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Escherichia coli O157:H7 has been implicated in many major and sporadic outbreaks of
food-borne related disease in humans. Bovine and bovine derived meat products are cited as
the main source of infection and deliberate inoculation studies of ruminants show that the
surface-arrayed outer membrane protein intimin facilitates persistent colonisation. The
prevalence of E. coli O157:H7 infection in birds is low, but several deliberate inoculation
studies show that poultry are readily and persistently infected by this organism indicating a
possible threat to public health. The mechanisms of E. coli O157:H7 colonisation of poultry
are not understood, but flagella are important for the colonisation of poultry by avian
pathogenic E. coli. Whether intimin plays a role in persistent colonisation of poultry has not
been determined. To investigate the role of intimin and flagella, defined knockout single and
double intimin and aflagellate mutants were constructed in a well characterised non-toxigenic
E. coli O157:H7 isolate (NCTC 12900) and tested in adherence assays with an avian
epithelial cell line (Div-1) and used to inoculate 1-day-old SPF chicks. Ir vitro, NCTC 12900
intimin contributed significantly to adherence, but not invasion, whereas NCTC 12900
flagella only contributed to invasion. NCTC 12900 intimin, but not flagella was required for
micro-colony and AE lesion formation. /n vivo studies revealed that the wild-type could form
micro-colonies on the caecal mucosa of SPF chicks and could persistently colonise birds for
up to 169 days, ceasing 9 days after the birds came into lay and 6% of eggs were
contaminated on the eggshell. NCTC 12900 flagella, but not intimin contributed to persistent
colonisation in the chick. Competitive index models where 1-day-old SPF chicks were dosed
with wild-type and intimin or aflagellate mutants revealed that flagella, but not intimin
contributed to the persistence of Stx-negative E. coli O157:H7 isolate NCTC 12900 in the
chick.
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Chapter 1

General introduction

Non-pathogenic Escherichia coli are the predominant facultative anaerobe of the normal
commensal bowel flora in humans and successfully colonise the host soon after birth (Drasar
and Hill, 1974; Gross, 1994; Talero & Talero, 1993; Sussman, 1997). E. coli that are
pathogenic have been implicated as the causative agent of numerous infectious diseases in
mammals and birds (Carter ef al., 1995; Quinn ef al., 1994). In the human host, pathogenic F.
coli are associated with urinary tract infections, diarrhoea, acute renal failure and meningitis
(Sussman, 1997; Nataro & Kaper, 1998).

Investigations into E. coli began when a German paediatrician, Dr Theodore Escherich
first isolated what he called Bacterium coli commune from the faeces of neonates (Escherich,
1885), later to become known as Escherichia coli, renamed in his honour. Originally thought
of as a commensal of the human alimentary tract, Laurelle first suspected the possible
pathogenicity of E. coli in 1889 (Laurelle, 1889) and in 1892, Jensen (cited by Sojka, 1965)
used E. coli isolates to experimentally reproduce diarrhoea in calves. However, it was not
until the 1940s when serology was regularly used that certain E. coli serotypes were
implicated in outbreaks of diarrhoea in human infants (Bray, 1945).

Renewed interest in E. coli occurred during the late 1950s and early 1960s. During this
time, H. Williams Smith at the Animal Health Trust and Walter Sojka’s group at CVL,
Weybridge, made important discoveries about the role of E. coli in enteric and septicaemic
diseases in animals (reviewed by Gay & Besser, 1994). Since 1965, many virulence factors
have been discovered in numerous strains of E. coli that has led to the categorisation of
collective pathogenic groups of E. coli (Lior, 1994). It was during the late 1970s and early
1980s that a group of pathogenic E. coli able to produce Vero-toxin, often called Shiga-toxin,
were discovered. One such pathogen, E. coli O157:H7, isolated by Riley et al. (1983) is

recognised as the causative agent of severe food-borne related outbreaks in humans.
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1.1 Classification of Escherichia coli

The genus Escherichia is a typical member of the family Enterobacteriaceae which
includes the genera Salmonella and Shigella (Brenner, 1984). Apart from E. coli other
members of this genus include E. blattae, E. fergusonii, E. hermanii and E. vulneris. E. coli is
a short-medium sized, straight Gram negative non-sporulating bacillus approximately 1.1-
1.5Ilm x 2.0-6.0I'lm, possessing 5-10 peritrichous flagella. E. coli usually elaborates a variety
of fimbriae and is often encapsulated. Fermentable carbon and nitrogen sources are an
absolute metabolic requirement for E. coli in an anaerobic environment. Sugars are fermented
to give mixed acids that include lactic, acetic and formic acids, with or without gas
production. E. coli isolates are also catalase-positive and oxidase-negative. E. coli is usually
grown in the laboratory at 37°C and usually occurs singly or in pairs in fast growing cultures
(Van Demark and Batzing, 1987; Talero & Talero, 1993; Holt ef al., 1994; Quinn et al.,
1994).

Classification of E. coli involves serotyping where isolates are identified by their somatic
lipopolysaccharide O-antigens, capsular K-antigens, flagellar H-antigens, and fimbrial F-
antigens (Kauffmann, 1969; rskov & rskov, 1983). Therefore, the O-, K-, H- and F-
antigens determine the serotype of an E. coli isolate (Lior, 1994).

First used for serotyping by Kauffmann (1944), the O-antigen is a thermostable somatic
structure of lipopolysaccharide. Antiserum against O-antigen is made by the injection of
rabbits with boiled bacteria (removal of capsule). Agglutination of the homologous O-antigen
is initiated by the antisera. An isolate to be serotyped is incubated with the antisera at 50°C
for 18 hours and granules are formed if the result is positive (Cooke, 1974). Absorbing out
any cross-reactions produces pure antisera that reacts only with the homologous bacterium.

The capsular K-antigen usually masks the O-antigen, making the test organism O-
antigen untypable (Kauffmann and Vahlne, 1945). Three sub-groups within K-antigens are
called L, A and B. These antigens were described by Kauffmann (1943), Kauffmann (1944)
and Knipschildt (1946), respectively. Presence of the K-antigens is demonstrated using
antisera via the slide agglutination test.

The serologically distinct H-antigens are found in flagella (Lior, 1994). Fifty three
flagella H-antigens have been described for E. coli (Ewing, 1986). Characterisation of
flagella antigens involves the selection of motile bacterial culture in semi-solid (sloppy) agar.
Antisera produced from the culture can be used for the tube agglutination test (Cooke, 1974).
H-antigen agglutination results in the formation of fluffy, loose flocule agglutinates that
disperse easily. Certain isolates may be non-motile (H- or NM) (Macnab, 1996).

Commonly expressed on the surface of other Enferobacteriaceace and Gram positive

bacteria are surface appendages known either as fimbriae or pili (Duguid et al., 1955)
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arranged peritrichously. Houwink & Van Iterson (1950) were the first to observe these
surface appendages by electron microscopy.

More recently, fimbriae were classified as the fourth surface antigen group for
characterisation by serology ( rskov & rskov, 1983). Seventeen F-antigens are used in
serological testing (Lior 1994), most of which are specifically associated with particular
infections and diseases. For example, P-fimbriated E. coli are associated with urinary tract
infections (Kuehn et al., 1992), and bundle forming piliated E. coli are associated with infant
diarrhoea (Girén ef al., 1991). Travellers diarrhoea is associated with CFAI (F2) fimbriated
E. coli, K88 (F4) and K99 (F5) fimbriated E. coli are associated with neonatal diarrhoeal
disease in pigs (Jones and Rutter, 1972). K99 fimbriated E. coli are also associated with
neonatal diarrhoeal disease in calves and lambs (Smith & Linggood, 1972).

Other ways to characterise E. coli include detection of toxins and colicins and
differentiation by electrophoretic and phage typing (Hettiarachy et al., 1973; Whittam &
Wilson, 1988; Lior, 1994). Advances in molecular techniques have introduced restriction
fragment length polymorphism (RFLP), amplified fragment length polymorphism (AFLP),
pulse field gel electrophoresis (PFGE) and polymorphic amplified typing sequences (PATS)
(Barrett, et al., 1994; Jantausch & Hull, 1996; Lin et al 1996, Kudva et al., 2002) to aid
differentiation, particularly useful for molecular epidemiological studies.

1.2 Pathogenic E. coli of the gastrointestinal tract

Escherichia coli is the principal commensal facultative anaerobe of the human gut.
However, various pathogenic E. coli that may be acquired from the environment (food, water
etc) can cause a broad spectrum of diseases, such as, diarrhoea and urinary tract infections to
potentially fatal diseases including septicaemia, meningitis and haemolytic ureamic
syndrome (HUS) (Sussman, 1997; Nataro & Kaper, 1998). For the purposes of this
introduction, extra-intestinal pathogenic E. coli will not be discussed.

Pathogenic E. coli are generally characterised by specific virulence factors that are
generally characterised as adherence and or invasion determinants and toxins. The various
pathogenic groups that cause gastrointestinal diseases in man are enteroaggregative E. coli
(EAEC), enteroinvasive E. coli (EIEC), diffusely adherent E. coli (DAEC), enterotoxigenic
E. coli (ETEC), enteropathogenic E. coli (EPEC) and Shiga-toxin (Vero-toxin) producing F.
coli (STEC or VTEC). For the purposes of this review the latter pathogenic group will be
called Shiga-toxin producing E. coli. STEC that cause a type of kidney failure known as
haemolytic uraemic syndrome (HUS) are collectively called enterohaemorrhagic E. coli
(EHEC).

Enteroinvasive E. coli (EIEC) are regarded as similar to Shigella since they are non-

motile, late or non-lactose fermenting, anaerogenic (fermentation without the production of
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gas) and the clinical syndrome they produce is virtually identical to Shigella infection
(DuPont et al., 1971; Parscot & Sansonetti, 1996). The presence of a large 140 MDa plasmid,
designated plnv (also present in Shigella serotypes) (Small & Falkow, 1988; Sasakawa et al.,
1992) is associated with the enteroinvasive characteristics of EIEC which involves epithelial
cell penetration, lysis of the endocytic vacuole and intracellular multiplication (Sansonetti,
1992; Goldberg and Sansonetti, 1993). Enterotoxin production does occur (Nataro et al.,
1995), but its role in watery diarrhoea is unproven. Dysentery due to EIEC is uncommon but
because of the significant similarity to shigellosis prevalence is probably underestimated.

In certain regions of the developing world, cases of persistent diarrhoea have been
associated, but not always, with enteroaggregative E. coli (EAEC) (Bhan et al., 1989;
Cravioto et al., 1991; Scotland et al., 1993). EAEC are also a potential cause of diarrhoeal
disease in adults with human immunodeficiency virus (HIV) (Wanke ez al., 1998). EAEC at
present are defined as E. coli strains that do not secrete the enterotoxigenic E. coli (ETEC)
enterotoxins (LT and ST) but do form an aggregative adherence (AA) pattern on HEp-2 cells.
However, this definition appears to include pathogenic and non-pathogenic EAEC strains as
confirmed by volunteer studies and outbreak investigations (Nataro et al., 1995). An in vitro
rabbit intestinal model demonstrated that EAEC produce a 4.1 kDa enterotoxin known as the
enteroaggregative heat-stabile toxin, EAST1 (Savarino et al., 1991). A defined role for
EASTI in EAEC pathogenesis is yet to be confirmed although EAST]1 is also found in other
pathogenic E. coli, including E. coli O157:H7 (see below).

Little is also known about the pathogenic features of diffusely adherent E. coli (DAEC)
induced childhood diarrhoea, but the risk of childhood diarrhoea appears to increase with age
(Levine et al., 1993). Both a fimbrial (F1845 factor) and a non-fimbrial adhesin (AIDA-1)
have been described (Bilge ef al., 1989; Benz & Schmidt, 1993).

Enterotoxigenic E. coli (ETEC) produce at least one toxin of a defined group of two
enterotoxins (Gorbach et al,, 1971). In humans, ETEC are associated with travellers
diarrhoea in developing countries. First described as agents of diarrhoeal disease in piglets,
the toxins produced by ETEC are heat-labile toxin (LT) and heat-stabile toxin (ST) and both
are plasmid encoded (Gyles, 1994). Two LT toxins (LT-I and LT-II) have been described and
both are oligomeric toxins with an ABs structure exhibiting ADP-ribosyltranferase activity.
Both toxins are closely related to the cholera enterotoxin (CT) of Vibrio cholerae (Sixma et
al., 1993). Heat-stabile toxin (ST) also exists in two forms, but are distinct in structure and
function from the LTs, and from each other. STa has guanylate cyclase activity (deSauvage et
al., 1992; Vaandrager et al., 1994), whereas STb (associated primarily with pigs) stimulates
bicarbonate secretion from intestinal cells (Sears and Kaper, 1996). Adherence mechanisms

are species specific for ETEC. Strains expressing K99 fimbriae are pathogenic for calves,
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lambs and pigs, whereas K88 expressing strains only infect pigs (Cassels & Wolf, 1995).
Human ETEC strains express fimbriae called Colonisation Factor Antigens (CFAs) (De
Graaf & Gaastra, 1994).

Infantile diarrhoea in the developing world is associated with enteropathogenic E. coli
(EPEC) (Nataro & Kaper, 1998). Originally defined only by their O and H serotypes, EPEC
are now characterised on the basis of one pathogenic phenotype known as the attaching and
effacing (AE) lesion (Knutton et al., 1989). The AE lesion is characterised by the loss of
microvilli (effacement) and the production of a pedestal cup underneath and around the
EPEC, composed of polymerised actin and other cytoskeletal compounds (Finlay et al., 1992,
Kaper et al., 1998). Formation of this lesion appears to involve a variety of signal
transduction pathways in the eukaryotic cell (Nataro & Kaper, 1998). Molecular analysis of
EPEC strain E2348/69 demonstrated that the AE phenotype is encoded on a 35.6 kb
pathogenicity island, the locus of enterocyte effacement (LEE) (McDaniel et al., 1995;
McDaniel & Kaper, 1997). Within the LEE are genes encoding an outer membrane protein
(intimin), a type III secretion system (Esc, Sep, and Ces proteins), secreted proteins (Esp) and
the translocated intimin receptor (Tir) (Elliott et al., 1998). Additional virulence factors are
also encoded on the EPEC virulence enterocyte adherence factor plasmid (EAF) (Nataro et
al., 1985), including the regulator Per and the type IV bundle forming pili (BFP) (Gémez-
Duarte & Kaper, 1995; Gir6n et al., 1991). Both virulence factors are associated with the
localised adherence patterns observed on HEp-2 cells and for virulence in humans (Bieber et
al., 1998).

First identified in 1977, Shiga-toxin producing E. coli (STEC) cause diarrhoeal disease
in humans and animals, and may be characterised by the production of Shiga-like toxins that
cause cytotoxic effects on Vero cells (African Green monkey kidney cells) (Konowalchuk er
al., 1977). This cytotoxic effect was demonstrated by using the culture supernatants of some
E. coli strains including strains of the O26:H11 serotype. The genes that encode Shiga-toxin
(Stx) are carried by temperate bacteriophages (Brunton, 1994). Significantly, STEC are
associated with the potentially fatal haemolytic uraemic syndrome (HUS) which is
characterised by kidney failure (Karmali, 1989). Various STEC serotypes can induce the AE
phenotype, although STEC that are LEE negative have also been described (Paton et al.,
1999).

1.3 Enterohaemorrahagic E. coli (EHEC) including E. coli O157:H7

STEC causing haemorrhagic colitis (HC) and HUS are classed as enterohaemorrhagic E.
coli (EHEC) (Levine, 1987). Apart from E. coli O157:H7, other EHEC serogroups of
medical importance include O26 and O111 (Scotland ef al., 1990; Paton et al., 1996). The

term enterohaemorrahagic E. coli (EHEC) characterises STEC strains that express Stx, cause

17



AE lesions, possess a 60 Mda plasmid and cause HC and HUS. An atypical EHEC strain is a
STEC strain that does not possess a 60 Mda plasmid and is unable to induce the AE
phenotype (Nataro & Kaper, 1998).

Riley et al. (1983), who investigated two outbreaks of a distinctive gastrointestinal
illness, first reported the recognition of EHEC as major pathogens of humans. Characterised
by severe abdominal pain and cramp, watery diarrhoea followed by bloody diarrhoea, and
little or no fever, this illness designated haemolytic colitis (HC) was associated with the
consumption of undercooked hamburgers at a fast food chain in the USA. Cultured stools
from patients yielded a novel E. coli serotype, O157:H7. Karmali et al. (1983) also associated
sporadic cases of HUS with faecal Stx and Stx producing E. coli in stools.

HUS is defined by three disease symptoms of acute renal failure, thrombocytopenia and
microangiopathic haemolytic anaemia. These observations led to the recognition of an
important class of novel emerging enteric pathogens causing intestinal and renal disease. E.
coli O157:H7 is one such novel pathogen which has caused major food-borne outbreaks and
sporadic cases world-wide.

1.4 Major food-borne outbreaks caused by E. coli O157:H7

Since it was first characterised by Riley and co-workers (1983), Stx positive E. coli
O157:H7 has been a causative agent of food-borne outbreaks in Northern America (Ostroff et
al., 1990; Bell et al., 1994; Cody et al., 1999; Breuer et al., 2001; Crump et al., 2002: Olsen
et al., 2002), Japan (Michino et al., 1999; Watanabe et al., 1999; Tsuji et al., 2002) and the
United Kingdom (Willshaw et al., 1994; O’Brien et al., 2001; Cowden et al., 2001: Goh et
al., 2002). Other outbreaks have been reported in continental Europe (Reida et al., 1994;
Ramberg ef al., 1996; Keskimaki et al., 1998; Tozzi et al., 2003) and although originally
reported from these developed regions of the world, human outbreaks of E. coli O157:H7
have been reported in the developing world, including Africa (Effler ef al., 2001).

Between 1982 and 1996 in the U.S.A, one hundred and thirty nine Stx positive E. coli
O157:H7 outbreaks were reported, culminating in over 3,000 ill persons, of which 22% were
hospitalised, 6% developed HUS and thrombotic thrombocytopenic purpura and 0.6% died
(Sparling, 1998). In a 1994 outbreak of E. coli O157:H7 infections from salami, the
infectious dose was estimated to be fewer than 50 bacteria (Tilden ef al., 1996). In recent
times, it is estimated that in the USA, E. coli O157:H7 causes an estimated 73,000 illncsses,
2000 hospitalisations and 60 deaths per year (Griffin et al., 2000). Although ground beef
remains the most common source of E. coli O157:H7 infection, rural drinking water and
recreational water are increasingly recognised as important vehicles (Feldman et al., 2002,

Lee et al., 2002; Olsen et al., 2002).
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In Japan, all EHEC outbreaks reported since and including the first outbreak reported in
a kinder-garden school in 1990 (Akashi et al., 1994), have all been associated with E. coli
O157:H7. During 1996, several outbreaks were reported and in particular at 47 primary
schools in Sakai city in July, the largest outbreak occurred where the number of symptomatic
patients in Sakai city exceeded more than 7,500 (Michino et al., 1999). Although the number
of outbreaks decreased gradually, sporadic cases are continuously occurring, where more
than 2000 symptomatic cases have been reported every year since 1997 (Watanabe, 2000).
Recently, the complete genome of this outbreak strain has been sequenced (Hayashi et al.,
2001).

In the United Kingdom the incidence of E. coli O157:H7 infection is high (Smith et al.,
1998). During 1983, E. coli O157:H7 was isolated following an outbreak of HUS in the West
Midlands of England which affected 35 children (Taylor et al., 1986). Between 1987 and
1996, 79 outbreaks of E. coli O157:H7 were recorded in England, Wales and Scotland, where
24 of these occurred in the latter country (Smith ef al., 1998). No E. coli O157:H7 were
reported in Northern Ireland during this time period. Little is known about the importance of
non-O157 EHEC in the United Kingdom, since very few laboratories screen for serotypes
other than O157. In the United Kingdom there has been a significant increase in the isolation
of E. coli O157:H7 possibly resulting partly from improved isolation techniques and changes
in the criteria for screening. However, this does reflect a true increase in E. coli O157:H7
infections. The rates of infection with E. coli O157:H7 per 100,000 are variable throughout
the United Kingdom, with the highest rates occurring in Scotland. From 1990-1996 the
average annual rate in England and Wales was less than 1.5/100,000, whereas in Scotland for
the same period the average was greater than 5/100,000 (Smith e al., 1998).

On Friday 21st November 1996 in Central Scotland (Lanarkshire) 15 suspected cases of
E. coli O157:H7 infection were reported. Subsequently, an epidemic involving E. coli
0157:H7 occurred. Currently it stands as one of the largest outbreaks worldwide in terms of
mortality with 21 associated deaths. All fatalities were over 65 years of age. Described as
number of people infected it is the largest in Europe with 503 cases ranging from 2 to 91
years of age. Isolates from 279 cases were confirmed as E. coli O157:H7 phage type 2, and
possessed the Stx2 toxin gene (Stevenson & Hanson, 1996; The Pennington Group Report,
1997; Ahmed & Donaghy, 1998). The predominant E. coli O157:H7 phage types for illness
in people in Scotland today and the United Kingdom as a whole appear to be phage types
21/28, but phage types 2, 4, 8 and 32 are also important (Crampin et al., 1999; Allison et al.,
2000; O’Brien et al., 2001; Goh et al., 2002; O’Donnell et al., 2002). Interestingly, a recent
12 month abattoir study by Paiba er al.,, (2002) has revealed that the most frequently
recovered E. coli O157:H7 isolates were 2, 8 and 21/28 in cattle and 4 and 32 in sheep.
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1.5 E. coli O157:H7 in animals

Most E. coli O157:H7 human outbreaks originate from bovine and bovine derived food
products. Globally, E. coli O157:H7 is widely distributed in cattle herds (Griffin & Tauxe,
1991; Armstrong et al., 1996; Hancock et al., 1997). Another important reservoir for this
human pathogen is sheep (Chapman et al., 1997; Kudva et al., 1997), and there is concern
that E. coli O157:H7 may enter and establish within other food animal production systems
such as pig and goat (Heuvelink ez al., 1999; Pritchard et al., 2000).

Although domestic livestock are often indirectly implicated in human outbreaks, there is
sufficient field data to suggest that bovines are not the only reservoirs of E. coli O157:H7.
Epidemiological studies of cattle farms affected with E. coli O157:H7 have indicated that
infection of farms by this human pathogen can originate from outside sources suggesting that
non-cattle species may play a role in E. coli O157:H7 epidemiology (Hancock et al., 2001).
Identical E. coli O157:H7 isolates have been detected in cattle that are several hundred
kilometres apart (Rice et al., 1999). A possible reason for this observation is that E. coli
O157:H7 have been isolated from horses, dogs, deer, birds, wild rabbits and rats. Therefore,
it is reasonable to assume that this pathogen may be transported by these and yet unidentified
migratory animal reservoirs (Rice e al., 1995; Wallace et al., 1997; Cizek et al., 1999;
Sargent et al., 1999; Fischer et al., 2001; Pritchard et al., 2001; Renter et al., 2001).

1.6 Isolation and detection of E. coli O157:H7

Surveillance of E. coli O157:H7 in humans and animals relies on the isolation of this
pathogen from faeces, involving sensitive methods, including enrichment and
immunomagnetic separation (IMS) techniques (Chapman et al., 1994: Chapman et al., 1997).
Since the vast majority of E. coli O157:H7 strains do not ferment sorbitol in 24 hours,
Sorbitol MacConkey agar (SMAC) was developed to distinguish E. coli O157:H7 from
sorbitol fermentors (March & Ratnam, 1986). E. coli O157:H7 grow as colourless colonies,
whereas sorbitol fermentors grow as purple colonies. Further development of this media for
specific selection of E. coli O157:H7 involves the addition of Cefixime and Tellurite (CT-
SMAC) (Zadik et al., 1993), but some sorbitol fermenting E. coli O157:H- strains do not
grow on CT-SMAC (Karch et al., 1996).

Other selective media for E. coli O157:H7 identification include CHROMagarwo
(Wallace & Jones, 1996), modified eosin methylene blue agar (MEMB) (Harrison et al.,
1998), Rainbow Agarco (Bettelheim, 1998), haemorrhagic coli agar (HC) (Szabo et al.,
1986), phenol red sorbitol agar + MUG (PRS-MUG) (Conner & Hall, 1994), and Fluorocult
E. coli O157:H7 agar (Merck). A latex agglutination test, where beads that are coated with
antibodies recognising the O157 antigen, is also available for the presumptive identification

of E. coli 0157 (Oxoid).
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Immunomagnetic separation (IMS) involves target O157 cells recovered from pre-
enrichment or selective broths using paramagnetic beads. These beads are coated with
polyclonal antibodies specific for the O157 antigen. The inclusion of the IMS step into
cultural O157 isolation procedures is now regarded as the gold standard (Fratamico er al.,
1992; Chapman et al., 1994; Bennett et al., 1996; Heuvelink et al., 1997).

DNA based methods are used for the detection of E. coli O157:H7 DNA sequences that
encode virulence factors such as the plasmid encoded enterohaemolysin, both Shiga-toxins,
intimin and the structural subunit of flagella (Bastian et al., 1998; Fratamico et al., 2002).
Rapid detection of both toxin genes in E. coli O157:H7 by real-time PCR with fluorescent
hybridisation probes has been described (Bellin ez al., 2001) and the quantification of E. coli
0157:H7 from soil by real-time PCR revealed that less than 10 CFU per g/soil of E. coli
O157:H7 were detected (Ibkewe & Grieve, 2003). The »fb6 O157 gene for detection of the
0157 antigen may be also be targeted (Maurer ef al., 1999). Wang & Reeves, (1998) and
Schimizu and co-workers (1999) determined the sequence of the O157 O-antigen synthesis
gene cluster. Both studies have suggested that rapid detection of this cluster by PCR could
overcome the problems of antiserum cross-reaction with other bacteria.

1.7 Virulence factors of E. coli 0157:H7 encoded outside the LEE
1.7.1 Shiga-toxin (Stx)

Karmali et al. (1985) first suggested that there was a link between Stx and the
pathogenesis of HUS. Stx belongs to a family of subunit toxins that consist of one A-subunit
and five B-subunits (ABs). The A-subunit of Stx from STEC ranges from 30-35 kDa and the
five B-subunits each range from 7-11 kDa, but for a particular type of Stx the five B-subunits
are identical. The A-subunit is composed of an A; peptide that contains enzyme activity, and
an A, peptide that binds the A-subunit to the pentamer of identical B-subunits (O’Brien et al.,
1992).

The STEC Shiga-toxin family includes Stx1, and five Stx2 variants (O’Brien et al.,
1987). Shiga-toxin from Shigella dysenteriae type 1 and Stx1 differ in only one amino acid in
the A-subunit (Strockbrine et al., 1988). The A and B structures of Stx1 only share 55% and
57% amino acid homology with the corresponding subunits of Stx2 (Melton-Celsa &
O’Brien, 1998). E. coli O157:H7 isolates can produce both Stx1 and Stx2, Stx2 only, or in
rare cases, Stx1 only (Nataro & Kaper, 1998). A recent study has substantiated the findings
of earlier studies, that Stx2 producing E. coli are more likely to cause HUS than infection
with organisms that produce Stx1 only (Siegler ef al., 2003). A variant of Stx2 termed Stx2¢
has been identified in an E. coli O157:H- strain (Schmitt e al., 1991). Other members of the
Stx2 family exist in non-O157 STEC isolates, such as Stx2e, which induces oedema disease

in pigs (De Grandis et al., 1989).
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The genes encoding Stx1 and Stx2 are encoded on separate lysogenic bacteriophages.
(Scotland er al., 1983; O’Brien et al., 1984; O’Brien et al., 1989). In E. coli O157:H7 strain
ED1.933, Stx2 is encoded on bacteriophage 933W (O’Brien et al., 1989). Regulation of Stx
production and phage release studies have shown that the bacteriophage encoded H-19 Q
gene product activates expression of both its own stx/ genes and 933 W stx2 genes (Neely &
Freedman, 1998; Plunkett III et al., 1999). Interestingly, phage 933W from EDL933 is
similar but not identical to the VT2-Sakai phage from the Japanese outbreak E. coli O157:H7
isolate (Schmidt, 2001). Studies for the control of Stx2 specific phage induction by the RecA
protease were demonstrated by isogenic rec4 mutants of E. coli O157:H7 isolates that were
greatly reduced in Shiga-toxin synthesis and were devoid of specific Stx2 phage production
(Fuchs et al., 1999).

The Stx1 phage (VT-1 Sakai) from the E. coli O157:H7 Sakai outbreak isolate has been
sequenced completely (Yokoyama et al., 2000). The phage is 47.9 kb in length and has 70
open reading frames. Although, the overall structure of VT-1 Sakai predominantly resembles
that of phage lambda, its right arm is more homologous to that of phage 933 W.

The Bs structure of Shiga-toxins binds the receptor glycolipid, globotriaosylceramide
(GB5) that is expressed on the surface of microvascular endothelial cells (Lingwood et al.,
1987; Waddell et al., 1988). After binding, the holotoxin is transported within endosomes to
the golgi apparatus, where somewhere in the host cell the A-subunit is proteolytically nicked
to yield the A peptide and the much smaller A, peptide (ca. 4 kDa), but both peptides remain
connected via a disulphide bond (O’Brien er al., 1992). After reduction, both peptides
separate and the A; peptide depurinates an adenine residue on the 28S rRNA portion of the
60S ribosomal subunit. This leads to inhibition of elongation factor 1-dependent aminoacyl-
tRNA binding to ribosomes, preventing transcription of RNA, resulting in cell death (Igarashi
et al., 1989). This direct toxic effect occurs in the glomerular endothelial cells of the kidneys
(Paton & Paton et al., 1998). Furthermore, Te Loo ef al. (2001) demonstrated that Stx2 is
transported in humans from the intestine to these target cells by granulocytes. A proposed
mechanism of endothelial cell damage is illustrated in Figure 1.1.

Other pathogenic effects of Stx described, include neutrophil mediated tissue damage by
inhibition of neutrophil apoptosis by Stx2 (Liu et al., 1999), and Stx2 associated brain
damage (Kita ef al., 2000). Another recent study has also described Stx2 induced cell death is
mediated by the anti-apoptotic protein Bcl-2 (Suzuki ef al., 2000). However, Schmidt et al.
(1999) have presented data on E. coli O157:H7 and E. coli O157:H- clinical isolates that are
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Figure 1.1. Mechanisms of endothelial cell injury caused by Shiga-toxin.
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Shiga-toxin negative, indicating that Stx is not essential for all the diseases associated with E.
coli O157 strains.
1.7.2 Lipopolysaccharide (LPS)

Lipopolysaccharide (LPS) is implicated in the pathogenesis of HUS. Alterations to renal
cells have been demonstrated and a synergy with Stx has been observed (Barrett et al., 1989).
An in vivo model of E. coli O157:H7 infection using LPS responder and LPS non-responder
mice described by Karpman et al. (1997) showed that Stx2 positive strains caused the most
severe renal symptoms in LPS responder mice. Louise & Obrig (1992) demonstrated the
combined cytotoxic effects LPS and Stx toxin on human vascular endothelial cells in vitro. A
mouse study by Shimizu et al. (1999) has suggested that LPS absorbed into the circulation
from the inflamed colon could also enhance the injury caused by Stx virtue of their ability to
stimulate the local or systemic release of proinflammatory cytokines from mesenchymal,
endothelial or circulating immune cells. Obrig et al. (2000) has also suggested that this
sensitisation following exposure to LPS occurs due to limited expression of the Gb3 receptor
by endothelial cells.

The structure of the O-antigen polysaccharide of E. coli O157:H7 has been determined to
be unbranched and linear with a tetrasaccharide repeating unit (Perry er al., 1986).
Characterisation of the genes required for E. coli O157:H7 and E. coli O157:H- O-antigen
synthesis has been reported (Wang & Reeves, 1998; Shimizu ef al., 1999). Currie & Poxton,
(1999) have shown that E. coli O157:H7 and other STEC isolates obtained from the reference
laboratory at Aberdeen, all had the R3 chemotype LPS core. Amor et al. (2000) confirmed
that the R3 chemotype appears only to be found in STEC isolates, including E. coli O157:H7.

The O-antigen of E. coli O157:H7 has been implicated in interfering with its adherence
to HeLa cells (Bilge et al., 1996; Cockerill et al., 1996). Hyper-adherence was observed
using an O-antigen negative mutant suggesting that the O-antigen of E. coli O157:H7 LPS
may physically hinder attachment of outer membrane virulence factors to the host cell. This
might implicate a modulation of virulence by LPS.

A recent study by Hara-Kudo et al. (2000) has demonstrated that E. coli O157:H7 lose
0157 O-antigenicity when under starvation conditions for a long period, but can still produce
Stx. Recovery of 0157 O-antigenicity was not observed when cells were cultured on tryptic
soy broth. This loss of immunologic response suggests that E. coli O157 that lose O-
antigenicity will not be isolated using £. coli O157 O-antigenicity kits from contaminated
samples. Furthermore, this phenotype may be detrimental to the organism itself, as £. coli
0157:H7 LPS has also been implicated in acid and heat resistance (Mao et al., 2001; Barua et
al., 2002).
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1.7.3 Large virulence plasmid pO157

Nearly all strains of E. coli O157:H7 contain the 60 MDa plasmid pO157 (Schmidt ez
al., 1994). This plasmid can also be found in some other EHECs, including O26:H11 strains
(Beutin et al., 1994). Sorbitol fermenting E. coli O157:H- isolates also harbour a large
virulence plasmid, known as pSFO157, which is markedly different from pO157 (Brunder et
al., 1999). A role in pathogenicity by pO157 has not been clearly defined due to conflicting
data from various animal models (Nataro & Kaper, 1998), but some studies have
demonstrated pO157 induced haemolytic activity (Schmidt et al., 1994), and adherence to
intestinal cells (Fratamico et al., 1993; Karch ef al., 1987).

The sequences of putative plasmid virulence genes have been reported and include a
catalase peroxidase, katP (Brunder et al., 1996), an extracellular serine protease, espP
(Brunder et al., 1997), four genes forming a haemolysin locus (Schmidt et al., 1995) and 13
genes involved in encoding a type II secretion system (Schimdt et al., 1997). Recent studies
have identified a secreted metalloprotease which is encoded on pO157, designated StcE, that
specifically cleaves Cl esterase inhibitor (Lathem et al., 2002). The type 1I secretion on
pO157 system has been shown by the same study to secrete StcE. It was also noted that StcE
caused the aggregation of cultured human T-cells, but not macrophages. Substitution of
aspartic acid for glutamic acid within the active site of StcE diminished the cleavage and
aggregation abilities. The authors suggest that the cleavage ability of StcE may cause the
localised pro-inflammatory and coagulation responses that result in tissue damage, intestinal
oedema and thrombotic pathology.

Also contained within this plasmid is fagd, which encodes a lipoprotein homologous to
the cryptic ToxR activated TagA of Vibrio cholerae (Elliott et al., 2000). Antibodies to E.
coli O157:H7 TagA has been detected in the sera of HUS patients, demonstrating that this
protein is expressed in vivo (Paton & Paton, 2002). Furthermore, since this gene is present
only in STEC serogroup O157, antibodies would function as a useful serological marker for
E. coli 0157 infections.

The large virulence plasmid of E. coli O157:H7 also harbours genes encoding a
haemolysin belonging to the RTX toxin family, termed enterohaemolysin (Bauer ef al., 1996;
Schmidt et al., 1996). The gene encoding this haemolysin, ehxA, shares about 60% identity
with the hlyA gene residing in UPEC (Bauer et al., 1996; Schmidt and Karch, 1996).
Although studies have demonstrated that the toxin lyses erythrocytes and bovine, but not
human leukocytes, a clear role on pathogenesis has not been determined (Bauer et al., 1996).

The complete sequence data for pO157 (Burland et al., 1998) has revealed the presence
of a new putative virulence gene designated L7095. The first 700 residues of this open

reading frame (ORF) share strong homology with the N-terminal domain of the large
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clostridial toxins ToxA and ToxB from Clostridium difficile. Klapproth et al. (2000)
designated this gene /if4, and demonstrated that disruption of this gene in EPEC isolates
affected lymphokine production and lymphocyte proliferation, and severely attenuated E. coli
O157:H7 1inhibition of IL-2 expression. A study by Tatsuno et al. (2001) indicated that the
toxB gene on pO157 contributed to E. coli O157:H7 adherence to Caco-2 cells through the
promotion and/or secretion of type III secreted proteins.
1.7.4 Other plasmids

A 3.3 kb plasmid has been isolated from E. coli O157:H7 isolates. Haarmann et al.
(1998) have determined by nucleotide sequencing that this plasmid (p4821) was closely
related to the Salmonella enterica serotype Typhimurium antibiotic resistance plasmid,
NTP16. However, the tra genes were not detected, indicating that p4821 was a
nonconjugative plasmid. This study also noted that of fifty E. coli O157:H7 strains isolated, 4
strains contained p4821 specific sequences. This 3.3 kb plasmid (termed pOSAKT1) has also
been characterised by nucleotide sequencing in the Sakai outbreak E. coli O157:H7 strain
(Makino et al., 1998). Again, the authors in this study confirmed that the nucleotide sequence
of pOSAK1 was extremely similar to that of NTP16 and that it appeared to be
nonconjugative. Genome sequencing of E. coli O157:H7 isolate EDL933 did not reveal the
presence of the 3.3 kb plasmid (Perna et al., 2001)
1.7.5 EAST1

First described in EAEC, EAST] is also found in many EHEC strains. Savarino et al.
(1996) identified the ast4 gene encoding EAST1 in all 75 E. coli O157:H7 isolates studied,
usually with two copies in the chromosome. This study also reported the presence of ast4 in
other EHEC serotypes. Recent research has indicated that that both copies of astd are
unlikely to be expressed (Yamamoto & Taneike, 2000). The importance of this toxin is not
known, but it may account for the symptom of non-bloody diarrhoea frequently seen in
EHEC infected patients as suggested by Nataro and Kaper, (1998).
1.7.6 Flagella

Clones of E. coli are normally identified by their combination of O- and H-antigens
(Drskov et al., 1977). The H-antigen of E. coli are fine long tubular structures that consist of
the structural subunit, flagellin, encoded by the f7iC gene. The N- and C-terminal portions of
flagellin among E. coli species and other bacteria are conserved whereas the central exposed
antigenic region of the flagellar filament is highly variable (Macnab, 1996; Winstanley et al.,
1997). Analysis of the fliC sequences of O157:H7 and O55:H7 serotypes shows they are
almost identical but highly divergent from E. coli expressing other H types (Reid et al., 1999;
Wang et al., 2000). Two subtypes of the H7 antigen have been described (Wright &
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Villanueva, 1953; Ratiner & Sinelnikova, 1969) and a recent study has shown that the H7
antigen of E. coli O157:H7 has the H7a,c subtype (Ratiner ez al., 2003).

For certain E. coli pathogens, flagella have been associated with the penetration of
mucous layers over epithelial cells (Smyth, 1988; La Ragione et al., 2000a). A role for of E.
coli O157:H7 flagella in pathogenicity has not been described, although, inhibition of E. coli
O157:H7 attachment to HEp-2 cells was noted when bacteria were co-incubated with H7
antisera (Sherman & Soni, 1988). Western blot and motility analysis studies revealed that a
E. coli O157:H7 luxS mutant (LuxS is involved in quorum sensing) produced fewer flagella
and had decreased motility halos in semisolid agar (Sperandio et al., 2001). A subsequent
study by Sperandio and co-workers (2002) demonstrated that when the regulators of a novel
quorum sensing two-component regulatory system (QseBC) were disrupted, less flagella
were expressed and reduced motility was observed. However, a role for flagella in E. coli
0O157:H7 virulence is difficult to assess since E. coli O157:H- strains have emerged that are a
public health problem in central Europe (Bielaszewska et al., 1998; Schmidt et al., 1999) and
an outbreak in Scotland was linked to E. coli O157 that were non-motile (O’Brien et al.,
2001).

1.7.7 Fimbriae

Various types of fimbriae have been described for E. coli (Sussman, 1997). Some types
are found in most E. coli, whether pathogenic or not e.g. type-1 fimbriae (Duguid et al.,
1955; Brinton, 1959; Duguid, 1959). An unusual ‘curly’ type structure has been identified in
certain E. coli pathogens (Knutton et al., 1987a) which has since been termed ‘curli’ (Oslen
et al., 1989). The significance of £. coli curli fimbriae in human disease remains unclear
(Sussman, 1997). However, avian E. coli mutants defective for the production of curli are
significantly reduced in their ability to persist in a 1-day-old chick model (La Ragione et al.,
2000b).

The genomes of both E. coli O157:H7 strains sequenced (Hayashi et al., 2001; Perna et
al., 2001) have revealed the presence of seven fimbrial operons. The operon encoding type-1
fimbriae is found in both £. coli O157:H7 sequenced genomes (Hayashi et al., 2001; Perna et
al., 2001) and Durno et al., (1989) suggested that type-1 fimbriae were important for
adherence of E. coli O157:H7 strain CL-49. However, CL-49 is unique because of over 40
other E. coli O157:H7 strains tested none produced type-1 fimbriae in virro (Enami et al.,
1999). Li et al. (1997) identified a 16 bp deletion in E. coli O157:H7 within the regulatory
switch region that controls expression of type-1 fimbriae. A recent study has confirmed the
presence of this 16 bp deletion residing in the fimA regulatory region in 63 human and cattle
E. coli Q157 strains (Roe et al., 2001). Both sequenced E. coli O157:H7 strains (Hayashi ef

al., 2001; Perna et al., 2001) have the curli operon, but curli expression is uncommon in £.
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coli O157:H7. However, variations in curli expression have been reported in two human
outbreak E. coli O157:H7 strains due to a single base pair mutation in the csgD promoter
(Uhlich et al., 2001). This mutation was associated with increased virulence in mice and
increased invasion of HEp-2 cells (Uhlich ef al., 2002).

A role for fimbriae in E. coli O157:H7 remains unclear (Karch et al., 1987; Toth et al.,
1990). Transfer of the pO157 plasmid to E. coli K-12 resulted in the elaboration of novel
fimbriae by E. coli K12 and enhanced adherence to intestinal cells (Karch et al., 1987).
Torres et al. (2002) identified six putative ORFs in an E. coli O157:H7 strain, designated
IpfABCC’DE, that are closely related to the long polar fimbriae operon of Salmonella
enterica serovar Typhimurium. When this operon was introduced into a fimbriae negative
strain of E. coli K12 it became adherent to tissue culture cells. An isogenic E. coli O157:H7
IpfA mutant showed a 30% reduction in adherence to tissue culture cells and formed fewer
micro-colonies.

1.7.8 Acid resistance

As with other enteric pathogens, the infectious dose (10-100 bacteria) of E. coli
O157:H7 is thought to correlate with acid resistance (AR) (Gorden and Small, 1993). RpoS is
an alternate sigma factor (¢°) involved in regulating the expression of numerous stress
response genes (Hengge et al., 1993). Cheville er al. (1996) demonstrated that the stationary
phase acid tolerance of an rpoS mutant of E. coli O157:H7 was significantly reduced. In vivo
studies using the same mutant demonstrated that RpoS appears to play a role in E. coli
0O157:H7 passage in mice and shedding in calves (Price ef al., 2000). Three mechanisms of
acid resistance in E. coli O157:H7 have been described. These are the glucose-repressible
oxidative pathway, the glutamate decarboxylase system and the arginine decarboxylase
system (Hersh et al., 1996; Lin et al., 1996). A recent study by Cui et al. (2001) noted that E.
coli O157:H7 confirmed that acid survival was cell density dependent and was associated
with the induction of both decarboxylase systems and the concomitant availability of
glutamine and arginine during acid challenge.

The involvement of surface polysaccharides are also important in the resistance of E. coli
0O157:H7 to acid. A study by Barua et al. (2002) demonstrated that mutants deficient for the
production of the O-antigen demonstrated an acetic acid-sensitive phenotype. Also
characterised in this study was enterobacterial common antigen, a surface polysaccharide
whose chemical structure is, unlike LPS, common among all members of the
Enterobacteriaceae. E. coli O157:H7 mutants defective for the expression of this surface
polysaccharide became sensitive to acetic acid.

E. coli O157:H7 isolates, when under stress, can produce profuse amounts of an

exopolysaccharide consisting of colanic acid (Junkins & Doyle, 1992). In an acidic
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environment, there is a high concentration of protons and since colanic acid confers a strong
negative charge to the bacterium surface, this may serve as a buffer by neutralising protons at
the bacterium surface (Jordan ef al., 1999). Subsequent acid resistance studies, after insertion
mutagenesis of the wca operon in an E. coli O157:H7 isolate, revealed that the mutant was
defective for colonic acid production and less tolerant to acid (Mao et al., 2001).

A recent study by Heimer et al. (2002) showed that the E coli O157:H7 urease is
regulated by Fur since disruption of the fur gene in this pathogen significantly diminished
urease activity. Fur is a global regulatory protein that uses ferrous Fe*" to negatively regulate
siderophore biosynthesis and transport and a number of other genes including Stx1 (Griffiths,
1997). The authors of the Heimer et al. (2002) study proposed that, similar to the function of
Fur in regulating the S. typhimurium acid response, it modulates urease expression in E. coli
O157:H7, perhaps by contributing to its acid tolerance phenotype.

1.7.9 Haemoglobin utilisation

Identified in Shigella dysenteriae, the shud gene, is required for haem transport. DNA
hybridisation studies revealed a homologue in E. coli O157:H7 (Mills and Payne, 1995). This
homologous region termed chuAd has been cloned and characterised (Torres and Payne,
1997). The 69 kDa encoded product was synthesised in response to iron limitation and is
Ton-B dependent. PCR has revealed all of thirteen E. coli O157:H7 isolates reacted with two
primer sets designed for the chud gene, but only a further three of 58 non-O157 isolates
reacted with both primer sets (Potters et al., 1999), suggesting that the restriction of chud to
the E. coli O157:H7 phenotype may partly explain its pathogenicity.

Studies by Ye & Xu, (2001) revealed that an iron transport gene cluster residing on a
pathogenicity island in Uropathogenic E. coli also resides in Stx producing E. coli O157:H7.
Although, detected in forty three Stx-positive E. coli O157:H7 isolates, the gene cluster was
not detected in nineteen Stx-negative E. coli O157:H7 isolates. The authors have indicated
that this data strongly suggests the importance of iron metabolism in Stx-mediated virulence.
1.8 Locus of enterocyte effacement (LEE)

Found in numerous EPEC is the 35 kb pathogenicity island, the locus of enterocyte
effacement (LEE), which encodes genes involved in intimate adherence to intestinal
epithelial cells, the initiation of host signal transduction pathways, and the formation of AE
lesions (McDaniel et al., 1995; McDaniel et al., 1997). Pemna et al., (1998) reported the
complete 43,359 bp LEE sequence from the E. coli O157:H7 strain EDL933 which is
significantly larger than the 35,624 bp pathogenicity island sequenced for EPEC strain
E2348/69 (Elliott et al., 1998). A 7.5 kb prophage (933L) near the se/C end of the LEE
accounts for most of the difference in size. Although not present in E2348/69, the prophage is
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Figure 1.2. The E. coli 0157:H7 locus of enterocyte effacement (LEE).
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found in the closely related EPEC O55:H7 serotype. Five distinct operons exist that play a
part in E. coli O157:H7 virulence (Figure 1.2). These operons and the genes within them are
arranged in the same orientation as the EPEC E2348/69 LEE. Cloning, mapping and
characterisation of the E. coli O157:H7 LEE has been described by Elliott et al. (1999). The
various genes encoded within the LEE and their product function will be discussed below.
1.8.1 Ler (Lee encoded regulator) and quorum sensing

Encoded first on the LEE1 operon of both EPEC O127:H6 and E. coli O157:H7 is the ler
gene (Elliott et al., 1998). Recent studies have demonstrated that quorum sensing regulates
the Ler protein, which in turn, regulates LEE and non-LEE encoded virulence factors
(Sperandio et al., 1999; Elliott et al., 2000). Quorum sensing, first described in Vibrio
fischeri (Bassler et al., 1994), is a gene regulation phenomenum that allows bacteria to
respond to an autoinducer (AI) signalling molecule that enables them to control gene
expression in response to population density. Sperandio et al. (1999) proposed that the
autoinducer signal (Al-2) involved in E. coli O157:H7 quorum sensing was derived from the
normal gut flora since this pathogen has a low infectious dose. Nevertheless, it would appear
that Ler only regulates genes in the LEE when there is an abundance of AI-2. In EPEC, the
Ler protein is additionally regulated by the Per protein, which is encoded on the EAF plasmid
(Mellies et al., 1999). Kanamaru et al. (2000) have indicated that an E. coli homologue of
quorum sensing regulators, SdiA, controls the expression of the espD and eae genes.

The organisation of the E. coli O157:H7 LEE is shown in Figure 1.2. The ler locus
encodes a virulence gene expression regulator in E. coli O157:H7 (also EPEC). Production of
the Ler protein is an absolute requirement for the formation of AE lesions, since all the genes
known to be important for the AE phenotype are regulated by ler. The ler-regulated loci
required for AE formation include the esc and sep genes (typelll secretion apparatus),
espADB (type Il secreted proteins), tir (translocated intimin receptor), eae (intimin) (Elliott
et al., 2000). In fact, Elliott and co-workers have suggested that Ler regulates all the genes in
the LEE2, LEE3, Tir and LEE 4 operons and the last two genes in the LEE] operon. The Ler
protein does not regulate Shiga-toxin, positively regulates TagA (encoded on pO157), and
negatively regulates the expression of long polar fimbriae (Elliot et al., 2000; Torres et al.,
2002). However, the cloned LEE from E. coli O157:H7 was unable to confer the AE
phenotype upon E. coli K-12, suggesting that other transcribed genes outside the E. coli
O157:H7 LEE are required for the AE phenotype (Elliott et al., 1999).

A recent study by Abe et al. (2002) has demonstrated that the production of intimin, Tir,
EspA and EspB was greatly enhanced when E. coli O157:H7 was grown in the presence of
bicarbonate ion in LB broth. Furthermore, transcription of the /er gene required for LEE-

encoded gene expression was promoted in response to the concentration of bicarbonate ion.
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The authors have suggested that since the concentration of bicarbonate ion is highest in the
lower intestinal tract of humans, this may imply that bicarbonate ion is an important
signalling factor for promoting E. coli O157:H7 colonisation to this region of the
gastrointestinal tract in humans.

1.8.2 Type III secretion systems

Type III secretion systems have been described for many bacterial pathogens of
mammals and plants (Hueck, 1998). Described also for flagella proteins, MacNab (1999) has
proposed that the type III secretion system for virulence factors has evolved from the type III
flagella export system. The EPEC LEE-encoded type III secretion system was the first to be
described for initiation of the AE phenotype (Jarvis et al., 1995) and has been reviewed
recently by Celli et al. (2000). This export system, also found in E. coli O157:H7 (Jarvis and
Kaper, 1996), has identified EPEC and EHEC contact mediated haemolytic activity on
erythrocytes (Warawa ef al., 1999; Shaw et al., 2000).

At least three extracellular polypeptides (EspADB) secreted by the type III apparatus are
necessary for induction of the EPEC and E. coli O157:H7 AE lesion (Ebel et al., 1998;
Kresse et al., 1999). The use of specific monoclonal antibodies (mAbs) has shown that the
EspA protein forms filamentous structures on the bacterial surface, and that these surface
appendages were significantly prominent before the induction of AE lesions (Ebel et al.,
1998). EspA is also important for the translocation of the potential effector protein EspB,
which has been found in the cytosol and cytoplasmic membrane of infected cells (Wolff et
al., 1998).

EspD, like EspA, appears to play a more significant role in the pathogenic process of E.
coli O157:H7 infection than that of EPEC (Belterametti et al., 1999; Ebel et al., 1998; Kresse
et al., 1999). Importantly, Kresse et al. (1999) demonstrated that E. coli O157:117 strain
EDL933 produced EspA filaments which formed a link between the bacterium and the cell.
In the same study the authors demonstrated that EspD protein is required for efficient
bacterial attachment and that this link appears to be created via the EspA surface appendages.
It has also been suggested that EspD and EspB are homologues of the translocator for
effector proteins found in Yersinia species, YopB (Hensel et al., 1998; Wolff et al., 1998).
Disruption of another LEE gene, pas, abolished the secretion of the Esp proteins,
demonstrating the Pas protein plays an important role in E. coli O157:H7 pathogenesis
(Kresse et al., 1998).

Recent genome sequencing of two outbreak E. coli O157:H7 isolates (Hayashi et al.,
2001; Perna et al., 2001) has revealed the presence of a second type III secretion system
designated E. coli type three secretion 2 (ETT2). Although this locus resembles the inv/spa
locus on the Salmonella SPI-1 pathogenicity island (Collazo & Gallan et al., 1997), it
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encodes only the components required for formation of the secretion apparatus, but not the
secreted effector proteins. However, in Salmonella, it has been demonstrated that the Inv/Spa
system can also translocate proteins encoded outside the SPI-1 locus (Hardt et al., 1998;
Norris et al., 1998). Hayashi et al., (2001) have suggested that since the cloned LEE element
did not assist in the secretion of Esp effector proteins and induce the AE phenotype on E. coli
K-12 (Elliot et al., 1999) it may be possible that ETT2 complements the function of the LEE
locus. Furthermore, unpublished data by Tobe and co-workers (cited in Hayashi et al., 2001)
has demonstrated that cloned ETT2 actually shows the ability to secrete EspB in K-12.

1.8.3 Translocated intimin receptor (Tir)

Another protein secreted by the type IIl apparatus encoded on the LEE, is the
translocated intimin receptor, Tir (Figure 1.3). Originally, Tir was thought to be a host
epithelial receptor called Hp90 that was triggered by EPEC AE bacteria (Rosenshine et al.,
1996). However, Kenny et al. (1997) demonstrated that Tir was produced and secreted into
the host plasma membrane by EPEC. Deibal et al. (1998), described a novel 80 kDa protein,
termed EspE, that is secreted by E. coli O157:H7 and other AE positive bacteria that was
identical to the previously described Hp90 suggesting that all AE bacteria produce their own
bacterial receptor. Now described as Tir in both EHEC (including E. coli O157:H7) and
EPEC, the EHEC Tir shares 58% identity with the EPEC Tir (De Grado ef al., 1999). The
EHEC Tir contains two transmembrane domains (TMDs) and the region between them has
85% identity with the extracellular loop of EPEC Tir. Both E. coli O157:H7 and EPEC
0127:H6 can bind each others intimins, although E. coli O157:H7 Tir has a greater affinity
for E. coli O157:H7 intimin than EPEC O127:H6 intimin (DeVinney et al., 1999). EPEC
0127:H6 Tir is tyrosine phosphorylated after it has been inserted into the host membrane
(Kenny et al., 1997) whereas the Tir of E. coli O157:H7 is not (DeVinney et al., 1999),
although originally suggested to be so by Deibal et al. (1998). This finding was supported by
Kenny, (2001) who demonstrated that E. coli O157:H7 Tir is functionally unable to to
substitute for its EPEC homologue. Furthermore, DeVinney and co-workers (2001) have
additionally suggested that other putative type III secreted factors are required for E. coli
O157:H7 AE lesion formation.

1.8.4 Intimin

Intimin, an outer membrane adhesin, permits intimate attachment of AE bacteria, by
binding to bacterial inserted host membrane, Tir (Jerse ef al., 1990; Donnenberg et al., 1993;
Schauer et al., 1993). Fully functional E. coli O157:H7 intimin is also required for localised
adherence patterns and micro-colony formation as intimin deficient mutants are unable to
induce this phenotype (McKee et al., 1995; Cookson & Woodward, 2003). Ten distinct
intimin subtypes have been described (Adu-Bobie ef al., 1998; Oswald et al., 2000; Tarr &
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Figure 1.3. Simple schematic diagram of the E. coli O157:H7 type IlI secretion system.
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Whittam, 2002; Zang et al., 2002). These subtypes are intimin o (alpha), B (beta), n (eta), €
(epsilon), y (gamma), 1 (iota), x (kappa), O (theta), { (zeta) and are defined by the variable
sequence of the 280-amino acid C-terminal receptor binding region, Int280. Intimin alleles o,
B and y have each be subgrouped into two groups by restriction enzyme analysis (Oswald et
al., 2000). Int280 can bind directly to uninfected host cells in the absence of Tir (An et al.,
1997; Frankel et al., 1994). Intimin o is specific for EPEC strains that belong to an
evolutionary group called EPEC clone 1 (Whittam and McGraw, 1996), and Hafnia alvei.
Intimin f is associated mostly with EPEC clone 2 and EHEC clone 2, Citrobacter rodentium,
and rabbit diarrhaegenic E. coli type 1. Intimin y is expressed with E. coli O157:H7 (EHEC
clone 1) and EPEC O55:H7 (Adu-Bobie et al., 1998).

Particular in vitro and in vivo studies have suggested that different intimins might play a
role in determining the pattern of colonisation and tissue tropism within a host (Tzipori et al.,
1995; Fitzhenry et al., 2002). However, Frankel et al. (1998) have stated that other initial
attachment factors are more likely to be responsible for tissue tropism. Rosenshine et al.
(1996) showed that cloned intimin and purified Int280 would not bind HeLa cells in the
absence of Tir. Nevertheless, formation of the AE lesion is initiated after intimin has bound
to Tir. One study has demonstrated that the 181 residue minimal Tir binding region from an
E. coli O157:H7 strain, when purified and immobilised on latex beads, was sufficient to
initiate AE lesions on pre-infected mammalian cells (Liu et al., 1999). A recent study by Liu
et al. (2002) isolated, after random mutagenesis, twenty four point mutants in E. coli
O157:H7 intimin which disrupted Tir recognition. Many mutations, including eleven that
were required for efficient AE lesion formation, fell within a 50 residue region near the C-
terminus. Four amino acid residues (Ser890, Thr909, Asn916 & Asn927) were shown to be
critical for Tir recognition. Further analysis revealed that these residues lay within an intimin-
Tir interface and contribute to a pocket that interacts with I1€298 of E. coli O157:H7 Tir.

Whether the binding of intimin to Tir is essential for intimate adherence to a cell surface
is debatable, since some studies have indicated otherwise. Frankel et al. (1996) demonstrated
that the EPEC C-terminus of intimin could bind P1 integrins. However, Liu et al. (1999)
demonstrated that 31 integrin antagonists or inactivation of the B1 integrin did not inhibit
EPEC intimin binding or actin accumulation. Whether any of these observations occur with
E. coli O157:H7 remains to be elucidated.

1.9 Attaching and effacing (AE) lesion formation

AE lesions (Figure 1.4) are characterised by localised destruction of brush border
microvilli, intimate bacterial adhesion, and the accumulation of polymerised actin beneath
the adherent bacteria resulting in a cup-like actin pedestal (Knutton et al., 1987b; Knutton et

al., 1989).
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Figure 1.4. Formation of AE lesions by E. coli O157:H7.

Taken from Wales et al. (2001). E. coli O157:H7 effacement (E) of microvilli (M) and
accumulation of actin to form AE lesions (P) on sheep rectum enterocytes. Bar = 1um.

E. coli O157:H7 isolate Walla3 accumulation of HEp-2 actin as observed by
fluorescent actin staining (FAS), unpublished data. Magnification x 1000.
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After infection with EHEC and EPEC, several signal transduction pathways appear to be
triggered in epithelial cells (Baldwin et al., 1991; Dytoc et al., 1994). These early studies
suggested that calcium released from inositol triphosphate-sensitive intracellular stores and
the stimulation of the classical phospholipase C pathway induce the breakdown of
micovillous actin. However, a subsequent study demonstrated that an increase in intracellular
calcium was not required for AE lesion by EHEC and EPEC (Bain et al., 1998). The signal or
signals, and mechanisms required for cytoskeletal disruptions remained unclear for many
years (Frankel et al., 1998). Furthermore, little was known about the composition of EHEC
pedestals, except that cortactin, o-actinin and actin were the only host proteins shown to be
specifically recruited to the EHEC pedestal (Ismaili ef al., 1995; Cantarelli ef al., 2000).

As mentioned previously, E. coli O157:H7 Tir is not tyrosine phosphorylated, yet the
pedestals appear similar. Recent studies into the recruitment of cytoskeletal and signalling
proteins to EPEC and EHEC pedestals have been reported (Goosney et al., 2001).
Interestingly, EPEC O127:H6 was able to recruit gelsolin, tropomyosin, ezrin, a-actinin and
talin to pedastals independently of Tir tyrosine phosphorylation. These proteins were also
recruited to the E. coli O157:H7 pedestal, but whereas the adapter proteins Grb2 and CrkII
were recruited to the EPEC pedestal, these were absent from the E. coli O157:H7 pedestal,
indicating that the role of Tir tyrosine phosphorylation may be related to the recruitment of
adapter proteins to the site of bacterial adherence. Kodama et al. (2002) have demonstrated
that the EspB protein of E. coli O157:H7 interacts directly with the cytoskeletal-associated
protein a-catenin by binding directly to the N-terminal region of EspB.

Although the proteins required for AE lesion formations are highly conserved between
EHEC an EPEC, EHEC can create less pronounced AE lesions than EPEC (Cantey and
Moseley, 1991) and the reason for this remained unknown. However, Tu and co-workers
(2003) have discovered that orfI/8 of the LEE in EPEC O127:H7 and E. coli O157:H7
encodes a new effector protein, termed EspH that modulates the actin cytoskeletal structure
of AE lesions. Inactivation of espH in the EPEC isolate resulted in enhanced formation of
filopodia and attenuated AE lesion formation, whereas over expression of espH resulted in
strong repression of filopodium formation and heightened pedestal formation. Over
expression of espH in E. coli O157:H7 induced marked elongation of typically flat pedastals.

Kresse et al. (2000) have demonstrated that an E. coli O157:H7 sepLl mutant was
strongly impaired in its ability to attach to HeLa cells and induce local accumulation of actin.
The gene sepL is thought to be transcribed monocistronically and independently of the
downstream located esp operon (Figure 1.2).

A recent study by McNally et al. (2001) investigated the levels of secreted type III

secreted proteins between human disease-associated and bovine-derived E. coli O157
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1solates. Human isolates produced significantly higher levels of EspD and Tir in vitro and AE
lesion formation and actin rearrangement correlated with this finding, possibly indicating that
if AE lesion formation is important for virulence in humans; bovine strains may differ in their
human-pathogenic potential.

1.10 In vitro tissue culture assays for studying E. coli O157:H7 adherence patterns

The molecular basis of E. coli O157:H7 pathogenesis is being characterised partly by the
use of tissue culture assays of human and mammalian origin. The human epithelial cell line,
HEp-2, was first used to characterise the adherence of E. coli O157:H7 (Karch et al., 1987;
Sherman et al., 1987). Karch and co-workers did not detect any adherence by E. coli
O157:H7 whereas, Sherman and co-workers did report that E. coli O157:H7 did adhere to,
but did not invade, HEp-2 cell mono-layers. Sherman & Soni, (1988) demonstrated that outer
membrane E. coli O157:H7 extracts inhibited adherence of this pathogen to HEp-2 cells,
whereas, isolated H7 flagella and LPS did not inhibit £. coli O157:H7 attachment. Knutton et
al. (1989) demonstrated by fluorescent actin staining (FAS) that E. coli O157:H7 and other
AE bacteria accumulated actin on HEp-2 cells (and Caco-2 cells) at the site of bacterial
adhesion to produce AE lesions. McKee and co-workers (1995) demonstrated that intimin
was required for the formation of AE lesions on HEp-2 cells. This human cell line has also
been used to characterise truncated E. coli O157:H7 intimin fusion proteins (McKee &
O’Brien, 1996). In this study the authors demonstrated that when intimin was truncated by
one-third of its N-terminus it enhanced binding of the wild-type O157:H7 isolate and
conferred adherence of its intimin deletion mutant. Gansheroff et al. (1999) using antibodies
that recognised the C-terminus region of intimin, decreased the adherence of E. coli O157:H7
to HEp-2 cells. A recent study by Cookson & Woodward, (2003) has shown that the
adherence of an E. coli O157:H7 intimin deficient mutant was diffuse with no evidence of
intimate attachment, whereas the wild-type formed micro-colonies and AE lesions. A recent
study by Sinclair & O’Brien (2002) using HEp-2 cells demonstrated intimin Tir-independent
binding, where intimin type y of E. coli O157:H7 bound the eukaryotic receptor, nucleolin.

E. coli O157:H7 interacts with other types of tissue culture assays including HeLa and
Caco-2 cell lines (Canterelli et al., 2000; Tatsuno et al., 2000; Kenny, 2001; McNally et al.,
2001). One study employing the use of Caco-2 cells demonstrated that E. coli O157:H7
grown in DMEM exhibited greater adherence, than £. coli O157:H7 grown i LB broth (Abe
et al., 2002). A novel E. coli O157:H7 adherence-conferring molecule, known as Iha, which
is encoded within a tellurite pathogenicity island, has been shown to be important for
adherence to HeLa and MDBK cells (Tarr et al., 2000). Other cell lines used for E. coli
0157:H7 characterisation, include Henle 407 human intestinal epithelial cells, where it was

shown that homologous anti-LPS inhibited E. coli O157:H7 adherence by 95% (Paton et al.,
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1998). Olano-Martin et al. (2003) demonstrated that pectins and pectic-oligosaccharides
inhibited the toxicity of E. coli O157:H7 Stx directed towards the human colonic cell line
HT209.

The use of a bovine MDBK (kidney) and MAC-T (mammary secretory epithelial cell
lines has been reported by Matthews and co-workers (1997). E. coli O157:H7 invaded
MDBK cells at approximately 4% of MAC-T cells, suggesting that invasion of mammary
epithelial cells may be an important route for the contamination of raw milk. Studies
involving an Stx negative E. coli O157:H7 isolate demonstrated localised adherence patterns,
micro-colony formation and AE lesions on bovine primary culture cells derived from a
neonatal calf (Dibb-Fuller et al., 2001). Hoey et al. (2003) have demonstrated that the
binding of E. coli O157:H7 Stx1 to Gb3 receptor cells expressed in the crypts of intestinal
bovine primary culture cells did not induce a cytotoxic effect against these cells. The authors
have suggested that this may partly explain the differential consequences of EHEC infection
in reservoir hosts and humans.

Some studies have employed the use of bovine and human gut explants to characterise E.
coli O157:H7 adherence. The AE phenotype was observed using large bovine gut explants,
and human intestinal mucosa (Baehler & Moxley, 2000) indicating that the large intestinal
mucosal epithelium may be a site for E. coli O157:H7 infection that contributes to
persistence in the bovine host. Furthermore, Philips et al. (2000) demonstrated using in vitro
intestinal organ cultures (IVOC) of the human and bovine intestine, that an E. coli O157:H7
isolate induced AE lesions on the follicle associated epithelium of Peyer’s patches in human
and bovine ileum. A further study by Baehler & Moxley (2002) demonstrated that E. coli
O157:H7 cultured in tryptic soy broth and the incubation of bovine gut explants in 5% CO,,
with rocking at 18 cycles per minute, provided optimal conditions for AE lesions. However, a
study by Cookson and Woodward (2003) demonstrated intimin-independent adherence to
neonatal calf gut explants.

A recent study by Fitzhenry et al. (2002), reported that intimin type influences the site of
human intestinal mucosal colonisation by E. coli O157:H7. Human intestinal IVOC studies
revealed that by introducing a deletion mutation in the eae gene encoding intimin y in E. coli
0157:H7 did not allow colonisation of this isolate to these explants. However, colonisation
of Peyer’s patches and the AE phenotype were resolved when intimin y expression was
completed from a plasmid. More importantly, when complementation occurred with intimin
o expression from a plasmid, the E. coli O157:H7 isolate was able to colonise and produce

AE lesions on both Peyer’s patches and other small intestinal explants.

39



1.11 Characterisation of E. coli O157:H7 pathogenicity in animal models

Although in vitro models have elucidated the characteristics of E. coli O157:H7 involved
in intimate attachment and pedestal formation it is still unclear whether or not they are
important for initial colonisation and persistence in the animal host. Various animal models
for the study of E. coli O157:H7 have been described within the last 12-13 years. Each breed
of animal model has been employed to characterise either disease processes or mechanisms
of attachment or persistence. These different types of animal models range from small animal
models such as mouse and chick models to larger animal models such as piglet, pig, lamb,
sheep and cattle.

1.11.1 Murine models

Various mouse models have been utilised to study colonisation and disease by E. coli
O157:H7. Wadolkowski et al. (1990) used a streptomycin-treated mouse model to compare
the relative colonisation abilities of E. coli O157:H7 strain 933 and its pO157 plasmid-cured
derivative, strain 933cu. When 933 and 933cu were given simultaneously to mice, 933cu was
unable to maintain a stable level of colonisation in approximately two-thirds of the mice
tested.

Experimental infection of specific pathogen-free (SPF) mice with E. coli O157:H7 (Xin-
He et al., 1991) revealed several of the symptoms and histological changes observed in
patients. Histological changes of the intestine were observed mostly in the distal small
intestine and in the caecum. In the kidneys of infected mice, swollen epithelial glomeruli
cells and marked thickening of the glomerular capilliaries with barely visible lumens was
observed. Sloughing of bronchiolar epithelial cell wall was also observed and histological
changes in the spleen, liver and lymphnodes was also noted.

Various mouse models using LPS-responder (C3H/HeN) and LPS-nonresponder
(C3H/HelJ) mice to demonstrate the effects of LPS and Stx have been described (Barrett et
al., 1989; Harel et al., 1993; Karpman et al., 1997). LPS exhibited lethal effects in C3H/HeN
which were enhanced by pretreatment of mice with Stx1 and Stx2 (Barrett et al., 1989; Harel
et al., 1993). Karpman and co-workers (1997), investigating the role of LPS and Stx in an
0157 mouse model of infection, showed that LPS-responder mice developed both neurologic
and systemic symptoms, whereas LPS-nonresponder mice had a two-fold course of disease
involving systemic symptoms first, and severe neurologic symptoms second. Other studies
looking specifically at brain damage in other strains of mice have reported positive immuno-
reactions of Stx2 in brain tissues (Kita et al., 2000).

Young adult female mice (CD1, BALB/C and C57BL/6) were experimentally inoculated
with an E. coli O157:H7 strain that produced Stx1 and 2 (Conlan & Perry, 1998). Although

this fully virulent bacterium was detected by faecal shedding for up to five weeks post
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infection, none of the three mouse strains examined developed obvious disease to 0157
infection. Kurioka et al. (1998) reported that more than 75% of 5-week old C57BL/6 mice
with protein calorie malnutrition inoculated with Stx-producing E. coli O157:H7 died 10
days post infection. Another study using 8-week-old germ-free mice (Taguchi et al., 2002)
demonstrated that after challenge with a hyper-toxigenic E. coli O157:H7 strain, all mice
developed ruffled fur and convulsion of the limbs or hindleg weakness within 3 days after
infection, culminating in death within 5 days.

E. coli O157 mouse studies have investigated the role of TNFa (Isogai et al., 1998; Kita
et al., 2000) in neurological damage where pre-exposure of target cells to TNFa is thought to
be a pre-requisite to brain damage.

1.11.2 Porcine models

To determine the role of intimin in the infected host a number of porcine models have
been investigated. Donnenberg et al. (1993) demonstrated that an eae deletion insertion F.
coli O157:H7 mutant was unable to attach intimately to the colonic epithelial cells of
colostrums-fed newborn piglets. A further study showed that a wild-type E. coli O157:H7
isolate (86-24) colonised the surface and glandular epithelium of the large intestine and
induced diarrhoea in gnotobiotic piglets (Tzipori ef al., 1995). Piglets also developed severe
neurological symptoms, which in some resulted in overnight death. The wild type’s eae
mutant was unable to colonise any site in the intestine and induced little or no diarrhoea.
Intimate attachment was not required for Stx2 translocation from the gut lumen into the
circulation as piglets infected with the eae mutant still developed neurological complications.
A parallel study demonstrated histologically that strain 86-24 and EDL933 primarily
colonised the caecum and spiral colon of gnotobiotic piglets (McKee et al.,, 1995).
Histological analysis of the 86-24 eae mutant showed no evidence of colonisation of the
piglet intestine.

A recent porcine model has been used to investigate the possibility of an E. coli
O157:H7 anti-transmission vaccine (consisting of purified antibodies against E. coli
O157:H7 intimin) to prevent cattle becoming infected and transmitting E. coli O157:H7 to
humans (Dean-Nystrom et al., 2002). Piglets that ingested vaccinated dam colostrum
containing O157 intimin specific antibodies were protected from E. coli O157:H7
colonisation, whereas those piglets nursing sham-vaccinated dams were not protected from
colonisation and damage from E. coli O157:H7.

Mukherjee and co-workers (2002) have demonstrated that human Stx2-specific
antibodies administered intra-peritonealy to gnotobiotic piglets 6 to 12 hours after E. coli
O157:H7 infection prolonged survival and prevented the development of fatal neurological

signs and cerebral lesions. It has been suggest by the authors that human Stx2-specific
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antibodies could be used passively to protect against HUS development in humans infected
with E. coli O157:H7 and other Stx producing bacteria.

Experimental infection of 3-month-old pigs by Booher et al. (2002) demonstrated that
two Stx producing E. coli O157:H7 strains were able to persist in the alimentary tracts of
some pigs for 2 months post inoculation in the presence of other pathogenic E. coli types,
suggesting that pigs may be a potential reservoir for E. coli O157:H7 infection.

1.11.3 Bovine models

Many food sources have been described as vehicles of human infection by E. coli
0157:H7, but bovine meat and dairy products have been cited as the main source of infection
(Griffin & Tauxe, 1991). One strategy for reducing E. coli O157:H7 infections in humans is
to reduce the prevalence of E. coli O157:H7 in cattle. Various in vivo models characterising
0157 interaction with the animal host have been described, since the role of the eae gene in
E. coli O157:H7 intimate attachment was first described in the porcine model described
above (Donnenberg ef al., 1993).

Experimental infection of calves and adult cattle with E. coli O157:H7 has been
described by Cray & Moon, (1995). This study observed that E. coli O157:H7 was shed in
greater numbers and for a longer duration in calves (as a group) than in adults. However,
shedding persisted for at least 3 months by individual animals from both groups. Post mortem
examination isolated E. coli O157:H7 from the alimentary tracts of all animals culled, but no
E. coli O157:H7 was found in the liver, spleen or kidneys. A site of infection was not
determined and histological analysis of all gastrointestinal tract sites were shown to be
normal.

A later study by Brown et al. (1997) showed that E. coli O157:H7 was found in the
alimentary tracts of 13 to 27-day-old calves, especially in either the contents of the fore-
stomach or the colon, but not in sites outside this region. No histological or
immunohistochemical evidence of E. coli O157:H7 adherence to the mucosa was observed.
This suggested that £. coli O157:H7 did not colonise the gut mucosa for long periods of time
and that persistence occurred in the contents of the rumen and the colon.

Dean-Nystrom et al. (1997) demonstrated that £. coli O157:H7 caused enterocolitis and
diarrhoea, and produced AE lesions in colostrums-deprived calves. A subsequent study
(Dean-Nystrom et al., 1998) showed by electron microscopy that an E. coli O157:H7 eae
mutant, that had been complemented with the eae gene, formed AE lesions on absorptive
cells from the ileum of a colostrums-deprived calf, 18 hours after infection.

A more recent study by Woodward et al. (1999) using gnotobiotic calves deprived of
colostrum demonstrated that an E. coli O157:H7 strain did not cause disease during the 24

day experiment (animals were challenged at five days of age). No evidence for AE lesions
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was observed in the small or large intestine of calves culled 24 hours after infection or at any
subsequent time point. Woodward et al. (1999) have suggested that this and other data may
indicate that host receptors may be gained or modified as the animal matures.

Grauke et al. (2002) observed that E. coli O157:H7 persisted for about 1 week to 1
month in cattle and that the predominant location of this bacterium was the lower
gastointestinal tract. A recent study by Naylor ef al. (2003) that set out to characterise the
persistence and tissue tropism of four different E. coli O157:H7 isolates observed that
experimentally infected calves shed E. coli O157:H7 for at least 14 days prior to necropsy. In
almost all persistently colonised animals, the majority of tissue-associated bacteria were
identified in a region within 5 cm, or in many cases 3 cm, proximal of the rectal anal junction
(RAJ) and was characterised by a high density of lymphoid follicles. Data also acquired in
this study demonstrated that the highest numbers of E. coli O157:H7 were recovered from the
faeces and the none or low-levels of this bacterium were recovered from the lumen contents
of the gastrointestinal tract. Naylor et al. (2003) have suggested that this tropism may
enhance the dissemination of E. coli O157:H7 between animals and animals and humans.

As with regard to a role for intimin in the colonisation of bovines, Cornick et al. (2002)
have demonstrated that wild-type E. coli O157:H7 was shed in greater numbers and for a
longer duration than an isogenic intimin-deficient mutant by young adult cattle. However, it
should be noted that the intimin mutant was still shed by one animal at day 60 post
inoculation.

1.11.4 Ovine models

The bovine host is considered the primary reservoir for E. coli O157:H7, but the ovine
host is recognised as an important reservoir also. E. coli O157:H7 has been isolated from
sheep (Chapman et al., 1997; Kudva et al., 1997; Heuvelink et al., 1998) and sheep’s milk
(Rubini et al., 1999). Kudva et al., (1995) demonstrated that dietary change with brief
starvation caused uniform shedding and clearance of E. coli O157:H7 in experimental sheep.

As with the colonisation of cattle, E. coli O157:H7 colonisation of sheep is not fully
understood. Persistence studies in sheep have indicated that £. coli O157:H7 can persist for 2
weeks to 2 months post inoculation and that dietary change followed by brief starvation can
induce clearance of E. coli O157:H7 (Kudva et al., 1995; Cornick et al., 2000).

Variation in the persistence of E. coli O157:H7 in experimenatally inoculated 6-week-
old conventional lambs has been observed (Cookson et al., 2002). Three E. coli O157:H7
isolates were not detected in the faeces of any lambs beyond day 8 post inoculation, whereas
an E. coli O157:H7 Nal' isolate was still in the faeces of one lamb at day 28 post inoculation.

A study by Grauke et al. (2002) recovered E. coli O157:H7 from the faeces of one sheep at
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day 43 post inoculation and observed that persistence occurred in the lower gastrointestinal
tract.

E. coli O157:H7 AE lesions have been observed in experimentally inoculated 6-day-old
conventionally reared lambs 12 and 36 hours post inoculation and the production of AE
lesions has also be noted in ligated large intestine loops of 6-month-old sheep by Stx-positive
and negative E. coli O157:H7 isolates (Wales et al., 2001; Wales et al., 2002). However, in
both studies the lesions were small and sparse, typically comprising of O157 bacteria
intimately attached to single or a few adjacent enterocytes.

A study by Cornick et al. (2002) comparing the magnitude and duration of faecal
shedding of wild-type E. coli O157:H7 to that of an isogenic intimin mutant in 6 to 12-
month-old sheep, revealed that the intimin mutant was shed in less numbers and for a shorter
duration, day 30 post inoculation, whereas the wild-type was still being shed at day 60 post
inoculation. Woodward e al. (2003) have also demonstrated that a Stx-negative E. coli
O157:H7 isolate can persist in 6-week-old sheep for up to 2 months and that an intimin
deficient mutant was cleared within 20 days and had lower mean excretion scores at all time
points.

1.11.5 Other in vivo models other than avian

Other animals models have been employed to characterise E. coli O157:H7 colonisation
and persistence. Cizek et al. (2000) investigated the persistent colonisation capabilities of this
pathogen in rats and pigeons, since it has been isolated from rats and birds (Wallace et al.,
1998; Cizek et al., 1999). In rats, after a low dose of 10° CFU (colony forming units), only
short term shedding (2 days post inoculation) of E. coli O157:H7 was observed, whereas a'
higher dose of 10° CFU gave a maximum shedding period of 11 days post inoculation. In
pigeons infected with 10° CFU of E. coli O157:H7 shedding occurred for 18 days post
inoculation, and occurred for 29 days post inoculation when birds were given the higher dose
of 10° CFU of E. coli O157:H7.

Fischer et al. (2001) demonstrated that experimentally infected white-tailed deer, were
able to shed 10° to 10° of E. coli O157:H7 after day 1 post inoculation. Numbers of excreted
E. coli O157:H7 fell dramatically after day 10 post inoculation, but this pathogen was still
consistently or intermittently shed in three out of three deer at day 26 post inoculation. Post
mortem studies recovered E. coli O157:H7 from the contents and tissues of the fore-stomachs
and intestines of deer necropsied between days 4 and 11 post inoculation. Low populations of
this pathogen were recovered after enrichment only from the contents, but not the mucosa of
the large intestine at day 26 post inoculation. Horizontal transmission to uninoculated deer

was also demonstrated.
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Ferrets have been used as model system for renal disease secondary to intestinal
infection with E. coli O157:H7 (Woods et al., 2002). Ferrets treated with streptomycin gave
higher E. coli O157:H7 counts with a streptomycin resistant isolate in their stools, than non
streptomycin treated ferrets. No animals displayed evidence of colitis, but streptomycin
treated mice did exhibit significantly greater weight loss with the streptomycin resistant
isolate, than with an isogenic intimin negative mutant. Furthermore, 23% of streptomycin
treated ferrets developed damage to the glomeruli or thrombocytopenia.

1.11.6 Avian models

Although outbreaks of E. coli O157:H7 illness have been associated with bovine derived
food products, this bacterium has been isolated from refrigerated commercial poultry (Doyle
& Schoeni, 1987). At least two outbreaks have been linked with poultry products (Carter et
al., 1987; Ryan et al., 1986). However, the prevalence of E. coli O157:H7 infection in birds
1s low, but several deliberate inoculation studies show that poultry are readily and persistently
infected by this organism indicating a possible threat to public health.

A study by Beery et al. (1985) reported that E. coli O157:H7 can colonise 1-day-old
White Leghorn chickens and is shed in the faeces for up to 90 days post inoculation and
attachment, effacement, and penetration of the caecal surface epithelium was observed.
Bacterial enumeration indicated that E. coli O157:H7 was predominately found in the caeca
and to a lesser extent in the colon. Colonisation of young chicks by E. coli O157:H7 after
experimental infection was also observed by Stavric et al. (1991).

Experimental infection of 1-day-old broilers and layers with E. coli O157:H7
demonstrated a rapid increase in caecal colonisation, but a rapid decrease in crop colonisation
during the first few hours after oral inoculation, with a maximum at 6 hours (Stavric et al.,
1993). E. coli O157:H7 was isolated from the caecal contents as well as the caecal epithelia.
The infection rate was dependent on the CFU of bacteria given and the age of the chicks also
influenced the extent of caecal colonisation, with 1-day-old chicks being the most
susceptible.

Shoeni and Doyle (1994) observed that E. coli O157:H7 colonisation persisted for at
least 10 to 11 months when 1-day-old White Leghorn chicks were orally inoculated with 1.3
x 10® of E. coli O157:H7. Analysis of eggs from hens that were still shedding E. coli
0157:H7 revealed that 13.9% of eggs shells, but not egg contents, was contaminated with
this pathogen.

Histological analysis of young chicks experimentally infected by six different strains of
attaching and effacing E. coli (Sueyoshi & Nakazawa, 1994) observed that E. coli O157:H7
only produced multifocal AE lesions in two out of ten chicks. Both authors suggest that

compared to the crypt abscesses and deeper tissue penetration noted in the caecum of piglets
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dosed with E. coli O157:H7 (Tzipori et al., 1986), failure to cause diarrhoea or severe tissue
damage in young chicks may have been related to the extent of bacterial colonisation and the
type of lesions formed.

A role for E. coli O157:H7 intimin in the colonisation and persistence of young chicks
has not been reported, but Zhao et al. (1996) did demonstrate that an E. coli O157:H7 mutant
deficient for a 8 kDa outer-membrane protein was significantly less able to colonise the caeca
of young chicks. However, it should be noted that the wild-type isolate used for mutagenesis
studies lacked a portion of the LPS layer of the bacterial outer membrane and data from our
laboratory has demonstrated that an E. coli O157:H7 LPS mutant is highly attenuated in
experimentally infected chicks (unpublished data).

1.12 Aims and objectives

The literature has demonstrated that healthy cattle and sheep are major reservoirs for E.
coli O157:H7 and other animals can also be potential reservoirs. One strategy for reducing
the risk of E. coli O157:H7 food-borne zoonosis in humans would be to reduce the level of E.
coli O157:H7 persisting in domestic livestock. Although intimin appears to be involved in
this process (Cornick et al., 2002; Woodward et al., 2003), relatively little else is understood
about the mechanisms of: interaction between E. coli O157:H7 and bovine and ovine cells
that lead to persistence in the host.

Low-level E. coli O157:H7 infection in birds has been reported (Wallace et al., 1997)
and two small E. coli O157:H7 outbreaks have been associated with retail chicken (Ryan et
al., 1986; Carter et al., 1987) and until the submission of thesis and to the best of my
knowledge, this pathogen has not been recovered from broilers or layers. Experimental
infection of SPF chicks has revealed that E. coli O157:H7 can colonise and persist for a long
period in this host indicating that chickens could become a reservoir for this pathogen (Beery
et al., 1985; Schoeni & Doyle, 1994). However, what E. coli O157:H7 factors are involved in
these processes have yet to be elucidated.

Keeping the above in mind, it was decided that the SPF 1-day-old chick model would be
employed to characterise what E. coli O157:H7 virulence factors may play a role in
colonisation, invasion and persistence. Non-avian tissue culture and in vivo studies have
demonstrated that intimin does facilitate £. coli O157:H7 intimate adherence, colonisation
and persistence. Flagella has been shown to be important for the adherence of other enteric
pathogens, including enteropathogenic E. coli (EPEC) (Giron et al., 2002) and avian
pathogenic E. coli (APEC) (La Ragione et al., 2000a). However, a role for flagella in E. coli
0157:H7 colonisation and persistence of an animal host has not been reported, although
flagella negative E. coli O157 isolates have been isolated (Bielaszewaka et al., 1998; Schmidt
et al., 1999). Furthermore, whether or not E. coli O157:H7 intimin and/or other LEE and
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non-LEE encoded factors are involved in the persistent colonisation of a non-mammalian
host, such as poultry, has yet to be determined.

Also discussed in the literature was the characterisation of the E. coli O157:H7 attaching
and effacing phenotype on human and bovine cell cultures (Knutton et al., 1989; Mathews et
al., 1998; Dibb-Fuller et al., 2001). However, it would be more difficult to make comparisons
between human or bovine in vitro and chick in vivo colonisation. Fortunately, our laboratory
received a novel avian cell line derived from SPF chicks, designated Div-1, although it
should be borne in mind that this cell line came from the small intestine of 18-day-old
embryonic eggs (Velge et al., 2002).

Therefore, since intimin appears to be important for colonisation of cattle and sheep by
E. coli O157:H7, and flagella has been implicated in the adherence and penetration of mucus
layers by other E. coli pathogens, it was decided that the aim of the study to be reported here
was to investigate the role of E. coli O157:H7 intimin and flagella in the colonisation,
invasion and persistence of SPF chicks. In order to achieve this, a series of objectives will be

embarked upon. These are: -

1. To characterise genotypically and phenotypically a Shiga-toxin (Stx) negative E. coli
O157:H7 isolate (NCTC 12900) to ensure suitability for genetic manipulation for
subsequent study.

2. To study the adherence and invasion properties of an Stx-negative E. coli O157:H7
isolate (NCTC 12900) as mediated by intimin and flagella on avian (Div-1) and human
(HEp-2) cell lines.

3. To study the in vivo colonisation, invasion and persistence characteristics of Stx-negative
E. coli O157:H7 1solate (NCTC 12900) and intimin and flagella deficient mutants in the
1-day-old SPF chick model.

4. To study the in vivo colonisation, invasion and persistence characteristics of intimin and
flagella deficient mutants in the presence of the wild-type Stx-negative E. coli O157:H7
isolate (NCTC 12900) in the 1-day-old SPF chick model.

47



Chapter 2

Materials and methods

2.1 Bacteriological Methods
2.1.1 Bacteria, inocula and media

Wild-type Shiga-toxin (Stx) negative Escherichia coli O157:H7 isolate NCTC 12900
and all control bacterial isolates required for in vitro studies were obtained from the sources
described in Table 2.1. Stx negative E. coli O157:H7 isolate NCTC 12900 was used for all
mutagenesis studies and both parental and knockout derivatives (see chapter 4) were used for
in vivo studies. All bacterial cultures were maintained on Dorset egg slopes at 20°C and
stored at -80°C in Heart Infusion Broth (HIB), supplemented with glycerol (30%). All
working cultures were maintained at 4°C on sheep blood agar (5%). Media composition and
preparation, and working concentrations of antibiotics are described in appendix L
Additionally, Luria Bertani (LB) agar (Oxoid) supplemented with Xgal (5-Bromo-4-chloro-
3-indolyl-B-D-galactosidase) (25mg/ml, Promega) and kanamycin (25pg/ml, Sigma) was
used for the selection of recombinants. Minimal medium comprised of 10x M9 salts
supplemented with glucose (0.2% w/v) and magnesium sulphate (10mM). Bacteria required
for tissue culture association studies (adhesion and invasion assays) were cultured aerobically
in LB broth (Oxoid) for 16 hours at 37°C with shaking. Cultured bacterial cells were then
prepared for association studies at 3000 rpm for 10 minutes at room temperature and were re-
suspended in 0.1M phosphate buffer solution (PBS) (pH 7.2) to an optical density of 1.2 ABS
at 540nm. Bacteria for in vivo studies were cultured in LB broth for 16 hours at 37°C with
shaking and diluted in 0.1M PBS (pH 7.2) to the required colony forming units (CFU) per
ml. For certain in vitro experiments, bacteria were cultured in Colonisation Factor Antigen
(CFA) broth, CFA agar, or CFA agar supplemented with Congo red (Oxoid) statically and
aerobically for 72 hours at 25°C.
2.1.2 Replica plating

Colonies derived from conjugation experiments were picked using sterile 1l inoculation
loops and replica plated onto a fresh glucose minimal media plate supplemented with
antibiotic conferred by the suicide vector (Plate Type 1) followed by a fresh glucose minimal
media plate supplemented with antibiotic conferred by the internal marker used to disrupt the
gene of interest (Plate Type 2). Both “types” of plates were incubated for 24 hours after
which colonies that had grown on Plate Type 2, but not Plate Type 1, were selected.
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Table 2.1. Bacterial isolates required for cloning and mutagenesis studies (1, 11 & 12), in vitro studies (1, 3-10, 12 & 13) and in vivo studies (1). Isolate 2 was

used for PCR only.
Bacterial isolates Source
1. Shiga-toxin negative E. coli O157:H7 (NCTC 12900) PHLS, Colindale, London
2. Shiga-toxin positive E. coli 0157:H7 (EDL933) American Type Culture Collection
3. EPEC 0O127:H6 (E2348/69) IFR, Norwich
4, EPECO111:NM (B171) Imperial College, London
5. APEC 086:K61 (EC370/98) VLA, Weybridge
6. APEC 078:K80 (EC341/95) La Ragione et al. 2000a
7. APEC 078:K80 type-1 fimbriae mutant (RML1) La Ragione et al. 2000a
8. APEC O78:K80 curli mutant (RML2) La Ragione et al. 2000a
9. APEC 078:K80 RpoS mutant (RMLS) Roberto La Ragione, VLA, Weybridge

10.
11.
12.

13.

APEC 078:K80 aflagellate mutant (RML6)
E. coli K12 S-17 A pir

E. coli K12 (DH5a)

S. typhimurium DT104 (3530)

La Ragione ef al. 2000a
Simon ef al. 1983
GIBCO-BRL
VLA, Weybridge




2.1.3 Growth curves

Growth curves of wild-type E. coli O157:H7 (NCTC 12900) and knockout intimin- and
flagella-deficient mutants were carried out as follows. Isolates were cultured in LB broth for
16 hours at 37°C with shaking and diluted in LB broth to 1 x 10° CFU/ml. A 100ul aliquot of
diluted culture was then inoculated into 100ml of pre-warmed LB broth to give a density of
approximately 1 x 10° CFU/ml. Cultures were incubated at 37°C with shaking and the
CFU/ml was determined by plating ten-fold serial dilutions onto LB plates at 0, 1, 2, 3, 4, 5,
6, 7, 8 and 9 hours.
2.1.4 Antibiotic sensitivity

Isolates were cultured aerobically for 16 hours in LB broth at 37°C and 50ul was
dispensed into Buffered Peptone Water (BPW) and incubated statically at 37°C for 2 hours.
A 40pl culture sample was dispensed into Sml of % strength Ringers solution and mixed
thoroughly. Thoroughly dried Iso-Sensitest agar plates (Oxoid) were flooded with diluted
cultures, and the excess culture was drained off. Plates were allowed to stand at room
temperature for 15 minutes. Antibiotic discs (Oxoid) were subsequently stamped onto the
plates and the plates were incubated aerobically at 37°C for 16 hours. Sensitivity/resistance to
the antibiotics was determined by measuring the diameter of inhibition across the antibiotic
disc to the edges of the zone of inhibition. Isolates were considered resistant to a particular
antibiotic when the zone of inhibition was less than 13mm.
2.1.5 Haemagglutination

Haemagglutination was essentially performed as described by Duguid et al., (1979).
Isolates to be tested were cultured statically and aerobically at 37°C in 3ml of HIB for 48
hours. Cultures (Iml) were centrifuged at room temperature for 3 minutes at 13000rpm.
Pellets were re-suspended in 50pl of sterile distilled H,O. To test for haemagglutination 25l
of bacterial cells was incubated with 25ul of 3% guinea pig erythrocytes on a sterile tile,
which was gently rocked for 2 minutes. Mannose resistance was tested for by the addition of
25ul of D-mannose. Haemaglutination was also performed using chicken and sheep
erythrocytes.
2.1.6 Motility

Isolates were cultured onto 5% sheep blood agar plates for 16 hours at 37°C aerobically
and single colonies were picked with an inoculation needle and stabbed into the centre of a
universal containing 0.35% semi-solid ‘sloppy’ LB agar. Motility stabs were incubated at
25°C, 37°C and 42°C for 24 hours. Motility was observed as diffuse growth out from the

point of inoculation.
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2.1.7 Lacy colony morphology and Congo red binding

Lacy colony morphology and Congo red binding were performed essentially as
described previously (Allen-Vercoe et al., 1997). Isolates were cultured in LB broth for 16
hours aerobically at 37°C with shaking and were serial diluted in 0.1M PBS (pH 7.2) to 1 x
10° CFU/ml. Drops (5ul) of each diluted culture were spotted onto dry CFA agar plates.
Plates were incubated aerobically at 25°C for 72 hours to allow the development of ‘lacy’
colonies. Congo red binding was determined by inoculating (as above) CFA plates
supplemented with 0.05% (w/v) Congo red. Congo red binding was observed when colonies
developed a deep red colour.
2.1.8 Acid tolerance assay

Acid tolerance was tested essentially as described previously (Gorden & Small, 1993).
Isolates cultured overnight in LB broth at 37°C, aerobically with shaking, were diluted in pre-
warmed LB broth previously adjusted to approximately pH 2.5 using IM HCI. Aerobic
incubation with shaking was for 2 hours and 30 minutes at 37°C. Cultures were enumerated
by plating 10-fold serial dilutions onto LB agar and incubating overnight at 37°C.
2.1.9 Transmission electron microscopy

For the elaboration of any surface appendages of interest, isolates were cultured in an
appropriate medium. Bacterial cultures (Iml) were centrifuged at 4000rpm and the
supernatant removed. Bacterial pellets were re-suspended in 0.5ml of 0.IM PBS (pH 7.2) and
50pl drops were placed on sterile dental wax. Formvar™ carbon coated grids were placed on
top (silver side down) of each spot for 15 minutes. Excess liquid was removed on blotting
paper and the grid (silver side down) was placed onto a 50ul spot of potassium phosphate,
tungsten (KPT) negative stain for no longer than 15 seconds. Grids were carefully blotted dry
and viewed using a Philips CM 10 transmission electron microscope.
2.2 Genetic methods
2.2.1 Total genomic DNA extraction

Isolates were cultured in 100ml volumes of LB broth for 16 hours at 37°C with shaking,
aerobically. The cultures were centrifuged at 4800rpm for 10 minutes at room temperature
and the supernatant immediately removed. Bacterial cell pellets were re-suspended in 1.5ml
of TE buffer, 150ul of 10% (w/v) SDS, 150ul of 50mg/ml fungal proteinase K (Gibco-BRL)
then mixed and incubated at 65°C for at least 1 hour or until the cell suspensions were clear.
To the clear cell suspensions an equal volume of phenol:chloroform mixture (Sigma) was
added and the suspensions inverted several times until the suspensions turned milky white.
Cell suspensions were removed and added to 50ml phase-lock™ gel tubes (CP Laboratories)
and centrifuged at 4800rpm for 10 minutes at 4°C. Phenol extraction was repeated twice

more. The supernatant was removed and placed in 3ml of room temperature 100% ethanol.
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Precipitated DNA was retrieved by spooling onto a sterile glass hook, which was placed into
3ml volumes ofiice cold ethanol (70%, v/v). DNA was transferred to a sterile tube and the
residual ethanol allowed to evaporate. DNA was dissolved in 1-3ml of TE buffer and stored
at 4°C.

2.2.2 Plasmid DNA extraction

Plasmids were extracted using three different methods depending on the quality and
quantity of plasmid DNA required. Firstly, for restriction digestion analyses the Perfectprep®
Plasmid Mini extraction kit (Eppendorf) was used. Bacterial hosts carrying recombinant
plasmids were cultured in LB broth supplemented with the appropriate antibiotic for 16 hours
aerobically with shaking. Bacterial cultures (1-2ml) were centrifuged at 13000 rpm for 2
minutes and the supernatant removed. Cell pellets were re-suspended in 100ul of solution I
(re-suspension), mixed and then 100ul of solution II (lysis) was added, followed by 100ul of
solution III (neutralisation). The bacterial suspension was centrifuged at 13000 rpm for 8
minutes and the supernatant carefully removed and placed in a fresh tube containing 50ul of
Perfectprep® DNA binding matrix. The suspension was transferred to a fresh spin column,
washed (x3) with 600ul of diluted purification solution. After the spin column was
completely dry, plasmid DNA was eluted in 100-120ul sterile distilled H,O (high copy
plasmids) or 80pl (low copy number plasmids).

Secondly, for plasmid DNA to be used for sequencing, the ABI Prism™ Miniprep kit (PE
Applied Biosystems) was used. Bacterial hosts carrying recombinant plasmids were cultured
in LB broth supplemented with the appropriate antibiotic for 16 hours, aerobically at 37°C.
Cultures (1ml) were centrifuged at 13000 rpm and the supernatant removed. The cell pellet
was re-suspended in re-suspension buffer then lysis buffer was added followed by
neutralising solution. The mixture was then added to a column and spun at 13000 rpm and
the column placed on a sterile tube and wash buffer added and finally the plasmid DNA was
eluted with 100ul of elution buffer or distilled sterile HO. Plasmid DNA was stored at -
20°C.

Thirdly, for large quantities of plasmid DNA required for cloning, the Qiagen (Promega)
kit was used. Bacterial hosts carrying recombinant plasmids were cultured in 100ml LB broth
supplemented with the appropriate antibiotic for 16 hours with shaking. Cultures (100ml)
were centrifuged at 7000 rpm for 10 minutes, the supernatant removed and the pellet re-
suspended in 4ml of P1 buffer using a sterile loop. P2 buffer (4ml) was added and mixed
gently and the mixture was incubated at room temperature for 5 minutes. Chilled P3 buffer
(4ml) was added and the mixture incubated on ice for 15 minutes. The mixture was then

centrifuged at 4°C at 9000 rpm for 30 minutes. During centrifugation, a 50ml! Falcon tube
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was set up with a Qiagen tip and the tip equilibrated with 4ml of QBT buffer. After
centrifugation, the supernatant was added to the equilibrated tip, allowed to flow through and
the tip and was washed (x2) with 10ml of QC buffer. Finally the plasmid DNA was eluted
with 5ml of QF buffer and the DNA was precipitated with 0.7 volumes (3.5ml) of
isopropanol and centrifuged at 14000 rpm for 30 minutes at 4°C. The supernatant was
removed and the pellet washed with 70% ethanol (v/v) and the DNA was centrifuged again at
12000 rpm for 5 minutes. The supernatant was removed and the pellet dissolved in 0.5-1ml
of sterile distilled water.
2.2.3 DNA purification from agarose gels

Purification of excised agarose gel fragments was performed using the Sephaglas®
Bandprep kit (Amersham Biosciences). Plasmid DNA bands were removed from agarose gels
using a sterile disposable scapel and were placed in a sterile 1.5ml micro-centrifuge tube. For
each excised band in a tube, 200ul of gel solubiliser was added and agarose gel fragments
were completely solubilised in a 65°C heating block. Added to the mixture was 20ul of
Sephaglas® and the solubilised gel mixture was mixed gently by tapping the side of the tube
and incubated at room temperature for 3-5 minutes. The mixture was gently tapped each
minute then centrifuged at 13000 rpm for 20 seconds and the supernatant discarded. The
pellet was then re-suspended and centrifuged at 13000 rpm for 20 seconds in 200ul of wash
solution. This wash step was repeated twice more. After the third wash micro-centrifuge
tubes were inverted for at least 25 minutes or until the pellet had partially dried. Each pellet
was then re-suspended in sterile distilled H,O, incubated at room temperature for 3-5 minutes
and centrifuged at 13000 rpm for 1 minute to elute the plasmid DNA. The supernatant
containing DNA was removed and stored at —20°C until required.
2.2.4 DNA quantification

DNA to be quantified was diluted 1/5 and 1/10 in sterile distilled H,O. DNA standards
(Salmon testes DNA, Invitrogen) were diluted to 2, 4, 8, 16, 32 and 64ng/pl. with sterile
distilled H,O. Stock ethidium bromide (100ng/ul, Sigma) was diluted to give 2ng/ul. Diluted
ethidium bromide 2ng/ul (5pl) was added to each well of a micro-titre plate followed by 5ul
of DNA standards. In additional wells, Sul of diluted DNA to be tested was mixed with
ethidium bromide 2ng/ul (Sul). DNA concentrations were visualised under UV light
(260nm).
2.2.5 Restriction enzyme digestion of plasmid DNA

Plasmid DNA digests were all performed using Promega enzymes and appropriate

Promega buffers. Single and double digests were performed in 21pl volumes consisting of
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13ul of sterile distilled H,O, 5ul of DNA (100-200ng), 2pl of buffer and 1l of enzyme.
Digests were incubated at 37°C for 4 hours unless otherwise specified.
2.2.6 Restriction enzyme digestion of total genomic DNA

Genomic DNA digests were performed as for plasmid DNA except that digests were
performed in approximately 200ul volumes consisting of 150pul of sterile distilted H,0, 25ul
of DNA (500ng), 20ul of buffer (Promega), and 2ul of enzyme (Promega). Digests were
incubated at 37°C for 16 hours unless otherwise specified.
2.2.7 Infilling to create blunt ended DNA

Cohesive-ended restriction endonuclease digested plasmid vectors were prepared for
blunt ended ligation using 10l volumes of DNA (100-200ng), 5 units of pfu polymerase
(Promega), 100mM dNTP’s and 2ul of 10x buffer (Promega). Reaction mixtures were
overlaid with mineral oil and incubated at 72°C for 30 minutes. After incubation reaction
mixtures were removed from under the oil and used at once or stored at -20°C.
2.2.8 Dephosphorylation

Dephosphorylation was carried out in 20ul volumes using 2 units of shrimp alkaline
phosphatase (SAP), 2ul of buffer (United States Biochemicals) and 50ng DNA.
Dephosphorylation was carried out at 37°C for 30 minutes and the reaction was terminated by
incubation at 65°C for 10 minutes to denature the SAP.
2.2.9 Ligation

Ligations were performed using the ‘Ready-to-go™’ T4 DNA ligase (Amersham
Pharmacia Biotech). All ligations were performed at 14°C for 16 hours.
2.2.10 Southern blotting

Total genomic DNA was digested to completion with an appropriate enzyme, mixed in
the ratio 5:1 with orange G loading buffer and electrophoresed on 0.8% (w/v) agarose gels
for four hours at 150 volts with cooling. The electrophoresed DNA was stained using
ethidium bromide (Sigma) for 10 minutes, placed in denaturing solution for 1 hour and then
neutralising solution for 1 hour. The gel was carefully laid onto SaranWrap® on a flat
surface. A pre-cut nylon membrane (Hybond-N+, Amersham Biosciences) was placed over
the gel and trapped air bubbles were expelled. Several layers of blotting paper and absorbent
padding were placed onto the gel. Finally a 1Kg weight in a flat bottomed tray was placed
onto the gel. Transfer was for 8-16 hours at which point the membrane was carefully
removed, rinsed in sterile distilled H,O, dried and fixed by baking the DNA at 80°C for 2
hours. Membranes were probed immediately or wrapped in SaranWrap® and foil and stored

at 4°C until required.
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2.2.11 Hybridisation

All probes were produced by PCR (Table 2.2). Probes were purified using the
Sephaglas® DNA purification kit (Amersham Biosciences) and quantified. Probes were used
immediately or stored at -20°C.

Hybridisation was carried out using the non-radioactive method by AlkPhos Direct
(Amersham Biosciences). The probe to be used was quantified and diluted to 10ng/pl, and
10pl (10ng/ul) of DNA was denatured for 5 minutes and 10ul of reaction buffer added and
mixed. Labelling reagent (2ju1) was added followed by 10ul of working strength cross-linker.
The mixture was incubated at 37°C for 30 minutes and the probe was placed on ice until
required. The membrane to be probed was laid on a gauze mesh wetted with sterile distilled
H,0, rolled and placed in a hybridisation tube (Hybaid). An appropriate volume (0.25ml/cm?
of membrane) of pre-warmed hybridisation buffer was added to the tube, and the tube was
placed at 55°C for 30 minutes. The probe was added (10ng/ul) and incubation continued at
55°C for 16 hours in a Hybaid rotisserie oven. The membrane was removed from the tube
and placed into pre-warmed primary wash buffer at 55°C and washed with gentle agitation
for 10 minutes. The primary wash was repeated once with fresh wash buffer at 55°C and the
final wash using secondary wash buffer was performed at room temperature for 5 minutes
and also repeated once. The blot was removed and drained, placed on a dry flat surface and
40ul of detection reaction was added for every cm?® and the blot was incubated at room
temperature for 3 minutes. The membrane was drained and wrapped in Saran Wrap® and the
membrane exposed to a Hyperfilm ECL film (Amersham Biosciences) for 1 hour and
developed (Photosol CD18 X-ray developer) and fixed (Photosol CF40, Genetic Research
instruments Ltd).

2.2.12 Polymerase chain reaction (PCR)

Amplification of all target DNA was carried out by PCR (Sakai et al., 1988). Reactions
for amplification by PCR consisted of Thermophilic DNA polymerase 10X Magnesium free
buffer (Sul), 1.5mM MgCl,, 2.5 units of Tag polymerase (Promega) 200uM dNTP’s
(Amersham Biosciences), 10pmols of each primer (Oswell, Table 2.2), Ing of complete
genomic DNA, and were made to a final volume of 50ul using sterile distilled H,O. PCR
amplifications were performed for 1 cycle at 95°C for 5 minutes (initial denaturing); 30
cycles of 95°C for 2 minutes (denaturing), 56°C for 1 minute or (annealing) and 72°C for 2
minutes (extension); 1 cycle at 72°C for 10 minutes (final extension). PCR reactions were

stored at 4°C until required.
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Table 2.2. Primer sequences used to characterise Stx negative E. coli O157:H7 isolate NCTC 12900.

Target | Primers Primer sequence Amplicon | Accession Reference
gene(s) used size Genebank
(bp) number
csgA csgAF TATTGATCGCACACCTGACAG 2168 X90754 Hammar et al.
csgAR CCAAGGGTTGTGTTATCCATA (1995)
eae eacF CITTACCGGCGGAACTGGA 2172 AF061251 Perna et al.
M eaeR GGACCCGGCACAAGCATAAG 2001
espP espPF TTGCGAAAAATGGCGGAACTC 1164 Y136164 Djafari et al.
espPR GCTGACGGGGCATTGACTG (1997)
etpD etpDF CGTCAGGAGGATGTTCAG 1061 Y 09824 Schmidt et al.
etpDR CGACTGCACCTGTTCCTGATTA (1997)
(fimE, fim5’ GCCGGATTATGGGAAAGA 604 AE000502 Leathart &
fim4) fim3’ AGTGAACGGTCCCACCAT Gally (1998)
fliic fliCF CTCTCGCTGATCACTCAA 1641 AF228488 Wang et al.
fliCR CGACATGTTGGACACTTC (2000)
hiyA hlyAF | CCCGGATCCTGACAGTAAATAA 2992 X79839 Schmidt et al.
AATAAAGAACA (1995)
hlyAR | GGGCTCGAGGACAGTTGTCGTT
AAAGTTGTTGA
inty intyF CGTTGAAGTCGAGTACGCCA 957 711541 Yu & Kaper
intyR TTCTACACAAACCGCATAGA (1992)
katP katPF CTTCCTGTTCTGATTCTTCTGG 2125 X89017 Brunder et al.
katPR AACTTATTTCTCGCATCATCC (1996)
(sepL, LADF CCGGCTGTCAGAATGCTT 2068 AF071034 Perna et al.
espA, LADR TGGCAACATGCCAAAGGG (1998)
espD) J
stxl STX1F | GGCAGATGGAAGAGTCCGTGG 178 736900 Paton et al.
GATTACGC (1995)
STX1IR | CACAATCAGGCGTCGCCAGCGC
ACTTGCT
stxll STX2F | CCACATCGGTGTCTGTTATTAA 374 X61283 Meyer et al.
CCACACC (1992)
STX2R | GCAGAACTGCTCTGGATGCATC
TCTGGTC
(wbdN, LPSF CGCGGATCCTGGGGCCAAAACT 1588 AF061251 | Wang & Reeves
wzy) ATAATCTCAT (1998)
LPSR CGCAAGCTTAACCGTTCTCCAT
AAAATAAGTCT

N. B. Underlined sequences denotes engineered restriction enzyme sites (hlyAF = BamHI, hlyAR = Ccrl LPSF
= BamHI, LPSR = HindlIII).
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2.2.13 Nucleotide sequencing and analysis

The BigDye terminator cycle sequencing kit (Perkin Elmer) was used for all reactions.
Individual reactions (20ul) contained 400ng plasmid DNA or 200ng PCR amplified DNA,
3.2pmoles of the primer, either MI13F (GTAAAACGACGGCCAGT) or MI3R
(CAGGAAACAGCTATGAC) (Oswel) and 8ul of ready reaction mix (Perkin Elmer).
Extensions of reactions were performed in a Perkin Elmer thermo-cycler (25 cycles of 96°C
for 30 seconds, 50°C for 15 seconds and 60°C for 4 minutes) and prepared for analysis on a
377 automated DNA sequencer following the manufacturer’s instructions (Applied
Biosystems Inc). Trace data were analysed and assembled using DNAStar software
(DNAStar Inc.).
2.2.14 Preparation of electro-competent cells

Bacteria were cultured in LB broth for 16 hours aerobically with shaking at 37°C. Afier
incubation, 3ml of the culture was placed into 100ml of fresh LB broth and incubation
continued with shaking at 37°C aerobically for 2.5 hours. The culture vessel was placed into
ice for 30 minutes. The culture was transferred to pre-chilled centrifuge tubes and centrifuged
at 7000 rpm at 4°C for 10 minutes. The supernatant was removed and the pellet re-suspended
in 100ml of sterile, chilled distilled H,O and re-centrifuged at 7000 rpm at 4°C for 10
minutes. This was repeated twice with 50ml volumes of sterile chilled distilled H,O and then
once with 20ml of chilled sterile distilled H,O (if the cells were to be stored the final three
washes were performed with sterile distilled H,O supplemented with 10% (v/v) sterile
gycerol). After the final centrifugation the supernatant was removed and replaced with 1ml of
sterile chilled distilled H,O and the re-suspended cells stored on ice until required.
2.2.15 Electroporation

Ligated DNA was electroporated into electro-competent cells using the Gene Pulser
(Biorad) set at 1.25kV (potential), 200Q2 (resistance) and 25uF (capacitance). In a chilled
1.5ml micro-centrifuge tube 40pl of electro-competent cells was mixed with Sul of ligated
DNA and incubated on ice for 30 seconds. The cell-ligated DNA mixture was dispensed into
a chilled dry 0.1cm E. coli cuvette (Bio-Rad) and then placed into a chamber slide. Using the
above settings the cell/ligated DNA mixture was pulsed once. Pre-warmed SOC (37°C) broth
was added to the cuvette and the suspension was dispensed into a Falcon® 2059
polypropylene tube (Scientific Laboratory Supplies) and incubated aerobically at 37°C with
shaking for 1-2 hours. Suspensions were spread onto LB agar plates supplemented with the

appropriate antibiotics.
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2.2.16 Transformation

Ligated DNA (2pl) was placed into a Falcon® 2059 tube (Scientific Laboratory Supplies)
containing 40pl of MaxiEfficiency E. coli DH5a (GIBCO-BRL), gently mixed and then
equilibrated on ice for 30 minutes. Appropriate positive and negative controls were also
included. The MaxiEfficiency (E. coli K12 DH5a) cells and DNA to be cloned were heat
shocked at 42°C for 45 seconds and immediately placed onto ice for 2 minutes. To each
Falcon tube, 400p1 of pre-warmed SOC medium was added and the tubes immediately placed
at 37°C for 1 hour with shaking.
2.2.17 Conjugation

Cultures (3ml) of the recipient isolate NCTC 12900 and the transformed donor isolate E.
coli S17 A pir grown in LB broth supplemented with the appropriate antibiotics were
centrifuged and re-suspended in 1ml of LB broth. Equal volumes (100ul) of the re-suspended
bacteria were mixed together and 200ul placed on a nitrocellulose disc over-laid on a dry
nutrient agar plate. Controls were set up with donor or recipient strains alone. After four
hours incubation the disc was aseptically removed, placed in 10ml of 1X M9 salts and
vigorously agitated to dislodge adherent bacteria. The disc was aseptically removed from the
bacterial suspension, which was then centrifuged and the bacterial pellet was re-suspended in
Iml of 1X M9 salts. Re-suspended (100ul) bacteria were plated onto glucose minimal
medium plates supplemented with the antibiotic conferred by the resistance cassette used to
disrupt the target gene. Plates were incubated for 48 hours and replica plated onto glucose
minimal media plates supplemented with the antibiotic conferred by the suicide vector.
2.2.18 Insertional inactivation of intimin and flagella genes

Genes for insertional inactivation, eae and fliC each flanked by immediately adjacent
sequences, were either excised from a cosmid library (eae) or amplified by PCR (fliC) from
total genomic DNA extracted from Stx negative E. coli O157:H7 isolate NCTC 12900.
Amplicons were cloned into pCRScript (Stratagene), pBluscript (Stratagene) or pCR2.1
(Invitrogen) plasmid vectors with E. coli K12 DH5a (GIBCO-BRL) used as a host. Putative
clones were analysed by colony hybridisation and detailed restriction endonuclease mapping
and sequencing. Antibiotic resistant cassettes (Allen-Vercoe & Woodward, 1999) were
cloned into the appropriate unique restriction sites in the centre of each gene. The
insertionally inactivated genes were sub-cloned into the appropriate pERFORM (Penfold &
Pemberton, 1992; Allen-Vercoe et al., 1997) suicide vectors, electroporated into the
permissive auxotrophic host E. coli K12 S17 A pir and selected for by selection on both the
antibiotic encoded by resistance cassette and the antibiotic conferred by the suicide vector

antibiotic gene.
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The pERFORM suicide vectors harbouring antibiotic resistance marked, insertionally
inactivated genes were transferred by conjugation from the permissive host E. coli K12 S17 A
pir into the non-permissive Stx negative E. coli O157:H7 isolate NCTC 12900 recipient by
filter mating as described previously (Allen-Vercoe & Woodward, 1999) with selection made
for the antibiotic conferred by the antibiotic resistance cassette used to inactivate the target
gene. Colonies from filter matings were tested for loss of the antibiotic conferred by the
suicide vector by replica plating onto minimal media supplemented with the antibiotic
conferred by the suicde vector. Putative double cross-over mutants were streaked to single
colonies three times prior to confirmatory genotypic and phenotypic testing.

2.4 In vitro association assays
2.4.1 Adhesion and invasion assays

Tissue culture assays were performed essentially as described previously (Kang et al.,
1995; Dibb-Fuller et al., 1999, Dibb-Fuller et al., 2001). Bead stock cultures of tissue culture
cells were stored in Cryo-tubes in liquid nitrogen (-196°C). When required cells were
removed from liquid nitrogen and thawed at 37°C in a water bath. Thawed cells were
reconstituted in Eagle’s Modified Medium (EMM) (Sigma) or Dulbecco’s Modified Eagles
Medium (DMEM) (Sigma) supplemented with foetal calf serum (10% v/v, Autogenbioclear),
non-essential amino-acids (1% v/v, Sigma) and gentamicin (50pg/ml, Sigma). Reconstituted
cells were placed in 30ml of the above medium and placed into 250ml tissue culture flasks
and incubated at 37°C in the presence of 5% CO; in air until a confluent mono-layer was
present. Confluent mono-layers were trypsinised and mono-layers sown at 2 x 10° cells per
well in 24 well micro-titre plates as required.

The avian Div-1 cell line (Velge et al., 2002) was sown at 2 x 10° cells per well in 24
well micro-titre plates and mono-layers were incubated for 48 hours in DMEM. The human
HEp-2 cell line (European collection of animal cell cultures, ECACC 86030501) was
prepared similarly except that this line was grown in Eagle’s Minimal Essential Media
(EMEM). All assays were repeated at least twice on a minimum of two separate occasions.

Before use, Div-1 and HEp-2 mono-layers were washed twice with Hank’s Balanced
Salt Solution (HBSS) to remove cell debris and residual gentamicin. Inocula for tissue culture
assays were prepared by streaking from the stock culture onto 5% sheep blood agar. Discrete,
well-isolated colonies were inoculated into LB broth to grow overnight with shaking at 37°C.
Overnight cultures were re-suspended in 0.1M PBS (pH 7.2) to give an optical density
reading of 1.2 ABS (540nm) then diluted (1/20) in DMEM, non-essential amino acids (1%
v/v, Sigma), and L-glutamine (Sigma) to give approximately 1 x 107 colony CFU/ml. The
number of bacteria given in each inoculum to each mono-layer was determined by plating
ten-fold serial dilutions on LB agar.
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For adherence assays, the bacterial inoculum was added to give 1 x 10’ CFU/well.
Mono-layers were then incubated at 37°C supplemented with 5% CO; in air for 3 hours. The
supernatant was removed and the mono-layers were washed (x3) with HBSS to remove non-
adherent bacteria. Mono-layers were disrupted for 10 minutes with a solution of 1% Triton
X-100 (Sigma) and gentle vortexing using a 12mm magnetic stirrer. After disruption, 10-fold
serial dilutions were plated onto LB agar and incubated overnight at 37°C to determine the
numbers of cell-associated and adherent bacteria.

For invasion assays, bacteria were allowed to adhere as described above for 3 hours at
which point the mono-layers were washed (x3) with HBSS before adding fresh pre-warmed
DMEM containing gentamicin (100pg/ml). Plates were incubated at 37°C (5% CO, in air)
for a further 2 hours and washed (x3) with HBSS. The mono-layers were then disrupted with
a 1% solution of Triton X-100 (Sigma) and the numbers of internalised bacteria were
determined.

2.4.2 Giemsa staining

Confluent mono-layers grown in 24 well plates with 13mm cover slips were washed
twice with HBSS. Each well was inoculated with the bacterial inoculum and incubated for 3
hours at 37°C, 5% CO; in air. The inoculum was aspirated and replaced with fresh medium
and the assay incubated for a further 3 hours in the above conditions. Mono-layers were
washed (x1) with HBSS and then fixed with 3% buffered formalin for 30 minutes and
washed (x3) with sterile distilled H,O. Mono-layers were stained with 10% Giemsa stain
(Sigma) for 1 hour then washed (x3) with distilled water. Mono-layers were differentiated
with 1% (v/v) acetic acid for 2 minutes and washed once with sterile distilled H,O. Cover
slips were then removed from the 24 well plate and mounted on glass slides using DPX
(Sigma). Cover slips were examined using high-power oil immersion light microscopy
(Zeiss).

2.4.3 Fluorescent actin staining (FAS)

The preparation of mono-layers for bacterial adherence was performed as described
above. Assays were performed for 6 hours with the media being replaced after 3 hours. The
supernatant was aspirated from each well and the cover slips were washed three times with
0.1M PBS (pH 7.2). The mono-layers were then fixed for 20 minutes with 3% (v/v) formalin
and then washed (x3) with 0.1M PBS (pH 7.2). Mono-layers were permeabilised for 4
minutes by incubation with 0.1% (v/v) Triton X-100 (Sigma) in 0.1M PBS (pH 7.2). The
Triton was removed with 3 washes of 0.1IM PBS (pH 7.2) and the mono-layers were covered
with 0.1IM PBS (pH 7.2) containing FITC-phalloidin (Sigma) at a concentration of 0.5pg/ml.

Mono-layers were incubated at ambient temperature in the dark, then washed (x3) with 0.1M
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PBS (pH 7.2). The cover slips were mounted on glass slides with DPX (Sigma) and the slides
were then examined by high power oil immersion fluorescence microscopy (640nm) (Zeiss).
2.4.4 Transmission electron microscopy

Mono-layers were prepared for bacterial adherence as described above. Assays were
performed for 6 hours with the media being replaced after 3 hours. All media was aspirated
and replaced with 3% (v/v) glutaraldehyde (Sigma) in 0.1M PBS (pH 7.2). Mono-layers were
fixed for 10 minutes. Div-1 cells were then scraped off the cover slips with a cell scraper in
an excess of fixative in a centrifuge tube. Cells were pelleted by centrifugation at 3000rpm
for 5 minutes. The supernatant was aspirated and replaced with 0.1M PBS (pH 7.2) and post
fixed in 1% (w/v) osmium tetroxide in the same buffer, dehydrated in ethanol up to 100%,
placed in propylene oxide prior to embedding in Araldite resin. The Araldite resin was
polymerised at 60°C for 48 hours. Ultra-thin sections cut at 70-90nm thickness were prepared
onto copper grids using a diamond knife. Sections were contrasted with uranyl acetate and
lead citrate prior to examination in a Philips CM10 TEM.
2.4.5 Scanning electron microscopy

The preparation of mono-layers for bacterial adherence was performed as described for
transmission electron microscopy. Assays were performed for 6 hours with the media being
replaced after 3 hours. The supernatant was removed by aspiration and the mono-layers were
fixed for 16 hours in 3% (v/v) glutaraldehyde in 0.1M PBS (pH 7.2). Specimens were washed
in 0.1IM PBS (pH 7.2) and post fixed in 1% (w/v) osmium tetroxide in the same buffer, then
rinsed in six changes of phosphate buffer, dehydrated in ethanol and placed in
hexamethyldisizone for 5 minutes. Specimens were subjected to critical point drying with
liquid carbon dioxide. Air dried specimens were fixed to aluminium stubs with silver
conductive paint, sputter coated with gold and examined using a Stereo-scan S250 MarkIll
SEM at 10-20KV.
2.5 In vivo studies
2.5.1 Persistent colonisation of Stx negative E. coli 0157:H7 NCTC 12900 in SPF chicks

Localisation studies were performed as described previously (La Ragione et al., 2000b)
but with modifications. Groups of thirty birds were used per experiment. One-day-old,
specific pathogen free (SPF) White Leghorn chicks (SPAFAS®) housed in heated isolators
were each dosed orally with 0.1ml containing 1 x 10° CFU (experiment 1) or 1 x 10’ CFU
(experiment 2) of Stx-negative E. coli O157:H7 NCTC 12900. Individual birds were
cloacally swabbed after 24 hours to establish the presence of an infection. Birds were given
standard rations and water ad libitum.

In experiment 1, post mortem examinations were performed on birds selected at random

on days 1, 2, 5, 57, 92 and 211 post inoculation. Liver, spleen, duodenum, jejunum, ileum,
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colon, caeca, caecal tonsils, and crop were removed aseptically from each bird and
homogenised in 10ml volumes of distilled sterile H,O in a glass universal. Ten-fold serial
dilutions were plated on Sorbitol MacConkey Agar supplemented with Cefixime
(0.625mg/ml) Tellurite (0.0125mg/ml) (CT-SMAC) and these were incubated overnight,
aerobically at 37°C to determine the degree of colonisation or invasion (CFU/ml tissue
homogenate). One other bird was also selected at random on days 1, 2 and 5 post inoculation
for the collection of the same tissues for histological studies. All tissues were placed in 10%
(v/v) buffered formalin.

Cloacal swabs were taken weekly from all surviving birds during the course of the
experiment and plated directly onto CT-SMAC and after enrichment by overnight incubation
in Buffered Peptone Water (BPW). Inoculated plates were incubated overnight at 37°C and
presumptive E. coli O157:H7 NCTC 12900 colonies were confirmed by latex agglutination
(E. coli O157 test kit, Oxoid) and enumerated by the semi-quantitative methods described
previously (Williams-Smith 1965; Williams-Smith and Tucker, 1975; La Ragione et al.,
2000b). The growth of E. coli O157:H7 NCTC 12900 was scored as clear (no colonies),
positive (detected after enrichment only), low (<200 colonies), medium (>200 colonies) and
high (confluent).

In experiment 2, Post mortem examinations were performed on birds selected at random
on days 1, 2, 3, 7, 9, 14, 16, 21, 24, and 29 post inoculation. Only tissues from the distal
gastrointestinal tract (duodenum, ileum, colon, caeca, and caecal tonsils) were removed
aseptically from each bird. The individual tissues were placed in 10% buffered formalin and
treated for histological examination.

2.5.2 Persistent colonisation of SPF chicks by Stx-negative E. coli O157:H7 NCTC
12900 wild-type and mutants

Colonisation and invasion experiments were essentially performed as described
previously (La Ragione et al., 2000b) but with modifications. Groups of thirty, 1-day-old
specific pathogen free (SPF) White Leghorn chicks (SPAFAS®) housed in heated isolators
were each dosed orally with 0.1ml containing 1 x 10° CFU of wild-type (control) or
individual mutants, or were each dosed orally with 5 x 10* CFU + 5 x 10* CFU (Total, 1 x
10° CFU ) of wild-type and mutant (competitive index), respectively. A triple competitive
index experiment involved one group of six birds that were dosed by oral gavage with (Total,
1 x 10° CFU) wild-type plus two mutants each deficient for one phenotype only. Birds were
given standard rations and water ad libitum.

Cloacal swabbing was performed on day 1 post inoculation and weekly thereafter until
day 211 post inoculation to determine patterns of persistence. Cloacal swabs were streaked
with continuity onto CT-SMAC and/or SMAC-antibiotic. Plates were incubated aerobically
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overnight at 37°C and scored as 0 = clear, <200 = low, > 200 = medium, confluent = high,
and positive after enrichment. Enrichment of cloacal swabs was performed using the
enrichment method described above.

2.5.3 Analysis of Eggs

The 3 remaining birds, all hens, from each group in each experiment began laying eggs
on various days post inoculation. Egg shell, white and yolk were enriched separately in BPW
for 6 hours statically and aerobically at 37°C. Immunomagnetic separation (IMS) using the
Dynabeads® anti-E. coli 0157 protocol was used for selecting any enriched NCTC 12900
and derived knockout mutant. Essentially, 20ul of Dynabeads coated with antibodies against
E. coli O157:H7 was dispensed into tubes (placed in a magnetic particle concentrator)
containing 1ml of enriched egg sample. Insertion of a magnetic plate concentrated the bead
pellets after removal of enrichment supernatant and subsequent washes (x3) in 0.IM PBS
(pH 7.2), 0.1% Tween (0.1% PBST). After the final wash, concentrated bead pellets were
resuspended in 30pul of 0.1M PBS (pH 7.2), and the wild-type was streaked onto CT-SMAC
plates and the mutants were streaked onto SMAC supplemented antibiotics and incubated
overnight, aerobically at 37°C.

2.5.4 Histology
2.5.4.1 Haematoxylin and Eosin (H&E) staining

Samples of chicken gut were fixed in 10 times their volume of 10% (v/v) buffered
formalin. When fixed the tissues were assigned a unique number and a labelled plastic
cassette was prepared for each. In a fume cupboard and three transverse pieces of tissue taken
one from near each end and one from the centre. The tissues were placed in the cassette, the
lid secured and the tissue processed overnight on an automatic tissue processor. Tissue
samples were then embedded transversely and sections taken at 3pum from the resultant
block. These sections were then stained using a standard H&E method on an automatic
staining machine and subsequently mounted with a permanent mountant. Tissues were
examined by light microscopy (magnification x 1000) after staining with Haematoxylin and
Eosin.
2.5.4.2 Immuno-Cyto-Chemistry (ICC)

Sections of intestinal tissues that showed evidence of adherent bacteria were stained
using specific antibodies. To do this, adjacent sections of tissue were formalin fixed, paraffin
wax embedded at 5u, and sections floated onto Vectabond treated (Vector Laboratories) or
charged microscope slides. Sections were air dried at 37°C overnight, then ‘melted on’ to
increase adhesion by incubation at 60°C for 30 minutes. Sections were placed in a stainless

steel slide rack for subsequent immuno-staining.
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Sections to be immuno-stained were deparaffinised in xylene (xylene 20-25°C) for 6
minutes (x2) then washed (x2) in absolute alcohol for 6 minutes. Sections were then
immersed in 3% (v/v) hydrogen peroxide (100 volumes) in methanol for 15 minutes, washed
(x3) in tap water for 3 minutes and washed once in running tap water for 15 minutes.
Sections were loaded into sequenzer clips and rinsed with Tris Buffered Saline (0.005M
TBS, pH 7.6). Goat serum (1/66 in TBS) was then added to each section for 20 minutes at
room temperature and subsequently drained. Primary antibody (VLA Weybridge) (190pl,
0157 titre 600) diluted 1/100, 1/1000 and 1/10000 in TBS, was applied to sections, incubated
at room temperature for 1 hour and washed (x3) in TBS for 5 minutes. Biotinylated goat anti-
rabbit antibody (Sigma) (1/1000 in TBS) was applied to sections at room temperature for 30
minutes. Sections were then washed (x3) in TBS for 5 minutes. Vector elite ABC (190pul)
was applied to the sections, which were then incubated at room temperature for 30 minutes
and washed (x3) in TBS for 5 minutes. Each section was then incubated at room temperature
for 10 minutes in 380ul citrate buffered diaminobenzidine solution, rinsed with distilled
water and then washed in running tap water for S minutes. Sections were then counterstained
in Mayers blue haematoxylin for 2 minutes, in running tap water for 10 minutes, then
dehydrated, cleared and mounted in DPX.

2.5.5 Latex agglutination test

The latex agglutination test (Oxoid) was used to test 10% of sorbital non-fermenting
single colonies retrieved on CT-SMAC plates. Briefly, one drop of test latex was mixed with
one drop of 0.85% saline, after a portion of test single colony was emulsified in the saline
drop, on a reaction card. The card was rocked in a circular motion for the observation of
agglutination, for no more than 1 minute. If a positive result was observed a further portion of
the same test single colony was tested using control latex reagent using the same method
described.
2.6 Statistical analysis

For analysis of bacterial counts for in vitro adhesion and invasion assays the numbers of
invaded bacteria was subtracted from the numbers of associated bacteria to give a ‘true’ value
for adhesion. For statistical analyses, counts were transformed to their logarithms to the base
ten (logo) values and analyses of variance (ANOVA) performed, followed by student t-tests.
The means, standard deviation and significance (p) of the strain differences were calculated.

For analysis of bacterial counts for in vivo colonisation and invasion studies, the
Wilcoxon-Mann-Whitney non-parametric test was used to compare the wild-type with each
mutant. For competitive index studies, each mutant was subtracted from each wild-type for
the same tissue to give a ‘true’ value for colonisation or invasion. The distribution of
bacterial shedding scores for wild-type and each mutant were compared using the Kruskal-
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Wallis test. Exact p-values were calculated using StatXactvsoftware. A definition of

Statistical tests used is given in Appendix 2.
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Chapter 3

Characterisation of Shiga-toxin (Stx) negative E. coli 0157:H7 isolate NCTC 12900

As discussed in chapter 1, several studies have been conducted to gain an understanding
of the colonisation of E. coli O157:H7 in various hosts and, specifically, to detect AE lesions
should they be formed (Brown et al., 1997; Dean-Nystrom et al., 1997; Dean-Nystrom et al.,
1998; Wales et al., 2001). One study did imply that intimin facilitated colonisation in adult
ruminants (Cornick et al., 2002). However, AE lesions that were very small and very sparse,
have been detected rarely at a few sites in the large intestine of: deliberately orally inoculated
sheep (Wales et al., 2002) and to date no other non-intimin defined E. coli O157:H7
virulence factor has been studied for a role in persistence in the animal host.

The prevalence of: E. coli O157:H7 infection in birds is low (Wallace et al., 1997) but
several deliberate inoculation studies show that poultry are readily and persistently infected
by E. coli O157:H7 indicating a possible threat to public health (Beery et al., 1985; Starvic et
al., 1993; Schoeni & Doyle, 1994; Sueyoshi & Nakazawa, 1994). Whilst intimin and the LEE
apparatus are likely to be associated with the colonisation of ruminants, the role of the LEE
or other bacterial factors in the colonisation of poultry remains unclear. Therefore, it was
essential to identify an E. coli O157:H7 isolate that would be suitable for these studies. A
Shiga-toxin free isolate, NCTC 12900, was selected for safety reasons and it was considered
likely that Shiga-toxin may have little effect upon the colonisation and persistence of the
chick.

The aim of the work to be described in this chapter, was to determine if the Stx-negative
E. coli O157:H7 isolate NCTC 12900 possessed the classical factors, other than the toxin
genes, that are associated with the E. coli O157:H7 genotype and phenotype. Furthermore, it
was important to determine an antibiotic sensistivity/resistence profile for NCTC 12900 as
subsequent mutagenesis studies would involve the insertion of antibiotic resistant cassettes.
Additionally, it was also important to ensure that NCTC 12900 was acid tolerant as the entire
gastrointestinal tract of: chicks is acidic. Therefore, studies were undertaken to test for (1) the
presence of genes encoding surface antigens (2) the elaboration of surface structures (3)
sensitivity to antibiotics and resistance to acid (4) adherence patterns associated with tissue

culture assays and (5) colonisation and persistence in the SPF chick.
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3.1 Results
3.1.1 Gene probe analysis

To determine that Stx-negative E. coli O157:H7 isolate NCTC 12900 had specific genes
that have been reported for the Stx positive sequenced E. coli O157:H7 isolate EDL933, PCR
was performed to confirm the presence of the following genes, csgd, eae (including inty),
espA, espD, espP, etpD, fimA, fimE, fliC, hiyA, katP, sepL, stxI, stxII, wbdN and wzy.
Although sets of primers for the amplification of each gene have their own optimal annealing
temperature, an overall annealing temperature of 56°C was suitable for amplification of
genes. Gene probe analysis confirmed that NCTC 12900 possessed genes that are encoded in
the LEE pathogenicity island, including intimin type y (gamma) and the genes involved in
type III secretion espA, espD and sepL (Table 3.1 & Dibb-Fuller et al., 2001). Gene probe
analysis also detected genes encoded in the 93-kb virulence plasmid, pO157 (espP, etpD,
hlyA and katP) and confimed that NCTC 12900 lacked the genes encoding Stx1 and Stx2
(Table 3.1 & Dibb-Fuller ef al., 2001). Gene probe analysis also confirmed that NCTC 12900
has the first two genes residing in the O-antigen operon (wbdN and wzy) and genes that are
part of the curli (csg4) and type-1 fimbrial operons (fim4d and fimE) (Table 3.1). The
structural subunit gene (fiC) required for the formation of flagella was also present (Table
3.1).

3.1.2 Elaboration of fimbriae and flagella

To test for the elaboration of type-1 fimbriae, two experiments were performed. Firstly,
haemagglutination assays were performed on NCTC 12900 and control cultures statically
grown in HIB at 37°C for 48 hours (Sojka et al., 1996). Control isolates demonstrated
mannose sensitive haemagglutination to guinea pig, chicken and sheep erythrocytes, whereas
NCTC 12900 did not haemagglutinate guinea pig, chicken and sheep erythrocytes in the
absence of mannose (Table 3.2). Secondly, transmission electron microscopy was performed
to determine the presence of type-1 fimbriae. The APEC O78:K80 (wild-type) control isolate
elaborated type-1 fimbriae, but NCTC 12900 did not (Table 3.2; Figure 3.1).

To test for the elaboration of curli fimbriae, a number of experiments were performed
including the observation of lacy colony morphology, Congo red binding assays and
transmission electron microscopy (TEM). Positive control isolates demonstrated lacy colony
morphology (Table 3.3) and bound Congo red, whereas NCTC 12900 exhibited smooth
colony morphology and did not bind Congo red (Table 3.3). TEM also confirmed that NCTC
12900 was unable to elaborate curli fimbriae (Figure 3.2).

To test for motility, control isolates and NCTC 12900 were stab inoculated into LB
sloppy agar and incubated at 25°C, 37°C and 42°C for 16 hours. NCTC 12900 exhibited
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diffuse growth throughout the medium and behaved as anticipated (Table 3.4). TEM
confirmed the elaboration of flagella by NCTC 12900 (Figure 3.3).
3.1.3 Other in vitro characterisation

Stx-negative E. coli O157:H7 isolate NCTC 12900 was tested for sensitivity to a panel
of 16 antibiotics by the disc diffusion method as described in chapter 2. Isolate NCTC 12900
was sensitive to all 16 antibiotics in the panel (Table 3.6). The elaboration of O-antigen was
also detected using the E. coli 0157 detection kit (Oxoid).

Acid resistance was determined using the methods described previously (Gorden &
Small, 1993). NCTC 12900 was recovered from LB broth 2.5 hours after the addition of
hydrochloric acid (Table 3.5). NCTC 12900 was able to grow in the presence of acid. The
numbers of recovered NCTC 12900 were similar to the numbers of recovered acid tolerant
avian E. coli (APEC). However, the number of NCTC 12900 and acid tolerant controls
recovered from acidified broth were higher than the representative starting cultures. This
observation may have occurred due to fluctuations in pH after the addition of HCI, before
and/or after the addition of 0157 bacteria to LB broth.

3.1.4 Comparison of adherence and invasion patterns on tissue culture mono-layers

Two types of tissue culture mono-layers, avian Div-1 derived from the embryos of SPF
chicks (Velge et al., 2002) and HEp-2 mono-layers were utilised to determine the numbers of
adhering and invading Stx-negative E. coli O157:H7 NCTC 12900. The results of adherence
and invasion assays are shown in Table 3.7a. Adherence of NCTC 12900 to Div-1 cells was
similar to that of the two EPEC serotypes, but was significantly (p<0.05) more than the
APEC O86:K61 and E. coli K12 strains. The extent of invasion of NCTC 12900 was
significantly (p<0.05) more than APEC 0O86:K61, similar to EPEC O127:H6, but was
significantly (p<0.05) less than EPEC O111:NM. Numbers of internalised S. typhimurium
DT104 were significantly (p<0.001) greater than for all other bacteria used, for which over
95% of adherent bacteria invaded. EPEC O111:NM invaded at significantly higher numbers
(p<0.001) than EPEC O126:H6. E. coli K12 was internalised, but at significantly lower
numbers (p<0.001) than all pathogenic E. coli serotypes and S. typhimurium DT104.

The adherence and invasion properties of NCTC 12900 to HEp-2 mono-layers was
similar to that reported by Dibb-Fuller et al., (2001). The results of adherence and invasion
assays are shown in Table 3.7b. Numbers of adhering NCTC 12900 was similar to that of
EPEC 0127:H6, EPEC O111:NM and APEC 0O86:K61 strains and significantly more
(p<0.001) than E. coli Kl12. Numbers of internalised S. &yphimurium DT104 were
significantly (p<0.001) greater than for all other bacteria used, for which over 10% of

adherent bacteria invaded. No differences in the numbers of internalised bacteria was
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observed with NCTC 12900, EPEC O127:H6 and EPEC O111:NM. No internalised E. coli
K12 or APEC O86:K61 was detected.

No significant differences between Div-1 and HEp-2 cell mono-layers were noted for
NCTC 12900, EPEC 0127:H6, EPEC O111:NM, APEC 086:K61, E. coli K12 and S.
typhimurium DT104 adhesion (Table 3.7c).

3.1.5 Visualisation of adherence patterns on tissue culture mono-layers

Adherent bacteria were observed by light microscopy after Giemsa staining and by
scanning electron microscopy (SEM). NCTC 12900 generated localised adherence patterns
on Div-1 and HEp-2 mono-layers and the characteristic micro-colonies of densely packed
cells (Figure 3.4) which were also observed for the control EPEC O127:H6 strain (Table 3.8).
However, although localised adherence was observed for EPEC O111:NM with micro-
colonies on HEp-2 mono-layers, micro-colonies of densely packed cells were not observed
on Div-1 mono-layers (Table 3.8). Discrete patterns of localised adherence were observed for
APEC 086:K61, whereas a pattern of diffuse adherence was observed for E. coli K12 and S.
typhimurium DT104 (Table 3.8).

Actin rearrangements within avian Div-1 and HEp-2 (control) mono-layers, observed by
fluorescent actin staining (FAS), and characteristic of attaching and effacing E. coli (AEEC)
as reported on other tissue culture assays (Knutton et al., 1989; Matthews et al., 1997; Dibb-
Fuller et al., 2001; Kenny, 2001; McNally et al., 2001) was shown for NCTC 12900 and for
both EPEC serotypes (Figure 3.5; Table 3.8). The APEC O86:K61 isolate also caused a
localised rearrangement of Div-1 and HEp-2 actin, but to a much lesser extent (Figure 3.5;
Table 3.7). No characteristic AEEC-FAS reaction was observed for E. coli K12 or S.
typhimurium DT104 (Table 3.8).

Transmission electron microscopy (TEM) revealed that E. coli O157:H7 NCTC 12900
induced the formation of the “pedestal cup” structure on the avian cell mono-layer typical of
attaching and effacing (AE) lesions (Figure 3.6). Also, an unidentified appendage-like
structure was associated with the attached and unattached bacteria on Div-1 cell mono-layers
(Figure 3.6). However, this was an infrequent observation that was noted with Div-1 cell
mono-layers only. TEM results are also summarised in (Table 3.8).

3.1.6 In vivo localisation of SPF chicks by E. coli O157:H7 NCTC 12900

One-day-old SPF chicks were dosed orally with 1 x 10° CFU of NCTC 12900 and post
mortem examinations were performed on individual birds as described in chapter 2. Bacterial
counts recovered from the liver, spleen and caeca are given in Table 3.9. Bacterial counts for
days 57 and 92 post inoculation are also given for other tissues of the gastrointestinal tract in
Table 3.9. No morbidity or mortality was noted throughout the experiment. All birds
examined by post mortem had high numbers (10® per ml tissue homogenate) of NCTC 12900
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associated with the caeca on days I, 2 and 5 post inoculation, although one bird each from
days 1 and 2 post inoculation did have 10° CFU per ml tissue homogenate of NCTC 12900
associated with the caeca. Localisation in the caeca of NCTC 12900 on day 57 post
inoculation was approximately 10-fold less than the number of NCTC 12900 recovered on
day 1 post inoculation. On day 92 post inoculation, the number of NCTC 12900 localised in
the caeca was approximately 100-fold less than the number of NCTC 12900 recovered on
day 1 post inoculation (Table 3.8). No NCTC 12900 was recovered from the caeca at the end
of the experiment (day 211 post inoculation).

Low levels (10'-10% per ml tissue homogenate) of NCTC 12900 were recovered from the
liver and spleen on days 1, 2 and 5 post inoculation, but not all birds had NCTC 12900
associated with the liver and spleen on days 1 and 5 post inoculation. On days 57 and 92 post
inoculation, NCTC 12900 was not detected in the liver and spleen (Table 3.8) and on day
211, no NCTC 12900 was recovered from the liver, spleen and caeca.

Post mortem examinations were also performed on the colon of individual birds on days
57 and 92 post dosing and 10° and 10* CFU per ml tissue homogenate of NCTC 12900 were
recovered, respectively (Table 3.7). Low levels (10'-10° per ml tissue homogenate) of NCTC
12900 were also recovered from the duodenum, jejunum, ileum and caecal tonsils on days 57
post inoculation and only from the ileum and caecal tonsils on day 92 post inoculation (Table
3.7).

No NCTC 12900 was recovered form the liver, spleen, duodenum, jejunum, ileum,
colon, caecal tonsils and caeca at the end of the experiment (day 211 post inoculation).

3.1.7 In vivo persistence of SPF chicks by E. coli 0157:H7 NCTC 12900

Data from the post mortem examinations indicated that the caeca was readily colonised
and that NCTC 12900 persisted in this organ for at least 92 days post inoculation (Table 3.9).
Cloacal swabbing of birds in the same experiment demonstrated that NCTC 12900 was shed
for up to 148 days post inoculation (Figure 3.7) suggesting that NCTC 12900 was still
present in the gastro-intestinal tract, most probably in the caeca until this time. High, medium
and low numbers of NCTC 12900 were detected for at least 57, 113 and 148 days post
inoculation, respectively, by cloacal swabbing.

3.1.8 Detection of the presence of E. coli O157:H7 NCTC 12900 on or within eggs

Coincidentally, NCTC 12900 seemed to clear 12 days before the onset of egg laying
(Day 160 post dosing). Fifty eggs were tested for the presence of NCTC 12900 on their
shells, and in their egg white and yolk but no NCTC 12900 was recovered from any part of
any of the fifty eggs examined.
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3.1.9 Histological findings of E. coli O157:H7 NCTC 12900 infection of SPF chicks

The liver, spleen and caeca was removed from one bird chosen at random on days 1, 2 and 5
post inoculation for histological analysis, but unfortunately, these tissues were accidentally
discarded. In a separate experiment, thirty, 1-day-old SPF chicks were dosed orally with 1 x
10’ CFU of NCTC 12900. The distal gastrointestinal tract (duodenum, jejunum, ileum, colon
and caeca) of all 30 inoculated birds (three birds per time point) from this experimental group
was examined for evidence of adherence or pathological changes. Micro-colonies of bacteria
were seen adhering to the mucosa and these were readily stained with specific E. coli
O157:H7 antisera (Figure 3.8). Mucosal colonisation was observed from all 30 birds
examined, but not in all of the tissues examined. Furthermore, no mucosal colonisation was
detected in the duodenum and jejunum. Overall, mucosal colonisation typically occurred in
caeca examined between days 21 and 29 post inoculation, although mucosal NCTC 12900
micro-colonies were sparse. Since micro-colony formation was sparse and due to the
constraints of time, no further methods (i.e. Transmission electron microscopy) were
performed on any isolated tissues. Therefore, no unequivocal evidence for the induction of

AE lesions was gained.
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Table 3.1. Amplification of gene regions from Stx-negative E. coli 0157:H7 isolate NCTC 12900

Genes of interest

wbdN-wzy (2168bp)
stxI (178bp)
stxIl (374bp)
eae (2172bp)
inty (957bp)
sepL-espA-espD (2068bp)
espP (1164bp)
etpD (1061bp)
hiyA (2992bp)
katP (2125bp)
csgA (2168bp)
SimE-fimA (604)
SiiC (1641bp)

Stx-negative
E. coli O157:H7
NCTC 12900

Stx-positive
E, coli O157:H7
EDL933

E. coli K12 (DH5a)

+

S S A S

i S S SR S S R A T

+ (1496bp)

PCR was performed on genomic DNA as described in chapter 2 using the the primers listed in table 2.2. +, PCR
amplified product of anticipated size. -, indicates that no amplified product was obtained. EDL933 genomic DNA

was prepared and provided by Roberto La Ragione.
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Table 3.2. Observation of haemagglutination by enteric bacteria, but not by Stx-negative E. coli 0157:H7 isolate

NCTC 12900.

Bacterial isolate

E. coli O157:H7 NCTC 12900
EPEC O127:Hé6

EPEC Ol11:NM

APEC O78:K80

APEC O78:K80 RMLI

APEC 086:K61

E. coli K12

S. typhimurium DT104

Chicken erythrocytes Sheep erythrocytes Guinea pig erythrocytes
agglutinate MS agglutinate | MS agglutinate | MS

- NA - NA - NA

+ v + v + v

+ v + v + v

+ v + v + v

- NA - NA - NA

+ v + v + v

+ v + v + v

+ v + v + v

+ haemagglutination, - no haemagglutination, v" mannose sensitive, NA not applicable. RML1 (fimC::kan") is a type

1 fimbriae deficient mutant.

Table 3.3. Expression of curli fimbriae by enteric bacteria, but not by Stx-negative E. coli O157:H7 isolate NCTC

12900.

Bacterial isolate

E. coli O157:H7 NCTC 12900
EPEC O127:H6
EPECO111:NM

APEC O78:K80

APEC O78:K80 RML2
APEC O86:K61

E. coliK12

S. typhimurium DT104

Lacy colony morphology

Congo red binding

SC
SC
SC
LC
SC
LC
SC
LC

AXAXAXSX

LC lacy colony morphology, SC smooth colony morphology, v congo red binding, X no congo red binding. RML2
(csgA::cam’) is a curli fimbriae deficient mutant.

Table 3.4. Observation of motility in sloppy agar by Stx-negative E. coli 0157:H7 isolate NCTC 12900.

Bacterial isolate

E. coli O157:H7 NCTC 12900
EPEC O127:H6

EPEC O111:NM

APEC O78:K80

APEC 078:K80 RML6
APEC 086:K61

E. coli K12

S. typhimurium DT104

: Motile
25°C 37°C 42°C
+ + +
+ + +
+ + +

+ motile, - non-motile. RML6 (f7iC::str") is an aflagellate mutant.

Table 3.5. Stx-negative E.coli O157:H7 isolate NCTC 12900 in the presence of inorganic acid (HCl, pH 2.5) for 2.5

hours at 37°C with shaking.

Bacterial isolate

Resistance to acid

CFU/ml CFU/ml in LB broth CFU/ml in LB broth pH 2.5
@ time=0 @ time = 2.5 hours @ time = 2.5 hours
E. coli 0157:H7 NCTC 12900 6.58E+04 1.77E+08 1.69E+06
APEC 086:K61 8.68E+04 2.12E+08 3.03E+06
APEC O78:K80 1.97E+05 2.09E+08 3.14E+06
APEC O78:K80 RML5 7.50E+04 2.53E+08 0

RMLS5 (rpoS;:cam’) is an RpoS mutant.
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Table 3.6. Antibiotic sensitivity test

Bacterial isolate Antibiotic
NA | TE N AMP FR CXM SXT C AK AMC CN S S3 CFP APR CT
NCTC12900 S S S S S S S S S S S S S S S S
EPEC O111:NM S R S S S S S R S S S R R S S S
E. coliK12 R S S S S S S S S S S S S S S S
S. typhimurium DT104 S S S S S S S S S S S S S S S S

S = sensitive, R = resistant, NA= nalidixic acid, TE = tetracycline, N = neomycin, AMP = ampicillin, FR = furazolidine, CXM = cefuroxine, SXT = sulphamethoxazole &
trimethroprim, C = chloroamphenicol, AK = amikacin, amoxycillin & clavulanic acid, CN = gentamicin, S = streptomycin, $3 = compund sulphonamides, CFP =
cefoperazone, APR = apramycin, CT = colistin sulphate.



Figure 3.1. No elaboration of type-1 fimbriae by Stx-negative E. coli O157:H7 isolate NCTC 12900 as
demonstrated by transmission electron microscopy.

(A) NCTC 12900 (B) APEC 078:K80 elabortion of type-1 fimbriae
(C) APEC 078:K80 type-1 fimbrial mutant RML1. Magnification x 22,250.
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Figure 3.2. No elaboration of curli fimbriae by Stx-negative E. coli 0157:H7 isolate NCTC 12900 as demonstrated
by transmission electron microscopy.

(A) NCTC 12900 (B) APEC O78:K80 elabortion of curli fimbriae
(C) APEC 078:K80 curli fimbrial mutant RML2. Magnification x 30,000.
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Figure 3.3. Elaboration of flagella by Stx-negative E. coli O157:H7 isolate NCTC 12900 as demonstrated by
transmission electron microscopy. Magnification x 38,750.
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Tables 3.7a, b & c. Adhesion (a) and invasion (b) of avian Div-1 and human HEp-2 cell lines by Stx-negative
E. coli O157:H7 NCTC 12900 and other enteric bacteria and (c) a statistical comparison between cell lines.

(a) Adhesion
Div-1 HEp-2
Bacteria Mean Geometric SD  p-value | Mean Geometric SD  p-value
log;o mean logyo mean
NCTC 12900 6.76  575E+06 0.11 6.85  7.01E+06 0.34

EPEC O127:H6 6.78  6.02E+06 0.11 0.910 6.61 4.06E+06 0.06 0.129
EPEC O111:NM 6.64 436E+06 0.13 0.478 6.66 3.63E+06 0.22 0.212
APEC 086:K61 573 537E+05 0.11  <0.001 6.43 2.67EB+06 0.33 0.011
E. coliK12 570  5.01E+05 0.09 <0.001 5.83 6.73E+05 0.06 <0.001
S. typhimurium 593 8.51E+05 0.69 <0.001 6.32  2.12E+06 0.22 0.002
DT104

(b) Invasion

Div-1 HEp-2
Bacteria Mean Geometric SD  p-value | Mean Geometric SD  p-value
logyg mean log;o mean
NCTC 12500 422  1.66E+04 0.08 3.19 1.53E+03  0.12

EPEC O127:H6 396  9.12E+03 0.20 0.280 2.92 8.42B+02 031 0.034
EPEC O111:NM 5.04 1.10E+05  0.14 0.001 3.47  2.95E+03 0.22 0.025
APEC 086:K61 3.55 3.55E+03  0.27 0.007 0 0 0 0
E. coliK12 1.95 891E+01 128 <0.001 0 0 0 0
S. typhimurium 6.22 1.66E+06 0.05 <0.001 5.29 1.93E+05 0.05 <0.001
DT104

SD, standard deviation; p-value, significance in adhesion and invasion between each isolate and NCTC 12900.
Units for geometric means are CFU/mL

(c) Significance (p-value) between cell lines for enteric bacterial adhesion and invasion.

Adhesion Invasion

Bacteria p-value of Div-1 versus HEp-2 p-value of Div-1 versus HEp-2
NCTC 12900 0.183 0.001

EPEC O127:H6 0.207 <0.001

EPEC O111:NM 0.909 <0.001

APEC 086:K61 0.004 0.008

E. coliX12 0.062 0.048

S. typhimurium 0.273 <0.001

DT104

All counts were transformed to the logarithms to the base 10 of (count+1). Comparisons between the NCTC
12900 and each isolate by student t-tests followed analysis of variance. Comparisons between Div-1 and HEp-2
mono-layers for the means of the same isolate were made using student t-tests with separate variance estimates.
Where counts were zero for one cell type the non-parametric Wilcoxon-Mann-Whitney was used in place of the
student t-test.
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Table 3.8. Summary of patterns of interaction of Stx-negative E. coli O157:H7 NCTC 12900 and other enteric
bacteria with avian Div-1 cells and human HEp-2 cells demonstrated by Giemsa staining, scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and fluorescent actin staining (FAS).

Cell type & Bacterial strain
Test
Stx —ve E. coli EPEC EPEC APEC E. coli K12 S. typhimurium
O157:H7 0127:H6 Ol111:NM 086:K61 (DH5a) DT104
(NCTC12900)
Div-1
Giemsa/SEM LA* LA* LA LA DA DA
TEM PF PF PF PF - -
FAS 4+ +++ ++ + - -
HEp-2
Giemsa/SEM LA* LA* LA* LA DA DA
TEM PF PF PF PF - -
FAS - +++ -+ + - -

LA, localised adherence; DA, diffuse adherence; * formation of densely packed micro-colonies.

PF, pedestal formation; -, no pedastals formed.

+++, high numbers of FAS lesions formed; ++, medium numbers of FAS lesions formed; +, low numbers of
FAS lesions formed; -, no FAS lesions formed.
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Figure 3.4. Analysis of adherence patterns by (A) Stx-negative E. coli O157: H7 NCTC 12900, (B) EPEC O127:H6
and (C) APEC 0O86:K61 on avian Div-1 cells as observed by scanning electron microscopy. Magnification x 1750.
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Figure 3.5. The formation of AE lesions by (A) Stx-negative E. coli 0157:H7 NCTC 12900 (B) EPEC O127:H6

and (C) APEC 086:K61 on avian Div-1 cells as demonstrated by fluorescence actin staining (FAS). Magnification x
1000.




Figure 3.6. The formation of “pedestal cup structures” (AE lesions) by (A) Stx-negative E. coli O157:H7 NCTC
12900 (B) EPEC O111:NM and (C) APEC 086:K61 on avian Div-1 cells as observed by transmission electron
microscopy. Magnification x 38,750.
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Table 3.9. Localisation of Stx-negative E. coli 0157:H7 NCTC 12900 in SPF chicks at days 1, 2 5, 57 and 92
post inoculation.

Tissue
Day 1 PI Liver Spleen  Duodenum  Jejunum [leum Colon Caeca C.Tonsils
No. birds 3/5 0/5 ND ND ND ND 5/5 ND
positive
Mean 1.82 0 - - - - 8.64 -
logio
Geometric | 6.66E+01 0 - - - - 4.36E+08 -
mean
SD 2.26 0 - - - - 0.46 -
Day 2 PI Liver Spleen  Duodenum Jejunum Tleum Colon Caeca C.Tonsils
No. birds 5/5 5/5 ND ND ND ND 5/5 ND
positive
Mean 2.55 2.06 - - - - 8.45 -
logio
Geometric | 3.55E+02 1.14E+02 - - - - 2.79E+08 -
mean
SD 2.20 1.49 - - - - 0.56 -
Day S PI Liver Spleen  Duodenum  Jejunum Ileum Colon Caeca C.Tonsils
No. birds 3/5 3/5 ND ND ND ND 5/5 ND
positive
Mean 1.26 1.07 - - - - 8.25 -
logyo
Geometric | 1.81E+01 1.18E+01 - - - - 1.76E+08 -
mean
SD 1.77 1.38 - - - - 0.63 -
Day 57 PI Liver Spleen  Duodenum  Jejunum Tleum Colon Caeca C.Tonsils
No. birds 0/2 072 172 12 2/2 2/2 2/2 1/2
positive
Mean 0 0 1.41 1.50 3.14 6.11 7.73 1.65
logjo
Geometric 0 0 2.57E+01 3.16E+01 1.38E+03 1.27E+06 5.37E+H07 4.46E+01
mean
SD 0 0 1.99 2.12 1.30 0.22 0.11 2.33
Day 92 P1 Liver Spleen  Duodenum  Jejunum Tleum Colon Caeca C.Tonsils
No. birds 0/2 072 0/2 0/2 2/2 2/2 2/2 2/2
positive
Mean 0 0 0 0 2.22 4.00 6.15 3.87
logjo
Geometric 0 0 0 0 1.66E+02 1.00E+04 1.42E+06 7.40E+03
mean
SD 0 0 0 0 0 0.25 0.84 0.07

ND, not determined; C. Tonsils, Caecal tonsils; SD, standard deviation; PI, post inoculation
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Figure 3.7. Distribution of Stx-negative E. coli O157:H7 NCTC 12900 shedding from SPF chicks.

No. of Birds

T T T

T

NP RERREFTNRYRE LD RE GRS S PO

Days post inoculation

B High BMedium B Low OPositive after enrichment O Clear

Recovery of E. coli O157:H7 NCTC 12900 was scored as high (confluent), medium (>200 colonies) low (<200 colonies), positive (detected after enrichment only) and clear
(no colonies), N.B. The three remaining birds began to lay eggs on day 160 post inoculation.



Figure 3.8. Micro-colony (Day 24 post inoculation) of Stx-negative E. coli 0157:H7 NCTC 12900 attached to the
caecal mucosa of an SPF chick orally dosed with 1 x 10" CFU. Magnification x 1000.
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3.2 Discussion

The aims of the characterisation studies described in this chapter were to determine if
Stx-negative E. coli O157:H7 isolate NCTC 12900 was akin to previously reported Stx
positive E. coli O157:H7 isolates. However, although possible at the genotypic level, for
safety reasons it was not possible to make direct comparisons at the phenotypic level with the
Stx positive E. coli O157:H7 isolate EDL933. Gene probe analysis determined that NCTC
12900 has genes that belong to the virulence plasmid, pO157 and the locus of enterocyte
effacement (LEE). Importantly, intimin type y was detected, which is required for the
mitiation of the E. coli O157:H7 attaching and effacing (AE) phenotype. Gene amplification
also verified that NCTC 12900 is indeed Stx1 and Stx2 negative (This study and Dibb-Fuller
et al., 2001). Whether NCTC 12900 has lost both toxins from their respective phage or both
phage types do not reside within the NCTC 12900 genome was not determined. The first two
genes of the operon responsible for O-antigen synthesis in E. coli O157:H7 were detected in
NCTC 12900 and the LPS phenotype was confirmed by latex agglutination.

Gene probe analysis of genes outside the virulence plasmid and the LEE demonstrated
that NCTC 12900 has genes that are part of the type-1 fimbriae and curli operons. However,
no NCTC 12900 type-1 fimbriae or curli elaboration was detected, which is consistent with
other reported E. coli O157:H7 studies (Enami et al., 1999, Roe et al., 2001; Uhlich et al.,
2001). The structural sub-unit gene of flagellin was also successfully detected by PCR.
Transmission electron microscopy and motility tests confirmed that NCTC 12900 does
elaborate flagella that are functional, which is typical of other E. coli O157:H7 isolates
(Sherman et al., 1988; Sperandio et al., 2002).

Studies describing intermediate to complete resistance of some E. coli O157:H7 isolates
to antibiotics has been reported (Kim et al., 1994; Meng et al., 1998; Galland et al., 2001).
However, NCTC 12900 was sensitive to all the antibiotics tested in this study and was
therefore deemed to be suitable for genetic manipulation using antibiotic resistant cassettes.
Acid resistance studies verified that NCTC 12900 is able to tolerate the effects of acid. This
is of particular importance for use in chicks as their gastrointestinal tract is acidic (Farner,
1942). However, the numbers of NCTC 12900 increased in acidified media, whereas
previously reported studies have demonstrated that the numbers of E. coli O157:H7 in
acidified media do not increase with time (Lin et al., 1996; Price et al., 2000). Importantly,
the acid sensitive isolate used in the present study was not recovered from acidified media
suggesting that although fluctuations in pH may have occurred, this factor was not
detrimental to the outcome of this experiment, 1.e. NCTC 12900 is acid tolerant.

This is the first report that E£. coli O157:H7 can form micro-colonies and induce actin

rearrangement, typical of the AE lesion, on an avian cell line. The extent of the interaction
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was similar to that observed for the interaction of NCTC 12900 with HEp-2 cells (This study
& Dibb-Fuller ez al., 2001) but was greater than for a E. coli 086:K61 strain, a serotype that
possessed a variant y (gamma) intimin and that was associated with severe necrosis of the
gastrointestinal tract of a number of avian species (Foster et al., 1998; La Ragione et al.,
2002). Studies examining the interactions between NCTC 12900 derived-mutants and an
avian cell line may give more relevant insights into NCTC 12900-chick host interactions.

Transmission electron microscopy also revealed that NCTC 12900 associated and
unassociated with AE lesions also elaborated an unidentified surface appendage. However,
the two E. coli O157:H7 genome sequences (Hayashi et al., 2001; Perna et al., 2001) reveal
the presence of other putative adhesins including five other fimbrial operons and it was
possible that one or more of these may have played a role in the adherence to Div-1 cells and
a recent study by Torres and co-workers (2002) has identified LP fimbriae, which may play a
role in micro-colony formation. Whether the unidentified surface appendages associated with
NCTC 12900 were LP fimbriae remains unclear.

In the 1-day-old SPF chick model, Stx-negative E. coli O157:H7 colonisation of the
caeca was observed and in the later stages of infection, colonisation of the colon and other
tissues of the gastrointestinal tract was also noted. Whether or not adherence was due partly
to the formation of AE lesions was not determined. However, histological studies did show in
birds given 1 x 10’ CFU NCTC 12900, the formation of micro-colonies on the mucosal
surface. Colonisation of the caeca is consistent with the findings of previous studies by Beery
et al. (1985), Schoeni and Doyle (1994), Stavric et al. (1993) and Sueyoshi and Nakazawa,
(1994). However, these authors used two E. coli O157:H7 i1solates that were Stx positive. The
fact that the Stx-negative E. coli O157:H7 isolate NCTC 12900 behaved in a similar manner
to the Stx-positive E. coli O157:H7 isolates indicated that the Shiga-toxins might play little
or no role in colonisation of the gastrointestinal tract of the chicken. These findings indicate
that the E. coli O157:H7 LEE-encoded mechanisms of colonisation may play a significant
role in colonisation in this model. Furthermore, poultry are susceptible to AE lesion
formation by a number of other AEEC and EPEC strains (Pakpinyo et al., 2002). However, it
is reasonable to speculate that other E. coli O157:H7 mechanisms encoded outside the LEE
may contribute to the persistent colonisation of SPF chicks.

E. coli O157:H7 is regarded as a non-invasive pathogen. However, in this and previous
studies (Dibb-Fuller et al., 2000; Wales et al., 2002) it has been demonstrated that the
organisms may be taken up by cells in low numbers compared with known invasive
organisms such as Salmonella. It remains unclear whether uptake of E. coli O157:H7 was an

active bacterial or host mechanism.
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E. coli O157:H7 NCTC 12900 colonisation of the chickens persisted for 148 days and
the resolution of infection occurred just before the birds came into lay. A variable
colonisation study of White Leghorn chickens challenged orally with 10" to 10® CFU of E.
coli O157:H7, isolated E. coli O157:H7 from the shells of eggs (Schoeni & Doyle., 1994).
However, egg shells contaminated with E. coli O157:H7 came only from birds given an
inoculum that was a 1000-fold greater than the inoculum given in this study. Possibly this
Stx-negative O157 isolate persisted at levels at the point of lay below the sensitivity of the
methods used in this study. However, only three birds were studied and further analysis of
eggs from subsequent wild-type persistence experiments will be discussed in chapter 7.

The pattern of faecal excretion of NCTC 12900 by colonised birds appeared sporadic. It
is unclear whether this is to be expected for this organism in this host although sporadic
excretion has been documented previously for other gastro-intestinal colonising pathogens
(Williams-Smith, 1975). Schoeni and Doyle (1994) collected faecal samples at monthly
intervals from experimentally infected 1-day-old chickens and showed variable shedding
from individual birds. More than half of the birds cleared infection at about 6 months of age
whilst others continued to give detectable counts in the region of 100 organisms per gram of
caecal contents at the closure of the experiment, 10 months after oral inoculation when
administered with 1.3 x 108 CFU of E. coli O157:H7 bacteria. Although the methods for the
detection of NCTC 12900 shedding are different from that of Schoeni and Doyle (1994) the
findings of the study reported here for a Stx-negative E. coli O157:H7 isolate are compatible
with those for birds inoculated with a similar dose of Stx positive E. coli O157:H7 isolate
(Schoeni & Doyle, 1994). What is also important, was the development of a chick model of
E. coli O157:H7 colonisation for the subsequent characterisation of E. coli O157:H7 surface
antigens. This model will form the basis of future studies of E. coli O157:H7, a potential
human health hazard in chickens. Therefore, isolate NCTC 12900 was considered for more
detailed study as it met the criteria described for other typical Stx positive E. coli O157:H7
isolates, namely by the formation of micro-colonies and AE lesions on tissue culture mono-

layers and the colonisation of SPF chicks.
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Chapter 4

Construction and characterisation of knockout Stx-negative E. coli 0157:H7

NCTC 12900 intimin and aflagellate mutants

As discussed in Chapter 3, Stx-negative E. coli O157:H7 isolate NCTC 12900 can form
micro-colonies and AE lesions on an avian cell line (Div-1) derived from SPF White Leghorn
chickens and is also able to colonise and persist in SPF White Leghorn chickens. An essential
requirement for the formation AE lesions is the expression of the intimin adherence factor
(Knutton et al., 1987b; Knutton et al., 1989; McKee and O’Brien, 1995). The E. coli
O157:H7 intimin adherence factor is required for the formation of AE lesions in the
gastrointestinal tract of experimentally infected animals (Donnenberg et al., 1993; McKee et
al., 1995; Tzipori et al., 1995; Dean-Nystrom et al., 1998) and a probable role in large animal
persistence has been reported (Cornick et al., 2002). However, whether of not intimin is
involved in the colonisation or persistence of SPF White Leghorn chicks by E. coli O157:H7
has yet to be determined.

Another surface elaborated factor, flagella, does play a role in the in vivo colonisation of
other E. coli pathogens (Smyth, 1988) including an avian pathogenic E. coli isolate (La
Ragione et al; 2000b) but a role in colonisation and persistence for E. coli O157:H7 flagella
in any iz vivo model has yet to be determined. However, Stx-positive, non-motile (H-) E. coli
0157 have been isolated and E. coli O157:H- sorbitol fermenting strains are a major cause of
food-borne disease in humans (Bielaszewska et al., 2000; O’Brien et al., 2001).

In order to test the contribution of intimin and flagella, if any, in the colonisation of SPF
White Leghorn chicks by E. coli O157:H7, knockout intimin and aflagellate mutants in the
Stx-negative E. coli O157:H7 isolate NCTC 12900 were required. Here, the description of

their construction and conformation is given.
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4.1 Results
4.1.1 Construction of a eae::cam’ mutant of E. coli O157:H7 NCTC 12900 by allellic
exchange

A mutant defective for the elaboration of intimin was constructed by insertional
inactivation of the eae gene in Stx-negative E. coli O157:H7 strain NCTC 12900 (Tables 4.1
& 4.2; Figures 4.1 and 4.2). Construction of the disrupted eae gene within the appropriate
suicide vector was constructed previously (Cookson & Woodward, 2003). A 1558bp
EcoRVSall fragment from the conserved N-terminal region of eae was excised from an eae
clone of an E. coli O157:H7 strain A84 cosmid library made in E. coli XL1-Blue MR. This
EcoRI/Sall fragement was cloned into EcoRI/Sall cut pUC18 (amp") to give pALC6 (Table
4.1). The 1dentity of the insert was confirmed by restriction enzyme mapping and pALC6 was
linearised with EcoRV (unique restriction enzyme site) and dephosphorylated with shrimp
alkaline phosphatase. A blunt-ended 1.1kb chloramphenicol cassette excised from pBCSK
(Stratagene) by Kpnl and BamHI was ligated with the pALC6 to give pALC8 (Table 4.1).
The eae::cam' fragment of pALC8 was amplified via PCR using pfi« polymerase and primers
m13-20F and m13rev to generate blunt-ended amplicons, which were cloned into the Sr/1 site
of the plasmid suicide vector pEFORMT (tet’) to give pALC10 (Table.4.1). The host for
pALC10 was E. coli K12 S17 A pir, permissive for stable replication of the pERFORM series
of suicide vectors. In the study reported here, conjugations (Table 4.2) were performed
between E. coli K12 S17 A pir harbouring pALC10 and the recipient isolate NCTC 12900
with selection made on minimal media plates supplemented with chloramphenicol. Well-
isolated colonies were picked and streaked onto minimal media plates supplemented
separately with chloramphenicol and tetracycline. Chloramphenicol resistant and tetracycline
sensitive colonies were retained. Recombinants that grew only on chloramphenicol were sub-
cultured onto the same medium a further three times to prevent any E. coli K12 S17 A pir
carry over and then tested genotypically and phenotypically to confirm inactivation of eae.
4.1.2 Construction of a fliC::str’ mutant of E. coli O157:H7 NCTC 12900 by allellic
exchange

A mutant defective for the elaboration of flagella was constructed by insertional
inactivation of the fliC gene in Stx-negative E. coli O157:H7 strain NCTC 12900 (Tables 4.1
& 4.2; Figures 4.1 and 4.2). Initially, primers fliCF and fliCR (Chapter 2, Table 2.2) were
used successfully to amplify the 1641bp amplicon from NCTC 12900. The amplicon was
purified and ligated into the multiple cloning site of the cloning vector pCR®2.1 to give
pGUS1 (Table 4.1). The insert was mapped by restriction enzyme digestion. A unique
restriction enzyme site (Eco471l) was found within the 1641bp amplicon. A blunt-ended

1.2kb Pwvull fragment that encoded streptomycin resistance was excised from p723 and
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cloned into the Eco4 7111 site of pGUSI to give pGUS2 (Table 4.1). EcoRI and Sacl was used
to cleave the fliC::str’ construct from pGUS2, which was cloned into the Srfl site of
pERFORMK (kan") (Table 4.1) to give pGUS3 (Table 4.1). The host for pGUS3 was E. coli
K12 S17 A pir, permissive for stable replication of the pPERFORM series of suicide vectors.
Conjugations (Table 4.2) were performed between E. coli K12 S17 A pir harbouring pGUS3
and the recipient isolate NCTC 12900 with selection made on minimal media plates
supplemented with streptomycin. Well-isolated colonies were picked and streaked onto
minimal media plates supplemented separately with streptomycin and kanamycin.
Streptomycin resistant and kanamycin sensitive colonies were retained. Recombinants that
grew only on streptomycin were sub-cultured onto the same medium a further three times to
prevent any E. coli K12 S17 A pir carry over and then tested genotypically and
phenotypically to confirm inactivation of fliC.

4.1.3 Construction of a eaed::cam'/fliC::str" double mutant by allelic exchange

A second round of allelic exchange was done to construct a double mutant defective for
intimin and flagella genes. The methods followed those detailed in sections 4.1.1 & 4.1.2
(Table 4.1). A mutant defective for the elaboration of flagella and intimin was constructed by
performing a conjugation between S17A pir carrying the pGUS3 pERFORMK f1iC::strep”
suicide vector construct and the intimin deficient mutant, DM3. (Table 4.2).

4.1.4 Genotypic characterisation of knockout intimin and aflagellate mutants

To confirm that the target gene of one representative putative eae and f7iC mutant had
been inactivated, comparisons were conducted between the parent progenitor isolate (NCTC
12900) and both putative mutants by Southern blot hybridisation. After the extraction of
genomic DNA from each mutant and the parent progenitor isolate, the DNA was digested to
completion by the appropriate restriction enzymes, visualised by gel electrophoresis and then
transferred to nylon membranes for further analysis by three hybridisation experiments.
Firstly, DNA hybridisation with the target gene was performed to detect the insertion of the
antibiotic resistant cassette (Figure. 4.3). Secondly, DNA hybridisation with the antibiotic
resistant cassette was performed to confirm its location and that only one copy resided within
the chromosome. Thirdly, DNA hybridisation was performed with the relevant linearised
suicide vector to confirm the absence of any suicide vector sequence.

Southern blot hybridisation patterns confirmed that the native intimin or flagella gene of
each mutant had been changed by the insertion of a known antibiotic resistance cassette.
Interestingly, an extra band was observed for digestion of fliC (DM4 and DMS5) with Clal
either suggesting that another site may have been formed after insertion of the antibiotic
resistance cassette and/or that the Clal site in the fliC gene was only partially digested

(Figure 4.3). However, and more importantly, no hybridisation was observed when the
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genomic DNA of each mutant was probed with the appropriate pERFORM plasmid
confirming the loss of the suicide vector.

PCR on the genomic DNA confirmed that target genes had been inactivated. Inserted
antibiotic resistance cassette was acknowledged by the absence of the wild-type (NCTC
12900) band and the presence of a band equal in size to the wild-type band plus the antibiotic
resistant cassette (Figure 4.4). Additionally both individual mutations in the double mutant
gave the same identical PCR and Southern blot hybridisation patterns for each single mutant.
Furthermore, preliminary sequencing of ece and fliC genes confirmed mutation insertion and
the absence of any aberrant genetic reassortment.

4.1.5 Phenotypic characterisation of knockout intimin and aflagellate mutants

Functional intimin is required for the formation of attaching and effacing (AE) lesions.
Therefore, mutants with inactivated intimin (DM3 and DM5) (Table 4.3) were tested by
fluorescent actin staining (FAS) for their ability to form AE lesions on HEp-2 tissue culture
mono-layers. Unlike the progenitor parent isolate (NCTC 12900), neither of these mutants
defective for the elaboration of intimin was able to form AE lesions after 6 hours incubation
with HEp-2 mono-layers (Figure 4.5).

Mutants with inactivated flagella (DM4 and DMS5) (Table 4.6) were tested for the loss of
motility by straight wire stab inoculation into semi-solid LB agar. Unlike the progenitor
parent isolate (NCTC 12900), neither of these mutants defective for the elaboration of
flagella was able to diffuse through the agar. Furthermore, flagella were not detected by
transmission electron microscopy (TEM) for either fIiC mutant (DM4 and DMS5) (Figure 4.6).

An in vitro growth rate study revealed that all mutants and the progenitor parent isolate
had similar rates of growth (Figure 4.7) and an acid resistance study revealed that each

mutant was tolerant to acidified media (Table 4.4).
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Table 4.1. Cloning and mutagenesis strategy.

Surface arrayed | Target gene Associated Cosmid library* / | Size of excised Cloned Marker gene Cloned amplicon Suicide vector
protein/ protein primers used fragment/ amplicon cassette & location & construct
appendage amplicon construct of insertional antibiotic
inactivation resistance marker

Intimin eae Subunit gene AB4* 1558bp pALC6 cam' — EcoRYV site at pALCR pALC10
672bp

Flagella flic Subunit gene fliCF & fliCR 1641bp pGUS1 str’ — Eco4 7111 site at pGUS2 pGUS3
977bp

EcoR1/Sall of 1558bp fragment from the conserved N-terminal region of eae was excised from an eae” clone of an E. coli 0157:H7 A84 cosmid library made in E. coli XL.1-Blue MR.
Primer sequences and source are listed in table 2.3. Primers (fliCF & fliCR) were designed on the E. coli O157:H7 EH7 sequence (AF228488) to amplify a PCR product of 164 1bp.

Table 4.2. Conjugations performed to construct single and double intimin and aflagellate mutants

Donor construct in S17* Recipient strain Antibiotic selection Antibiotic counter Mutant
selection
o | PALCIO eaed::cam’ in pPERFORMT Stx —ve E. coli 0157:H7 NCTC 12900 Chloramphenicol Tetracycline DMS3 (intimin deficient)
w2 (wild-type)
pGUS3 fliC::str’ in pPERFORMK Stx —ve E. coli O157:H7 NCTC 12900 Streptomycin Kanamycin DM4 (flagella deficient)
(wild-type)
pGUS3 fliC::str' in pERFORMK DM3 Chloramphenicol Kanamycin DM5
(intimin deficient) & (intimin & flagella deficient)
Streptomycin
*E. coli K12 S17 A pir
Table 4.3. Escherichia coli O157:H7 NCTC 12900 intimin and flagella mutant library
Identity Genotype Antibiotic Resistance Phenotype*
DM3 eaed::cam’ chloroamphenicol @ 10pg/ml AE lesion”
DM4 SliC:str” streptomycin @ 25pg/ml Non-motile
DMS5 eaed::cam’ & fliC::str' chloroamphenicol @ 10pg/ml streptomycin @ 25ug/ml AE lesion” & Non-motile

eaed; intimin, f7iC; flagella. * AE lesion’; No attaching and effacing (AE) lesion formation as demonstrated by fluorescent actin staining (FAS) and transmission electron microscopy

(TEM). Motility; tested by straight wire stab into semi-solid media.



Figure 4.1. Basic diagram illustrating the strategy of mutagenesis
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Figures 4.2a & b. Diagrams illustrating antibiotic resistant cassette insertion within target genes. Also indicated are
the approximate positions of each restriction enzyme site used to map each mutation by Southern blot hybridisation
(Figure 4.3). Green regions represent target genes, blue regions represent flanking gene sequences and the red
regions represent the antibiotic resistant cassettes. Arrows indicate the direction of gene transcription.
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Figure 4.3. Southern blot hybridisation of Stx-negative E. coli O157:H7 NCTC 12900 and mutant derivatives to
demonstrate insertional inactivation of target intimin and flagella genes.
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(lanes 1 & 2), Mfel (lanes 3 & 4), EcoRI (lanes 5 & 6), EcoRV (lanes 7 & 8) and Bg/l (lanes 9 & 10). DM5
(eae::cam’, fliC::str') gave the same pattern as above.
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Figure 4.4. PCR of the parent progenitor isolate Stx-negative E. coli O157:H7 NCTC 12900 and intimin and
aflagellate mutants.
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Primers eaeF and eaeR were used to amplify NCTC 12900 (lane 1) and DM3 (eae::cam”) (lane 2). Primers fliCF and

fliCR were used to amplify NCTC 12900 (lane 4) and DM4 (f1iC::str'). DMS5 (eae::cam', fliC::str") gave the same
pattern as above.
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Figure 4.5. The formation of AE lesions by (A) DM4 (aflagellate mutant) but not by (B) DM3 (intimin mut.ar.lt)
and (C) DMS5 (intimin-aflagellate mutant) on HEp-2 mono-layers as demonstrated by fluorescence actin staining
(FAS). Magnification x 1000.
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Figure 4.6. Flagella expression by (a) DM3 (intimin mutant) but not by (b) DM4 (aflagellate mutant) and (c) DM5
(intimin-aflagellate mutant) as observed by transmission electron microscopy. Magnification x 22,250.
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Table 4.4. Intimin and aflagellate mutants in the presence of inorganic acid (HCI, pH 2.5) for 2.5 hours at 37°C
with shaking.

E. coli 0157 Resistance to acid
isolate
CFU/ml CFU/ml in LB broth CFU/ml in LB broth pH2.5
@ time =0 @ time = 2.5 hours @ time = 2.5 hours

NCTC 12900 6.58E+04 1.77E+08 1.69E+06
DM3 3.33E+04 7.77TE+07 5.33E+05
DM4 5.23E+04 1.45E+08 7.75E+05
DMS5 7.48E+04 1.40E+08 6.81E+05

DM3 (intimin mutant); DM4 (aflagellate mutant); DMS5 (intimin-aflagellate mutant).

Figure 4.7. Growth of Stx-negative E. coli O157:H7 NCTC 12900 and intimin and aflagellate mutants, when
cultured in LB broth at 37°C with shaking.
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4.2. Discussion

Three mutants defective for intimin, flagella and both intimin and flagella were
constructed in Stx-negative E. coli O157:H7 isolate NCTC 12900 by allelic exchange.
Convincing genetic evidence was gained that the three mutants possessed an antibiotic
resistance cassette in the desired target gene. The mutants had acquired the anticipated
phenotypic changes, although whether other unconcealed phenotypic changes existed
resulting from the mutagenesis strategy was not sought after. There was no evidence of any
mdjor genetic rearrangement of the target loci or the existence of residual suicide vector as
detected by Southern blot hybridisation. However, it is possible that genetic rearrangement
out with the target loci had been altered, although unlikely.

It was noted that the eae and fIiC mutations constructed in the Stx-negative E. coli
O157:H7 isolate NCTC 12900 did not appear to affect the growth rates or their ability to
tolerate acid suggesting that the burden of one or two antibiotic resistance cassettes had little
obvious affect upon the relative fitness of each mutant, at least in vitro in the experiments
undertaken. Subtle phenotypic changes may have occurred, but whether they had done so
remained unclear and undetected. It was possible that any attenuation seen in subsequent
analysis may be as a result of not only the targeted mutation but of other subtle effects also.

The successful use of antibiotic resistance cassettes not only served as tools of
inactivation, but they also served as tools for positive selection of allelic exchange, hence
why this mutagenesis strategy was used. However, several authors (Chambers & Neu, 1995;
Gilbert, 1995; Mayer et al., 1995; Standiford, 1995; Zinner & Mayer, 1995) have given
evidence suggesting that the constitutive expression of antibiotic resistance cassettes occurs
when under control of their own promoters. However, it was possible that the expression of a
foreign gene may have affected each mutant. Insertion of an antibiotic resistance cassette into
the flagella operon may have created polar mutations that modified gene expression
downstream of the antibiotic resistance cassette promoter. Nevertheless, if more than one
gene had been disrupted in the flagella operon, this was possibly of little consequence as the
intention was to create an aflagellate mutant. However, it was equally possible that any
transcriptional read through from the antibiotic resistance cassette may have altered any
regulatory feedback mechanism within the flagella operon and even other adjacent genes and
operons.

Intimin resides within the Tir operon in the locus of enterocyte effacement (LEE) (Elliott
et al., 2000), but unlike flagella, the complete form of intimin only involves the expression of
one gene, eae. If a polar mutation or disruption of more than one gene other than intimin had
occurred due to the insertion of an antibiotic resistance cassette this might have had

additional effects on the expression of other important virulence genes within this operon.

101



However, the promoters of antibiotic resistance cassettes inserted into intimin and aflagellate
mutants may have altered the expression of genes outside the open reading frame of interest
leading to misregulation of genes within the same operon or elsewhere on the genome
(Ciampi et al., 1982; Kendrick & Reznikoff, 1988; Wang & Roth, 1988). It must also be
noted that antibiotic resistance cassette insertion in a target gene may create conformational
changes in its DNA topology, therefore, altering gene regulation (Afflerbach et al., 1999).

Other genetic manipulation techniques could have been utilised to construct intimin and
flagella defective mutants. For instance, the construction of deletion mutants (Marc et al.,
1998) would have eliminated any problem of antibiotic resistance cassettes possibly altering
the mutant phenotype in addition to the desired intimin and flagella mutations. Unfortunately,
inactivation of a whole gene or operon without the inclusion of a selectable marker in the
definitive double cross-over mutant would have made mutant differentiation, mutant
selection, double mutant construction and in vivo work more difficult.

In these studies it was assumed that each mutant displayed a phenotype, which related
only to the inactivated mutant allele. However, whilst constructing mutants, possible
secondary mutations may have occurred within the targeted operon although no unequivocal
evidence was gained for this. It also follows that antibiotic resistance cassette insertion into
intimin and flagella genes may have given rise to additional genotypic and phenotypic
changes and although these changes were not detected in the laboratory, they may have
affected the performance of each mutant in the in vitro and in vivo environment.

The construction of a panel of defined, antibiotic marked, inactivated single and double
intimin and aflagellate mutants were an essential requirement for the work to be reported in
this thesis. The use of these mutants would determine what the single and combined roles of
intimin and flagella were in the colonisation and persistence of Stx-negative E. coli O157:H7

NCTC 12900, as assessed by in vitro tissue culture assays and in vivo chick models.
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Chapter 5

In vitro tissue culture adhesion and invasion studies

Surface arrayed structures such as integral membrane proteins can mediate the adhesion
of many bacterial pathogens including enteropathogenic and enterhaemorrhagic E. coli
(EPEC and EHEC) to host surfaces (Nataro & Kaper 1998). The aim of the study to be
reported in this chapter was to test the adherence and invasion of Stx-negative E. coli
O157:H7 intimin and aflagellate mutants using the avian Div-1 and human HEp-2 cell lines
utilised in chapter 3.

The avian (Div-1) cell line was derived from White Leghorn (PA12) embryonated eggs,
where all the small intestine walls from 18 day-old embryos were used to establish this avian
cell line (Velge et al., 2002). The epithelial-like HEp-2 (Human Epidermoid Larynx
Carcinoma) cell line was created from the induced tumours of weanling rats that were
injected with the epidermoid carcinoma tissue from the larynx of a 56-year-old Caucasian
male (Toolan, 1954; Moore et al., 1955). Originally intended and used to culture viral
isolates from patient specimens, HEp-2 cells have also been used routinely to characterise the
adherence of many bacterial pathogens including E. coli O157:H7 (Knutton et al., 1989,
McKee & O’Brien, 1995; Dibb-Fuller et al., 2001).

As discussed in previous chapters, E. coli O157:H7 utilises the integral outer membrane
protein intimin for intimate attachment to HEp-2 cell monolayers (McKee & O’Brien, 1996,
Gansheroff ef al., 1999). Few studies aimed at determining the role of the H7 flagella antigen
in adherence have been reported, but Sherman and Soni, (1988) did report that flagella were
not required for E. coli O157:H7 attachment. The role of E. coli O157:H7 flagella in carrier
hosts remains unclear. However, naturally occurring H- E. coli O157 have been associated
with disease in humans and, therefore, it was considered that the role of flagella might be
minimal or even not relevant in pathogenesis.

The Stx-negative E. coli O157:H7 isolate NCTC 12900 forms micro-colonies and AE
lesions on avian Div-1 and HEp-2 mono-layers (Dibb-fuller ef al., 2001 & Chapter 3>) and
Cookson & Woodward (2003) did demonstrate that an intimin-deficient E. coli O157:H7
mutant was unable to exhibit these phenotypes on HEp-2 cells. In poultry, it is not yet
understood whether E. coli O157:H7 cause micro-colonies and AE lesions. Therefore, it was
important in this part of the study to determine whether intimin or flagella would contribute
to micro-colony and AE lesion formation on an avian cell line by using the intimin and

aflagellate mutants constructed in chapter 4.
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5.1 Results
5.1.1 Adhesion and invasion of intimin and aflagellate mutants to Div-1 and HEp-2
tissue culture mono-layers

To determine the numbers of adhering and invading intimin and aflagellate mutants
(DM3, DM4 and DMS5) avian Div-1 and HEp-2 mono-layers were utilized and the results of
adherence and invasion assays are shown in Tables 5.1a and b. Adherence of the aflagellate
mutant (DM4) to Div-1 cells was similar to that of the NCTC 12900. However, adherence of
the intimin mutant (DM3) and the double intimin-aflagellate mutant (DMS5) was significantly
(p<0.001) less than NCTC 12900 and DM4. The extent of invasion of DM4 and DM35 was
significantly (p<0.05) less than NCTC 12900 and DM3. Numbers of internalised DM3 were
similar to that of NCTC 12900.

Numbers of adhering DM3, DM4 and DMS5 to HEp-2 mono-layers were significantly
(p<0.05) less than NCTC 12900. The extent of invasion of DM3 was significantly (p<0.001)
less than NCTC 12900. The numbers of internalised DM4 were similar to that of NCTC
12900, but were significantly (p<0.001) more than DM3. No internalised DMS5 bacteria were
recovered.

No significant differences between Div-1 and HEp-2 cell mono-layers were noted for
NCTC 12900, DM3 and DM4 adhesion (Table 5.1c). However, the numbers of adhering
DMS5 were significantly (p<0.05) less for Div-1 cells. Furthermore, significantly (p<0.05)
more NCTC 12900, DM3, DM4 and DM5 were internalised in Div-1 cells as compared to
HEp-2 cells.

5.1.2 Visualisation of the adherence patterns of intimin and aflagellate mutants to Div-1
and HEp-2 tissue culture mono-layers

Adherent bacteria were observed by light microscopy after Giemsa staining and by
scanning electron microscopy (SEM). Like the progenitor parent strain, DM4 (aflagellate
mutant) generated localised adherence patterns on Div-1 and HEp-2 mono-layers and the
characteristic micro-colonies of densely packed cells (Table 5.2; Figure 5.1). However,
diffuse adherence patterns were observed for DM3 (intimin mutant) and DMS5 (intimin-
aflagellate) on Div-1 and HEp-2 cell mono-layers.

Actin rearrangements within avian Div-1 and HEp-2 mono-layers as observed by
fluorescent actin staining (FAS), were shown for DM4. However, no characteristic AEEC-
FAS reaction was observed for DM3 or DMS5 (Table 5.2; Figure 5.2). Transmission electron
microscopy (TEM) revealed that DM4 induced the formation of the “pedestal cup” structure
on Div-1 and HEp-2 mono-layers typical of AE lesions (Table 5.2; Figure 5.3). No “pedestal

cup” structures were observed for DM3 or DMS.
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Tables 5.1a, b & ¢. Adhesion () and invasion (b) of avian Div-1 and human HEp-2 cell lines by intimin and
aftagellate mutants (DM3, DM4 & DMS5) 12900 and (c) a statistical comparison between cell lines.

(a) Adhesion
Div-1 HEp-2
Bacteria Mean Geometric SD  p-value | Mean Geometric SD p-value
logo mean logyg mean

NCTC 12900 6.76  5.75E+06  0.11 - 693 851E+06 0.22 -
DM3 579  6.16E+05 0.24 <0.001 | 6.11 1.29E+06  0.33 <0.001
DM4 6.70  5.01E+06  0.24 0.710 6.69 4.90E+06 0.07 0.053
DMS5 570  5.01E+05 035 <0.001 | 6.50 3.16E+06 0.24 0.002

(b) Invasion

Div-1 HEp-2
Bacteria Mean Geometric SD pvalue | Mean Geometric SD p-value
log;q mean logg mean
NCTC 12500 422 1.66E+04  0.08 - 331 2.04E+03 0.25 -
DM3 420 1.58E+04  0.07 0.93 2.60 398E+02 0.05 <0.001
DM4 393  8S51E+03 0.32 0.23 3.19 1.55E+03 0.22 0.286
DMS 3.27 1.86E+03  0.08  <0.001 0 0 0 0

DM3, intimin mutant; DM4, aflagellate mutant; DMS, intimin-aflageliate mutant; SD, standard deviation;
p—value; significance in adhesion and invasion between each isolate and NCTC 12900.
Units for geometric means are CFU/ml.

¢) Significance (p-value) between cell lines for enteric bacterial adhesion and invasion.

Adhesion Invasion
Bacteria p-value of Div-1 versus HEp-2 p-value of Div-1 versus HEp-2
NCTC 12900 0.183 0.001
DM3 0.124 <0.001
DM4 0.965 0.004
DMS5 0.004 0.008

All counts were transformed to the logarithms to the base 10 of (count+1). Comparisons between the NCTC
12900 and each isolate by student t-tests followed analysis of variance. Comparisons between Div-1 and HEp-2
mono-layers for the means of the same isolate were made using student t-tests with separate variance estimates.
Where counts were zero for one cell type the non-parametric Wilcoxon-Mann-Whitney was used in place of the
student t-test.
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Table 5.2. Summary of patterns of interaction by intimin and aflagellate mutants (DM3, DM4 & DMS5) and the
progenitor parent isolate Stx-negative E. coli 0157:H7 NCTC 12900 with avian Div-1 cells and human HEp-2
cells as demonstrated by Giemsa staining, scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and fluorescent actin staining (FAS).

Cell type & Bacterial strain
Test

NCTC 12900 DM3 DM4 DMS5
Div-1
Giemsa/SEM LA* DA LA* DA
TEM PF - PF -
FAS +4+ - +H+ -
HEp-2
Giemsa/SEM LA* DA LA* DA
TEM PF - PF -
FAS ++ - +H+ -

DM3, intimin mutant; DM4, aflagellate mutant; DMS, intimin-aflagellate mutant.

LA, localised adherence; DA, diffuse adherence; * formation of densely packed micro-colonies.

PF, pedestal formation; -, no pedastals formed.

+++, high numbers of FAS lesions formed; ++, medium numbers of FAS lesions formed; +, low numbers of
FAS lesions formed; -, no FAS lesions formed.
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Figure 5.1. Scanning electron micrographs demonstrating the adherence patterns of (A) DM4 (aflagellate mutant)
(B) DM3 (intimin mutant) and (C) DMS (intimin-aflagellate) with avian Div-1 cell mono-layers. Magnification x
1750.
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Figure 5.2. The formation of AE lesions by (A) DM4 (aflagellate mutant) but not by (B) DM3 (intimin mutam? amwjﬂ
(C) DMS (intimin-aflagellate mutant) on Div-1 cell mono-layers as demonstrated by fluorescence actin staining
(FAS). Magnification x 1000.

A
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Figure 5.3. Transmission electron micrograph showing the formation of “pedestal cup structures” (AE lesions) by
DM4 (aflagellate mutant) on avian Div-1 cells. Magnification x 38,750.
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5.2 Discussion

Characterisation of Stx-negative E. coli O157:H7 mutants deficient for the elaboration of
intimin and flagella was initially carried out on tissue culture mono-layers to determine if the
mutants behaved differently from the wild-type strain. An avian Div-1 cell line was
employed to characterise any differences since intimin and aflagellate mutants would
subsequently be characterised in the SPF chick model. However, it should be noted that great
care must be taken when interpreting the results from tissue culture assays, since many of the
physical barriers operating in the in vivo environment such as mucus, peristalsis, nutrient
limitation, anaerbiosis are not present. Furthermore, a study by James and Keevil, (1999) did
demonstrate that E. coli O157:H7 grown in oxygen-limited and anaerobic conditions were
significantly more adhesive to tissue culture mono-layers (HEp-2) than O157 cells grown
acrobically. Nevertheless, human HEp-2 cell mono-layers have been used to study the
adherence patterns of Stx-positive E. coli O157:H7 grown under aerobic conditions (Knutton
et al., 1989; McKee et al., 1995; McKee & O’Brien, 1996) and Stx-negative E. coli O157:H7
NCTC 12900 adherence has been reported (Dibb-Fuller et al., 2001). The purpose of using
the avian cell line in this study was to give insights into how E. coli O157:H7 might interact
with the chick gut.

E. coli O157:H7 intimate adherence to tissue culture cell lines, including HEp-2 cell
mono-layers, has demonstrated that intimin is essential for the formation of AE lesions. The
intimin mutant reported in this study had reduced levels of adherence for both types of cell
line compared to wild-type NCTC 12900 and no micro-colony formation or localised
adherence patterns was observed, suggesting that intimin does play a role in adherence and
micro-colony formation. However, since the intimin mutant was recovered in adherence
assays this implies that other attachment factors expressed in E. coli O157:H7 are possibly
involved in adherence. Genome sequencing of two separate Stx-positive E. coli O157:H7
strains has identified the presence of putative adhesins including five other fimbrial operons
(Hayashi et al., 2001; Perna et al., 2001). A recent study by Torres et al. (2002) has
confirmed the expression of one such E. coli O157:H7 operon resulting in LP (long polar)
fimbriae. An unidentified surface appendage elaborated by NCTC 12900 was incidentally
found in the study reported in chapter 3. Whether this was LP fimbriae remains to be tested.

Flagella have been shown to be important in the adherence of other E. coli pathogens
such as enteropathogenic E. coli (EPEC) isolates (Giron et al., 2002) but for NCTC 12900 on
avian Div-1 and human HEp-2 mono-layers, flagella appeared to play little or no role in
adherence. Flagella seemed not to play a significant role in micro-colony or AE lesion
formation, because apart from active flagella the phenotype of the aflagellate mutant was the

same as wild-type NCTC 12900 in these assays. On the other hand, intimin when knocked
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out by mutagenesis failed to induce all of these phenotypes. Whether flagella play any role in
adhesion remains unclear. Clearly they do not assist in AE and micro-colony formation, but
they may play a minor role in initial adherence. Possibly, a decrease in assay time may have
teased out any subtle differences between mutant and wild-type.

Flagella have been implicated in playing a role in the invasion of the intestinal mucus by
various bacterial pathogens including E. coli pathogens (Freter, 1980; Smith, 1988; La
Ragione et al., 2000a). However, E. coli O157:H7 variants have been described including
non-motile strains that have been associated with disease (Bielaszewska et al., 1998;
Bielaszewska et al., 2000). In the study reported here, the numbers of aflagellate mutant
recovered from Div-1 invasion assays was 10-fold less than wild-type NCTC 12900 implying
that flagella was required for the levels of invasion that were demonstrated by the wild-type.
However, the numbers of aflagellate mutant recovered from HEp-2 cell mono-layers was
comparable with that of the wild-type. Interestingly, an intimin-aflagellate mutant was not
internalised in HEp-2 mono-layers. Although the purpose of the study here was to
characterise the interaction of NCTC 12900 flagella with an avian cell line derived from SPF
chicks, in retrospect it may have also been appropriate to compare and contrasted aflagellate
mutants using the mucus secreting cell line, HT2916E (Lesuffleur ez al., 1995; La Ragione et
al., 2000a) since the flagella of other bacterial pathogens has been implicated in the
penetration of mucus layers.

Previous studies have demonstrated that E. coli O157:H7 are able to invade tissue culture
mono-layers. (Oelschlaeger ef al., 1994; Matthews ef al., 1997; Dibb-Fuller et al., 2001). One
study revealed Stx-positive E. coli O157:H7 had decreased adherence to HEp-2 cell mono-
layers when intimin was incapacitated by antibody recognition of the C-terminal region
(Gansheroff et al., 1999). In the study to be reported here, an intimin deficient mutant had
reduced levels of invasion with HEp-2 mono-layers, but not with the Div-1 cell mono-layers
suggesting that the mechanism for avian epithelial cell invasion may be somehow
complemented by the expression of another virulence factor. However, significant
differences between Div-1 and Hep-2 cells were noted for the internalisation of each isolate
indicating that either avian cell processes played an active role in uptake or that there was

greater expression of a cell receptor recognising a yet undefined surface structure.
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Chapter 6

Colonisation, invasion and persistence of Stx-negative E. coli 0157:H7 NCTC 12900

intimin and aflagellate mutants in the SPF chick model

Evidence was presented in chapter 3 that Stx-negative E. coli O157:H7 isolate NCTC
12900 was able to colonise and invade experimentally infected 1-day-old SPF chicks and that
shedding of NCTC 12900 occurred for up to 148 days post inoculation. In chapter 5, tissue
culture adherence assays indicated that intimin, but not flagella, played a role in the intimate
attachment and micro-colony formation of NCTC 12900 to an avian Div-1 cell line.
However, tissue culture assays also indicated that the absence of flagella, but not intimin, was
associated with reduced invasion of avian Div-1 mono-layers.

Previously reported in vivo studies demonstrated that intimin is required for intimate
attachment to the gastrointestinal tract of newborn piglets, sheep and cattle (Donnenberg et
al., 1993; McKee et al., 1995; Dean-Nystrom et al., 1998; Wales et al., 2001). Colonisation
and persistence studies involving E. coli O157:H7 intimin-deficient mutants in
experimentally infected ruminants have been reported also. (Cornick ef al., 2002; Woodward
et al., 2003). These studies demonstrated that intimin-deficient mutants were shed in less
numbers and for a shorter duration than their respective parent wild-types. To date no other
surface arrayed structure, including flagella, has been implicated in the persistence of E. coli
O157:H7 in ruminants. Although E. coli O157:H7 colonisation and persistence studies of
experimentally infected chicks have been reported (Beery et al., 1985; Schoeni & Doyle,
1994), detailed analysis of the role of intimin or flagella in the infection of an avian host has
yet to be described.

Therefore, the next step in this study was to determine whether the E. coli O157:H7
surface antigens intimin and flagella played a role in the colonisation, invasion and
persistence of experimentally infected chickens. Intimin and aflagellate mutants and the wild-

type Stx-negative parent isolate NCTC 12900 were given orally to 1-day-old SPF chicks.
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6.1 Results
6.1.1 Colonisation, invasion and persistence of SPF chicks by intimin and aflagellate
mutants

As described in chapter 2, the 1-day-old SPF chick model was employed to study the
role of Stx-negative E. coli 0157:H7 NCTC 12900 intimin and flagella in avian colonisation,
invasion and persistence. In separate experiments, 1-day-old SPF chicks were dosed by oral
gavage with 1 x 10° CFU of the Stx-negative E. coli 0157:H7 NCTC 12900 wild-type and
intimin and aflagellate-deficient mutants. Birds were housed in isolators with food and water
provided ad libitum. The liver, spleen, duodenum, jejunum, ileum, colon, caeca, caecal
tonsils and crop were removed from birds to enumerate the number of E. coli O157 bacteria
in those tissues at days 1, 2, 5, 57, 92 and 211 post inoculation. Cloacal swabs were taken
from each bird from each group on day 1 post inoculation and weekly, thereafter.

For logistical reasons, five experimental groups of birds were set up that comprised of
two separate control groups (A & B), dosed orally with NCTC 12900 and three test groups
(C, D & E) separately dosed with DM3, DM4 and DMS5. In discussion with the VLA
statistician, it was agreed that it was scientifically sound to combine both control NCTC
12900 groups and treat them as a single data set, therefore, data from A & B are combined.
Statistical comparison of each mutant with wild-type NCTC 12900 for colonisation and
invasion was performed using the Wilcoxon-Mann-Whitney test. Statistical comparison of
the distribution of shedding scores of each mutant with wild-type NCTC 12900 was
compared by the Kruskall-Wallis test. Fifty eggs per group, (one hundred for combined
NCTC 12900 groups) were analysed for either E. coli O157:H7 wild-type or
intimin/aflagellate mutant contamination.

6.1.2 Colonisation, invasion and persistence of SPF chicks by the intimin mutant

DM3 (intimin mutant) colonised the caeca, colon, ileum and crop of all birds within 24
hours of oral inoculation (Table 6.1), whereas, the duodenum, jejunum and caecal tonsils
from some but not all birds, were colonised within 24 hours of oral inoculation. DM3 was
also associated with the liver and spleens of some birds within 24 hours of oral inoculation,
but it was not associated with the liver or spleen of any birds examined after day 5 post
inoculation.

No significant differences in the colonisation of most tissues examined were noted
between DM3 and the wild-type, at days 1, 2, 5, 57, and 92 post inoculation, except the caeca
on day 5 post inoculation (Table 6.1). At this time point significantly (p<0.001) less DM3
were associated with the caeca as compared to the wild-type.

On day 211 post inoculation, no wild-type was associated with any of the tissues

examined (Table 6.1). However, DM3 was still associated with the duodenum, jejunum,
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ileum, colon, caeca and caecal tonsils at this time point. Furthermore, statistical analysis
revealed that this was significant (p=0.012) for DM3 colonisation of the colon, caeca and
caecal tonsils. No DM3 was associated with the crop at this time point.

DM3 persistence studies revealed that significantly (p<0.05) less DM3 were shed from
SPF chicks at days 22, 36 and 43 post inoculation (Figure 6.1). DM3 was still shed by birds
at the end of the experiment, day 211 post inoculation, whereas no wild-type was detected
after day 169 post inoculation (Table 6.2).

6.1.3 Colonisation, invasion and persistence of SPF chicks by the aflagellate mutant

DM4 (aflagellate mutant) colonised the colon, caeca, caecal tonsils and crop of all birds
within 24 hours of oral inoculation (Table 6.1) whereas, the duodenum, jejunum and ileum of
some, but not all birds, was colonised within 24 hours of oral inoculation. DM4 was
associated with the liver, but not the spleen, of some birds within 24 hours of oral infection.
DM4 was not associated with the liver or spleen of any birds examined after day 5 post
inoculation.

Although significantly (p<0.05 and p<0.001) less DM4 were associated with most
tissues at some, but not all time points, DM4 was still recovered from birds at day 92 post
inoculation (Table 6.1). DM4 was not recovered from any of the nine tissues examined from
each bird remaining at the end of the experiment, day 211 post inoculation.

DM4 persistence studies revealed that DM4 was still shed by SPF chicks at day 99 post
inoculation (Figure 6.1). However, within this time period, days 22 to 92 post inoculation,
significantly (p<0.05 and p<0.001) less DM4 were shed as compared to the wild-type (Table
6.2).

6.1.4 Colonisation, invasion and persistence of SPF chicks by the intimin-aflagellate
mutant

DMS5 (intimin-aflagellate mutant) colonised the ileum, colon, caeca, caecal tonsils and
crop of all birds within 24 hours of oral inoculation (Table 6.1) whereas, the duodenum,
jejunum and ileum of some, but not all birds, was colonised within 24 hours of oral
inoculation. DM5 was also associated with the liver and spleen of some birds within 24
hours of oral inoculation. DM5 was not associated with the spleen or liver of any birds after
day 2 and day 5 post inoculation, respectively.

Very few significant differences in colonisation of all tissues were noted between DM5
and the wild-type (Table 6.1). Furthermore, DM5 was still recovered from birds at day 92
post inoculation. DMS5 was not recovered from any of the nine tissues examined from each
bird remaining at the end of the experiment, day 211 post inoculation.

DMS persistence studies revealed that DMS was still shed by birds at day 113 post

inoculation (Figure 6.1). However, during this time period, days 22 to 92 post inoculation,
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significantly (p<0.05 and p<0.001) less DM5 were shed as compared to the wild-type (Table
6.2). Interestingly, this data shows a similar trend to the persistence data reported for
aflagellate mutant, DM4.
6.1.5 Analysis of eggs

Each group laid eggs at various days of age and thereafter a total of 50 eggs from the
three remaining birds from each group were collected (Table 6.3). Three eggshells, but no
egg contents, were culture-positive from one of the wild-type NCTC 12900 groups. All wild-
type culture-positive eggs were detected between days 160 and 169 post inoculation. Seven
eggshells, but no egg contents, were culture-positive for DM3 (intimin mutant). All DM3-
culture positive eggs were detected between days 145 and 182 post inoculation. Eggs laid by
DM4 (aflagellate mutant) and DMS (intimin-aflagellate mutant) were all culture-negative for
shells and contents. Interestingly, there were increases, to varying degrees, in bacterial
shedding of all . coli O157 isolates just before SPF chicks came into lay.
6.1.6 Visualisation of in vivo adherence patterns by intimin, aflagellate and intimin-
aflagellate mutants

One bird was chosen at random from each mutant group and the wild-type groups was
removed for histological analysis at days 1, 2 and 5 post inoculation. H & E staining followed
by staining with anti-O157 specific sera (immunoctyochemistry, ICC) revealed the presence
E. coli O157 bacteria in the more distal tissues of the gastrointestinal tract. Overall, most E.
coli O157 attachment occurred in the caeca and all mutant types and NCTC 12900 were
attached to this tissue as demonstrated by ICC. Micro-colonies of DM4 (aflagellate mutant)
and NCTC 12900 were observed at days 1, 2 and 5 post inoculation. Although, attachment of
DM3 (intimin mutant) and DM5 (intimin-aflagellate mutant) was observed at the same time
points, no evidence of micro-colony formation was gained. Unattached specifically stained
clumps of intimin and aflagellate mutant and NCTC 12900 were also noted. Due to the
constraints of time, no further methods (i.e. Transmission electron microscopy) were
performed on caecal tissues. Therefore, no unequivocal evidence for the induction of AE
lesions was gained. Examples of NCTC 12900 and mutant attachment are shown in Figure

6.2.
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Tables 6.1 a-i. Colonisation and invasion of SPF chicks by Stx-negative E. coli 0157:H7 NCTC 12900 and intimin and aflagellate deficient mutants.

(a) Liver

NCTC 12900 DM3 (intimin mutant) DM4 (aflagellate mutant) DMS (intimin-aflagellate mutant)
Day | Birds Mean Geometric SD | Birds Mean Geometric SD p- Birds Mean Geometric SD p- Birds Mean  Geometric  SD p-
PI +ve logo mean +ve log)o mean value +ve logjo mean value +ve logio mean value
1 7/10 2.04 1.10E+02 1.95 4/5 3.42 2.63E+03 2.74 | 0.315 2/5 1.18 1.51E+01 1.16 | 0.408 4/ 1.21 1.62E+01 1.06 | 0.607
2 8/10 2.50 3.16E+02 2.12 4/5 2.28 1.90E+02 221 | 1.000 1/5 0.21 1.62E+00  0.47 | 0.035 4/5 2.66 457E+02 1.61 | 1.000
5 8/10 1.60 398E+01 1.80 4/5 1.67  4.68E+01 141 | 0.856 2/ 1.09 1.23E+01 1.91 | 0.330 0/5 0 0 0 0.007
57 0/4 0 0 0 0/2 0 0 0 - 0/2 0 0 0 - 02 0 0 0
92 0/4 0 0 0 0/2 0 0 0 - 0/2 0 0 0 - 0/2 0 0 0
211 0/6 0 0 0 0/2 0 0 0 - 0/3 0 0 0 - 0/3 0 0 0
(b) Spleen

NCTC 12900 DM3 (intimin mutant) DM4 (aflagellate mutant) DMS (intimin-aflagellate mutant)
Day | Birds Mean Geometric SD | Birds Mean Geometric SD p- Birds Mean  Geometric SD p- Birds Mean  Geometric  SD p-
PI +ve logio mean +ve logjo mean value +ve logo mean value +ve logio mean value
1 2/10 0.21 1.62E+00  0.44 1/5 0.69 490E+00 1.54 | 0.524 0/5 0 0 0 0.524 /5 0.21 1.61E+00  0.47 | 1.000
2 4/10 042 2.63E+00  0.54 1/5 0.21 1.62E+00 047 | 0.231 0/5 0 0 0 0.231 0/5 0 0 0 0.231
5 5/10 064  436E+00 0.76 /s 021 1.62E+00 047 | 0.231 2/5 1.79 6.16E+01 245 { 0.231 0/5 0 0 0 0.101
57 0/4 0 0 0 0/2 0 0 0 - 0/2 0 0 0 - 0/2 0 0 0 -
92 0/4 0 0 0 0/2 0 0 0 - 0/2 0 0 0 - 02 0 0 0 -
211 0/6 0 0 0 0/2 0 0 0 - 0/3 0 0 0 - 0/3 0 0 0 -
(c) Duodenum

NCTC 12900 DM3 (intimin mutant) DM4 (aflagellate mutant) DMS (intimin-aflagellate mutant)
Day | Birds Mean Geometric SD | Birds Mean Geometric SD p- Birds Mean Geometric SD p- Birds Mean  Geometric  SD p-
PI +ve logio mean +ve log;o mean value +ve logjo mean value +ve logio mean value
1 7/10 4.05 1.12E+04  2.99 4/5 3.78 6.02E+03  2.20 | 0.701 1/5 0.61 4.07E+00 137 | 0.041 4/5 0.83 6.76E+00 047 | 0.165
2 10/10 387 TA1E+03 122 5/5 4.59 3.89E+04 202 | 0.135 0/s 0 0 0 <0.001 0/5 0 0 0 <0.001
5 9/10 2.85 7.08E+02 143 4/5 3.14 1.38E+03 1.94 | 0.494 2/5 0.71 5.13E+00 1.12 | 0.016 3/5 1.41 2.57E+01  2.06 | 0.204
57 2/4 1.93 851E+01 1.14 12 1.11 1.29E+01  1.57 | 0.667 2/2 222 1.66E+02 1.67 | 1.000 2/2 2.46 2.88E+02 2.01 | 0.800
92 2/4 247 295E+02 2.88 2/2 369  4.90E+03 0.10 | 1.000 1/2 1.79 6.17E+01  2.53 | 0.800 0/2 0 0 0 0467
211 0/6 0 0 0 1/3 090  794E+00  1.56 | 0.333 0/3 0 0 0 - 0/3 0 0 0 -

p-value; significance of colonisation and invasion between wild-type NCTC 12900 and each mutant. Units for the geometric mean are CFU/ml tissue homogenate.

PI; post inoculation, SD, standard deviation.




(d) Jejunum

L1

NCTC 12900 DM3 (intimin mutant) DM4 (aflagellate mutant) DMS (intimin-aflagellate mutant)
Day | Birds Mean Geometric SD | Birds Mean Geometric SD p- Birds Mean Geometric SD p- Birds Mean  Geometric  SD p-
PI +ve logio mean +ve logo mean value +ve log;o mean value +ve log)o mean value
1 7/10 3.96 9.12E+03 293 4/5 4.60 398E+04 2.82 | 0.982 1/5 0.72 525E+00 1.61 | 0.041 4/ 1.76 5.75E+01 1.57 | 0.176
2 10/10 3.74 5.50E+03  1.06 5/5 4.76 5.75E+04 2.16 | 0.079 0/5 0 0 0 <0.001 1/5 0.72 525E+00 1.61 | 0.006
5 7/10 2.06 1.15E+02 193 5/5 3.08 1.20E+03 1.86 | 0.407 4/5 2.83 6.76E+02  1.63 | 0.451 3/5 1.90 7.94E+01 238 | 0.926
57 3/4 2.88 758E+02 197 212 1.78 6.02E+01  1.05 | 0.533 2/5 3.27 1.86E+03 029 | 0.800 212 4.40 2.52E+04  0.82 | 0.533
92 2/4 2.59 3.89E+02  2.99 2/2 398 9.55E+03 022 | 1.000 1/5 1.86 7.24E+01 2.64 | 0.800 172 0.52 331E+00 0.76 | 0.800
211 0/6 0 0 0 2/3 2.02 1.04E+02  1.75 [ 0.083 0/3 0 0 0 - 0/3 0 0 0 -
(e) lleum

NCTC 12900 DM3 (intimin mutant) DM4 (aflagellate mutant) DMS (intimin-aflagellate mutant)
Day | Birds Mean Geometric SD | Birds Mean Geometric SD p- Birds Mean Geometric SD p- Birds Mean  Geometric = SD p-
PI +ve logyg mean +ve logyo mean value +ve log;o mean value +ve log;g mean value
1 9/10 5.96 9.12E+05  2.98 5/5 6.55 3.55E+06 0.61 | 0.953 2/5 1.38 2.40E+01 195 | 0.014 5/5 2.97 9.33E+02 1.76 | 0.038
2 10/10 5.51 324E+05 047 5/5 6.58 3.80E+06 139 | 0.207 2/5 1.30 2.00E+01  1.86 | <0.001 3/5 2.57 3.72E+02 2.74 | 0.038
5 10/10 4.10 1.26E+04 2.14 4/5 3.04 1.10E+03  2.37 | 0.369 5/5 393 8.51E+03 043 | 0.834 5/5 4.98 9.55E+04 0.89 { 0.655
57 4/4 5.11 1.29E+05 0.59 2/2 4.28 191E+04 0.15 | 0.133 2/2 7.28 1.90E+07 0.16 | 0.133 2/2 5.86 7.24E+05 1.39 | 0.800
92 4/4 5.83 6.76E+05  2.04 2/2 5.56 3.63E+05 0.77 | 1.000 1/2 1.87 741E+01 264 | 0.267 212 3.14 1.38E+03  0.11 | 0.133
211 0/6 0 0 0 3/3 4.66 457E+04 074 | 0.119 0/3 0 0 0 - 0/3 0 0 0 -
(f) Colon

NCTC 12900 DM3 (intimin mutant) DM4 (aflagellate mutant) DMS (intimin-aflagellate mutant)
Day | Birds Mean Geometric SD | Birds Mean Geometric SD p- Birds Mean Geometric SD p- Birds Mean  Geometric  SD p-
PI +ve logio mean +ve log;e mean value +ve logyo mean value +ve log;o mean value
1 10/10 6.80 6.31E+06 0.94 5/5 6.36 229E+06  0.82 | 0.440 5/5 5.39 245E+05 0.62 | 0.019 5/5 497 9.33E+04  0.51 | <0.001
2 10/10 6.25 1.78E+06  0.63 5/5 6.85 7.08E+06 1.19 | 0.371 5/5 466  4.57E+04 143 | 0.028 5/5 6.84 6.92E+06 0.46 | 0.165
5 10/10 5.48 3.02E+H05 1.15 5/5 5.04 1.10E+05 225 ) 0.953 5/5 5.65 447E+05  0.13 | 0.859 5/5 5.89 7.76E+05 0.74 | 0.679
57 4/4 5.03 1.07E+05 1.86 2/2 7.20 1.58E+07 0.40 | 0.133 2/2 6.14 1.38E+06  0.47 | 0.533 2/2 6.39 245E+06 0.21 | 0.267
92 4/4 5.74 5.50E+05 0.79 2/2 5.31 2.04E+05 0.47 | 0.533 1/2 2.16 1.44E+02 3.06 | 0.133 172 1.11 1.29E+01 1.57 | 0.133
211 0/6 0 0 0 33 5.38 240E+05  0.77 { 0.012 0/3 0 0 0 - 0/3 0 0 [\ -
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(g) Caeca

NCTC 12900 DM3 (intimin mutant) DM4 (aflagellate mutant) DMS5 (intimin-aflagellate mutant)
Day | Birds Mean Geometric SD | Birds Mean Geometric SD p- Birds Mean Geometric SD p- Birds Mean Geometric  SD p-
PI +ve log)g mean +ve logso mean value +ve log;o mean value +ve logyo mean value
1 10/10 831 2.04E+08  0.58 5/5 834  2.19E+08 1.17 | 0.514 5/5 770 5.01E+07 0.28 | 0.055 5/5 8.01 1.02E+08 0.57 | 0.859
2 10/10 799  9.77E+07 052 5/5 855  3.55E+08 038 | 0.075 5/5 7.62  4.17E+07 0.26 | 0.440 5/5 8.55  3.55E+08 0.17 | 0.079
5 10/10 775 5.62E+07 0.22 5/5 8.50  3.16E+08 0.18 | <0.001 5/5 7.38  240E+07 045 | 0.055 5/5 7.72  5.25E+07 0.48 | 1.000
57 4/4 738  240E+07  0.55 212 7.60  398E+07 031 | 0.800 212 765  447E+06 0.15 | 0.533 212 8.07 1.17E+08 020 | 0.267
92 4/4 7.65  447E+07 0.18 2/2 7.63 426E+07 033 | 0.933 172 3.06 1.15E+03 432 | 0.133 212 424 1.74E+04  0.61 | 0.133
211 0/6 0 0 0 33 6.69  490E+06 0.78 | 0.012 0/3 0 0 0 - 0/3 0 0 0 -
(h) Caecal tonsils

NCTC 12900 DM3 (intimin mutant) DM4 (aflagellate mutant) DMS (intimin-aflagellate mutant)
Day | Birds Mean Geometric SD | Birds Mean Geometric SD p- Birds Mean Geometric SD p- Birds Mean Geometric  SD p-
PI +ve logg mean +ve logyo mean value +ve logio mean value +ve logg mean value
1 10/10 587  741E+05 0.68 4/5 456  3.63E+04 2.61 | 0.254 5/5 462  4.17E+04  0.34 | <0.001 5/5 3.75 5.62E+03  1.53 | <0.001
2 10/10 5.29 1.95E+05  0.80 5/5 494  871E+04 031 | 0.165 5/5 496  9.12E+04 0.76 | 0.440 5/5 562  4.17E+05 0.19 | 0.859
5 10/10 475 5.62E+04  0.94 5/5 3.51 3.24E+03 226 | 0.422 5/5 5.28 1.90E+05 033 | 0.356 5/5 444  275E+04 0.77 | 0.440
57 4/4 481 6.46E+04  0.21 22 488  7.59E+04 1.07 | 1.000 212 537  234E+05 024 | 0.133 272 5.08 1.20E+05  0.04 | 0.267
92 4/4 5.16 1.44E+05  0.57 2/2 462  4.17E+04 0.19 | 0.533 172 1.11 1.29E+01 157 | 0.133 12 052  331E+00 0.74 | 0.133
211 0/6 0 0 0 3/3 4.09 1.23E+04 0.96 | 0.012 0/3 0 0 0 - 0/3 0 0 0 -
(i) Crop

NCTC 12900 DM3 (intimin mutant) DM4 (aflagellate mutant) DMS (intimin-aflagellate mutant)
Day | Birds Mean Geometric SD | Birds Mean Geometric SD p- Birds Mean Geometric SD p- Birds Mean Geometric SD p-
PI +ve logyo mean +ve log;o mean value +ve logio mean value +ve log)o mean value
1 10/10  6.86  7.24E+06 1.32 5/5 7.22 1.66E+07  1.66 | 0.440 5/5 5.21 1.62E+05 1.18 | 0.040 5/5 5.12 1.32E+05 0.54 | 0.019
2 10/10 696  9.12E+06 0.71 5/5 7.48  3.02E+07 0.63 | 0.165 5/5 460  3.98E+04 0.67 | <0.001 5/5 6.43 2.69E+06  0.81 | 0.207
S 10/10 530  2.00E+05 1.06 515 485  7.08E+04 221 | 0836 515 6.52  331E+06 129 | 0.071 5/5 580  6.31E+05 1.16 | 0.495
57 3/4 4.18 1.51E+04  2.13 22 1.04 1.10E+01 0 0.333 212 5.18 1.51E+05 0.24 | 0.800 212 3.06 1.15E+03  2.85 | 0.600
92 4/4 489  776E+04 1.59 22 499  9.77E+04 0.86 | 0.800 0/2 0 0 0 0.133 072 0 0 0 0.133
211 0/6 0 0 0 0/3 0 0 0 - 0/3 0 0 0 - 0/3 0 0 0 -




Figure 6.1. The distribution of bacterial shedding, over time, by SPF chicks of (a) DM3 (intimin mutant) (b) DM4
(aflagellate mutant) (c) DMS5 (intimin-aflagellate mutant) and (d) the wild-type parent isolate, NCTC 12900.
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Recovery of bacteria was scored as high (confluent), medium (>200 colonies) low (<200 colonies), positive
(detected after enrichment only) and clear (no colonies). Figure 6.1d represents the combined NCTC 12900
distribution of shedding data from two separate NCTC 12900 persistence experiments.
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Table 6.2. Significance (p) in the distribution of bacterial shedding between Stx-negative E. coli 0157:H7 NCTC
12900 and intimin and aflagellate deficient mutants.

Significance (p)

Day PI NCTC 12900 NCTC 12900 NCTC 12900

Vs Vs Vs

DM3 DM4 DM5
(intimin mutant) (aflagellate mutant) (intimin-aflagellate mutant)

1 0.907 0.258 0.907
8 1.000 0.200 0.378
15 0.229 0.235 0.734
22 0.017 <0.001 <0.001
29 1.000 <0.001 <0.001
36 0.005 0.086 0.006
43 0.023 <0.001 0.011
50 0.136 0.039 0.056
57 0.186 <0.001 0.001
64 0.600 0.014 0.025
71 0.176 0.301 0.403
78 0.608 0.012 0.134
85 0.608 0.012 <0.001
92 0.201 0.001 <0.001
99 1.000 0.119 0.619
106 0.464 0.024 0.131
113 0.411 0.036 0.286
120 0.155 0.095 0.095
127 1.000 0.012 0.012
134 0.714 0.464 0.464
141 0.167 0.321 0.321
148 0.429 0.393 0.393
155 0.714 0.464 0.464
162 0.048 1.000 1.000
169 0.024 1.000 1.000
176 0.012 - -
183 0.012 - -
190 0.012 - -
197 0.083 - -
204 0.333 - -
211 0.083 - -

For the purpose of statistical analysis, each shedding score in Figure 6.1 was assigned a numerical score. i.e. high =
4, medium = 3, low =2 positive after enrichment = 1 and clear = 0. The distributions of NCTC 12900 numerical
scores were compared with the distributions of mutant numerical scores using the Kruskall-Wallis test.

PI; post inoculation.

Table 6.3. Analysis of eggs laid by SPF chickens.

Isolate Day first egg laid No. of eggs tested No. of eggs shells
culture positive

NCTC 12900 123 + 160° 50° + 50° 0°+3°

(wild-type)

DM3 145 50 7

(intimin mutant)

DM4 130 50 0

(aflagellate mutant)

DMS5 130 50 0

(intimin-flagellate mutant)

2 4+ b refers to the when each wild-type group began egg laying, how many eggs were taken from each group and
what group had culture positive egg shells.
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Figure 6.2. Visualisation of attachment to the caeca of SPF chicks by bacteria specifically stained with anti-O157
sera during the first five days of experimental infection. Magnification x 1000.

A = Caecal tissue from birds dosed orally with NCTC 12900, B = Caecal tissue from birds dosed orally with DM3
(intimin mutant), C = Caecal tissue from birds dosed orally with DM4 (aflagellate mutant), D = DM5 (intimin-
aflagellate mutant).

Each field of view was generally typical for each isolate.
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6.2 Discussion

Chick models of AEEC, including E. coli O157:H7, colonisation and persistence have
been reported previously (Beery et al., 1985; Stavric et al., 1993; Shoeni & Doyle, 1994).
These studies showed that Stx-positive E. coli O157:H7 can colonise the colon, caeca and
crop of SPF White Leghorn chicks and that Stx positive E. coli O157:H7 persistence can
occur for up to 11 months depending on the dose given.

The data in chapter 3 of this thesis demonstrated that low level invasion by Stx-negative
E. coli O157:H7 NCTC 12900 was detected during the first five days of infection and that
colonisation of the caeca by NCTC 12900 occurred for up to day 92 post inoculation. NCTC
12900 was still shed from birds at day 148 post inoculation, suggesting that the caeca may be
the tissue that sustains E. coli O157:H7 in this host. In this chapter, extensive analysis of
additional tissues of the gastro-intestinal tract by bacterial enumeration was performed and
showed that NCTC 12900 colonised the duodenum, jejunum and ileum of SPF chicks, albeit
at lower numbers as compared to colonisation of the caeca. However, it should be borne in
mind that after initial colonisation of these tissues, subsequent association of the more
proximal tissues of the gastrointestinal tract might have been due to re-infection of SPF
chicks that are shedding medium to high numbers of NCTC 12900 into the environment.

In order to determine the role of intimin and flagella in avian colonisation, invasion and
persistence of Stx-negative E. coli O157:H7 NCTC 12900, intimin and aflagellate mutants
were compared to the wild-type, NCTC 12900, to detect any attenuation in colonisation,
invasion and persistence. Although E. coli O157:H7 is generally considered non-invasive,
this study and previous studies showed that bacteria may be taken up by cells in low numbers
compared with known invasive organisms such as Salmonella (Dibb-Fuller et al., 2001,
Wales et al., 2002). A lack of functional intimin or flagella did not prevent bacterial
colonisation of the liver or spleen suggesting that intimin and aflagellate mutants were taken
across epithelial surfaces within SPF chicks. It was presumed that this occurred at the
gastrointestinal tract mucosa, but may have occurred elsewhere. Interestingly, bacteria unable
to express intimin and flagella were cleared quicker from the liver and spleen. Whether the
data relates to clearance or reduced invasion, it remains unclear if NCTC 12900 up take was
controlled by an active mechanism. Therefore, it is difficult to ascertain whether intimin or
flagella had any role to play in E. coli O157:H7 uptake in the SPF chick.

Colonisation of the gastrointestinal tract by intimin and aflagellate mutants was
observed. However, during the first two days of infection, mutants unable to produce flagella
were less able to colonise the duodenum, jejunum, ileum, colon, caecal tonsils and crop and
although not statistically significant, less aflagellate deficient mutants were recovered from

the caeca. Furthermore, the numbers of aflagellate and intimin-aflagellate mutant recovered
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from SPF chicks at day 92 post inoculation were 1000 to 100000-fold less, respectively.
Numbers of the intimin mutant and NCTC 12900 were comparable for all tissues of the
gastrointestinal tract examined. Furthermore, the intimin-deficient mutant was still associated
with these tissues at the end of the experiment, day 211 post inoculation, whereas the
aflagellate and intimin-aflagellate mutants were not. This data suggests that flagella, but not
intimin, has a role to play in the colonisation of these tissues, but that additional factors other
than intimin may be involved in the colonisation of SPF chicks. However, histological
analysis revealed that the aflagellate mutant could still form micro-colonies on the caecal
mucosa during the first 5 days of experimental infection, whereas the intimin and intimin-
aflagellate mutant could not. Nevetherless, both intimin mutants did adhere to the caecal
mucosa indicating the involvement of non-intimin related attachment factors.

Persistence data demonstrated that far fewer aflagellate and intimin-aflagellate mutants
were shed from SPF chicks after day 22 post inoculation. However the numbers of intimin
deficient mutant shed from SPF chicks were comparable to that of NCTC 12900 from day 1
to 15 post inoculation and from day 43 post inoculation. Furthermore, the intimin-deficient
mutant was still shed from birds at day 211 post inoculation, 32 days more than the wild-type
NCTC 12900, whereas the aflagellate mutant and the intimin-aflagellate mutant were shed
for 28 to 70 and 14 to 56 days less than NCTC 12900, respectively. This data suggests that
although a lack of flagella may reduce the time scale of E. coli O157:H7 persistence in SPF
chicks, these bacteria can still persist for a long period. More importantly, a lack of functional
intimin expression did not effect persistence in SPF chicks suggesting that intimin and
flagella related or non-related E. coli O157:H7 factors may have contributed to the long term
persistence of this mutant and the aflagellate and intimin-aflagellate mutants in SPF chicks.

Schoeni and Doyle (1994) reported that the shells of 14 of 101 eggs, but not the contents
were contaminated with E. coli O157:H7 and that contamination of egg shells still occurred 5
months after the onset of egg laying. However, the SPF chicks used in the Schoeni & Doyle
(1994) study were dosed orally with 1.3 x 10° CFU of E. coli O157:H7 bacteria. Analysis of
eggs collected in the study to be reported here showed that while an isolate was still shed
after the onset of egg laying, contamination of egg shells was possible. Interestingly, after the
onset of egg laying, the wild-type was only detected for up to 4 and 9 days by birds in each
group, respectively. However, contamination of 3 egg shells was observed from the wild-type
group still shedding bacteria for 9 days after the start of egg laying. As reported in chapter 3,
NCTC 12900 was not detected by cloacal swabbing just before the onset of egg laying. This
data and the data reported in this chapter suggests that the maturation and the onset of egg
laying may contribute to the clearance of NCTC 12900 in this model. Possibly a hormonal

and/or antibody response may also contribute to this observation. Furthermore, Stx-negative
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E. coli O157:H7 unable to express functional intimin were still shed long after the onset of
egg laying, suggesting that this phenotype may have been advantageous for continued
persistence.

The aflagellate mutant and the intimin-aflagellate mutant were only detected up until 17
and 31 days, respectively, before the onset of egg laying. A possible hypothesis for this
observation may be that during maturation to the onset of lay, the expression of active
flagella contributes to the continued persistence of E. coli O157:H7 within SPF chicks until
or just after the onset of egg laying.
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Chapter 7

Competitive Index: Colonisation, invasion and persistence of SPF chicks by
Stx-negative E. coli O157:H7 intimin and aflagellate mutants in the presence of

wild-type NCTC 12900

As reported in chapter 6, Stx-negative E. coli O157:H7 mutants defective for intimin and
flagella colonised and invaded SPF chicks, albeit at lower numbers at certain sites.
Interestingly, the intimin-deficient mutant persisted in SPF chickens longer than NCTC
12900 and beyond the onset of egg laying. Aflagellate mutants showed decreased persistence,
although shedding of these mutants still occurred for approximately 14 to 16 weeks.

A recent competition study of persistence (competitive index) between an avian
pathogenic E. coli wild-type and type-1 and curli fimbrial and aflagellate-derived mutants has
been reported using the SPF chick model (LLa Ragione et al., 2000b). This study
demonstrated that these surface appendage mutants were less persistent in SPF chicks when
in the presence of the wild-type, than when the wild-type was absent, strengthening the
argument that these surface appendages were required for the colonisation and persistence of
SPF chicks.

Therefore, the next step in this study was to determine if the Stx-negative E. coli
O157:H7 intimin and aflagellated mutants would be less able to colonise, invade and persist
in SPF chicks when in the presence of the wild-type, NCTC 12900. To test this, intimin and
aflagellate mutants were given together with the wild-type parent strain NCTC 12900 to
separate groups of 1-day-old SPF chicks.
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7.1 Results
7.1.1 Colonisation, invasion and persistence of SPF chicks by intimin and aflagellate
mutants in the presence of the wild-type parent isolate NCTC 12900

To investigate the competitive fitness of Stx-negative E. coli O157:H7 intimin and
aflagellate mutants as compared to wild-type progenitor, NCTC 12900, for avian
colonisation, invasion and persistence, the 1-day-old SPF chick model was employed as
described in chapter 6, with modifications. In separate experiments, 1-day-old SPF chicks
were dosed by oral gavage together with 5 x 10* CFU of the Stx-negative E. coli 0157:H7
NCTC 12900 wild-type and 5 x 10* CFU of one mutant. Birds were housed in isolators with
food and water provided ad libitum. The liver, spleen, duodenum, jejunum, ileum, colon,
caeca, caecal tonsils and crop were removed from birds to enumerate the number of E. coli
O157 bacteria at days 1, 2, 5, 57, 92 and 211 post inoculation. Birds from each group were
also swabbed cloacally on day 1 post inoculation and weekly thereafter. A small competitive
index study was also performed where 1-day-old SPF chicks were each inoculated by oral
gavage with a triple inoculum containing NCTC 12900, DM3 and DM4 (total = 1 x 10°
CFU). Birds were cloacally swabbed at day 1 post inoculation and weekly thereafter until the
end of the experiment, day 36 post dosing. Post mortem examinations were also performed
on the same birds at the end of the experiment. Statistical comparison of each mutant with the
wild-type for colonisation and invasion was performed using the Wilcoxon-Mann-Whitney
test. Statistical comparison of the distribution of shedding scores of each mutant with the
wild-type was compared by the Kruskall-Wallis test. Fifty eggs per group were analysed for
either E. coli O157:H7 wild-type or intimin/aflagellate mutant contamination.

7.1.2 Colonisation, invasion and persistence of SPF chicks by the intimin mutant in the
presence of the wild-type parent isolate NCTC 12900

The liver, duodenum, jejunum, ileum, colon, caeca, caecal tonsils and crop of all birds
were colonised by DM3 (intimin mutant) and the wild-type within 24 hours of oral
inoculation (Table 7.1). DM3 and the wild-type were associated with the spleen of some but
not all birds within 24 hours of oral inoculation. Liver and spleen showed signs of clearance
after days 2 and 5 post inoculation.

No significant differences in the colonisation of all tissues examined were noted between
DM3 and the wild-type, at days 1, 2 and 5 post inoculation (Table 7.1). At the end of the
experiment, day 211 post inoculation, neither DM3 nor the wild-type was recovered from any
of the tissues examined. At day 57 and 92 post inoculation, both DM3 and the wild-type were
associated with the duodenum, jejunum, ileum, colon, caeca, caecal tonsils and crop.

Competitive index persistence studies demonstrated that DM3 and the wild-type were

both recovered from birds until day 112 post inoculation (Figure 7.1). Statistical analysis did
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not reveal any significant differences between the levels of shedding during this time period
for the intimin mutant and the wild-type (Table 7.4).

7.1.3 Colonisation, invasion and persistence of SPF chicks by the aflagellate mutant in
the presence of the wild-type parent isolate NCTC 12900

The colon, caeca, caecal tonsils and crop of all birds were colonised with DM4
(aflagellate mutant) and the wild-type within 24 hours of oral inoculation (Table 7.2). DM4
and the wild-type were associated with the liver, duodenum, jejunum and ileum of some but
not all birds within 24 hours of oral inoculation. Neither DM4 nor the wild-type was
associated with the spleen within 24 hours of oral inoculation or at any time point thereafter.
DM4 was not associated with the liver after day 2 post inoculation, whereas the wild-type
was not associated with the liver after day 5 post inoculation.

No significant differences in the colonisation of any tissues examined were noted
between DM4 and the wild-type, at days 1, 2 and 5 post inoculation (Table 7.2). On day 57
post inoculation, both DM4 and the wild-type were associated with the colon, caeca, caecal
tissues and crop. On day 92 post inoculation, DM4 was not associated with any of the tissues
examined, whereas the wild-type was recovered from the ileum, colon and caeca of one bird.
At the end of the experiment, day 211 post inoculation, neither DM4 nor the wild-type was
recovered from any of the tissues examined.

Competitive index persistence studies demonstrated that DM4 and the wild-type were
both recovered from birds until days 85 and 92 post inoculation, respectively (Figure 7.1).
Statistically, significantly (p<0.05 and p<0.001) less DM4 than wild-type was shed from
birds on days 8, 22, 29, 43 and 64 post inoculation (Table 7.4). At all other time points,
although not statistically significant, less DM4 than wild-type was recovered from birds.

7.1.4 Colonisation, invasion and persistence of SPF chicks by the intimin-aflagellate
mutant in the presence of the wild-type parent isolate NCTC 12900

The colon, caeca, caecal tonsils and crop of all birds were colonised by DM5 (intimin-
aflagellate mutant) and the wild-type within 24 hours of oral inoculation (Table 7.3). The
wild-type also colonised the duodenum, jejunum and ileum of all birds, whereas DM5 only
colonised the duodenum, jejunum and ileum of some birds within 24 hours of oral
inoculation. DM5 and the wild-type were associated with the liver and spleen of some but not
all birds within 24 hours of oral inoculation. DMS5 and the wild-type were not associated with
the liver and spleen after day 1 and 5 post inoculation, respectively.

No significant differences in the colonisation of all tissues examined were noted between
DMS and the wild-type, at days 1, 2 and 5 post inoculation (Table 7.3). On day 57 post
inoculation, both DMS5 and the wild-type were recovered from the duodenum, jejunum,

ileum, colon, caeca, caecal tonsils and crop of both birds. On day 92 post inoculation, DM5
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was only recovered from the caeca of both birds, whereas the wild-type was recovered from
the colon, caeca and caecal tonsils of both birds. At the end of the experiment, day 211 post
inoculation, neither DMS5 nor the wild-type was recovered from any of the tissues examined.

Competitive index persistence studies demonstrated that DMS and the wild-type were
recovered from birds until days 99 and 106 post inoculation, respectively (Figure 7.1).
Statistically, significantly (p<0.05 and p<0.001) less DMS5 than wild-type was shed from
birds on days 8, 22, 29, 57 and 71 post inoculation (Table 7.4). On days 1, 15, 36, 43, 64, 85
and 99 post inoculation, although not statistically significant, less DMS5 than wild-type was
recovered from birds.

7.1.5 Analysis of eggs

Each group laid eggs at various days of age, NCTC 12900 and DM3 at day 135 post
inoculation, NCTC 12900 and DM4 and NCTC 12900 and DM5 at day 155 post inoculation.
All eggs analysed from each group were culture negative for the wild-type and the respective
mutant.

7.1.6 Visualisation of in vive adherence patterns by intimin, aflagellate and intimin-
aflagellate mutants when in the presence of the wild-type

One bird, chosen at random from each wild-type plus mutant group, was removed for
histological analysis at days 1, 2 and 5 post inoculation. H & E staining followed by staining
with anti-O157 specific sera (immunoctyochemistry, ICC) revealed the presence E. coli
O157 bacteria in the more distal tissues of the gastrointestinal tract. Overall, most E. coli
0157 attachment occurred in the caeca. Micro-colonies of specifically stained E. coli O157
bacteria were observed from all groups at days 1, 2 and 5 post inoculation. However, whether
these micro-colonies were comprised of NCTC 12900 only or included intimin or aflagellate
mutants remains unclear. Unattached, clumps of specifically stained E. coli O157 bacteria
were also noted. Due to the constraints of time, no further methods (i.e. Transmission
electron microscopy) were performed on caecal tissues. Therefore, no unequivocal evidence
for the induction of AE lesions was gained. Examples of E. coli O157 attachment are shown
in Figure 7.2.

7.1.7 Persistent colonisation of SPF chicks by intimin and flagella deficient mutants
when both in the presence of the wild-type NCTC 12900.

Persistence studies revealed that the wild-type and DM3 (intimin mutant) were shed by
SPF chicks in similar numbers by the same birds until the end of the experiment, day 36 post
inoculation (Figure 7.3), and that no significant differences were noted at each time point
(Table 7.5). From the same birds, significantly (p<0.05) less DM4 (aflagellate mutant) than
wild-type were shed at days 1, 8 and 15 post inoculation. Although not statistically

significant, at all other time points, fewer DM4 was shed from birds than wild-type.
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At the end of the experiment, day 36 post inoculation, DM3, DM4 and the wild-type
were associated with the colon and caeca of all birds examined (Table 7.6). Although not
statistically significant, approximately 100 to 1000-fold less DM4 than DM3 and the wild-
type was recovered from the colon and caeca. Both DM3 and the wild-type were associated
with the caecal tonsils and crop of all birds. However, DM4 was associated with the caecal
tonsils and crop of some, but not all birds. DM3 and the wild-type were recovered from the

duodenum, jejunum and ileum, but DM4 was not.
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Tables 7.1a-i. Colonisation and invasion by DM3 (intimin mutant) in the presence of the wild-type parent isolate

NCTC 12900.
(a) Liver
NCTC 12900 DM3 (intimin mutant)
Day | No. Birds Mean Geometric SD | No. Birds Mean  Geometric SD p-
PI positive  (Logyo) mean positive  (Logo) mean value
{ 5/5 393 8.51B+03  0.65 5/5 3.63 427B+03 0.67 ) 0.813
2 4/5 1.57 3.72E+01 1.29 4/5 1.74 5.50E+01 1.53 | 0.500
5 0/5 0 0 0 0/5 0 0 0 0
57 0/2 0 0 0 0/2 0 0 0 -
92 0/2 0 0 0 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(b) Spleen
NCTC 12900 DM3 (intimin mutant)
Day | No.Birds Mean  Geometric SD | No. Birds Mean  Geometric  SD p-
PI positive (Logio) mean positive (Log;o) mean value
1 2/5 1.56 3.63B+01 215 2/5 1.37 2.34E+01  1.88 | 0.500
2 1/5 0.58 3.80E+00 1.31 1/5 0.64 436E+00 1.44 | 1.000
5 1/5 0.83 6.76E+00  1.86 1/5 0.21 1.62E+00 0.47 | 1.000
57 0/2 0 0 0 0/2 0 0 0 -
92 072 0 0 0 02 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(c) Duodenum
NCTC 12900 DM3 (intimin mutant)
Day | No.Birds Mean  Geometric SD | No. Birds Mean  Geometric  SD P-
PI positive (Logio) mean __positive  (Logyg) mean value
1 5/5 5.85 7.08E+05  0.55 5/5 6.09 1.23E+06 0.26 | 0.313
2 5/5 4.36 229E+H04 1.52 5/5 3.54 347E+03 1.60 | 0.063
5 1/5 0.98 9.55E+00 2.20 0/5 0 0 0 1.000
57 22 1.98 9.55E+01 1.33 172 1.35 2.24E+01 191 -
92 0/2 0 0 0 072 0 0 0 -
211 073 0 0 0 0/3 0 0 0 -
(d) Jejunum
NCTC 12900 DMa3 (intimin mutant)
Day [ No.Birds Mean  Geometric SD | No.Birds Mean  Geometric SD p-
PI positive (Logio) mean __positive (Logio) mean value
1 5/5 6.07 1.17E+06  0.55 5/5 5.18 1.51E+05 1.14 | 0.063
2 5/5 4.48 3.02E+04 1.55 3/5 2.19 1.55E+02 2.09 | 0.125
5 3/5 1.77 5.89E+01  2.09 3/5 1.16 1.44E+01 1.53 | 0.500
57 2/2 253 339E+02  0.01 2/2 2.94 8.71E+02 0.34 -
92 1/2 0.52 331E+00 0.74 1/2 0.52 3.31E+00 0.74 -
211 0/3 0 0 0 0/3 0 0 0 -

p-value; significance in colonisation of each tissue between each mutant and NCTC12900.

SD; standard deviation.

Units for the geometric mean are CFU/ml tissue homogenate.
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(¢) lleum

NCTC 12900 DM3 (intimin mutant)
Day | No. Birds Mean  Geometric SD | No. Birds Mean  Geometric SD P-
PI ositive (Logig) mean positive (Logyo) mean value
1 5/5 7.67 4.68E+07 0.79 5/5 7.09 1.23E+07 0.68 | 0.125
2 5/5 433 2.14E+04 0.87 5/5 4.16 1.44E+04 1.86 | 1.000
5 5/5 4.79 6.17E+04 236 4/5 2.79 6.17E+02  2.11 | 0.063
57 2/2 6.07 1.17E+06  0.43 2/2 6.03 1.07E+06  0.61 -
92 2/2 4.71 5.13E+04  0.02 1/2 1.91 8.13E+01 2.70 -
211 0/3 0 0 0 0/3 0 0 0 -
(f) Colon
NCTC 12900 DM3 (intimin mutant)
Day | No. Birds Mean  Geometric SD | No. Birds Mean  Geometric  SD p-
PI positive (Logo) mean positive (Log;o) mean value
1 5/5 7.03 1.07E+07  0.58 5/5 6.56 3.63E+06 0.36 | 0.125
2 5/5 5.56 3.63EH05 1.85 5/5 5.68 479E+05 0.17 | 0.813
5 5/5 6.39 245E+06 0.35 5/5 5.43 2.69E+05 0.59 | 0.063
57 22 6.06 1.15E+06  0.87 22 6.39 2.45E+06 045 -
92 212 4.46 2.88E+04 0.10 212 4.14 1.38E+04 0.24 -
211 0/3 0 0 0 0/3 0 0 0 -
(g) Caeca
NCTC 12900 DM3 (intimin mutant)
Day | No.Birds Mean  Geometric SD | No.Birds Mean  Geometric SD p-
PI positive  (Log)g) mean positive (Logio) mean value
1 5/5 8.19 1.55E+08 0.32 5/5 8.21 1.62E+08 0.50 | 1.000
2 5/5 8.34 2.19E+08 0.50 515 8.26 1.82E+08 0.41 | 0.188
5 5/5 8.01 1.02E+08 0.23 5/5 8.20 1.58E+08 0.23 | 0.188
57 2/2 7.41 2.57E+07 023 22 7.44 2.75E+07  0.26 -
92 2/2 4.29 1.95E+04 0.42 2/2 3.92 8.32E+03  0.99 -
211 0/3 0 0 0 0/3 0 0 0 -
(h) Caecal tonsils
NCTC 12900 DM3 (intimin mutant)
Day | No. Birds Mean  Geometric SD | No. Birds Mean  Geometric  SD P-
PI positive  (Log,g) mean _positive  (Logq) mean value
{ 515 593 8.51E+05 0.62 515 532 2.09E+05 030 0.188
2 5/5 6.07 1.17E+06  0.27 5/5 2.87 741E+02 193 | 0.063
5 5/5 5.52 3.31E+05  0.30 5/5 4.78 6.02E+04 0.63 | 0.188
57 212 4.74 5.50E+04 0.22 2/2 4.73 5.37E+04 040 -
92 212 5.86 7.24E+05  0.45 172 3.21 1.62E+03  4.54 -
211 0/3 0 0 0 0/3 0 0 0 -
(1) Crop
NCTC 12900 DM3 (intimin mutant)
Day | No.Birds Mean  Geometric SD | No.Birds Mean  Geometric SD p-
PI positive (Logio) mean positive (Logio) mean value
1 5/5 7.82 6.61E+07  0.93 5/5 7.26 1.82E+07 1.03 | 0.625
2 5/5 6.60 398E+06 1.24 5/5 7.12 1.32E+07 136 | 0.063
5 4/s 4.06 1.15E+04 273 4/5 1.96 9.12E+01  2.67 | 0.125
57 12 1.85 7.08E+01  2.62 272 4.20 1.58E+04  0.96 -
92 12 1.41 2.57E+01 1.99 172 0.52 331E+00 0.74 -
211 0/3 0 0 0 0/3 0 0 0 -
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Tables 7.2a-i. Colonisation and invasion by DM4 (aflagellate mutant) in the presence of the wild-type parent isolate

NCTC 12900.
(a) Liver
NCTC 12900 DM4 (aflagellate mutant)
Day | No. Birds Mean  Geometric SD | No. Birds Mean  Geometric SD p-
PI positive (Logo) mean positive (Logio) mean value
1 2/5 0.99 9.77E+00 1.70 2/5 0.90 7.94E+00 1.50 | 1.000
2 4/5 1.70 5.01E+01 1.77 2/5 0.42 2.63E+00 0.57 | 0.125
5 2/5 0.42 2.63E+00 0.57 0/5 0 0 0 0.500
57 0/2 0 0 0 02 0 0 0 -
92 0/2 0 0 0 02 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(b) Spleen
NCTC 12900 DM4 (aflagellate mutant)
Day | No.Birds Mean  Geometric SD | No. Birds Mean  Geometric SD p-
PI ositive (Logio) mean positive (Logio) mean value
1 0/5 0 0 0 0/5 0 0 0 0
2 0/5 0 0 0 0/5 0 0 0 0
5 0/5 0 0 0 0/5 0 0 0 0
57 0/2 0 0 0 072 0 0 0 -
92 0/2 0 0 0 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(c) Duodenum
NCTC 12900 DM4 (aflagellate mutant)
Day | No.Birds Mean  Geometric SD | No.Birds Mean  Geometric SD p-
PI positive (Logyo) mean positive (Logo) mean value
1 4/5 2.81 6.46E+02 178 3/5 2.65 447E+02 2.78 | 0.875
2 4/5 2.16 1.44E+02 1.94 3/5 0.86 7.24E+00 092 | 0.125
5 4/5 2.90 7.94E+02 2.05 2/5 1.80 6.31E+01 2.47| 0.250
57 0/2 0 0 0 02 0 0 0 -
92 0/2 0 0 0 072 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(d) Jejunum
NCTC 12900 DM4 (aflagellate mutant)
Day | No.Birds Mean  Geometric SD | No.Birds Mean  Geometric SD p-
PI ositive (Logip) mean positive  (Logyg) mean value
1 4/5 3.27 1.86E+03  1.85 4/5 3.04 1.10E+03 1.81 | 0.625
2 4/5 3.97 9.33E+03  1.80 2/5 1.37 2.34E+01 198 | 0.125
5 4/5 4.45 2.82E+04 1.86 1/5 1.00 1.00E+01 225, 0.250
57 2/2 345 2.82E+03 1.01 0/2 0 0 0 -
92 0/2 0 0 0 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
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(e) lleum

NCTC 12900 DM4 (aflagellate mutant)
Day | No. Birds Mean  Geometric SD | No. Birds Mean  Geometric SD p-
PI positive  (Log;e) mean positive  (Log;o) mean value
1 4/5 3.77 5.89E+03  2.17 4/5 3.69 490E+03 223 | 0.875
2 4/5 3.97 9.33E+03  2.25 4/5 4.13 1.35E+04  2:38 | 0.625
5 5/5 4.45 2.82E+04  2.02 4/5 3.44 275E+03 2.87 | 0.375
57 172 3.45 2.82E+03  4.88 1/2 3.23 1.70E+03  4.57 -
92 12 0.52 331E+00 0.74 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(®) Colon
NCTC 12900 DM4 (aflagellate mutant)
Day | No. Birds Mean  Geometric SD | No. Birds Mean  Geometric  SD p-
PI positive  (Logo) mean __positive  (Log;o) mean value
1 5/5 5.14 1.38E+05  0.91 5/5 5.76 S.75E+05  0.59 | 0.125
2 5/5 5.27 1.86E+05 0.24 5/5 572 5.25E+05 0.60 | 0.063
5 5/5 6.57 3.72E+06  0.67 5/5 6.65 447E+06 0.22 | 1.000
57 212 6.18 1.51E+06 0.74 272 5.20 1.58E+05  0.79 -
92 172 0.52 3.31E+00 0.74 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(g) Caeca
NCTC 12900 DM4 (aflagellate mutant)
Day | No. Birds Mean  Geometric SD | No. Birds Mean  Geometric  SD p-
PI positive (Logio) mean positive  (Logo) mean value
1 5/5 6.95 8.91E+06  0.58 5/5 7.44 2775E+07 0.59 | 0.125
2 5/5 7.70 5.01E+07 0.20 5/5 7.92 8.32E+07 0.60 | 0.063
5 5/5 7.55 3.55E+07 0.69 5/5 7.63 427E+07 022 ] 1.000
57 2/2 6.15 1.41E+06  0.26 212 5.96 9.12E+05 0.79 -
92 172 1.36 229E+01 1.93 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(h) Caecal tonsils
NCTC 12900 DM4 (aflagellate mutant)
Day | No.Birds Mean  Geometric SD | No. Birds Mean  Geometric SD p-
PI positive (Logio) mean positive (Log,q) mean value
1 515 4.77 5.89E+04  0.54 5/5 4.80 6.31E+04 0.67 | 0.813
2 5/5 4.86 7.24E+04  0.68 5/5 4.86 7.24E+04 0.68 | 1.000
5 5/5 5.44 2.75E+05  0.31 5/5 5.62 4.17E+05 0.12 | 0.188
57 2/2 426 1.82E+04  0.27 212 3.25 1.78E+03  0.17 -
92 02 0 0 0 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(i) Crop
NCTC 12900 DMA4 (aflagellate mutant)
Day | No.Birds Mean  Geometric SD | No.Birds  Mean  Geometric SD P-
PI positive (Logio) mean positive  (Logio) mean value
1 5/5 5.79 6.16E+05  1.02 5/5 5.63 426E+05 1.68 | 0813
2 5/5 4.56 3.63E+04 0.86 5/5 4.35 2.24E+04 0.75 | 0.625
5 5/5 5.27 1.86E+05  1.98 5/5 4.79 6.16E+04 249 | 0.188
57 2/2 423 1.70E+04 0.63 2/2 4.06 1.1SE+04 1.51 -
92 0/2 0 0 0 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
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Tables 7.3a-i. Colonisation and invasion by DMS5 (intimin-aflagellate mutant) in the presence of the wild-type

parent strain NCTC 12900.

(a) Liver
NCTC 12900 DMS (intimin-aflagellate mutant)
Day | No. Birds Mean  Geometric SD | No. Birds Mean  Geometric  SD p-
PI positive (Logo) mean positive (Logg) mean value
1 2/5 1.35 224E+01  2.49 1/5 1.19 1.55E+01  2.66 | 1.000
2 4/5 1.68 479E+01 141 0/5 0 0 0 0.125
5 515 1.04 1.10E+01 0 0/5 0 0 0 0.063
57 0/2 0 0 0 0/2 0 0 0 -
92 0/2 0 0 0 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(b) Spleen
NCTC 12900 DMS (intimin-aflagellate mutant)
Day | No.Birds Mean  Geometric SD | No.Birds Mean  Geometric SD p-
PI positive (Logio) mean positive (Logio) mean value
1 1/5 0.82 6.61E+00 1.84 1/5 0.77 5.89E+00 1.72 | 1.000
2 2/5 0.42 2.63E+00 0.57 0/5 0 0 0 0.500
5 4/5 0.83 6.76E+00  0.47 0/5 0 0 0 0.125
57 0/2 0 0 0 02 0 0 0 -
92 0/2 0 0 0 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(¢) Duodenum
NCTC 12900 DMS (intimin-aflagellate mutant)
Day | No.Birds Mean  Geometric SD | No. Birds Mean  Geometric  SD p-
PI positive (Logio) mean positive (Logio) mean value
1 4/5 1.53 3.39E+01  0.99 3/5 0.92 8.32E+00 1.04 | 0.625
2 1/5 0.21 1.62E+00  0.47 0/5 0 0 0 1.000
5 5/5 3.57 372E+03 095 3/5 1.63 426E+01 191} 0.063
57 212 5.27 1.86E+05  0.42 2/2 3.62 4.17E+03  0.02 -
92 02 0 0 0 02 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(d) Jejunum
NCTC 12900 DMS5 (intimin-aflagellate mutant)
Day | No.Birds Mean  Geometric SD | No.Birds Mean  Geometric SD p-
PI positive (Logio) mean positive (Logio) mean value
1 5/5 3.30 2.00E+03 145 4/5 2.57 3.72E+02 2.10 | 0.625
2 4/5 3.04 [.10E+03  2.27 4/5 1.89 7.76E+01 2.52 | 0.250
5 5/5 3.90 7.94E+03  0.52 3/5 2.08 1.20E+02 241 | 0.313
57 272 5.96 9.12E+05 0.13 2/2 5.26 1.82E+05  0.11 -
92 0/2 0 0 0 072 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
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(e) lleum

NCTC 12900 DMS (intimin-aflagellate mutant)
Day | No. Birds Mean  Geometric SD | No. Birds Mean  Geometric SD P-
PI positive (Logo) mean positive (Logio) mean value
1 4/5 3.55 3.55E+03 2.12 4/5 3.45 2.82E+03 209 ) 0.250
2 5/5 5.53 3.39E+05 1.24 5/5 5.11 1.29E+05 2.47 | 1.000
5 5/5 5.98 9.55E+05 0.82 5/5 5.82 6.61E+05 0.60 | 0.813
57 22 6.36 2.29E+06 0.83 22 5.77 5.89E+05 099 -
92 0/2 0 0 0 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(f) Colon
NCTC 12900 DMS (intimin-aflagellate mutant)
Day | No. Birds Mean  Geometric SD | No. Birds Mean  Geometric  SD p-
PI | positive (Logio) mean __positive (Logio) mean value
1 5/5 4.68 4.79E+04  0.88 5/5 4.96 9.12E+04 0.84 | 0.063
2 5/5 6.35 2.24E+06  0.39 5/5 6.77 5.89E+06 0.49 | 0.063
5 5/5 6.37 2.34E+06 030 5/5 7.19 1.55E+07 0.43 | 0.125
57 272 5.43 2.69E+05  0.52 22 4.53 3.39E+04 1.66 -
92 2/2 3.46 2.88E+03 (.12 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(g) Caeca
NCTC 12900 DMS (intimin-aflagellate mutant)
Day | No. Birds Mean  Geometric SD | No.Birds Mean  Geometric SD P-
PI positive (Logio) mean positive (Logio) mean value
1 5/5 6.81 6.46E+06  0.49 5/5 7.21 1.62E+07 0.48 | 0.125
2 5/5 7.54 348E+07 090 5/5 7.98 9.55E+07 0.41 ] 0.438
5 5/5 7.40 2.51E+07 0.81 5/5 8.30 2.00E+08 0.21 | 0.063
57 2/2 7.69 4.90E+07 0.06 212 6.57 3.72E+06 0.44 -
92 2/2 5.73 234E+05  0.19 212 427 1.86E+04  0.92 -
211 073 0 0 0 0/3 0 0 0 -
(h) Caecal tonsils
NCTC 12900 DMS (intimin-aflagellate mutant)
Day | No.Birds Mean  Geometric SD | No.Birds Mean  Geometric SD p-
PI positive (Logio) mean __positive (Logio) mean value
1 5/5 4.09 1.23E+04  0.78 5/5 4,51 3.24E+04 0.62 | 0.063
2 5/5 4.07 1.17E+04 1.71 5/5 5.57 3.72E+05  0.74 | 0.125
5 5/5 5.67 4,68E+0S  0.38 5/5 6.14 1.38E+06 0.41 | 0.063
57 2/2 5.06 1.1SE+05  0.03 2/2 2.90 7.94E+02 2.62 -
92 272 3.00 1.00E+03 0 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
(i) Crop
NCTC 12900 DMS5 (intimin-aflagellate mutant)
Day | No.Birds Mean  Geometric SD | No.Birds Mean  Geometric SD P-
PI positive  (Logio) mean positive  (Logyo) mean value
1 5/5 533 2.14E+05 0.85 5/5 5.77 5.89E+05 0.78 | 0.063
2 5/5 5.82 6.61E+05  0.56 5/5 6.04 1.10E+06 045 0.625
5 5/5 5.19 1.55E+05 0.66 5/5 5.49 3.09E+05 0.62 | 0.063
57 2/2 5.50 3.16E+05 0.22 212 4.93 8.51E+04 1.25 -
92 0/2 0 0 0 0/2 0 0 0 -
211 0/3 0 0 0 0/3 0 0 0 -
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Figure 7.1. The distribution of bacterial shedding, over time, by SPF chicks of (a) DM3 (intimin mutant) (c) DM4
(aflagellate mutant) (¢) DMS5 (intimin-aflagellate mutant) in the presence of (b, d & f) the wild-type parent isolate,

NCTC 12900.
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Recovery of bacteria form SPF chicks was scored as high (confluent), medium (>200 colonies) low (<200 colonies),
positive (detected after enrichment only) and clear (no colonies).
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Table 7.4. Significance (p) in the distribution of bacterial shedding of intimin and aflagellate deficient mutants in
the presence of the wild-type parent isolate, NCTC 12900.

Significance (p)

Day NCTC 12900 NCTC 12900 NCTC 12900
P1 Vs Vs Vs

DM3 DM4 DMS5

(intimin mutant) (aflagellate mutant) (intimin-aflagellate mutant)

1 0.179 0.393 0.075
8 0.466 0.019 0.001
15 0.364 0.099 0.062
22 0.370 0.002 0.006
29 0.212 <0.001 0.010
36 0.095 0.285 0.350
43 0319 0.044 0.261
50 0.619 0.210 1.000
57 0.991 0.118 0.009
64 1.000 0.048 0.143
71 0.635 0.556 0.040
78 1.000 0.159 1.000
85 1.000 0.524 0.397
92 0.722 ’ 1.000 1.000
99 1.000 - 0.600
106 1.000 - 0.400
113 1.000 - -
120 - - -
127 - - -
134 - - -
141 - - -
148 - - -
155 - - -
162 - - -
169 - - -
176 - - -
183 - - -
190 - - -
197 - - -
204 - - -
211 - - -

For the purpose of statistical analysis, each shedding score in Figure 7.1 was assigned a numerical score. i.e. high =
4, medium = 3, low =2 positive after enrichment = 1 and clear = 0. The distributions of NCTC 12900 numerical
scores were compared with the distributions of mutant numerical scores using the Kruskall-Wallis test.

PI; post inoculation.

137



Figure 7.2. Visualisation of attachment to the caeca of SPF chicks by bacteria specifically stained with anti-O157
sera during the first five days of experimental infection. Magnification x 1000.

h
B i

A = Caecal tissue from birds dosed orally with NCTC 12900 & DM3 (intimin mutant), B = Caecal tissue from birds
dosed orally with NCTC 12900 & DM4, C = Caecal tissue from birds dosed orally with NCTC 12900 & DMS5.

Each field of view was generally typical for each isolate.
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Figure 7.3 The distribution of bacterial shedding, over time, by SPF chicks of the (a) wild-type parent isolate,
NCTC 12900 (b) DM3 (intimin mutant) and (c) DM4 (aflagellate mutant) in the presence of each other.

(a) NCTC 12900

6
5
B4
NCTC 12900, o
DM3 & DM4 5 3
were all given to S o
each bird in the z
same inoculum 1
0 ;
1 8 15 22 29 36
Days post inoculation
(b) DM3
6
5
n
. T 4
[ ] ngh‘ &'—J
B Medium w5 3
B Low S o
D Clear =z
1
0 ' ' V|
1 8 15 22 29 36
Days post inoculation

(c) DM4

No. of Birds

1 8 15 22 29 36
Days post inoculation

139



ovl

Table 7.5. Significance (p) in the distribution of bacterial shedding of intimin and aflagellate deficient mutants when both in the presence of the wild-type parent isolate,

NCTC 12900.
Day post NCTC 12900 NCTC 12900
inoculation v§ vs
DM3 (intimin mutant) DM4 (aflagellate mutant)

1 1.000 0.033

8 0.546 0.002

15 1.000 0.022

22 1.000 0.100

29 1.000 0.300

36 1.000 0.100

Wild-type NCTC 12900 was compared to each mutant using the Wilcoxon-Mann-Whitney test. Exact p-values were calculated using StatXact software.

Table 7.6. Colonisation of SPF chicks by Stx negative E. coli O157:H7 NCTC 12900 and intimin (DM3) and aflagellate (DM4) deficient mutants when given together in
the same inoculum to each bird.

NCTC 12900 DMZ3 (intimin mutant) DM4 (aflagellate mutant)

Day36 PI | No.birds Mean  Geometric = SD | No. birds Mean Geometric ~ SD p- | No. birds Mean Geometric  SD p-

positive logio mean positive logyo mean value | positive logy mean value
Duodenum 1/3 0.35 2.24E+00  0.60 1/3 0.35 2.24E+00  0.60 | 1.000 0/3 0 0 0 1.000
Jejunum 373 1.99 9.77E+01 0.85 2/3 1.44 2.75E+01 0.85 | 0.800 0/3 0 0 0 0.100
Ileum 1/3 0.35 2.24E+00  0.60 173 0.35 2.24E+00  0.60 | 1.000 0/3 0 0 0 1.000
Colon 373 3.81 6.46E+03 0.97 373 4.58 3.80E+04 1.12 | 0.400 373 1.04 1.10E+01 0 0.100
Caeca 3/3 6.62 4.17E+06  0.63 3/3 6.49 3.09E+06  0.09 | 1.000 3/3 4.10 1.26E+04  0.66 | 0.100
C. tonsils 373 3.67 468E+03  0.14 3/3 4.30 2.00E+04 032 | 0.100 2/3 0.69 4.90E+00  0.60 | 0.100
Crop 373 2.95 891E+02  0.21 3/3 3.26 1.82E+03 0.17 | 0.300 1/3 0.35 2.24E+00  0.60 | 0.100

Post mortems were performed on the last day of the experiment.
PI; post inoculation. SD; standard deviation, p-value; significance in colonisation between each mutant and NCTC 12900.
Wild-type NCTC 12900 was compared to each mutant using the Wilcoxon-Mann-Whitney test. Exact p-values were calculated using StatXact software.




7.2 Discussion

The data in chapter 6 indicated that flagella, but not intimin may have a role to play in
Stx-negative E. coli O157:H7 colonisation, invasion and persistence of SPF chicks. The
purpose of the study reported here was to determine if intimin and aflagellate mutants were
less able to colonise, invade and persist in SPF chicks when in the presence of the wild-type,
NCTC 12900. A previously reported SPF chick study involving an E. coli isolate pathogenic
for avian species demonstrated that flagella and fimbrial deficient mutants were less able to
persist in SPF chicks when competing with the wild-type isolate (La Ragione et al., 2000b).

As discussed in chapter 6, less association and quicker clearance of aflagellate mutants
from the liver and spleen was observed, suggesting that flagella may be involved in low-level
invasion. More importantly, as with the data in chapter 6, the aflagellate mutant also
deficient for functional intimin was cleared quicker than the mutant unable to express active
flagella alone. This lends weight to the hypothesis that both intimin and flagella may be
involved in the low-level invasion of epithelial cells. However, this clearance in competitive
index models reported here, may have been due to factors independent of the presence of
NCTC 12900.

In this chapter, intimin and aflagellate mutants were still able to colonise the
gastrointestinal tract of SPF chicks in similar numbers as compared to NCTC 12900 during
the first five days of infection. This suggests that other factors other than E. coli O157 intimin
or flagella may have been involved in the initial colonisation of SPF chicks. However, it is
possible that the formation of aggregates of NCTC 12900 and mutant associated with the
mucosal epithelium or residing in the gut contents may have contributed to this observation.
Histological analysis did reveal that E. coli O157 attachment and micro-colony formation did
occur and it seems reasonable to assume that these colonies may have consisted of wild-type
and mutant.

On day 57 post inoculation, the intimin mutant was still associated in similar numbers to
NCTC 12900 in the duodenum, jejunum, ileum, colon, caeca and caecal tonsils. However, on
day 92 post inoculation, approximately 10-1000-fold fewer intimin mutant were recovered
from the ileum, caeca, caecal tonsils and crop. Nevertheless, the intimin mutant persisted for
as long as NCTC 12900, day 112 post inoculation and at none of the seventeen time points
was any significance differences noted. This strengthens the observation noted in chapter 6,
that intimin has little or no part to play in the colonisation and persistence of SPF chicks.

Both aflagellate mutants were still agsociated with SPF birds on day 57 post inoculation.
Approximately, 10-fold fewer aflagellate mutant than wild-type were recovered from the
jejunum, colon, and caecal tonsils and approximately 10-100-fold fewer aflagellate mutant,

also deficient for intimin, was recovered from the duodenum, ileum, colon, caeca, caecal
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tonsils and crop. On day 92 post inoculation, the aflagellate mutant was not recovered from
any of the tissues examined, although two other birds were still shedding this mutant at the
same time point, whereas the intimin-aflagellate mutant was only recovered from the caeca.
In both competitive index groups involving aflagellate mutants, NCTC 12900 was shed for at
least seven days more that both mutants. Furthermore, significant differences were noted for
five out of fourteen time points for the aflagellate mutant and six out of sixteen time points
for the intimin-aflagellate mutant. This suggests that although other factors may be involved
in the long term persistence of E. coli O157:H7, active flagella may play a role in the levels
of E. coli O157:H7 residing in the chick gut, especially in the contents of lumen where
motility might be crucial for high levels of colonisation.

When an inoculum comprising of NCTC 12900, the intimin mutant and the aflagellate
mutant was given to SPF chicks, far fewer aflagellate mutant than NCTC 12900 and intimin
mutant was shed by birds. Also, at the end of the experiment, day 36 post inoculation, far
fewer numbers of the aflagellate mutant were recovered from tissues that were positive for all
three isolates. This strengthens the observations noted in this chapter and in chapter 6 that
intimin has little or no role to play in colonisation and persistence, whereas flagella does have
a role to play, although the specifics of that role remain unclear.

Eggs from each group were laid approximately 36 to 50 and 31 to 43 days after all
aflagellate mutants and NCTC 12900 had been cleared from birds, respectively. This lends
weight to the hypothesis discussed in chapter 6, that the maturation and onset of egg laying
may help to clear E. coli O157:H7 residing in the gut of SPF chickens and that this clearance
may be quicker for aflagellate E. coli O157 bacteria.

The aims of the study to be reported here was to establish if intimin and aflagellate
mutants would be more attenuated and subsequently cleared from SPF birds when in the
presence of the NCTC 12900. However, the data reported here suggests that although intimin
and flagella may be involved in low-level invasion, mutants defective for intimin and flagella
in the competitive index in vivo model exhibit trends similar to those observed for
colonisation and persistence of SPF chicks when NCTC 12900 is absent. However, when the
aflagellate mutant was competing with NCTC 12900 and the intimin mutant in the same
birds, this mutant was more attenuated than when competing against NCTC 12900 only.
Furthermore, the triple competitive index model endorsed the observation reported in chapter
6 that intimin is not required for the colonisation and persistence of NCTC 12900.
Collectively, the data presented in this chapter suggests that cocktails of E. coli O157:H7
wild-type plus two or more mutants may show more significant differences in the

colonisation, invasion and persistence for each E. coli 0157 isolate in the SPF chick model.
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Chapter 8

General discussion

World-wide, E. coli O157:H7 still remains one of the major causes of haemolytic colitis
and haemolytic uraemic syndrome (HUS) in humans. The main vectors for transmission of
this pathogen are cattle, sheep, faeces and faecal contaminated water, although other vectors
including goats, pigs, deer, rabbits are important (Rice et al., 2003). The colonisation and
persistence of E. coli O157:H7 in cattle, sheep and piglets has been studied and the surface
arrayed protein intimin has been implicated in playing a key role (Donnenberg et al., 1993;
Cornick et al., 2002; Woodward et al., 2003). However, no other E. coli O157:H7 virulence
factor has been associated with the colonisation and persistence of these hosts, although Hoey
et al., (2003) have suggested that Stx1 binding to bovine intestinal crypt epithelial cells
results in the localisation of lysosomes and the aboration of toxicity. Intimin binds to the
type-III secreted protein Tir, and tissue culture assays have elucidated that intimin is required
for localised adherence patterns, micro-colony and AE lesion formation (McKee & O’Brien,
1996; Liu et al., 2002; Cookson & Woodward, 2003). However, intimin may be involved in
other mechanisms of adherence, as Frankel et al. (1996) reported that the C-terminus of
EPEC intimin can bind 1 integrins.

The incidence of E. coli O157:H7 birds is low (Wallace et al., 1997) but experimental
infection of young chicks has demonstrated that E. coli O157:H7 can persistently colonise
this host (Beery ef al., 1985; Schoeni & Doyle, 1994) suggesting that poultry could become
an important source of food-borne disease in humans. Whether intimin is involved in this
process of persistent colonisation in experimentally infected chicks has not yet been
elucidated. One study did indicate that a small molecular weight outer membrane protein
expressed by E. coli O157:H7 was associated with adherence to chicken caeca (Zhao et al.,
1996), but whether other surface arrayed structures, such as flagella, are involved in E. coli
0157:H7 persistent colonisation of the chick has not been reported. Therefore, the overall
purpose of the study reported in this thesis, was to determine if intimin and flagella played a
key role in E. coli O157:17 persistent colonisation of SPF chicks.

Previous studies in 1-day-old chicks have involved Stx-positive E. coli O157:H7 isolates
(Beery et al., 1985; Starvic et al; 1993; Schoeni & Doyle, 1994; Sueyoshi & Nakazawa,
1994), whereas the isolate (NCTC 12900) used in this study was Stx-negative. Therefore, the
question arose whether the Stx-negative isolate NCTC 12900 used in this study was
representative of Stx- positive E. coli O157:H7 isolates in general. Type-1 and curli fimbriae
have been shown to be important for the colonisation and persistence in SPF chicks by an
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APEC O78:K80 isolate (La Ragione et al, 2000a & b). Genotypic and phenotypic
characterisation revealed that although the genes encoding type-1 fimbriae and curli genes
were present in NCTC 12900, elaboration of these surface appendages was not detected.
These findings are consistent with the findings of other studies, where E. coli O157:H7
isolates were unable to elaborate type-1 and curli fimbriae due to mutations in key fimbrial
genes or regulator sites (Li et al., 1997; Enami et al., 1999; Iida et al., 2001; Roe et al., 2001;
Uhlich et al., 2001), although exceptions have been noted (Durno et al., 1989; Uhlich et al.,
2001). Furthermore, since NCTC 12900 was able to colonise and persist in SPF chicks for
several months, this suggests that type-1 and curli fimbriae are not required for these
attributes. Interestingly, an unidentified surface appendage was elaborated by NCTC 12900.
Recent genome sequencing of the E. coli O157:H7 genome has revealed the presence of five
fimbrial operons, other than the type-1 and curli operons (Hayashi et al., 2001; Perna et al.,
2001), including the long polar (LP) fimbrial operon. Recent studies have indicated that LP
fimbriae play a role in localised adherence and micro-colony formation (Torres et al., 2002).
Whether the unidentified surface appendage detected in the present study was LP fimbriae or
any other type of fimbrial structure remains to be determined.

Experimental infection of young chicks with Stx-positive E. coli O157:H7 has
demonstrated that this host may be readily colonised and that this pathogen can persist for
several months (Beery et al., 1985; Schoeni & Doyle, 1994). Therefore, in the study in this
thesis, it was important to determine if an Stx-negative E. coli O157:H7 isolate, a
containment level II pathogen and therefore a safer strain to manipulate, was a convenient
model strain to study chick colonisation. Initial in vivo characterisation studies of NCTC
12900 demonstrated that this isolate was able to colonise and persist in the chick for
approximately 21 weeks post inoculation, indicating that Stx may play little or no role in
colonisation of the gastrointestinal tract of the chicken. Whether this was typical of other Stx-
negative E. coli O157:H7 isolates was not investigated. However, this hypothesis could have
been tested by comparing the colonisation in SPF chicks of several Stx-negative E. coli
O157:H7 isolates, including NCTC 12900, with an Stx-positive E. coli O157:17 isolate and
an Stx-negative E. coli O157:17 isolate that had both toxins knocked out by mutagenesis.
Furthermore, whether NCTC 12900 had completely lost the lysogenic phage carrying either
Shiga-toxin or was phage positive only was not determined. If residues of phage were
present, this would indicate that NCTC 12900 might have the capabilities to acquire Stx
genes by horizontal transfer from the environment. NCTC 12900 was originally characterised
at a public health laboratory in Austria during 1996. (PHLS, personal communication). Stx-
positive and Stx-negative E. coli O157:17 isolates that were isogenic have been isolated

from patients with haemorrhagic colitis (Ostroff et al., 1990; Feng et al., 2001) but whether
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NCTC 12900 has an isogenic Stx-positive sibling remains unclear. Total loss of phage plus
toxin might indicate that NCTC 12900 belongs a different clonal lineage of E. coli O157:H7.
Whittam et al. (1993) proposed that E. coli O157:H7 evolved from an EPEC O55:H7 like
progenitor, already possessing the AE phenotype to intestinal cells, that acquired secondary
virulence factors including Shiga toxins. However, clonal groups of E. coli O157:H7 are
categorised into EHEC group 1 (Whittam & McGraw, 1996) by their intimin type (gamma)
which suggests that NCTC 12900 belongs to the same clonal lineage as Stx-positive E. coli
O157:H7 isolates.

The present study demonstrated that colonisation of the caeca and other tissues of the
chick gastrointestinal tract were consistent with the findings of previous studies (Beery et al.
1985; Stavric et al. 1993; Schoeni & Doyle, 1994; Sueyoshi & Nakazawa, 1994). In terms of
numbers of NCTC 12900 bacteria recovered in this study, the caecum was the site of
persistent colonisation, which is in agreement with previously reported Stx-positive E. coli
O157:H7 chick studies. A number of probable reasons for this might include the following.
Firstly, the caecal environment is anaerobic, therefore excluding competition from aerobic
bacteria. Secondly, the turnover of epithelial cells in the caeca is slower than in other gut
tissues, therefore allowing bacteria to adhere for longer. Thirdly, there are deeper crypts in
the caeca, allowing protection from the movement of the caecal contents. Fourthly, there is
no peristalsis, therefore bacteria are less likely to be mechanically removed from this tissue
and fifthly, the caecum is rich in organic matter, thus providing a nutrient rich environment.

Invasion of avian cell mono-layers by NCTC 12900 was noted. In the young chick, the
liver was colonised transiently which may imply limited invasion but, as clearance from
internal organs was rapid, invasion may have been limited to the very young animal and that
intracellular survival was limited (Chart et al., 2000). Genome sequencing of E. coli
O157:H7 has revealed the presence of a second putative type III secretion system (Hayashi et
al., 2001, Perna et al., 2001) that resembles the inv/spa locus in the SPI-1 pathogenicity
island of S. typhimurium. Whether this locus contributed to NCTC 12900 invasion remains
unclear.

Analysis of tissues from the gastrointestinal tract of birds did reveal during the first 5
days of experimental infection that NCTC 12900 had associated with epithelial surfaces, as
detected by specific E. coli O157 antisera. More importantly, specifically stained anti-O157
bacteria associated with micro-colonies were also observed. Whether AE lesions were
associated with individual bacteria remains unclear. Many clumps of bacteria specifically
stained with anti-O157, and presumed to be NCTC 12900, were also detected that were not
directly associated with gut epthelial surfaces, suggesting that NCTC 12900 are able to reside

and survive in the contents of the gut. One SPF chick infection experiment designed for
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histological analysis only, where birds were given orally 1 x 10’ CFU of NCTC 12900
bacteria, indicated sparse to medium association of NCTC 12900 bacteria with chick gut
surfaces, mostly the caecum. However, more association was noted between days 21 and 29
post inoculation. This observation may indicate that E. coli O157:H7 bacteria are able to
adhere more efficiently to chick epithelia in more mature birds than in naive birds. NCTC
12900 was able to form micro-colonies and AE lesions on an avian cell derived from the
small intestines of 18-day-old SPF chick embryos. However, in this type of assay there are
not the physiological barriers that are encountered with the gastrointestinal tract of SPF
chicks. Possibly, a yet unidentified surface appendage, that is optimally expressed when SPF
chicks are 3-4 weeks old, may be required to bring NCTC 12900 closer to the gut epithelial
surface in a turbulent environment for subsequent intimate attachment and micro-colony
formation. Characterisation of insertional fimbrial O157 mutants, other than type-1 or curli,
in the SPF chick model, may clarify this hypothesis.

Previous studies by others have demonstrated that E. coli O157:H7 intimin was
important for the colonisation of cattle, sheep and pigs (Donnenberg et al., 1993; McKee &
O’Brien, 1996; Cornick et al., 2002; Woodward et al., 2003). Flagella have been implicated
in colonisation for other enteric pathogens. Studies of APEC O78:K80 flagella have revealed
that this surface appendage was required for the penetration of mucus (La Ragione et al.,
2000a) and that an aflagellate APEC O78:K80 mutant was significantly less persistent in SPF
chicks (La Ragione et al., 2000b). Additionally, flagella have been implicated as an
adherence mechanism in another enteric pathogen, Salmonella enterica serovar Enteritidis
(Allen-Vercoe & Woodward, 1999; Dibb-Fuller et al., 1999; Robertson et al., 2000).
However, it should be borne in mind that naturally ocurring E. coli O157:H- (non-flagellated)
have been isolated from cattle and humans (Bielaszewska et al., 2000; Kim et al., 2001).
Furthermore, there are many E. coli O157:H- isolates that have been associated with
haemorrhagic colitis and HUS (Bielaszewska et al., 1988; Schmidt et al., 1999; O’Brien et
al., 2001). Nevertheless, whether intimin or flagella play a role in the mechanisms required
for colonisation and persistence in poultry remained unclear. Therefore, the next step in this
study was to determine, that if chickens were to become a reservoir for E. coli O157:H7,
would intimin and flagella contribute to persistent colonisation within this host.

Before intimin and flagella deficient mutants were characterised in the 1-day-old SPF
chick model, the adherence and invasion capabilities of each mutant was assessed using
several tissue culture assays. With reference to avian and human tissue culture assays, the
studies reported in this thesis demonstrated that intimin contributed to adhesion. However,
with regard to invasion, intimin appeared only to be important for this phenotype with the

human cell line. On both cell lines, fully functional intimin was required for the formation of
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AE lesions and was also required for localised adherence patterns, especially the formation of
micro-colonies. Flagella contributed significantly to the invasion of avian tissue culture cells,
but not human tissue culture cells. However, a NCTC 12900 mutant unable to express intimin
and flagella was significantly less able to invade avian tissue culture cells and was not
internalised within human tissue culture cells. This indicates that this double mutation
significantly reduced the invasion capabilities of NCTC 12900 suggesting that both surface
arrayed proteins may be linked in this process.

NCTC 12900 does eclaborate intimin yand was able to form localised patterns of
adherence with micro-colony formation and produce AE lesions on HEp-2 mono-layers (This
study & Dibb-Fuller et al., 2001). Additionally, the tissue culture studies described here were
the first to show that NCTC 12900 was also able to form micro-colonies and induce AE
lesions on an avian cell line derived from SPF chicks. A lack of active flagella did not affect
AE lesion formation, localised adherence patterns or micro-colony formation. Whether
flagella play an initial role in adhesion was not determined in this study. Possibly shorter
adherence assays of between 5 and 60 minutes may have given insights into this possibility.
Also, it may have been relevant to have also used a mucus secreting cell line and the chick
gut explant assay for studying the adhesion and invasion patterns of aflagellate mutants.
Previous studies characterising E. coli and Salmonella pathogens of avian origin have shown
that flagella are important for the penetration of mucus layers (Allen-Vercoe & Woodward,
1999; La Ragione et al., 2000a). Thus, it seems plausible that E. coli O157:H7 flagella may
be involved in the same process. Interestingly, for each bacterial isolate, counts of
internalised bacteria were significantly higher for Div-1 cells as compared to HEp2 cells.
Possible explanations for this may be that either avian cell processes played an active role in
the uptake of bacteria or there was greater expression of a cell receptor recognising a yet
undefined surface structure. However, it should also be noted that this avian cell line was
derived from the small intestines of 18-day-old embryos and may not be as differentiated as
HEp-2 cells. This may indicate, that although invasion appears to involve E. coli O157:H7
specific factors, possible passive non-specific uptake may have also occurred. Furthermore,
significantly more bacteria were internalised in the Div-1 cells than in the HEp-2 cells.

From avian tissue cultures assays it was reasonable to predict that intimin-deficient
mutants may be less able to colonise 1-day-old SPF chicks, whereas an aflagellate mutant
may colonise as well as the wild-type. It was also reasonable to predict that an intimin-
aflagellate mutant may exhibit similar trends to the intimin mutant. Compared to NCTC
12900 the intimin mutant was associated in similar numbers with all tissues taken from SPF
chicks during the first 5 days of E. coli O157:H7 infection, indicating that intimin may play

little or no role in colonisation. The aflagellate and intimin-aflagellate mutant and NCTC
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12900 were also associated in similar numbers with the tissues of the gastrointestinal tract,
but fewer numbers and more rapid clearance of the aflagellate mutants from the liver and
spleen was noted. At 8 weeks and 13 weeks post inoculation, bacterial enumeration
suggested that, compared to NCTC 12900, the aflagellate and intimin-aflagellate mutant were
less able to colonise the tissues of the gastrointestinal tract, whereas, the intimin mutant was
still able to colonise in similar numbers. More importantly, the intimin mutant when given to
birds on its own, was still recovered from the gastrointestinal tract of birds, 30 weeks post
inoculation. Furthermore, the intimin mutant was able to persist in SPF chickens for at least
42 days more than NCTC 12900, and when in the presence of NCTC 12900, the intimin
mutant was cleared from birds at the same time point as the wild-type. Whether the absence
of intimin made NCTC 12900 “fitter” requires further investigation.

Persistence of the aflagellate and the intimin-aflagellate mutant on their own or when in
the presence of NCTC 12900 did not last as long as the wild-type. Nevertheless, the
aflagellate and intimin-aflagellate mutants were still recovered from birds approximately 10
to 12 weeks after experimental infection. However, significantly less of each type of
aflagellate mutant was shed from birds compared to NCTC 12900, indicating that flagella
may be required for persistence within the caeca. Trends observed in competitive index
studies were similar to single inocula studies, with the intimin mutant being the exception,
indicating that colonisation and persistence and the eventual clearance of each mutant may
have occurred independently of the wild-type. Nevertheless, the intimin-aflagellate mutant
and the aflagellate mutant both exhibited similar trends for shedding, further strengthening
the hypothesis that intimin has little or no role to play in the colonisation and persistence of
SPF chickens.

Histological analysis of NCTC 12900 and intimin and flagella deficient mutant
interactions with the gastrointestinal tract of chicks revealed that E. coli O157 bacteria were
associated with gut epithelial surfaces. During the first 5 days of infection, adherent bacteria
were seen mostly on the epithelial surfaces of the ileum, colon and caeca, with the caeca
usually having the most adherent bacteria, although clusters of specifically stained E. coli
0157 bacteria were not directly associated with the chick gut. In single inocula experiments
micro-colonies were observed for NCTC 12900 and the aflagellate mutant and although the
intimin and intimin-aflagellate mutant were found attached to the caecal epithelium, no
densely packed micro-colonies were observed. This finding would suggest that although
intimin appears to be required for micro-colony formation, other E. coli O157:H7 factors,
possibly surface appendages, were involved in adherence. In competitive index studies,
bacterial attachment was noted in the caeca. Whether these micro-colonies comprised of

NCTC 12900 only or wild-type plus mutant remains unclear. Since one bird was taken from
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each group for histological analysis during the five 5 days of infection, any trends noted
between wild-type and mutant are difficult to justify. No tissues were taken from older birds
at post mortem days 56 and 92. In hindsight, it may have been beneficial to examine tissues
from birds at these time points, especially caecal tissue, for any bacterial attachment.
Analysis of eggs revealed that E. coli O157:H7 (NCTC 12900) contaminated the shells
of eggs but not the contents, which is consistent with a previously published study (Schoeni
& Doyle, 1994). However, whether contamination occurred on the surface of egg shells or
within the pores of the egg shells remains unclear. No contamination of egg contents by
NCTC 12900 suggests that vertical transmission of this pathogen to the ovaries of hens,
which does occur with S. Enteritidis (Guard-Petter, 2001), does not occur with E. coli
O157:H7. In the study reported here, NCTC 12900 was cleared just before or soon after the
onset of egg laying. This observation occurred with three separate NCTC 12900 single
inoculation SPF chick experiments, suggesting that the time period of persistent colonisation
by this particular E. coli O157:H7 isolate may be governed by the physiological changes
occurring within birds due to the maturation and onset of egg laying. Furthermore, during
these physiological changes, the levels of shedding were increased until the onset of egg
laying, from SPF birds given separately, NCTC 12900 and intimin and aflagellate mutants.
Interestingly, the intimin mutant was able to persist after the onset of egg laying, whereas,
both aflagellate mutants were cleared before the onset of egg laying. A possible hypothesis
for this may be that the physiological changes within birds at the onset of egg laying may aid
quicker clearance of E. coli O157 that are unable to express active flagella. A lack of intimin
expression appeared to be advantageous for sustained persistence after the onset of egg
laying, but why this would be so remains unclear. It may be that knocking out intimin
initiated the expression or upregulation of another virulence factor, possibly flagella,
although this was not sought after in vitro. Furthermore, genotypical analysis of the intimin
mutant did not suggest any other disruptions to the eae gene, other than the insertion of the
antibiotic resistance cassette. Nevertheless, it is possible that insertional mutagenesis may
have up regulated other genes by altering the DNA topology, thus allowing regulators access
to promoter sites that are otherwise hidden during intimin expression. However, Farris ef al.
(1998) have shown that EPEC BipA (virulence regulator) mutants failed to trigger AE
lesions, but are more motile than the wild-type, suggesting that this protein negatively
regulates flagella-mediated cell motility. BipA is also present in E. coli O157:H7 and studies
involving NCTC 12900 have indicated that the expression of intimin is blocked in the
absence of this regulator (Grant et al., 2003) and that NCTC 12900 BipA negatively regulates
flagella-mediated cell motility. Furthermore, Grant and co-workers indicated that NCTC

12900 BipA controls the expression of LEE encoded genes including eae via transcription of
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the ler gene. Additionally, Elliott et al. (2000) have demonstrated that the Ler protein
positively regulates the E. coli O157:H7 Tir operon from which intimin is expressed.
Therefore it is possible, although highly speculative, that by knocking out intimin, up-
regulation of flagella did occur through a negative feedback system involving the Ler and
BipA regulators. To test if NCTC 12900 flagella had been unregulated, comparisons of the
rate of motility between the intimin mutant and NCTC 12900 could have been measured,
over time, on sloppy agar plates and by determining the relative quantification of flagella
between intimin mutant and wild-type NCTC 12900 by direct binding ELISAs. Additionally,
counting and comparing the number of flagella associated with the intimin mutant and NCTC
12900 by electron microscopy would have confirmed any up-regulation of this surface
appendage.

A pilot competitive index study was also performed where a small group of birds were
given orally, NCTC 12900, the intimin mutant and the aflagellate mutant in the same
inoculum. The distribution of shedding of E. coli 0157 showed that NCTC 12900 and the
intimin mutant were shed in relatively high numbers, whereas the aflagellate mutant was shed
in significantly less numbers. Post mortem examinations at the end of the experiment, day 36,
revealed that NCTC 12900 and the intimin mutant were associated in similar numbers with
all the tissues examined from the gastrointestinal tract, with the highest numbers being
recovered from the caeca. However, the aflagellate mutant was only recovered from the
colon, caeca and caecal tonsils. Furthermore, fewer numbers of aflagellate mutant was
recovered from these positive tissues. The results from this study indicate that inocula
comprising of wild-type plus two or more mutants may have given better insights into the
long term colonisation and persistence characteristics of each isolate. This data also suggests
that more differences may be noted by competing two single mutants with their respective
wild-type, than competing a multiple mutant with the same deficiencies with the respective
wild-type.

It should be kept in mind that when interpreting the results obtained from chick
experiments, re-infection of birds by NCTC 12900 and intimin and aflagellate mutants from
the environment probably occurred. In the chick studies reported here, each isolate was
detected in the environment only when birds were still shedding the same E. coli 0157
isolate. This possibility raises two key questions. Firstly, were the wild-type and each mutant
able to survive in the environment in similar numbers, or did a deficiency in a surface arrayed
structure, especially involving flagella, reduce survival in the environment. Secondly, if
desiccation of an aflagellate mutant in the environment occurred, was this due specifically to
environmental factors or attenuation when passing through the gastrointestinal tract of the

chick. To test this hypothesis, several studies could have been performed to study the lateral
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and environmental transmissibility of NCTC 12900 and each mutant. Firstly, fresh isolators
could have been sprayed either separately or together with each E. coli O157 isolate and after
various times SPF birds could have been placed in the isolator to assess the transmissibility
of O157 bacteria directly from the environment. Secondly, SPF chicks inoculated either
separately or together with each E. coli O157 isolate, would be allowed to shed for 24 hours,
removed, and then SPF birds could have been placed in the isolator to assess environmental
transmissibility of O157 bacteria after passing through animals. Thirdly, inoculation-free
birds could have been placed with inoculated birds to determine the levels of colonisation by
each E. coli 0157 isolate.

The vast amount of data obtained from colonisation, invasion and persistence studies
indicates that flagella play an unidentified role in the levels of O157 bacteria associated with
avian tissues. Importantly, as noted with the invasion of an avian cell line, flagella might be
involved in the penetration of avian epithelial surfaces. Histological analysis did not strongly
suggest that adherence to chick gut surfaces was essential for colonisation. More importantly,
intimin does not appear to be involved in the sustained persistence of O157 bacteria in SPF
chicks, suggesting that intimin is not required for the colonisation of poultry. Since intimin
and aflagellate mutants were still able to colonise and persist in birds this suggests that other
0157 factors may play a significant role in colonisation and persistence. However, certain
disadvantages with the chick model should be noted. Firstly, the 1-day-old SPF chick
intestine is lined with muconium, which provides a nutrient rich environment for the test
inoculum to multiply. Secondly, due to the immature immune response of 1-day-old SPF
chicks intimin and aflagellate mutants would have been able to replicate without the effects
of clearance, thus allowing these bacteria to reside in the caecal tonsils in high numbers.
Thirdly, 1-day-old SPF chicks have immature immunocompetence in the intestine (Jeurissen
et al., 1989) and it is known that chicks hatch with immature T lymphocytes which become
fully responsive at around 4 days of age (Lowenthal ez al., 1994). Therefore, it is likely that a
nutrient rich environment combined with an immature systemic and mucosal immune system
allowed intimin and aflagellate mutants to multiply and colonise the chick.

Previously reported mammalian studies of E. coli O157:H7 infection have demonstrated
that intimin is required for intimate attachment to gut surfaces (Donnenberg et al., 1993;
McKee & O’Brien, 1996) and the intimin mutant used in this study was attenuated in 6-
week-old sheep (Woodward et al., 2003) suggesting that intimin may only be required for
persistence in mammalian hosts. The tissue structure of the avian host is markedly different
from that of mammalian hosts, including ruminants (Dyce et al., 1987). Chicks are mono-
gastric, have gut-associated lymphoid tissue (GALT) only in the ileum and the

gastrointestinal tract is more acidic. This may partly explain why an intimin mutant can
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persist in SPF chickens longer than the wild-type, but persist for a lesser time than the wild-
type in 6-week-old lambs. However, other factors in sheep including the presence of
naturally acquired attaching and effacing E. coli (Wales et al., 2003) may haved played a role
in this observation. Nevertheless, studies by Fitzhenry et al., (2000) have shown that intimin
type influences the site of intestinal mucosal colonisation in humans. Therefore, it is possible
that E. coli O157:H7 with intimin type y do not exhibit a tissue tropism in chicks, although
the avian tissue cultures studies presented here demonstrated that NCTC 12900 was able to
form densely packed micro-colonies and AE lesions, and micro-colonies on chick caecal
epithelia. However, a recent study by La Ragione et al. (2002) did show that an APEC
086:K61 isolate possessing intimin type y was able to persist well in the 1-day-old SPF chick
model and although APEC 0O86:K61 micro-colonies were observed in the caeca, no evidence
for AE lesions was gained. Interestingly, La Ragione et al. (2003) have demonstrated that an
E. coli 0103 isolate expressing intimin type B did induce AE lesions on the caecal mucosa of
Red-Legged partridges.

E. coli O157:H7 experimental infection of chicks has been reported, and the studies
conducted here are the first to analyse avian in vitro adherence, invasion and avian in vivo,
colonisation, invasion and persistence properties of intimin and flagella of an E. coli
O157:H7 isolate. The lack of evidence for an intimin associated role in colonisation is
consistent with other animal studies as AE lesions are not readily detected in conventional
weaned sheep and cattle experimentally infected with E. coli O157:H7 (Woodward et al.,
1999; Wales et al., 2001). However, Cornick et al. (2002) have indicated that intimin
facilitates colonisation in young adult cattle and sheep, and Woodward et al. (2003) did
demonstrate attenuated persistent colonisation by the intimin mutant described in this thesis.
Whether the mechanisms of colonisation in ruminants and chicks are synonymous is
debatable, but in this and previous studies, the chick appears to be a useful surrogate model
although some authors disagree (Sandhu and Gyles, 2002). Further characterisation of other
surface arrayed molecules in this in vivo model, such as lipopolysaccharide, may further
determine what E. coli O157:H7 factors contribute to colonisation and persistence.

Previously reported studies, demonstrated that poultry are a potential reservoir for Stx-
positive, and in the study presented here, Stx-negative, E. coli O157:H7. A recent
mammalian study using a suckling piglet model of infection demonstrated that vaccination
with purified intimin protected piglets from E. coli O157:H7 infection (Dean-Nystrom et al.,
2002) and monoclonal antibodies specific to Stx2 did prevent systemic complications in mice
(Mukherjee et al., 2002). However, if this pathogen was to infect poultry flocks, and from the
data obtained in this study, it would appear that vaccines against intimin and possibly flagella
may not clear E. coli O157:H7 from birds. One way forward to reduce or clear E. coli
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O157:H7, if it were to become resident in poultry, may be the introduction of competitive
exclusion strategies. A study by Hakkinen & Schneitz, (1996) did reveal that a commercially
available competitive exclusion product did significantly reduce E. coli O157:H7 in the caeca
of chicks and protection against this pathogen was also evident in chicks, especially layers,
when birds were administered anaerobic cultures derived from the faecal microflora of adult
birds free from E. coli O157:H7 (Stavric et al., 1992). Studies from our laboratory have
demonstrated that Bacillus subtilis spores did significantly reduce the levels of APEC
078:K60 in the caeca of poultry (La Ragione et al., 2001). Ongoing studies in our laboratory
at present are characterising the effect of Bacillus subtilis spores and other probiotic agents
on the levels of E. coli O157:H7 in experimentally infected poultry.

In summary, Stx-negative E. coli O157:H7 isolate NCTC 12900 was suitable for
persistent colonisation studies in poultry. Furthermore, low-level contamination of egg shells
was noted, suggesting and agreeing with other studies that this pathogen could potentially
infect this host. Although, the intimin and flagella deficient mutants constructed showed that
flagella, but not intimin contributed to colonisation and persistence in the SPF chick model, it
1s reasonable to assume that other uncharacterised surface arrayed proteins probably

contribute to these attributes.
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Appendix 1

Media

. Agarose gels — 0.8% gels were prepared by the addition of 1 x TAE (40mM Tris-Acetate,
ImM EDTA) to 8g of agarose powder (Promega) to a final volume of 1 litre. Gels were
cast in Perspex trays using approximately sized combs (BioRad) to form wells. Combs
were removed from set gels before the gels were submerged in 1 x TAE in a DNA Sub-
cell™ electrophoresis tank (Biorad).

. Antibiotics — all antibiotics were purchased from Sigma with the exception of ampicillin
(Beecham) and antibiotic diffusion discs (Oxoid) were prepared by the addition of soluble
powder to appropriate dilutent. Antibiotics were prepared to the following stock
solutions, ampicillin — 100mg/ml, chloramphenicol — 10mg/ml, kanamycin — 50mg/ml
and streptomycin 50mg/ml and used at the following working concentrations, ampicillin
— 100pg/ml, chloramphenicol — 10pug/ml, kanamycin — 25ug/ml and streptomycin —
25ng/ml.

. Buffered peptone water — was prepared with 10g pancreatic digest of gelatin, 5g NaCl,
3.5g Na,HPO4 and 1.5g KH,HPO,4 and made up to a final volume of 1 litre with sterile
distilled H,O and sterilised by autoclaving for 15 minutes at 15psi pressure (121°C).
Buffered peptone water was stored at 4°C until required.

. Colonisation factor antigen medium (CFA) - was prepared with 10g Casimino acids,
1.5g yeast extract, 0.05g MgSOys, 0.005g MnCl,, made up to 1 litre sterile distilled H,O
and autoclaved for 15 minutes at 15psi pressure (121°C). CFA was stored at 4°C until
required.

. Colonisation factor antigen agar - was prepared with 10g Casimino acids, 1.5g yeast
extract, 0.05g MgSQy4, 0.005g MnCl,, 2g agar made up to 1 litre sterile distilled H,O and
autoclaved for 15 minutes at 15psi pressure (121°C). CFA was stored at 4°C until
required.

. Congo red CFA medium — was prepared by the addition of 0.05% (v/v) Congo red dye
to CFA medium. Congo red media was stored at 4°C until required.

. Denaturing solution - was prepared with 87.75g NaCl, 20g NaOH made up to 1 litre
with sterile distilled H,O and sterilised by autoclaving for 15 minutes at 15psi pressure
(121°C).

. DNA marker — 1KB+ DNA ladder (Gibco-BRL) was prepared from stock by the
addition of Orange G loading buffer and 350ul water to S0ul concentrated ladder.

205



9.

10.

11.

12.

13.

14.

15.

16.

17.

Ethidium bromide staining of gels — gels were immersed in a 1 x TAE bath containing
ethidium bromide (0.5pg/ml) (Sigma) before the DNA was visualised under UV.
Hybridisation buffer (100ml) — was prepared with 4g NaCl, 4g blocking agent and
made up to 100ml with sterile distilled H,O. The buffer was stored at ambient
temperature for 2 hours and used immediately or stored at -20°C.

Iso-sensitest agar - was prepared with 11g hydrolysed caesein, 3g peptones, 2g glucose,
3g NaCl, 1g soluble starch, 2g di-sodium hydrogen phosphate, 1g sodium acetate, 0.2g
magnesium glycerophosphate, 0.1g calcium gluconate, 0.001g cobaltous phosphate,
0.001g cupric sulphate, 0.001g zinc sulphate, 0.001g ferrous sulphate, 0.002g manganous
chloride, 0.001g menadione, 0.001g cyanocobalamin, 0.02g L-cysteine hydrochloride,
0.02g L-tryptophan, 0.003g pyridoxine, 0.003g pantothenate, 0.0003g nicotinamide,
0.0003g biotin, 0.00004g thiamine, 0.01g adenine, 0.01g guanine, 0.01g xanthine, 0.01g
uracil and 8g agar made up to a final volume of 1 litre with sterile distilled H,O and pH to
7.4. Iso- sensitest agar was sterilised by autoclaving for 15 minutes at 15psi pressure
(121°C) and stored at 4°C until required.

Loading buffer — 0.25% bromophenol blue and 30% glycerol in water was added to
DNA in the ratio of 1:5 before samples were applied to wells.

Luria bertanti broth — was prepared with 5g NaCl, 10g pancreatic digest of caesin, 5g
yeast extract and made up to a final volume of 1litre with sterile distilled H,0, adjusted to
pH 7.5 with NaOH and sterilsed by autoclaving for 15 minutes at 15psi pressure (121°C).
LB broth was stored at 4°C until required.

Luria bertani agar — was prepared with 5g NaCl, 10g pancreatic digest of caesin, 5g
yeast extract, 15g of agar and made up to a final volume of 1 litre with sterile distilled
H,0, adjusted to pH 7.5 with NaOH and sterilsed by autoclaving for 15 minutes at 15psi
pressure (121°C). LB agar was stored at 4°C until required.

Minimal medium - was prepared with 100ml 10 x M9 salts, 0.6% (w/v) Na,HPO, 0.3%
(w/v) KH,PO, 0.5% (w/v) NaCl and 1% (w/v) NH4Cl and then autoclaved. Then 10mM
MgSO4, 20g glucose and 15g agar made up to a final volume of 1 litre with sterile
distilled H,O. Minimal media was stored at 4°C until required.

Motility medium - was prepared with 3.5g agarose and made up to 1 litre LB broth and
autoclaved for 15 minutes at 15psi pressure (121°C). Motility medium was used
immediately.

M0 salts - was prepared with 6g Na,HPO,, 3g KH,PO,, 0.5g NaCl and 1g NH4CI and
made up a volume of 1 litre with sterile distilled H,O and then sterilised by autoclaving

for 15 minutes at 15psi pressure (121°C). M9 salts was stored at 4°C until required.
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18.

19.

20.

21.

22,

23.

24.

25.

Neutralising solution — was prepared with 87.75g NaCl, 66.5g Trizma base, 0.2% (v/v)
0.5M EDTA pH 8.0 made up to 1 litre with sterile distilled H,O and adjusted to pH 7.2
and sterilised by autoclaving for 15 minutes at 15psi pressure (121°C).

Nutrient agar - was prepared with 15g agar, 5g peptone, 5g NaCl, 2g yeast extract and
1g beef extract, made up to a final volume of 1 litre with sterile distilled H,O, gently
heated until boiling and sterilised by autoclaving for 15 minutes at 15psi pressure
(121°C). Nutrient agar was stored at 4°C until required.

Phosphate buffered saline (PBS) — two solutions were prepared. Solution A was
prepared with 5.93g Na,HPO, 4.25g NaCl and made up to 1 litre with sterile distilled
H,0. Solution B was prepared with 4.53g KH,PO and 4.25g NaCl and made up to 1 litre
with sterile distilled H,O. Solution A was mixed with solution B until the required pH
was obtained. Sterilisation was by autoclaving for 15 minutes at 15psi pressure (121°C).
Primary wash buffer (1 litre) — was prepared with 120g Urea, 1g SDS, 0.5M Na
phosphate pH 7.0 (100ml), 8.7g NaCl, 1M MgCl, (10ml) and made up to litre with sterile
distilled H,O and stored at 4°C until required.

Secondary wash buffer 20X (pH 10) — was prepared with 121g Tris base, 112g NaCl
and made up to 1 litre with sterile distilled H,O and stored at 4°C until required. The
stock was diluted 1:20 and 2ml/1 of 1M MgCl, was added immediately prior to use.
Sheep blood agar (5%) — was prepared with 15g agar, 15g pancreatic digest of casein,
S5g papaic digest of soybean meal, 5g NaCl and made up to a volume of 950ml sterile
distilled H,O, mixed thoroughly and gently heated until boiling, then sterilised by
autoclaving for 15 minutes at 15psi pressure (121°C). The agar was cooled to 45-50 °C
and then 50ml of sterile sheep blood was aseptically added, mixed in thoroughly and
poured into sterile Petri dishes in 20ml volumes and stored at 4°C.

SOC - was prepared with 20g tryptone, 5g yeast extract, 0.5g NaCl and made up to a
volume of 1 litre with sterile distilled H,O and autoclaved. Once cooled 10ml of 1M
MgCl,, 10ml of 1M MgSO, and 10ml of 2M filter sterilised glucose solution was added.
SOC was stored at 4°C until required.

Sorbitol MacConkey agar supplemented with Cefixime Tellurite (CT-SMAC) — was
prepared with 20g peptone, 15g agar, 10g sorbitol, Sg NaCl, 1.5g bile salts No. 3, 0.03g
neutral red and 1mg crystal violet and made up to a final volume of llitre with sterile
distilled H,O and sterilised by autoclaving for 15 minutes at 15psi pressure (121°C). The
agar was cooled to 45-50 °C and then 4ml of dissolved Cefixime (0.625mg/ml) Tellurite
(0.0125mg/ml) was aseptically added, mixed in thoroughly and poured into sterile Petri

dishes in 20ml volumes and stored at 4°C.
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26. TAE - 50X stock was prepared with 242g Tri base, 57.1ml glacial acetic acid, 100ml
0.5M EDTA (pH 8.0) made up to 1 litre. A working solution was prepared by diluting the
stock 1 in 50 to give a working concentration of 0.04M Tris-acetate and 0.001M EDTA.

27. TE buffer - Tris was prepared with 121.1g Tris base dissolved in 800ml sterile distilled
H,0 and adjusted to the desired pH with HCI. EDTA was prepared with 372.2g of d-
sodium ethylene diamine tetra-acetate made up to 1 litre with sterile distilled H,O and
adjusted to pH 8.0 with NaOH. TE buffer was prepared by mixing 10mM Tris and ImM
EDTA and stored at ambient temperature until required.

28. Tissue culture medium - was prepared with Modified Eagles Media or Dulbeccos Media
(Sigma) with the addition of 2mM L-glutamine (Sigma), 10% (v/v) foetal calf serum, 1%
(v/v) non-essential amino acids (X100) and 50pg/ml gentamicin for culture of cells and
100pg/ml for invasion assays.

29. X-gal — supplied by Promega and used at 25mg/ml in LB agar.
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Appendix 2

Statistical tests

1. Analysis of variance (ANOVA)

The one way analysis of variance allows us to compare several groups of observations, all of
which are independent but possibly with a different mean for each group. A test of great
importance is whether or not all the means are equal.

2. Student t-test

A student t-test is a hypothesis test for answering questions about the mean where the data
are collected from two random samples of independent observations, each from an
underlying normal distribution. When carrying out a student t-test, it is usual to assume that
the variances for the two populations are equal.

3. Wilcoxon Mann-Whitney test

The Wilcoxon Mann-Whitney Test is one of the most powerful of the nonparametric tests for
comparing two populations. It is used to test the null hypothesis that two populations have
identical distribution functions against the alternative hypothesis that the two distribution
functions differ only with respect to location (median), if at all. The Wilcoxon Mann-
Whitney test does not require the assumption that the differences between the two samples
are normally distributed. In many applications, the Wilcoxon Mann-Whitney Test is used in

place of the two sample t-test when the normality assumption is questionable.
4. Kruskal-Wallis test.

The Kruskal-Wallis test is a nonparametric test used to compare three or more samples. It is
used to test the null hypothesis that all populations have identical distribution functions
against the alternative hypothesis that at least two of the samples differ only with respect to
location (median), if at all. It is the analogue to the F-test used in analysis of variance. While
analysis of variance tests depend on the assumption that all populations under comparison are
normally distributed, the Kruskal-Wallis test places no such restriction on the comparison. It

is a logical extension of the Wilcoxon-Mann-Whitney Test.
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