosis, disruption of
tight junctions, actin reorganisation and host immune modulation, which have been

summarised elsewhere in detail (Wong et al., 2011).

Table 1-2. List of all known secreted effector proteins in EHEC.

Genomic Context Name
LEE-encoded EspB, Tir, Map, EspF, EspG, EspH, EspZ
Non-LEE encoded Espl/NleA, EspJ, EspK, EspL*, EspM*,

EspN, EspO*, EspR, EspS, EspT, EspV,
EspW, EspX*, EspY*, NleB*, NleC, NleD,
NleE, NleF, NleG/Nlel*, NleH*, NleK, Cif,

Ibe, EspFy*

*Genome contains multiple homologs. For details see Wong et al., 2011.
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1.3.5 The Shiga toxin

As mentioned in section 1.2, carriage of the stx; or stx, genes encoding the potent Shiga-
like cytotoxin is the main defining feature of the STEC pathotype (Croxen et al., 2013).
Stx1 and Stx2 encoding genes are located on lambdoid bacteriophage (CP-933V and BP-
933W respectively) and Stx expression is highly dependent on inducing conditions, such
as low iron for Stx1 and the lytic phase of the phage life cycle for the more potent Stx2
(Neely & Friedman 1998, Schiller 2011). Classically the lytic phase is induced by DNA
damage and subsequent activation of the bacterial SOS response but can also be
influenced by factors produced by the human host cell (Wagner et al., 2001). The SOS
response is a bacterial stress response network that involves a large regulon of genes
involved in DNA repair. These genes are under the control of the repressor protein LexA.
Upon DNA damage, an antirepressor of LexA, known as RecA, is transcribed and relieves
LexA repression of the SOS regulon while also initiating DNA repair (Figure 1-6A) (Michel
2005). This is performed by RecA forming filament structures with single stranded DNA
(ssDNA) that mediate auto cleavage of LexA and also DNA damage repair. The SOS
response is also known to be induced by exposure to many antibiotics, thus eliminating
the possibility of treating STEC infections in this way as Stx expression is likely to be
induced through RecA mediated antirepression of the phage cl repressor protein (Croxen

etal., 2013, McGannon et al., 2010, Miller et al., 2004, Schiiller 2011).
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Figure 1-6 SOS activation and pathogenesis of Stx. The sequence of events the lead to
Stx pathogenesis in the host. (A) The SOS response triggers RecA mediated auto-catalytic
cleavage of LexA and prophage cl controlled genes. (B) Stx is an ABs type cytotoxin
comprised of an active A subunit non-covalently linked to the B subunit pentamer. (C) Stx
is trafficked across the intestinal epithelium by a number of proposed mechanisms.
Receptor independent transctyosis, transport through tight junctions and retrograde
transport via EHEC induced Gb3 expression on the intestinal epithelium (labelled 1 — 3
respectively). (D) Ribosomal inhibition and subsequent apoptosis in Gb3 positive kidney
cells. This figure was adapted from Schiller 2011.

Stx is the virulence factor responsible for HUS in extreme STEC infections. The toxin is an
ABs type cytotoxin that is comprised of the enzymatically active A subunit which is non-
covalently linked to the B subunit pentamer (Figure 1-6B) (Fraser et al., 2004). The B
subunit recognises the globatrioaosylceramide 3 (Gb3) receptor on epithelial cell surfaces
and internalizes the toxin via this recognition. The active A subunit is then transported by
the retrograde pathway to the cytoplasm where it ultimately binds the ribosome and
cleaves an essential adenine residue (A-4324) from the 28S rRNA, leading to inhibition of

protein synthesis, the ribotoxic stress response and apoptosis (Endo et al., 1988, Sandvig
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et al., 1992, Smith et al., 2003). The specificity of Stx to Gb3 receptors may explain why
cattle are colonized asymptomatically by E. coli 0157:H7, as they lack these receptors

(Pruimboom-Brees et al., 2000).

Stx is transported across the intestinal epithelium after bacterial release although the
mechanism of this transport is unclear (Figure 1-6C). It is thought that disruption of the
epithelium by bacterial adhesion and subsequent inflammation may facilitate this
process. This theory is bolstered by the fact that patients with bloody diarrhoea are more
likely to develop HUS than those without (Nataro & Kaper 1998). More specific
mechanisms of Stx transport have been reviewed elsewhere (Schiller 2011). In brief,
these mechanism include transport of Stx across the intestinal epithelium by transcytosis
or through epithelial tight junctions that have been disrupted by the A/E infection process
and transmigration of neutrophils (Hurley et al., 2001, Philpott et al., 1997), interaction
with infection-induced Gb3 on the intestinal epithelial surface (Schiller et al., 2007) or
transcytosis via intestinal microfold-cells (Schiller 2011). Once Stx has breached the
epithelial barrier and accesses the bloodstream it then reaches the surface of the kidney

epithelium to which it binds via Gb3 (Figure 1-6D) (Schiller 2011).

1.3.6 The bacterial flagella

The flagella are a bundle of multiple tail-like appendages known individually as a
flagellum that are assembled on the surface of the bacterial cell in many arrangements,
peritrichously for E. coli. Many bacteria employ flagella as a means of motility for
navigating and scavenging environments (Chevance & Hughes 2008). The bacterial
flagellum shares structural similarities with the LEE-encoded T3SS and these systems are
often referred to as flagellar or non-flagellar T3SSs. Various studies have argued over
which system evolved first. It was once believed that both systems evolved from a
common ancestor system however it is now more generally accepted that the flagellum
structure was the ancestral basis for the non-flagellar T3SS, which evolved as a means of
protein delivery to the host or extracellular environment (Abby & Rocha 2012, Gophna et

al., 2003).

The structure of the flagellum is complex and will only be briefly discussed but has been
reviewed in detail elsewhere (Blittner 2012, Chevance & Hughes 2008, Cornelis 2006,
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Erhardt et al., 2010). It can be divided into three main components — the basal body or
engine that shares many similarities to the T3SS basal apparatus, the propeller filament
and the hook structure that joins them together (Figure 1-7). Like a non-flagellar T3SS the
basal body spans the bacterial IM and OM. An MS-ring composed of 26 FliF units sits in
the IM, fuses to FliE/FIhH and the periplasmic spanning rod-structure composed of
FIgB/C/F/G/H/I and FliL. The integral-membrane motor proteins MotA/B surround the
MS-ring in the IM whereas FliG/M/N make up the C-ring rotor on the cytoplasmic side.
FliH/I/) form an ATPase complex that powers the system in a proton motive force
dependent manner. FIhA/B and Flk are involved in substrate control and specificity of the
system. ~120 FIgE subunits make up the hook structure and the flagellar propeller, a 20
nm long filament composed of ~20000 FliC subunits, extends from this (Blttner 2012,

Chevance & Hughes 2008, Cornelis 2006, Erhardt et al., 2010).

Cap
FliD

Filament
FliC

oM

FIgB/C/F/G/I

ATPase
FliH/1/)

FIhA/B Flk

Figure 1-7 The E. coli flagellum. Schematic representation of the flagellar structure.
Similarly to the T3SS, the basal body spans the bacterial envelope and is integrated into
the IM and OM, illustrated in red. The flagellar motor (MotAB) powers the system. The
cytoplasmic C-ring is illustrated in green (FliG/M/N) as well as the FIhA/B/Flk substrate
recognition system. The flagellar propeller or hook (FIgE) extends from the basal body and
propels the FliC filament for motility. This figure has been adapted from Blittner 2012.
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Transcriptional context of the flagellum is very conserved among Gram-negative bacteria
with peritrichous flagella (Chevance & Hughes 2008). There are over 60 genes responsible
for the formation of a flagellum and these are not organised in a single locus (Frye et al.,
2006). Rather, they are expressed as a transcriptional hierarchy of three promoter classes
that are sequentially activated. In short, class | genes encode the master regulators,
FIhD/C, that form an FIhD4C, heteromultimeric activator of class Il expression. Class Il
genes are responsible for the motor complex are under the control of the housekeeping
sigma factor, 6’°. Once the motor complex is formed, class Il expression is driven through

the flagellar sigma factor, 6%, and the system is completed (Chevance & Hughes 2008).

The flagella provide motility to bacteria in two ways, swimming and swarming. Swimming
is the movement of bacteria individually through a liquid media by flagellar rotation.
Swarming, on the other hand, is a surface based movement of bacterial groups (Kearns
2010). To swim, to flagella must rotate anti-clockwise in coordination with one another
forming a bundle that propels the cell forward. If the rotation of the bundle is reversed to
a clockwise motion then the cell will ‘tumble’, disrupting its forward movement (Turner et
al., 2000). Directionality of the flagella is not random however and relies on a process
called chemotaxis (Figure 1-8). Chemotaxis can be defined as a network of sensory
systems that coordinate to direct a cell towards a region more highly concentrated in
beneficial chemicals, or less concentrated in toxic chemicals. Chemotactic signals are
sensed by dedicated chemoreceptors in the cell membrane known as methyl-accepting
chemotaxis proteins. These receptors respond to the environment and transfer signals
directly to cytoplasmic response regulators, by phosphorylation, which then transfer the
signal further downstream to other chemotactic response proteins (Wadhams &
Armitage 2004). One of these is called CheY, and once phosphorylated binds to FliM on
the flagellar motor, inducing directional switch in rotation and ultimately tumbling (Welch

etal., 1993).
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Figure 1-8 Bacterial propulsion, tumbling and chemotaxis. The directionality of flagellar
rotation is determined by the process of chemotaxis. (A) When swimming in a favourable
chemical concentration gradient, the flagella rotate counter-clockwise propelling the
bacterial cell forward. (B) Conversely, if the chemical concentration of a repellent
increases, dedicated surface receptors known as methyl-accepting chemotaxis proteins
transmit signals via a phospho-relay system involving CheY to the flagellar motor system.
This signal causes the flagella to rotate clockwise and the bacterial cell tumbles as a
result, reorienting itself for propulsion towards a more favourable direction (Wadhams &
Armitage 2004).

1.3.7 Other 0157:H7 virulence factors

Horizontally acquired plasmids often contain virulence factors and various strains of
0157:H7 have been shown to carry a number of plasmids. One of these, pO157, is a
highly conserved plasmid known to be carried in all O157:H7 strains and a high
percentage of STEC strains (Nataro & Kaper 1998). The ~90 kb plasmid sequence was
shown to contain 100 ORFs with 19 of these predicted to be virulence associated genes
(Burland 1998). A number of these factors have since been characterized and implicated
in contribution to 0157:H7 infections. EspP is a serine protease that belongs to the
autotransporter family of proteins. Once secreted, EspP performs multiple functions

including cleavage of human coagulation factor V, which implies exacerbation of
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haemorrhagic disease (Brunder et al., 1997). EHEC haemolysin is a repeats-in toxin
protein that lyse erythrocytes although the exact role of haemolysin in infection is
unknown (Schmidt et al., 1996). Release of haem and haemoglobin from erythrocyte lysis
may enhance proliferation of 0157:H7 during infection by offering a prime source of iron
for uptake (Law & Kelly 1995). StcE is a Type 2 secreted protease that cleaves the C1
esterase inhibitor of the complement pathway providing a potential protection
mechanism for bacteria from the immune system. StcE has also been shown to be
regulated by Ler (Lathem et al., 2002). KatP is a pO157 encoded catalase-peroxidase that
is employed to scavenge exogenous H,0, for protection during infection of the host cell
(Uhlich 2009). O-islands revealed during genome sequencing of 0157:H7 also indicated
many putative virulence factors including fimbrial and non-fimbrial like adhesins that may

also play a role in host attachment (Perna et al., 2001).

1.4 Extra Intestinal Pathogenic E. coli (ExPEC)

The EXPEC group of E. coli comprises an important but often overlooked branch of the
pathogenic E. coli family, likely due to the lack of large scale epidemic style infections as is
caused with STEC for instance (Johnson & Russo 2002). The two most commonly studied
members of the ExPEC are UPEC (uropathogenic E. coli) and MNEC (meningitis associated
E. coli). UPEC are the primary cause of UTIs being responsible for 70-95% of community-
acquired UTls and over 50% of nosocomial UTIs (Croxen & Finlay 2010, Pitout 2012).
MNEC is the most common cause of Gram-negative associated meningitis in neonates
with a case fatality rate as high as 40% (Croxen & Finlay 2010, Kim 2012). Both UPEC and
MNEC also have the ability to further disseminate into the bloodstream and are among
the most common causes of bacteraemia and sepsis (Johnson & Russo 2002). This section
will briefly introduce both UPEC and MNEC giving an overview of their genetics,

pathogenesis and associated virulence mechanisms.
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1.4.1 UPEC traits and pathogenesis

UTls are a great medical threat. UPEC is the most common cause of UTI and more than
40% of women will experience cystitis associated UTI in their lifetime but what is perhaps
more alarming is the fact that UTI can also lead to pyelonephritis and in severe cases
sepsis which results in over 35000 deaths in the US annually (Totsika et al., 2012).
Serologically, there is a high frequency of specific O-antigens associated with UPEC (O1,
02, 04, 06, 07, 08, 016, 018, 025 and 075) whereas the K- and H-antigens have a less
defined pattern (Bidet et al., 2007). From an evolutionary perspective, UPEC often group
into the highly virulent B2 phylogroup, along with other EXPEC members (Johnson et al.,
2001a, Touchon et al., 2009). Many isolates of UPEC have clonal characteristics but show
little genomic specificity to UPEC as a stand-alone pathotype with most UPEC specific
genes being of hypothetical function (Croxen & Finlay 2010). Indeed, the virulence factor
repertoire of UPEC is incredibly heterogeneous with the pathotype having evolved on
multiple occasions from independent clonal lineages (Brzuszkiewicz et al., 2006, Welch et
al., 2002). The genomes of specific UPEC isolates (CFT073, 536 and UTI89) are up to 13%
larger than the prototypical commensal E. coli K-12 with as much as 22% more ORFs
(Welch et al., 2002, Wiles et al., 2008). The inflation is largely due to HGT of UTI-specific
fitness traits such as various fimbrial adhesins, secreted toxins and iron-acquisition
systems (Brzuszkiewicz et al., 2006, Welch et al., 2002). These characteristics are more
specifically highlighted by the fact that the UPEC CFTO73 genome contains 770 more
genes than that of EPEC E2348/69, a dedicated InPEC, suggesting that the virulence
repertoire required for a dissemination to and survival in the urinary tract is much
broader that that of the intestine (Iguchi et al., 2009). Indeed, InPEC virulence is often
largely attributed to specific virulence factors such as the T3SS or Stx, whereas UPEC
employs an array of virulence factors to thrive in its niche (Totsika et al., 2012, Wiles et

al., 2008).

1.4.2 An overview of UPEC virulence factors

As mentioned in section 1.3.1, UPEC employ a diverse array of virulence factors seemingly
specific for dissemination into the urinary tract that have been reviewed extensively
elsewhere (Croxen & Finlay 2010, Wiles et al., 2008). The infection process involves

dissemination of UPEC from the gut to the urinary tract. The proximity of the anus to the
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urinary tract facilitates this first step and adhesion to the uroepithelium soon follows.
UPEC subsequently promotes epithelial invasion forming highly replicative intracellular
bacterial communities. Bacterial proliferation and an influx of polymorphonuclear
leukocytes result in exfoliation of the bladder and dissemination to further tissues.
Untreated UPEC can then ascend to the kidney causing pyelonephritis and potentially
being further trafficked to the blood supply leading to bacteraemia (Croxen & Finlay
2010, Wiles et al., 2008). A schematic of UPEC virulence factors and infection is seen in

Figure 1-9.

UPEC harbour multiple adhesion organelles including type 1, P, S and F fimbriae encoded
on the fim, pap, sfa and foc operons respectively (Wiles et al., 2008). Variation in fimbrial
adhesins is UPEC strain specific with certain adhesins being specific for receptors on the
uroepithelium or the kidney for more virulent isolates. For instance, Type 1 fimbriae are
highly conserved between both UPEC and commensal E. coli and are the key factor in
establishment of UTI whereas the P fimbriae tend to show preferential binding to cell
receptors that are host tissue specific as well as being more commonly associated with
pyelonephritis causing UPEC (Lane & Mobley 2007, Wiles et al., 2008). FimH, a type 1
adhesin, was recently found to mediate internalisation by interacting with integrins on
the host epithelium triggering a signalling cascade that results in actin reorganisation
around the bacterium indicating more than simply an adhesive role for type 1 fimbriae

(Eto et al., 2007).
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Figure 1-9 UPEC virulence factors and pathogenesis. (A) An overview of the multiple
virulence factor employed by UPEC. These include diverse fimbrial adhesins, iron
acquisition siderophores and autotransporter proteins. (B) Once UPEC has reached the
uroepithelium, they adhere to the host cell triggering an invasion process involving
modulation of host cell actin. Invasion allows the propagation of intracellular bacterial
communities and toxin release as well as an influx of polymorphonuclear leukocytes
results in exfoliation of the epithelium. UPEC is then free to disseminate past the
immediate epithelium and ascend to the kidney. This figure was adapted from Croxen
and Finlay 2010.

Although UPEC do not employ a T3SS for virulence, they utilise alternative secretion
systems to secrete toxins. As mentioned above, epithelial exfoliation is important for
UPEC dissemination. Another key virulence factor is the haemolysin HIlyA, encoded by
over 50% of clinically severe UPEC isolates, which can facilitate exfoliation (Bhakdi et al.,
1988, Wiles et al., 2008). This process releases nutrients to a nutrient poor environment
and allows an entry point for UPEC tissue dissemination. UPEC also regularly encode
autotransporter proteins known to play roles in virulence. Autotransporters are secreted

by the type 5 secretion system. Autotransporters encode the effector as well as
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translocation signal peptide for transport across the IM by the Sec system. A third
domain, the beta strand, exposes the folded effector at the cell surface (Henderson et al.,
2004). Autotransporters are known to play both cytotoxic and adhesive roles in UPEC

infection (Allsopp et al., 2012, Maroncle et al., 2006).

Aside from adhesion and cytotoxicity, UPEC cannot thrive in the urinary tract without
nutrients. In any infectious environment, the battle for iron between the host and the
bacteria is key (Fischbach et al., 2006). UPEC strains can express four characterised
siderophore systems (enterobactin, salmochelin, yersiniabactin and aerobactin) in various
combinations to scavenge iron from the environment (Totsika et al., 2012). These systems
are expressed under low iron conditions and contribute to UPEC virulence (Garcia et al.,

2011, Totsika et al., 2012).

1.4.3 MINEC traits and pathogenesis

MNEC have long been recognised as the primary cause of Gram-negative associated
meningitis in neonates with case fatality rates as high as 40% and severe neurological
defects in surviving patients (de Louvois 1994, Kaper et al., 2004). MNEC infections
associated with adults should also not be overlooked. A small Japanese study highlighted
that all patients monitored not receiving appropriate antibiotic treatment died, with the
remaining patients experiencing a 27% mortality rate (Yang et al., 2005). In contrast to
UPEC, MNEC are not represented by a large number of O-antigen serotypes and ~80% of
known isolates are of the K1 capsular antigen type (Croxen & Finlay 2010). The evolution
of MNEC strains is an interesting point. Like other EXPEC, they comprise a group of E. coli
that cannot establish a pathogenic infection in the Gl tract but have acquired numerous
virulence factors that permit dissemination to extraintestinal sites, given this opportunity.
Phylogenetically, they largely occupy the highly virulent B2 group (Bingen et al., 1998).
Even though MNEC infections are serious, they are considered to be relatively rare and
the brain seems to be a dead end for the pathogen offering little in the way of
evolutionary pressure for mass dissemination from the gut (de Louvois 1994). It should
also be pointed out that the quintessential MNEC serotype, 018:K1:H7, exhibits a
stereotypical virulence factor profile when recovered from patients with acute cystitis,
suggesting that UPEC and MNEC share similar virulence mechanisms, presumably
acquired along their evolutionary timeline, that allow them to disseminate as opposed to
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a single specific virulence factor that promotes dissemination unconditionally (Johnson et
al., 2001b). The MNEC genome has been subject to size inflation, a common theme
among ExPEC. The MNEC strain RS218 was shown to contain ~500 kb of additional
information over the E. coli K-12 strain and also carries a large ~114 kb plasmid which was
recently shown to have high sequence similarity in many ExPEC strains and also to be
essential for full MNEC virulence both in vitro and in vivo (Rode et al., 1999, Wijetunge et

al., 2014).

1.4.4 An overview of MNEC virulence factors

The mechanisms of pathogenicity employed by MNEC are unique but not extensively
understood. In neonates, the bacteria initially colonize the host perinatally from the
mother followed by invasive transcytosis across the intestinal epithelium, allowing access
to the bloodstream of the host, although the precise mechanism of this step are not
largely understood (Figure 1-10A) (Burns et al., 2001). The extent of disease progression
by MNEC is largely dependent on the levels of bacteraemia experienced. That is, the
higher the number of CFU per ml of blood, the higher the likelihood of meningitis
progression (Dietzman et al., 1974). Once in the bloodstream, the bacteria are protected
from the immune system by multiple mechanisms - their antiphagocytic capsule, the
presence of OmpA that has been shown to bind the complement-inhibiting factor C4bp
and interactions with immune cells (Figure 1-10B). MNEC can invade and survive within
macrophage and monocytes by inhibiting apoptosis and release of chemokines (Selvaraj

& Prasadarao 2005, Sukumaran et al., 2004, Wooster et al., 2006).

The next step in MNEC pathogenesis involves crossing the blood brain barrier (BBB) to
gain access to the central nervous system. Translocation of the BBB is not a damaging
process however and instead occurs via transcytosis (Figure 1-10C). Invasion of the brain
microvascular endothelium requires type 1 fimbrial adhesion FimH as well as OmpA
which bind the host cell factors CD48 and ECGP96 respectively (Khan et al., 2007,
Prasadarao 2002). FimH and OmpA promote invasion by mediating host cell binding and
subsequent actin modulation through cell surface signal transduction (Maruvada et al.,
2008). The K1 capsule, type S fimbriae and multiple Ibe (‘invasion of brain epithelium’)

proteins are also known to have a role in invasion of the BBB (Croxen & Finlay 2010).
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Once the central nervous system has been accessed, MNEC cause severe inflammation

and neural damage.
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Figure 1-10 The pathogenesis of MNEC. (A) MNEC crosses the intestinal epithelium by an
elusive transcytosis mechanism. (B) Once in the bloodstream, MNEC are protected from
the immune system by virtue of the K1 capsule, which can inhibit complement activation
and phagocytosis. (C) Transport of MNEC across the blood-brain barrier (BBB) involves the
binding of surface factors FimH and OmpA to the microvascular epithelium. Binding of
these factors promotes actin modulation and cellular invasion in a non-damaging manner.
This figure was adapted from Croxen and Finlay 2010.

1.4.5 The E. coli type 3 secretion system 2 (ETT2)

The completion of the first 0157:H7 genome sequences revealed detailed information
about the carriage of virulence factors encoded on multiple islands within the genome
(Hayashi et al., 2001, Perna et al., 2001). As described in section 1.2.3, the LEE encoded

T3SS is conserved among a variety of InPEC as a key virulence factor but is absent from
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EXPEC strains. Analysis of the O157:H7 EDL933 genome sequence however revealed the
presence of a second cryptic T3SS that shares much sequence similarities to the Spi-1
(Salmonella pathogenicity island 1) T3SS of Salmonella. The system was designated the E.
coli type 3 secretion system 2 (ETT2) and was originally thought to be fully present only in
STEC strains with other enteric pathotypes containing truncated or mutated forms of the
ETT2 locus (Hartleib et al., 2003, Makino et al., 2003, Perna et al., 2001). Subsequently to
this, Ren et al. published a comprehensive study detailing that the ETT2 locus is indeed
present in majority of E. coli strains, be it pathogenic or commensal, but it is subject to
widespread attrition rendering the system apparently non-functional. This came with the
exception of the EAEC 042 strain that contained an ‘intact’ ETT2 system, according to
genomic context at least (Ren et al., 2004). Furthermore, a number of regulators of ETT2
expression were shown to control multiple ETT2 associated effectors in EAEC 042 and
even affect expression of LEE encoded genes, suggesting the system has had certain
functional capabilities whether they currently play a role in vivo or not (Sheikh et al.,

2006, Zhang et al., 2004).

The role of a T3SS in ExPEC infection was somewhat obscure. EXPEC strains do not carry
the LEE PAIl but the ETT2 was demonstrated to be present in E. coli strains associated with
septicaemia and it was this study that first demonstrated the contribution of the ETT2
system to pathogenesis by showing severe impairment of pathogenesis in an ETT2
mutant (Ideses et al., 2005). Following on from this, the existence of the ETT2 system was
confirmed in MNEC K1 strains. MNEC RS218 and E253 were shown to harbour mutated
ETT2 loci but MNEC CE10 contained all the necessary genes for establishing a functional
T3SS (Yao et al., 2006). Furthermore, mutants in the CE10 ETT2 or one of its putative
regulators, eivA, revealed a pathogen severely defective in invasion of human brain
microvascular endothelial cells (Yao et al., 2009). These findings suggest that ETT2 may

play a crucial role in MNEC pathogenesis.
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1.5 Regulation of the LEE in EHEC

As discussed in section 1.2.3 the LEE encodes a T3SS essential for the A/E phenotype
associated with EHEC and other LEE positive pathogens such as EPEC and C. rodentium.
Expression of the LEE is tightly regulated in response to multiple stimuli. Host
temperature of 37°C provides optimal LEE expression as well as the exponential growth
phase (Rosenshine et al., 1996). Experimentally, the LEE can be induced by growth in
tissue culture media (DMEM or MEM-HEPES) as the conditions mimic the physiological
environment. In a comprehensive study, Kenny et al. attributed in vitro secretion to no
single component but rather a combination of factors such as temperature, pH,

osmolarity, calcium, iron and salt concentrations (Kenny et al., 1997).

Transcriptional regulation of the LEE is extremely complex. It is controlled at the core
level by two integral regulatory systems encoded on the LEE, Ler and GrlRA. Numerous
other systems such as nucleoid regulators, stress response regulators and environmental
sensing systems also feed into the LEE creating layers of specific control on the system,

which will be discussed in the following sections (Mellies et al., 2007).

1.5.1 Master regulation of the LEE

Transcription of the LEE is driven largely from five polycistronic operons (LEE1 through
LEES) in the form of a regulatory cascade with LEE1, LEE2 and LEE3 encoding the major
structural components of the T3SS, LEE4 encoding the translocon pore and LEES encoding
Tir and Intimin. Initial transcriptional mapping of the LEE revealed that transcription was
driven from an ORF encoded at position one of the LEE1 operon. This ~15 kDa protein
was named Ler (LEE1 encoded regulator) and was subsequently demonstrated to activate
transcription at each of the subsequent LEE operons as well as non-operonic members of
the LEE such as map, espG and escD (Elliott et al., 2000, Haack et al., 2003, Mellies et al.,
1999, Sanchez-SanMartin et al, 2001). The importance of Ler to virulence was
demonstrated by way of a deletion mutant in EHEC 86-24. This mutant was impaired in its
ability to secrete effectors and form A/E lesions on host cells. Additionally, the /er mutant
strain showed a decreased expression of non-LEE encoded virulence factors by Western

blot (Elliott et al., 2000). StcE, a non-T3SS secreted metalloprotease encoded on the
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p0O157 plasmid, was also shown in a separate study to be under the control of Ler,
implying a global control of virulence gene regulation by Ler (Lathem et al., 2002).
Furthermore, a comprehensive study by Deng et al. that systematically analysed the
virulence potential of each ORF by deletion within the LEE of C. rodentium also
highlighted the absolute importance of Ler for virulence by the T3SS in a mouse model of
infection, thus expanding the knowledge of LEE regulation to other pathogens (Deng et

al., 2004).

Transcriptional regulation of ler specifically is complex. Transcription has been
demonstrated to be driven from not one but two promoters, designated P1 (distal) and
P2 (proximal) (Islam et al., 2011a). Recent studies have identified that P1 is likely to be
the major promoter of the LEE1 operon but that the specific structure of the sequence is
more detailed than previously thought, with the identification of a second cryptic P1
promoter that lies 10 bp upstream of the P1 transcriptional start site (Islam et al., 2011b,
Jeong et al.,, 2012, Porter et al., 2005). In two separate studies this phenomenon was
identified in both EHEC and EPEC with minor differences in transcriptional start points
highlighting the conservation of the LEE regulatory systems between pathotypes. Ler has
also been demonstrated to elicit negative autoregulation on the LEE1 promoter as well as
positively drive expression from operons LEE1 through LEE5, presumably as a mechanism
of optimising LEE expression levels to steady-state during the infection process
(Berdichevsky et al., 2005). A schematic representation of LEE master regulation is seen in

Figure 1-11.

1.5.2 The GrIR/GrlA regulatory feedback loop

The analysis of systematic LEE mutations by Deng et al. revealed a second LEE-encoded
regulatory system controlling expression of this PAI. The researchers identified a positive
regulator of ler expression, named GrlA (global regulator of ler activation), and a negative
repressor of ler, named GrlIR (global regulator of ler repression) (Deng et al., 2004). GrlA
forms a positive feedback loop with Ler to maintain steady activation of the LEE, whereas
GrIR was postulated to inhibit GrlA mediated activation of ler under certain conditions
(Barba et al., 2005). Recently the structure of GrIR and a GrIR/GrlA complex has been
solved and the mechanism of Ler regulation by this system elucidated. GrIR forms a
dimeric structure in solution that binds GrlA, stabilises it and inhibits transcriptional
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activation of the LEE1 operon (Padavannil et al., 2013). This complements other findings
that suggest under certain conditions favouring LEE expression GriIR is cleaved by the
ClpXP serine protease complex, freeing GrlA and allowing ler transcription (lyoda &
Watanabe 2005). Despite this recent finding, the precise mechanism governing GrIR

antirepression is unknown. A model of this system is seen in Figure 1-11.
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Figure 1-11 Master regulation of the LEE. The LEE is broadly divided into five
polycistronic operons named LEE1 through LEE5. H-NS silences the LEE under non-
inducing conditions. Ler is encoded by LEE1 first and subsequently activates LEE2-LEE5S by
H-NS antirepression (discussed in section 1.4.3). Ler also autoregulates its own
transcription to maintain steady state levels. Ler additionally drives transcription of griRA,
which codes for a second master regulatory input. GIrR binds GrlA inhibiting its action.
Upon the correct stimuli GrIR repression is relieved by ClpXP, thus freeing GrlA, which
further activates ler transcription. Ler and GrlA therefore form a positive feedback loop
with one another. Transcriptional activation is indicated by a blue arrow; transcriptional
repression is indicated by a red blunt arrow; translation is indicated by a grey broken
arrow. This figure was adapted from (Padavannil et al., 2013).

1.5.3 Nucleoid regulation of the LEE

Nuceloid-associated proteins (NAP) are classically defined as proteins involved in shaping
and packaging DNA. They exist across all lineages of life (Eukarya, Bacteria and Archaea)
and play global roles in nucleoid maintenance. The DNA-binding and shaping ability of
NAPs allows them to affect more than just DNA architecture and they have emerged as
key global regulators of transcription (Dillon & Dorman 2010). Perhaps of most relevance

to the LEE is the histone-like nucleoid structuring protein (H-NS). This regulator can form
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DNA-bridges at both intergenic and recently emerged intragenic sites on both sense and
antisense strands of DNA, thus blocking or trapping DNA polymerase and ‘silencing’ the
promoter (Dillon & Dorman 2010, Grainger et al., 2006, Kahramanoglou et al., 2011,
Singh et al., 2014). H-NS binding is biased towards AT rich segments of the genome, in
other words foreign DNA acquired by HGT (Navarre et al., 2006, Oshima et al., 2006).
LEE1 through LEES are all H-NS repressed under non-inducing conditions such as incorrect
temperature for LEE expression (Umanski et al., 2002). Ler acts as an H-NS antagonist by
displacing H-NS from LEE1 to LEE5 operonic junctions thus relieving the LEE from H-NS
mediated silencing (Figure 1-11) (Mellies et al., 2007). Integration host factor (IHF) is a
dimeric NAP capable of wrapping DNA and affecting transcription on a genome-wide
scale. Indeed IHF was found in a global binding study to bind with sequence-specificity to
~30% of all operons in E. coli K-12 (Prieto et al., 2012). With regards to LEE regulation, IHF
positively promotes ler expression by binding upstream of the LEE1 promoter and is
required for full LEE expression and A/E lesion formation (Friedberg et al., 1999). In
contrast, Hha has a negative effect on ler transcription and has a proposed mechanism of
concentrating H-NS repression by DNA binding mimicry (Madrid et al., 2007, Sharma &
Zuerner 2004). The factor for inversion stimulation (Fis) is responsible for early
exponential phase transcriptional regulation and has been demonstrated to affect ler and
LEE4 expression in EPEC (Dillon & Dorman 2010, Goldberg et al., 2001). Collectively, the
NAP regulators elicit diverse transcriptional control over the LEE by feeding signals into its

core regulatory circuit. Transcriptional effects of NAPs are summarised in Figure 1-12.

1.5.4 The adaptable GAD acid stress response regulators

Upon entry into stationary phase, E. coli employs specific mechanisms to counteract
acidification of the environment. The glutamate-decarboxylase (GAD) acid stress
response comprises two biochemically indistinguishable glutamate decarboxylases (GadA
and GadB) located at different positions on the chromosome. These enzymes convert
glutamate to Y-aminobutyrate and CO, which consumes intracellular H*. Y-
aminobutyrate is subsequently excluded from the cell via a dedicated antiporter, GadC
(De Biase et al., 1999). The GAD system is regulated by H-NS, the stationary phase sigma
factor RpoS and multiple acid induced transcriptional regulators (Atlung & Ingmer 1997,
De Biase et al., 1999, Giangrossi et al., 2005). The system is a complex signalling cascade
involving an environmental response regulator EvgA, a non-acid dependent AraC/XylS
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family regulator YdeO and two acid resistance regulators GadX and the LuxR-like GadE,
that together positively affect transcription of acid resistance genes. A third regulator,
YhiF, shares 23% homology with GadE and has been implicated in control of the acid

resistance regulon but has not been extensively explored (Masuda & Church 2003).

Aside from acid resistance, transcriptional regulators of the GAD system have shown
unique adaptability to LEE regulation. GadX has been demonstrated to bind directly to the
perA (plasmid encoded regulator which positively affect ler expression) promoter in EPEC
and inhibit its expression (Shin et al., 2001). In 0157:H7, GadE and YhiF mutants displayed
increased LEE2 and LEE4 expression and improved adherence to host cells by a
mechanism independent of ler (Tatsuno et al., 2003). Additionally, Tree et al., described
the prophage-encoded secretion regulators (psr) found on numerous O-islands in
0157:H7. In this study the researchers found that GadE and YhiF mediated Psr repression
of the LEE, largely through repression of LEE2/3 and LEE5. Furthermore, they
demonstrated binding of GadE to the LEE1 and LEE2/3 promoters indicating both direct
and indirect control over LEE expression (Tree et al., 2011). Acid in the stomach has long
been considered as a colonisation barrier for E. coli and these studies suggest that GAD
regulators may mediate adherence factor repression as the bacteria passage through the
gut into more neutral intestinal environments as well as promoting timed expression of
prophage encoded regulators and effectors (Tucker et al., 2003, Tree et al., 2011). More
recently, the GAD regulators GadX and GadE were implicated in nitric oxide (NO)
mediated repression of the LEE through a complex regulatory interplay. In a detailed
study, the researchers showed that under LEE inducing conditions, the nitrite-sensitive
repressor (NsrR) promotes LEE expression and represses GadE, whereas upon exposure to
the abundance of NO in gastric juices, NsrR repression of GadE is lifted. GadE then
represses LEE4/5 whilst also activating GadX, which indirectly represses LEE1 (Branchu et
al., 2014). These studies highlight the adaptive power of the conserved GAD system that
has been usurped by environmental sensory systems and cryptic prophage elements to
coordinate LEE expression appropriately. Transcriptional effects of the GAD regulators are

summarised in Figure 1-12.
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1.5.5 Crosstalk between EHEC regulatory elements and the LEE

As highlighted in Figure 1-11, the LEE elicits master regulation of its genes by internal
activation of its intrinsic regulators Ler and GrlA. However, as mentioned briefly several
external elements can feed into the LEE to regulate virulence, such as NAPs and the GAD
regulators. LEE regulation by way of horizontally acquired elements is well documented.
In EPEC, the perABC genes are encoded on the EAF virulence plasmid but this system is
not found in EHEC (Mellies et al., 1999). Interestingly, three functional homologues of the
EPEC Ler activator PerC, pchABC encoded on lambdoid prophages, were identified in
0157:H7 and found to be required for full virulence. Strikingly, the regulators could
function in the opposite background by the same mechanism (lyoda and Watanabe 2004;
Porter et al., 2005). Furthermore, Abe et al. comprehensively demonstrated the binding
capacity of Pch to both the ler promoter and many NLE promoters and coding sequences
(Abe et al., 2008). Temporal regulation of the LEE through Pch and Psr has been
implicated in facilitating NLE competition with LEE-encoded effectors for translocation via
the T3SS (Tree et al., 2011). Additionally to this idea of phage mediated control, Stx2
prophage have been shown to inhibit LEE1 expression by way of the prophage encoded
regulator molecule cll, hypothesised to allow a subset of the population to induce Stx2
and create dependency on the Stx prophage (Xu et al., 2012). Crosstalk between LEE and
prophage regulatory systems can also be found in the SOS response. SOS induction is
known to induce Stx2 but was also found to increase transcription of LEE2/3 operons as
well as the CP-933P encoded nleA (Mellies et al., 2007). The reasons for SOS regulation of
the LEE are unclear but again, may imply a temporal regulation of phage-encoded

elements throughout the course of infection.

Cross-regulation between the LEE and flagella is an interesting area of research. The H7
flagellum has been suggested to play a role in initial binding to host sites with down-
regulation as intimate attachment proceeds (Mahajan et al, 2009). A model was
proposed whereby flagellated bacteria reach their niche, adhere and subsequently
colonise via T3SS mediated attachment when the flagella no longer need to be expressed.
This cross-regulation has been explored. As mentioned in section 1.4.2, GrIR repression of
GrlA is cleaved by ClpXP protease, thus promoting LEE expression by GrlA (Padavannil et
al., 2013). Furthermore, CIpXP post-translationally modifies the flagellar master regulator,
FIhDC, thus inactivating it. Additionally, free GrlA also transcriptionally represses flhDC
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creating two independent mechanisms of motility inhibition when the LEE is induced
(lyoda et al., 2006, Kitagawa et al., 2011). IHF has also been shown mediate flhDC
repression and is known to be required for full LEE expression, thus contributing to the
theory of temporal attachment/motility (Friedberg et al., 1999, Yona-Nadler et al., 2003).
LrhA is a known repressor of flagellar genes and has recently been demonstrated to
induce pchA/B and therefore the LEE in 0157:H7 by directly binding pchA/B promoter
regions (Honda et al., 2009, Lehnen et al., 2002).

The stationary phase sigma factor RpoS plays a global role in gene expression particularly
in the stationary phase of growth or under stressful conditions. RpoS levels are tightly
controlled post-translationally in exponential phase by ClpXP and regulates ~10% of the E.
coli genome (Battesti et al., 2011). Conflicting accounts of the effect of RpoS on LEE
expression have been reported in the past and the differences in phenotypes seem to be
strain specific. Sperandio et al. first <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>