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ABSTRACT

Strains of Verocytotoxin-producmg Escherichia coli (VTEC) are inportant food and 

water-borne pathogens causing gastroenteritis, and in more severe cases, 

haemorrhagic colitis (HC) and haemolytic uraemic syndrome (HUS), Hie antibody 

response of patients infected with VTEC 0157 to the lipopo lysaccharide (EPS) of this 

organism has been well-characterised, however, the antibody response to other 

putative pathogenicity factors expressed by VTEC is poorly understood. The aim of 

this research was to characterise a range of bacterial components, including 

Verocytotoxin (VT), EPS, enterohaemolysm, H7 flagella antigen, fimbriae and 

proteins encoded by the locus of enterocyte effacement (LEE) pathogenicity island, 

and to assess the humoral antibody response to these components. Antibodies to VT 

could not be detected in patients infected with VTEC using immunoblotting, and 

patients could not be distinguished from healthy blood donors using a VT-based 

ELISA. Patients infected with different serogroups of VTEC produced antibodies to 

the homologous EPS, but sera from healthy blood donors were also found to contain 

antibodies to the EPS of two common VTEC serogroups. The detection of 

antibodies to the EPS of VTEC 0157 in saliva demonstrated the possibility of 

developing a non-invasive diagnostic technique. Most patients infected with VTEC 

produced antibodies to the LEE-encoded proteins expressed by strains of VTEC 

0157 and other VTEC strains associated with human infection. The antibody 

response of patients infected with VTEC to the LEE-encoded proteins contributed 

towards our understanding of the role of each protein in the pathogenicity of strains 

with the AE phenotype. Certain strains produced a haemolysin under specific growth 

conditions, termed enterohaemolysin. The haemolysin phenotype varied between 

strains of VTEC and certain strains may produce other haemolysins in addition to 

enterohaemolysin. Few patients produced antibodies to enterohaemolysin or the H7 

flagella antigens. Strains of VTEC 0157 did not express fimbriae, and all but one 

strain of VTEC other than 0157 expressed type 1 fimbriae. Variations in haemolysin 

expression and the types of fimbriae produced reflect the diversity of the VTEC 

group. The antibody response of patients infected with VTEC appears to be mainly 

directed at EPS and certain LEE-encoded proteins. Detection of these antibodies in 

patients’ sera would provide good evidence of VTEC infection.
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1. INTRODUCTION

Strains o i Escherichia coli have been recognised as a cause of diarrhoeal disease since 

the 1940’s (Bray 1945). At present there are at least six groups of diarrhoeagenic 

E.coli comprising enterotoxigenic E.coli (ETEC), enteroinvasive E.coli (EIEC), 

enteropathogenic E.coli (EPEC), diffusely adherent E.coli (DAEC), 

enteroaggregative E.coli (EAggEC) and Verocytotoxigenic E.coli (VTEC). Since the 

1980’s, the VTEC group, of which the E.coli serotype 0157:H7 is the most 

important in Britain, have emerged as significant food and waterborne pathogens. 

Methods for identifying patients infected with VTEC developed over the last 20 years 

have concentrated on the isolation of a causative organism by culture. When culture 

techniques are negative, other methods of providing evidence of infection can be 

considered, such as the detection of patients’ serum antibodies specific for the 

lipopolysaccharide (LPS) o i E.coli 0157. However, this method does not identify 

infection with VTEC serogroups other than 0157 and sérodiagnostic methods for 

detecting evidence of infection with VTEC need to be developed. In this opening 

chapter, the pathogenic characteristics of VTEC are discussed in relation to other 

pathogenic E.coli groups and an attempt has been made to summarise the current 

knowledge of the human antibody response to the LPS of E.coli 0157 and 

Verocytotoxins. The work described in this thesis was a study of other putative 

pathogenic mechanisms expressed by the VTEC group and investigated the human 

antibody response to components of these pathogenic mechanisms.
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1.1. ESCHERICHIA COLI

Escherichia coli was first described by Theodore Escherich in 1885 (Escherich 1885), 

as Bacterium coli commune, a bacterium occurring ubiquitously in the intestines of 

healthy people (Escherich 1886). The role of E.coli in human disease was unclear 

until Kauffinann developed a serotyping scheme which enabled strains to be 

categorised based on surface antigens (Kauffinann 1944). This serological 

classification system involved two E.coli surface components: the flagellar or H 

antigens (from the German word ‘Hauch’, which translates as ‘mist’) and the somatic, 

lipopolysaccharide or O’ antigens <Ohne hauch, which translates as ‘without mist’). 

Currently, there are 167 accepted ‘O’ serogroups, 173 have been published but 6 have 

been deleted, and 56 H serogroups have been identified and form the basis of the 

serotyping scheme developed further by the Laboratory of Enteric Pathogens, 

Colindale, London (Gross and Rowe 1985). Certain strains of E.coli express a 

capsular antigen, which forms the basis for the K (from the German Kapsule) 

serotyping scheme (Gross and Rowe 1985). With strain discrimination, it emerged 

that certain serogroups of E.coli were associated with disease (Table 1.1.).

Morphologically, strains of E.coli are short (1 to 1.5 pm), straight Gram-negative 

bacilli, belonging to the family Enterobacteriaceae (Figure 1.1.). In general, they are 

non-sporing and motile by peritrichous flagella, and may express fimbriae and/or a 

capsule or micro -capsule. E.coli is a facultative anaerobe capable of fermentative 

and aerobic respiration with an optimum growth temperature of 37°C.
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Figure 1.1. The Family Enterobacteriaceae

Family Enterobacteriaceae

Group Escherichiae Klebsiellae Proteae Yersiniae Enviniae

Genera Escherichia Klebsiella Proteus Yersinia Envinia

Salmonella Enterobacter 

Shigella Hafnia 

Edwardsiella Serratia 

Citrobacter

1.2. THE ROLE OF ESCHERICHIA COLI IN DIARRHOEAL DISEASE

The development of serotyping meant that strains associated with diarrhoeal disease 

could be identified but it was the discovery of certain pathogenic mechanisms 

expressed by strains of diarrhoeagenic E.coli which enabled them to be classified into 

the groups described below.

1.2.1. Enterotoxigenic E.coli

Enterotoxigenic E.coli (ETEC) are a major cause of diarrhoeal disease and mortality, 

particularly in infants in under-developed countries (Black et al. 1982). These 

bacteria are also a significant cause of diarrhoea in travellers from areas where 

hygiene standards are high, visiting countries where ETEC are endemic (DuPont et al. 

1976, Sack et al. 1978). The majority of cases of ETEC diarrhoea are associated
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with a limited range of E.coli serotypes (Table 1.1) (Merson et al. 1979, Merson et 

al. 1980) which express heat-labile (LT) and/or heat-stable (ST) enterotoxins. These 

toxins are generally encoded on plasmids which may also encode for fimbriae (0rskov 

and 0rskov 1977, Reis et al. 1980).

1.2. La. Heat-labile enterotoxin

The heat-labile enterotoxins (LT) of E.coli are closely related in structure and 

function to the cholera enterotoxin (CT) (Sixma et al. 1993). Two forms of 

antigenically distinct LT have been recognised, LT-I and LT-II.

The LT-I toxin molecule is a 86 kDa protein composed of one 28 kDa A-subunit and 

five identical 11.5 kDa B-subunits (Streatfield et al. 1992). The B-subunits bind to 

the ganglioside, GMi in the human intestine (Teneberg et al. 1994) and provide a 

delivery system for the A-subunit, which is responsible for the enzymatic activity of 

the toxin. The A-subunit is proteolytically cleaved to yield A, and A2 peptides, joined 

by a single disulphide bond, and the whole toxin is endocytosed and translocated 

through the cell in a process involving the trans-Golgi vesicular transport (Figure

1.2.). The cellular target of LT is adenylate cyclase located on the baso-lateral 

membrane of intestinal epithelial cells. The A, peptide transfers an ADP-ribosyl 

moiety from NAD to the GTP-binding protein, Gs. This results in adenylate cyclase 

being permanently activated leading to increased levels of intracellular cyclic AMP 

(cAMP), and the increased phosphorylation of the chloride channels in the epithelial 

cell membranes. The net result is stimulation of chloride ion secretion from secretory 

crypt cells and inhibition of sodium ion absorption by villus tip cells. The increased 

luminal ion content draws water passively through the paracellular pathway, resulting
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in osmotic diarrhoea (Sears and Kaper 1996). The LT-II molecule increases 

intracellular cAMP levels by similar mechanisms to those involved with LT-1 toxicity 

but uses the GDi ganglioside as receptor, in contrast to GM, (Fukuta et a i  1988).

Figure 1.2. Mode of action for ETEC toxin LT-I (Adapted from Nataro & Kaper 

1998). (See text for details.)
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1.2.l.b. Heat-stable enterotoxin

Heat-stable enterotoxins (ST) contain multiple cysteine residues and disulphide bonds 

which account for their heat stability. There are two unrelated classes of STs, STa (2 

kDa) and STb (5.1 kDa), that differ in structure and mechanism of action. Genes for 

both classes are found predominantly on plasmids. The toxin receptor is the enzyme 

guanylate cyclase C (GC-C) and the binding of STa to GC-C stimulates GC activity



and increases intracellular cGMP levels, leading to the stimulation of chloride ion 

secretion, or inhibition of sodium ion absorption, and, therefore, to net intestinal fluid 

secretion into the gut lumen (Crane et al. 1992, Sears and Kaper 1996). A specific 

receptor for STb has not been found, and the STb molecule probably binds non- 

specifically to the enterocyte membrane prior to endocytosis (Chao and Dreyfuss 

1997). The action of STb stimulates the secretion of bicarbonate ions from intestinal 

cells and causes histological damage to the intestinal epithelium, resulting in the loss 

of microvilli epithelial cells (Sears and Kaper 1996). This causes diarrhoea due to 

lack of absorption in the gut.

1.2.I.e. ETEC colonisation factor antigens (CFA)

For most strains of ETEC, adherence to the gut mucosa is mediated by fimbriae, often 

referred to as colonisation factor antigens, that bind to specific receptors on the gut 

mucosa (Levine et al. 1984, Cassels and Wolf 1995, Gaastra and Svennerholm 1996, 

Wolf 1997). Strains of ETEC causing human disease express a range of CFAs (de 

Graaf and Gaastra 1994) including ( i ) CFA/I - rigid rod shaped fimbria composed of 

single protein subunits assembled in a tight helical formation (Jann and Hoschutsky 

1991), ( ii ) CFA/II (Levine et al. 1984) ( iii ) CFA/III - bundle forming fimbriae with 

homology to the type 4 fimbrial family described in EPEC (See Section 1.2.3) 

(Taniguchi et al. 1994, Taniguchi et al. 1995), and ( iv ) CFA/IV (Knutton et al. 

1989a, Cassels and Wolf 1995) - composed of multiple distinct fimbrial structures. 

Epidemiological studies suggest that CFA/I, CFA/II or CFA/IV are expressed by 

approximately 75% of ETEC strains isolated from humans world-wide (Wolf 1997). 

CFA genes are usually encoded on plasmids, which may also encode the enterotoxins 

ST and/or LT (de Graaf and Gaastra 1994).
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1.2.2. Enteroinvasive E.coli

In 1971, DuPont et al. described certain strains of E.coli causing an invasive, 

dysentery-like diarrhoeal illness, biochemically and genetically related to strains of 

Shigella spp. In common with invasive strains of Shigella, these enteroinvasive 

E.coli (EIEC) had the ability to invade and proliferate within epithelial cells and 

eventually cause cell death (Sansonetti 1992a, 1992b, Goldberg and Sansonetti 1993). 

The site of EIEC infection is the colonic mucosa (Sansonetti 1992a).

The genes required for invasiveness are encoded on a 140 MDa plasmid (Sasakawa et 

al. 1992), and include the mxi and spa genes encoding a type III secretion apparatus 

required for the secretion of many proteins necessary for pathogenesis (Andrews et al. 

1991, Venkatesan et al. 1992, Maurelli 1994, Allaoui et al. 1995). IpaB, IpaC and 

IpaD are secreted proteins involved in invasion (Hale et al. 1985, Menard et al.

1996). The IpaC protein promotes the uptake of the bacterium into the eukaryotic 

cell, whereas the IpaB protein is thought to be involved in the lysis of the phagocytic 

vacuole and in the induction of apoptosis in macrophages.

1.2.3. Enteropathogenic E.coli (EPEC)

In 1945, Bray reported that strains of E.coli were associated with certain cases of 

infantile diarrhoea (Bray 1945). Bacteriological examination of stool samples from 

babies with gastroenteritis and healthy babies appeared to show no significant 

differences in the strains o f E.coli isolated, but Bray was able to prepare an antiserum 

to a strain of E.coli isolated from a patient with diarrhoea and use this serum to detect 

antigenically similar strains. His study demonstrated antigenic similarity within strains 

of E.coli associated with outbreaks of diarrhoeal disease among infants. An
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investigation of strains isolated from outbreaks of infantile diarrhoea in the USA in 

1947 indicated that E.coli affecting infants and young children belonged to a limited 

set of O serogroups (Neter et al. 1953). The term enteropathogenic E.coli (EPEC) 

was coined to describe strains associated with these cases of infantile diarrhoea (Neter 

et al. 1955). Today, EPEC are principally a problem in developing countries and 

neonatal outbreaks are not seen in the UK.

The mechanisms by which strains of EPEC adhere to the gut was originally observed 

using a piglet model. Ultrastuctural examination of gut tissue derived from piglets 

infected with a strain o î E.coli 055 :H7 showed lengthening and loss of microvilli at 

sites of bacterial adherence to the gut mucosa. Invagination and thickening of the 

plasma membrane and increased electron density in the adjacent cytoplasm was also 

observed (Staley et al. 1969). The term “attaching and effacing” (AE) was introduced 

to describe this ultrastructural appearance (Moon et al. 1983). The fluorescent-actin 

staining (FAS) test showed that the increase in electron density was due to an 

accumulation of polymerised filamentous actin (F-actin) (Knutton et al. 1989b). In 

this test, fluorescein isothiocyanate (FITC)-labelled phalloidin binds specifically to 

filamentous actin in cultured epithelial cells directly beneath the adherent bacteria.

The AE phenotype has also been observed in strains of Hafnia alvei isolated from 

children with diarrhoeal disease (Albert et al. 1991, Albert et al. 1992), strains of 

Citrobacter rodentium causing murine colonic hyperplasia (Schauer and Falkow

1993) and, most importantly with respect to this study, in certain strains of VTEC 

(See section I.3.4.C.).

9



All the genes necessary for the expression of the AE phenotype are located in a 35 kb 

region of the E.coli chromosome termed the “locus of enterocyte effacement” (LEE) 

pathogenicity island (McDaniel et al. 1995). This includes genes encoding a type III 

secretion system, the E.coli secreted proteins (Esp) and the adhesin, intimin 

(McDaniel et al. 1995, McDaniel and Kaper 1997). The G+C content of the LEE is 

much lower than that of the E.coli chromosome (38% compared to 51%), suggesting 

acquisition of the LEE from a foreign source (Donnenberg et al. 1997). The LEE 

contains 41 predicted open reading frames and can be divided into at least three 

functional domains: ( i ) the central eae region ( ii ) the region encoding the secreted 

Esp proteins and ( iii ) a large region encoding a type III secretion apparatus (Elliott 

et al. 1998) (Figure 1.3.). Those genes homologous to the Yersinia type III secretion 

(ysc) genes are referred to as esc {E.coli secretion). Genes that are not y  sc 

homologues but are involved in type III secretion are named sep (secretion of E.coli 

proteins) (Elliott et al. 1998), the chaperone for the secretion of EspD has been 

termed cesD (chaperone for E.coli secreted protein D) (Wainwright and Kaper 1998), 

and the remaining genes are designated esp {E.coli secreted protein), eae {E.coli 

attaching and effacing) and tir (translocated intimin receptor).

The LEE region also contains the remnant transposase gene (IS600) which may have 

been involved in the introduction of the LEE region into the E.coli chromosome 

(Elliott et al. 1998), and the enterobacterial repeat intergenic consensus (ERIC) 

element, which may influence gene regulation (Hulton et al. 1991). The conservation 

of LEE regions among the strains of bacteria expressing the AE phenotype, suggests 

that a cluster of virulence genes have spread horizontally among unrelated bacteria 

during recent evolution (McDaniel et al. 1995).
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Figure 1.3. The Locus of Enterocyte Effacement of E2348/69 (Elliott et a l 1998).

QIS600 homologue intimin esc [= >̂ ORF
 ̂ no database homologue

A  ERIC sequence esP sep
» ►  ORF

1 ^ ^ ’ tir cesD with database homolgue

The initial adherence of EPEC to cells has been associated with the presence of a 60 

MDa plasmid, EPEC adherence factor (EAE) plasmid (Baldini et al. 1983), which 

contains genes encoding type IV fimbriae, known as bundle-forming pili (BFP) (Giron 

et a l  1991). However, recent evidence using in vitro organ culture suggests that 

adhesins other than BFP initiate colonisation (Frankel et al. 1998a). BFP have been 

shown to be involved in bacterium-to-bacterium adherence, but a role for these in 

adhesion of bacteria to epithelial cells has not been demonstrated (Hicks et a l 1998).

Strains of EPEC carry a type III secretion system, which is responsible for the export 

of the proteins involved in the expression of the AE phenotype (Table 1.2.). Contact 

between strains of EPEC and host epithelial cells in some way stimulates the 

expression of these proteins and initiates a cascade of events, described as ‘signal 

transduction pathways’, within the host cell resulting in an increase in protein kinase 

activity and cytoskeletal disruption (Figure 1.4.). Most of the genes encoding this 

protein secretion system, called sep, are located towards the 5' end of the eae genes in 

the LEE region (Jarvis et a l 1995) (Figure 1.3.).
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Strains of EPEC produce five proteins, EspC (110 kDa), EspA (25 kDa), EspB (37 

kDa), EspD (39.5 kDa) and a fifth (40 kDa) as yet unnamed protein, when grown in 

tissue culture media. Secretion of all but EspC is blocked by a mutation in the sep 

gene, and the expression of all five proteins is regulated by temperature. EspC is not 

required for AE, nor is it encoded for by genes on the LEE, and its role in 

pathogenesis remains to be established (Stein et al. 1996a). EspA is thought to form 

a hollow filament on the surface of the bacterial cell (Figure 1.4.), which serves as a 

channel to deliver other proteins involved in the AE mechanism from the bacteria to 

the host cell and may also be involved in bacterial adhesion (Kenny et al. 1997, 

Knutton et al. 1998, Wolff ef al. 1998). The EspB protein is translocated via the 

EspA filament from the bacteria to the host cell cytosol and is incorporated into the 

host cell membrane, where it is involved in pore formation (Figure 1.4.). Bacterial 

cell contact with host cells results in the secretion of EspB which may trigger the 

action of additional signal transduction proteins (Wolff et al. 1998). A third protein, 

EspD, is also secreted via the type III secretion system and may be associated with 

EspA, but its precise role is unclear (Lai et al. 1997, Knutton et al. 1998).

The eae gene encodes the protein intimin, a 94 kDa outer membrane protein required 

for intimate attachment of bacteria to epithelial cells (Figure 1.4.) (Jerse et al. 1990, 

Donnenberg et al. 1993a). Strains unable to make intimin remain capable of many of 

the signal transduction events including increasing protein kinase activity and 

cytoskeletal disruption, but cannot adhere intimately to epithelial cells (Rosenshine et 

al. 1992, Stein et al. 1996b). The 5' amino-terminal region of the intimin protein is
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highly conserved, whereas the carboxy-terminal region, which contains the eukaryotic 

cell binding site, shows variation in different EPEC serotypes (Frankel et al. 1994).

Rosenshine et al. (1996) identified a 90 kDa host cell protein (Hp90) which he 

described as the intimin receptor. However, this protein was later identified as a 

bacterial protein that was transferred into the eukaryotic cell from the bacteria via 

EspA, rather than a protein expressed by the host cell (Figure 1.4.) (Kenny and Finlay 

1997). This protein has been renamed Tir (translocated intimin receptor) and shown 

to be secreted by the type III secretion system and translocated into the host cell via 

EspA, where it can be detected in the cytoplasm and plasma membrane. Tir consists 

of at least three functional regions: an extracellular domain which binds intimin, a 

transmembrane domain and a cytoplasmic domain that can induce focusing of the 

polymerised actin beneath the intimately attached bacteria to produce a characteristic 

"pedestal-like" structure (Figure 1.5.) (Frankel et al. 1998a). This translocation of Tir 

has also been identified in a strain of VTEC strain belonging to serotype 026:H- 

(Deibel et al. 1998). Frankel et al. (1996) have demonstrated the binding of intimin 

to eukaryotic cells in the absence of Tir and this raises the possibility that intimin may 

bind to more than one receptor.
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Figure 1.4. Model of EPEC protein translocation and AE lesion formation (from 

Frankel ef üt/. 1998a).

Pores in the bacterial cell membrane (EscC) and host cell membrane (EspB) are connected by a 

hollow EspA filament. This channel translocates Tir into the host cell where it becomes inserted 

into the membrane.

TRANSLOCATION

Tir and other proteins, as yet unknown, produce signals that induce breakdown of the brush border 

and localised cytoskeletal changes.

SIGNAL

Intimate adhesion and pedestal formation results from the interaction of intimin and Tir, and the 

accumulation of actin beneath the attached bacteria.
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Figure 1.5. Scanning electron micrograph showing strain of EPEC adhering to HEL 

cells (from Knutton et al. 1998).

The mechanisms by which EPEC cause diarrhoeal disease are unknown; however, the 

various host responses to EPEC infection could lead to the production of diarrhoea by 

several mechanisms including active secretion of chloride ions, activation of myosin 

light chain kinase which leads to the opening of tight junctions and increasing 

intestinal permeability and loss of absorptive surface area resulting from microvillus 

effacement.

1.2.4. Diffusely adhering E.coli (DAEC)

Certain groups of E.coli are thought to cause diarrhoeal disease, but have not been 

shown to express established E.coli pathogenic properties. One group, the diffusely 

adhering E.coli or DAEC, comprise of strains which adhere to HEp-2 cells in small 

clusters. Genes encoding fimbriae of 14.3 kDa have been cloned from DAEC, and 

have been detected on the chromosome of certain strains of DAEC, and on plasmids
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plasmids in other strains (Bilge et al. 1989, Bilge et al. 1993a, Bilge et al. 1993b). 

However, the role these fimbriae in pathogenesis has yet to be determined. The role 

of DAEC in human disease is unclear as DAEC have been isolated from the faeces of 

asymptomatic humans.

1.2.5. Enteroaggregative E.coli (EAggEC)

The enteroaggregative E.coli (EAggEC) are associated with cases of chronic and 

persistent diarrhoea, and are unusual in adhering to HEp-2 cells in a stacked brick 

formation (Scaletsky et al. 1984, Nataro et al. 1987, Gomes et al. 1989). Nataro et 

al. (1992) identified a bundle-forming fimbrial structure called aggregative adherence 

fimbriae I (AAF/I), which mediates HEp-2 adherence and human erythrocyte 

haemagghitination in E.coli strain 17-2. The genes encoding AAF/I were found on a 

60 MDa plasmid; however, only a minority of strains of EAggEC express AAF/I 

fimbriae (Czeczulin et al. 1997) and it has been suggested that afimbrial outer 

membrane proteins may be responsible for the aggregative adherence by certain 

strains of EAggEC (Chart et al. 1995, Spencer et al. 1998). The 60 MDa plasmid 

also encodes a 4.1 kDa toxin similar to ST termed enteroaggregative heat-stable toxin 

(EAST1) (Savarino et al. 1991, 1993), that has been found in about 40% of EAggEC 

strains (Nataro and Kaper 1998) and 38% of non-pathogenic E.coli strains (Savarino 

et al. 1996). Certain strains express capsular polysaccharide, some are haemolytic 

and others express an aerobactin-mediated iron uptake system (Spencer et al. (in 

press)).

Strains of EAggEC are currently defined as E.coli that adhere to HEp-2 cells in a 

“stacked brick” pattern and that do not secrete LT or ST enterotoxins, although this
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definition probably encompasses both pathogenic and non-pathogenic strains. The 

heterogeneity of EAggEC in humans has been confirmed in volunteer studies and 

outbreak investigations (Smith et al. 1994, Nataro et al. 1995, Spencer et al. (in 

press)).

1.3. VEROCYTOTOXIN-PRODUCING E  COL/(VTEC)

1.3.1. Background

In 1977, Konowalchuk described a strain of E.coli which produced a cytotoxin active 

on Vero cells. The toxin was termed Verocytotoxin (VT) and a new group of E.coli, 

the Verocytotoxin-producing E.coli or VTEC, was identified. In the early 1980’s, a 

rare serotype o i E.coli, 0157:H7, found to be a VT-producing strain was isolated 

from stool cultures of patients involved in two outbreaks associated with 

undercooked hamburgers at a fast food restaurant chain (Riley 1987). In the same 

year, Karmali et al. (1983) described an association between cases of haemolytic 

uraemic syndrome (HUS) and infection with strains of VTEC serogroups 026, 0111, 

0113 and 0157. The first report of VTEC 0157:H7 in the UK was in 1983 (Day et 

al. 1983).

Whittam et al. (1993) have attempted to explain the sudden emergence of the E.coli 

0157:H7 serotype by suggesting that it was derived from an EPEC 055:H7-like 

ancestral clone, by addition of VT toxin genes to a genome already adapted for 

causing diarrhoeal disease. Multilocus enzyme electrophoresis shows that strains of 

E.coli 0157:H7 are closely related to those belonging to serotype 055:H7. 

Differences have been detected in the 6-phosphogluconate dehydrogenase (6PGD)
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enzyme encoded by the gnd locus, which is adjacent to the rfb cluster, encoding the 

enzymes necessary for the synthesis of the O side chain component of LPS. Whittam 

et al. (1993) suggested that the ancestral 055:H7 clone underwent a recombination 

event involving part or all of gnd locus and the rjb cluster, resulting in an organism 

with a different 6PGD enzyme and ‘O’ antigen.

There are approximately 60 VTEC serotypes other than 0157:H7, which are known 

to cause diarrhoeal disease. Scotland et al. (1980) examined 253 strains of EPEC 

belonging to 11 serogroups, isolated from cases of infantile diarrhoea in the UK, for 

Verocytotoxin production. Twenty-five of these strains were shown to produce VT 

and of these, 23 belonged to serotypes 026:H11 (20) and 026:H- (3) and two 

belonged to serogroup 0128. Tzipori et al. (1988) proposed additional VTEC 

serotypes 04:NM, 045 :H2, O l l l  :NM and 0145:NM on the basis of a piglet model 

and others have expanded the list based by association with haemorrhagic colitis (HC) 

and HUS, and production of VT (Karmali 1989, Cleary 1992, Pickering et al. 1994) 

(Table 1.3.). It is not known if all VTEC serotypes are human pathogens.

1.3.2. Clinical symptoms of infection with VTEC

Symptoms of infection with VTEC range from mild, non-bloody diarrhoea to HC and 

HUS (Figure 1.6.). Fatality rates vary depending on the age of patients but, based on 

outbreak data, are approximately 5%; however, certain people carrying strains of 

VTEC have no symptoms (Karmali 1989).
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1.3.2. a. Haemorrhagic colitis (HC)

The symptoms of haemorrhagic colitis (HC), first described by Miller et al. in 1971, 

can develop three to four days after the ingestion of VTEC. Patients present with a 

sudden onset of severe abdominal cramps and pass watery diarrhoea, which lasts for 

24-48 h, and is followed by the passing of bloody diarrhoea (Figure 1.6.). Nausea and 

vomiting may occur but fever is rare. Strains of E.coli belonging to other VTEC 

serogroups have been associated with cases of bloody diarrhoea, and include 04, 06, 

023, 025, 073, 091, 0100, 0105, 0111, 0118, 0128, 0145 and 0168 (Bockemuhl 

et al. 1992, Willshaw et al. 1992, Thomas et al. 1993a).

Table 1.3. Serotypes of VTEC associated with bloody diarrhoea or HUS.

02:H5; H6 048:H21 01 12:H2 0145:H25;H-

O4:H10;H- O50:H7;H- 0 1 13:H2;H21 OÎ46-H8

05:H- O55:H6;H7;H10;H- 0 1 14:H4 0153:H25

06:H2;H- O86:H40 0 1 15:H10 0157:H7;H-

018:H7 O91:H10;H21;H- 0 1 17:H4 0163:H19

022:H8 098:H- 0118:H12 0165:H25;H-

026:H11;H- O103:H2 0 1 19:H6 0168:H-

038:H21 O104:H2;H21 012TH19 0?:H2;H7;H19;H21

045 :H2 O105:H18 0125:H-

046:H31 0111:H2;H8;H- 0128:H2;H25;H-

Based on data from Karmali 1989, Cleary 1992, Willshaw et al. 1992, Goldwater and 

Bettelheim 1994, CDC 1995a.
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Figure 1.6. The pathogenesis of infection with VTEC 0157 (Mead and Griffin 1998).

E.coli 0157:H7 ingested

3-4 days

Abdominal cramps, non-bloody diarrhoea

1-2 days

Bloody diarrhoea

5%95%

5-7 days

Resolution HUS

1.3.2.b. Haemolytic uraemic syndrome (HUS)

Haemolytic uraemic syndrome (HUS), first described by Casser et al. (1955), is 

currently the most common cause of acute renal failure in childhood in countries 

where VTEC are prevalent (Levin and Barrett 1984, Riley 1987, Smith and Scotland 

1988, Karmali 1989, Levin et a l  1989). Symptoms of HUS include acute renal 

failure, microangiopathic haemolytic anaemia (fragmented red blood cells) and 

thrombocytopenia (reduced numbers of platelets). Haemolytic uraemic syndrome 

develops about seven days after onset of diarrhoea, usually after the diarrhoea has 

resolved (Figure 1.6.). Renal impairment can occur and about 60% of patients may 

require dialysis (Neill 1991).
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A number of VTEC serogroups have been associated with HUS including 02, 05,

026, 055, 091, 0105, 0111, 0113, 0117, 0121, 0128, 0145, 0157, 0163 , 0165, 

and 0168 (Karmali 1989, Kleanthos et a i  1990, Thomas et al. 1993a). Other 

organisms have been associated with the development of HUS, such as Shigella 

dysenteriae I, Salmonella typhi, Campylobacter jejuni. Yersinia pseudotuberculosis. 

Streptococcus pneumoniae, coxsackie virus, echovirus, influenzae virus and Epstein- 

Barr virus (Karmali 1989). Between 1989 and 1991, evidence of infection caused by 

VTEC was detected in 63% of 308 cases of HUS by examining cultures, faeces and 

sera (Thomas et al. 1993a).

1.3.2.C. Thrombotic thrombocytopenic purpura (UP)

Thrombotic thrombocytopenic purpura (TTP) was first described in 1924 by 

Moschcowitz and closely resembles the symptoms of HUS. Symptoms of TTP 

include acute renal failure, microangiopathic haemolytic anaemia, thrombocytopenic 

purpura, neurological complications and fever (Karmali 1989, Ko vacs et al. 1990, 

Griffin and Tauxe 1991). Histologically, TTP and HUS are indistinguishable (Levin 

and Barrett 1984).

1.3.3. Epidemiology

1.3.3. a. Incidence

Human infection with VTEC 0157 has been reported from more than 30 countries on 

six continents. Annual incidence rates of 8 per 100 000 population or greater have 

been reported in regions of Scotland (Reilly 1997), Canada (Waters et al. 1994) and 

USA (Griffin and Tauxe 1991). A high incidence of VTEC disease has also been 

recorded in South America where infection with serogroups other than 0157 is 5-10
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times higher than in North America (Lopez et a l  1989). The true incidence of 

infections by VTEC other than 0157 is difficult to determine since these strains 

usually ferment sorbitol and so are not detected by Sorbitol MacConkey (SMAC) 

agar used in routine identification (See section 1.3.5.). In North America, it has been 

estimated that 20-25% of HUS cases are due to strains of VTEC belonging to 

serogroups other than 0157 (Johnson et al. 1996), whereas in Chile, Argentina, and 

Australia, non-0157 VTEC serogroups account for the majority of HUS cases 

(Lopez et a l  1989, Ojeda et a l  1995). There is characteristic seasonal distribution of 

cases of VTEC infection, with over 60% of cases occurring during the summer and 

early autumn (Thomas et a l  1996). The extremes of age, particularly pre-school 

children, are most commonly infected (Sharp et a l  1995, Su and Brandt 1995).

l.S.S.b. Outbreaks

In England and Wales, between 1992 and 1996, 37 outbreaks of VTEC 0157  

infection were investigated, involving 381 people of whom 59 developed HUS, 120 

required hospitalisation and 14 died (Adak et a l 1997). The reported rate of VTEC 

infection in England and Wales was 1.29 cases per 100,000 population in 1996 (Adak 

et a l  1997), but the highest rates of infection seen in the UK are in Scotland, where 

the annual number of cases has risen from 2.2 cases per 100 000 population in 1992 

to 9.8 cases per 100 000 population in 1996 (WHO report on Prevention and Control 

of Enterohaemorrhagic Escherichia coli (EHEC) Infections (1997)). The twenty-five 

outbreaks known to have occurred in Scotland between 1990 and 1996 include the 

largest milk-home outbreak of VTEC 0157 infection world-wide (Upton and Coia

1994) and Britain’s largest food-borne illness (Ahmed 1997). It is not known why the 

rates of infection differ so dramatically between Scotland and the rest of the UK.
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Much of the information on source and spread of infection with VTEC comes from 

outbreaks. Most food-borne outbreaks have been traced to foods derived from cattle, 

such as ground beef and raw milk (Pierard 1992, Wall et al. 1996) and in the US, 

ingestion of cooked hamburgers has been an important cause of outbreaks (Griffin 

and Tauxe 1991). Outbreaks involving salami highlighted the organism’s tolerance to 

acid and its ability to survive fermentation and drying (CDC 1994). Infected fruit and 

vegetables account for a growing number of outbreaks, including one in Sakai city in 

Japan in 1996, which appeared to be due to radish sprouts (NIHID 1997). Other 

outbreaks have been linked to unpasteurised apple juice (McCarthy 1996), lettuce 

(Morgan et al. 1988) and alfalfa sprouts (CDC 1997). Most outbreaks of VTEC 

infection have been caused by strains of 0157:H7 and it has been suggested that this 

serotype is more virulent or more transmissible than other serotypes (Nataro and 

Kaper 1998). However, VTEC serogroups other than 0157 have been implicated in 

both sporadic disease and outbreaks and the incidence is thought to be increasing 

(Johnson ef a/. 1996) (Table 1.4.).

Waterborne outbreaks have occurred as a result of drinking (Akashi et al. 1994) and 

swimming in unchlorinated water (Keene et al. 1994). Person-to-person and animal- 

to-person transmission are both documented (Carter et al. 1987, Pavia et al. 1990, 

Belongia et al. 1993). Transmission through water and directly from one person to 

another, and the small numbers of VTEC detected in contaminated foods, suggests 

that E.coli 0157 has a low infectious dose (-100 bacteria) (Kaye and Obrig 1996).
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1.3.3. c. Transmission o f VTEC 

( i ) Animal reservoirs

Cattle are the major source of strains of VTEC causing human infection but VTEC 

have also been isolated from deer, sheep, goats, horses, dogs, birds and flies 

(Chapman et a l  1997, Hancock et a l  1998). Rates of colonisation of cattle with 

VTEC have been found to be as high as 60% in some countries but are more typically 

in the range of 10-25% (Griffin and Tauxe 1991, Wells et a l  1991, Hancock et a l  

1994, Rumens et a l  1995). Although strains of E.coli 0157:H7 are most frequently 

associated with disease in humans, the isolation rates of E.coli 0157:H7 from cattle 

are much lower than those of other VTEC serotypes (Samadpour et a l  1994). The 

most common serotypes associated with cattle are 0 5 :H-, 026:H11, O103:H2,

0111 :H8, 0111 :H11, 0111 :H- and 0 1 18:H16 (Butler and Clarke 1994). 

Environmental studies have shown that the organism can persist on farms in, for 

example, manure and water troughs (Hancock et a l  1998).

( ii ) Person-to-person spread

In humans, E.coli 0157 may be present in stools for several weeks following 

resolution of symptoms, and one study showed that the average duration of faecal 

shedding among children under 5 years was 17 days after the onset of symptoms 

(Belongia et a l  1993). Studies involving the examination of family contacts have 

shown that asymptomatic carriage of VTEC occurs frequently (Swerdlow and Griffin

1997).
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1.3.4. VTEC pathogenicity factors

VTEC pathogenicity is associated with the expression of Verocytotoxins, but almost 

certainly involves additional factors, such as the expression of the AE phenotype and 

possession plasmid pO!57, which encodes a VTEC haemolysin and a serine protease. 

The pathogenic mechanisms by which VTEC cause disease have not been fully 

defined, but are probably multifactorial and may differ between humans and other 

animals.

1.3.4. a. Lipopolysaccharide (LPS)

Lipopolysaccharide is a complex glycolipid molecule that constitutes the major non

protein component of the outer membrane of Gram-negative bacteria. It comprises 

three distinct regions: lipid A, LPS-core and long-chain LPS. The LPS-core region 

links the long-chain LPS to the hydrophobic lipid A moiety, which anchors the LPS 

molecule to the cell membrane and confers an overall negative charge on it (Chart 

1995). The long chain polysaccharides show extensive heterogeneity, even within a 

given serogroup different LPS structures can be detected (Chart et al. 1993), and 

protects the bacterium from the bactericidal effects of human complement (Chart

1995). The structure of lipid A appears to be conserved among Gram-negative 

bacteria. In humans, this molecule induces the production of several cytokines, 

including interleukin-1 and tumor necrosis factor, which act on the hypothalamus to 

induce fever, reduce iron levels in the body and increase vascular permeability 

resulting in hypotension and shock. The importance of LPS in VTEC pathogenesis is 

not clear, but some of the effects of the patient’s immune response to lipid A, such as
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hypotension and organ failure, can be seen in patients suffering from HUS, and 

patients produce antibodies specific for the LPS of E.coli 0157.

1.3.4.b. Verocytotoxins (VT)

A major pathogenicity factor expressed by strains of VTEC is Verocytotoxin, of 

which there are two main forms, VT1 and VT2. The action of VT1, but not VT2, on 

Vero cells can be neutralised by antibodies prepared against Shiga toxin. The 

similarity between VT1 and Shiga toxin led to VT1 being termed Shiga-like toxin 

(SET) (O’Brien and LaVeck 1983) and VTEC being called Shiga toxin-producing 

E.coli (STEC). In 1987, a variant of VT2 was described in two strains of E.coli 

(serogroups 0139 and 0141) isolated from cases of pig oedema disease (Marques et 

al. 1987). The toxin was neutralised by antibodies to VT2 but not VT1, and was 

termed VT2-variant. Many other strains expressing VT2-variant toxin have been 

isolated, and there are now three VT2-variant toxins, VT2c, VT2d and VT2e. The 

genes encoding VT1 and / or VT2, VT2c and VTd are usually carried by 

bacteriophages, in contrast to the genes encoding VT2e, which are located on the 

chromosome (O’Brien and Holmes 1987, Smith et al. 1987).

Verocytotoxins are subunit toxins, comprising a single A-subumt and 5 B-subumts 

(Calderwood et al. 1987, Jackson et al. 1987). The B-subunit binds the toxin to 

eukaryotic cells, via globotriosylceramide (Gb3) receptors, containing the 

carbohydrate sequence a - 1-4 glucose (3-1-4 glucose ceramide (Lingwood et al. 1987, 

Waddell et al. 1988). After binding, the A-subunit is endocytosed and transported to 

the Golgi apparatus (Sandvig and van Deurs 1994) (Figure 1.7.). The A-subunit is
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proteolytically cleaved to yield peptides of 28 kDa (Ai) and 4 kDa (A2), linked by a 

disulphide bond.

Figure 1.7. VT transport in Hela Cells (Adapted from Johannes and Goud 1998) (see 

text for details)

plasma membrane

golgi apparatus

rRNA

endosomes

1 and A2 subunit

passage o f VT 
into the cytoplasm

B subunit

Œ  A l subunit

direction o f protein synthesis

CCP clatherin coated pits ER endoplasmic reticulum

TON trans Golgi network
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The At peptide contains the enzymatic activity and the A2 unit binds the whole At 

subunit to the B subunit pentamer (O’Brien and Holmes 1987). Following reduction 

of the A1-A2 linkage, the A fragment acts on the 60S ribosomal subunit by removing a 

single adenine residue from the 28S rRNA of eukaryotic ribosomes, thereby inhibiting 

protein synthesis by preventing elongation factor 1 -dependent binding of aminoacyl 

transfer RNA to the 60S ribosomal subunit (O’Brien and Holmes 1987) (Figure 1.7.). 

The mechanism of action for VT2 is similar to that ofV Tl, however, VT2 comprises 

A and B subunits of 35 kDa and 10.7 kDa respectively (Yutsudo et al. 1987) and 

VT2e binds to Gb4 rather than Gb3 (Pierard et al. 1991).

The role of VT in the pathogenesis of diarrhoeal diseases has been demonstrated by 

studies showing that purified VT can cause fluid accumulation and histological 

damage when injected into ligated intestinal loops in rabbits (O’Brien & Holmes

1987). In the rabbit ileum, the Gb] receptor is present at a higher density on villus 

cells than on the secretory crypt cells and it has been suggested that VT causes 

diarrhoea by selective killing of absorptive villus tip intestinal epithelial cells (Keenan 

et al. 1986, Kandel et al. 1989). The death of the absorptive cells and the 

preservation of the secretory cells shifts the usual balance of intestinal absorption and 

secretion towards net secretion and results in diarrhoea (Kandel et al. 1989). 

However, intravenous administration of purified VT1 and VT2 into rabbits can 

produce non-bloody diarrhoea (Barrett et al. 1989, Richardson et al. 1992) 

suggesting that other potential mechanisms for producing a diarrhoeal illness might 

exist. Evidence suggests that unlike LT, VT does not increase active secretion of 

chloride ions. Although VT has not been detected in the bloodstream of patients 

infected with VTEC, it is thought that it is transported from the intestine, via the
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bloodstream, to Gb3 receptors, such as those on the kidneys (Boyd and Lingwood 

1989). VT damages the glomerular endothelial cells, which leads to the kidney 

capillaries narrowing and becoming blocked with platelets and fibrin (Moake 1994, 

Louise and Obrig 1995). The decreased glomerular filtration rate is probably 

responsible for the acute renal failure typical of HUS. Some epidemiological data 

suggest that VT2 is more likely to cause HUS than VT1 (Griffin 1995), although 

other studies have not found a statistically significant association (Cimolai et al.

1994). Cytokines are thought to play a major role in the pathogenesis of HUS and 

VT causes the expression of tumor necrosis factor alpha (TFN-a) and interleukin 6 

(IL-6) (Tesh et al. 1994). These two cytokines increase the expression of Gb] on 

cells and so increase the capacity of human endothelial cells to bind VT (van de Kar et 

al. 1992).

I.3.4.C. Intimin-mediated adherence o f VTEC

Certain strains of VTEC cause AE lesions in the host gut mucosa, resembling those 

caused by the EPEC AE phenotype (See section 1.2.3.). The AE histopathology has 

been reported in gnotobiotic piglets, infant rabbits and cultured epithelial cells infected 

with E.co/z 0157:H7 (Pai et al. 1986, Tzipori et al. 1989, Knutton et al. 1989b, 

Donnenberg et al. 1993b, McKee et al. 1995, Tzipori et al. 1995, Ismaili et al. 1995). 

Strains of VTEC 0157, and certain other strains of VTEC, possess the LEE 

pathogenicity island which, like the EPEC LEE region, contains the espA, espB and 

eae genes, Tir and a type III secretion system pathway (Yu and Kaper 1992, 

McDaniel et al. 1995, Jarvis and Kaper 1996, Deibel et al. 1998). Carriage of the 

LEE by strains of VTEC has been shown to be serogroup related. Strains belonging
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to serogroups 026 and 0157 express the AE phenotype (Jerse et al. 1990), however, 

some serogroups show more heterogeneity, for example, VTEC belonging to 

serotype 0128ab:H25 possess the LEE, while those belonging to serotype 

0128ab:H2 do not (Willshaw et al. 1992) (Tables 1.5. and 1.6.). With some 

exceptions, such as 05 :H-, all strains of one serotype are usually uniform for the 

presence or absence of the AE phenotype, but only a small number have so far been 

examined. To date, most VTEC serogroups do not carry the eae genes and the 

importance of the AE phenotype in VTEC pathogenesis is unclear (Tables 1.5. and 

1.6.). While the AE phenotype is widely regarded as a pathogenic factor, strains 

which do not have the LEE can still cause disease. Two strains of VTEC belonging 

to serotype 091 :H21 isolated from human infections have been found to be highly 

virulent (50% lethal dose was less than 10 bacteria) in an orally infected mouse, but 

they did not carry LEE genes (Lindgren et al. 1993) and strains of VTEC that do not 

possess the LEE locus have been isolated from sporadic cases of HC and HUS 

(Bumens et al. 1992, Willshaw et al. 1992, de Azavedo et al. 1994). The AE 

phenotype is an established pathogenicity mechanism in EPEC but more work needs 

to be carried on its importance in VTEC pathogenesis. In addition, attempts should 

be made to identify other mechanisms of adherence in strains of VTEC without the 

LEE locus.
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Table 1.5. VTEC strains carrying the LEE locus (from Willshaw et al. 1997).

Human 05:H- 
055:H7 
OlllaciH- 
0128ab:H25, H- 

0157:H7, H-

015:H- 
075:H- 
0111:H8 
0145:H25, H-

026:H11, H- 
O103:H2, H- 
012LH19

Bovine 05:H- 016:H- 019:H25

026:H11, H- 046:H- 049:H-

O80:H- O105ac:H- 0136:H-

011 lac:H8, H ll, 0157:H7, H-
H-

Porcine O103:H- 0107 0130

Ovine 06:H2 026:H11

Food 0111:H- 0157:H7

Based on data from Jerse et al. 1990, Bumens et al. 1992, Willshaw et al. 1992, Gannon et 

al. 1993, Willshaw et al. 1993a, Willshaw et al. 1993b, de Azavedo et al. 1994, Beutin et al. 

1994, Louie et al. 1994 and unpublished data from the Laboratory of Enteric Pathogens, 

Colindale.
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Table 1.6. VTEC strains which do not carry the LEE locus (from Willshaw et al. 1997).

Source eae-negative

Human 02:H6 04:H5, H10 06:H-

08:H14 018:H7 022:H1

023 :H7 O55:H10 091:H21,H-

O104:H2 O105ac:H18 011 lac:H-

0113:H21 0 1 14:H4 0 1 17:H4, H7

0 1 18:H12 Ol28ab:H2 0145:H-

0153-.H25 0163:H19 0168:H-

Bovine Ol:H20 0 1 13:H4 02:H7, H29 0115:H18 06:H34 0116:H-

08:H9 0126:H8 022-.H16 0136:H16, 025 :H5 0138:H-

029:H34 0149:H5 

046:H38 0156:H- 

086:H26 0172:H21,H-

H-

O40:H8 0153:H12, 

055:H17 H21, H25 

088:25 0163:H19

043:H2 0165:H8

069:H-

091 :H-

Porcine 02 065 :H9 0107

0120 0121 0130

0138:H4, H- 0139:H1 014LH4

Ovine 05 :H- 0168:H12 06:H14 0 1 13:H21

Food 05 :H- 091 :H- 

08:H9, H19, OH4:H4 

H25, H30 0128ab:H2 

022:H8, H54 0163:H19

O6:H10 0146:H1, H8

O60:H9

0100:H-

0 1 15:H10

0146:H1,H8

09a:H-
015LH12

079:H-

Ol 13:H4, H21

0 1 18:H12

015LH12

Based on data from Jerse et al. 1990, Bumens et al. 1992, Willshaw et al. 1992, Gannon et al. 1993, 

Willshaw et al. 1993a, Willshaw et al. 1993b, de Azavedo et al. 1994, Beutin et al. 1994, Louie et 

al. 1994 and unpublished data from the Laboratory of Enteric Pathogens, Colindale.
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1.3.4.d. Enterohaemolysin

The ability of certain strains o i E.coli to lyse erythrocytes was first described by 

Kayser in 1903, when haemolytic activity was detected in the culture supernatant of 

E.coli isolated from human abscesses and from faeces. The most well-characterised 

E.coli haemolysin is a-haemolysin, which acts by forming pores in the cell membrane 

leading to an influx of water followed by osmotic lysis. The activity of a-haemolysin 

is not restricted to erythrocytes but has been shown to lyse a variety of mammalian 

cell types including leucocytes (Ludwig and Goebel 1997). Calcium ions are essential 

for the activity of a-haemolysin, and production is increased under iron restricted 

growth (Snyder and Zwadyk 1969, Lebek and Gruening 1985, Gruening and Lebek

1988). a-haemolysin is produced in the logarithmic growth phase and is actively 

secreted into the medium (Smith 1963). The synthesis and secretion of a-haemolysin 

in E.coli is controlled by four adjacent genes, hlyC, hlyA, hlyB and hlyD. The hlyA 

gene product needs to be activated in the cytoplasm by HlyC, and the secretion of 

HlyA across the bacterial membrane is directed by the membrane associated proteins, 

HlyB and HlyD (Hacker and Hughes 1985, Mackman et a l  1986, Bhakdi and 

Tranum-Jensen 1988). Epidemiological studies have shown that a-haemolysin 

production is associated with strains of E.coli causing UTI and sepsis, but its role in 

enteric infection is less clear.

Another type of haemolysin, termed enterohaemolysin because of its association with 

strains that cause enteric disease, was originally identified in EPEC serogroups 026 

and 0111 (Beutin et al. 1988). Studies showed that it was phenotypically different 

from a-haemolysin as it characteristically produced small turbid zones of haemolysis



on sheep blood agar after incubation at 37°C for 18 to 24 h. In contrast to a- 

haemolysin, enterohaemolysin was detected only in cells grown to the stationary 

phase and was not detected in culture supernatant. An association was reported 

between VTEC and the expression of enterohaemolysin and it was suggested that 

production of this haemolysin may be another characteristic of the VTEC group 

(Beutin et al. 1989).

Beutin et a l  (1988) suggested that production of enterohaemolysin was associated 

with a temperate bacteriophage carried by strains of E.coli 026. However, by 

comparing plasmid patterns of wild-type strains of enterohaemolysin-producing 

VTEC 0157 and their non-enterohaemolytic derivatives, Schmidt et a l  (1995) 

demonstrated that a 60 MDa plasmid termed p0157, encoded expression of 

enterohaemolysin. In 1987, Levine et a l  showed that a 3.4 kb segment of the VTEC 

60 MDa plasmid, designated CVD419, could be used as a probe to detect certain 

strains producing VT and this segment was later found to be part of the group of 

genes encoding the enterohaemolysin (Figure 1.8.). Like a-haemolysin, nucleotide 

sequence analysis of the genes encoding enterohaemolysin showed four open reading 

frames (ORFs) responsible for the enterohaemolytic phenotype, hlyC, hlyA, hlyB and 

hlyD, forming a repeat toxin (RTX) operon (Schmidt et a l  1995, Schmidt and Karch 

1996) (Figure 1.8.). The names, sizes and characteristics of these genes are shown in 

Table 1.7. (Karch et a l  1998). Quantitatively, expression of enterohaemolysin by 

strains of VTEC is poor compared to the expression of a-haemolysin by other strains 

o f E.coli, and this is thought to result from either inefficient transport of haemolysin 

or down-regulated expression of the operon in VTEC strains (Karch et a l  1998).
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Figure 1.8. Structure of the enterohaemolysin genes (from Schmidt et al. 1995).

HlyC HlyA HlyB HlyD

(20 kDa) (110 kDa) (80 kDa) (54.6 kDa)
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o f HlyA protein haemolysin secretion
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Table 1.7. Characteristics of open reading frames on plasmid pO!57

VTEC-hlyC 507

VTEC-hlyA 2997

VTEC-hlyB 2121

VTEC-hlyD 1440

Activation of 
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Haemolytic

activity

Transport of 

HlyA

Transport of 

HlyA

hlyC of 

E.coli

hlyA of 

E.coli

hlyB of

E.coli

hlyD of

E.coli

Schmidt et al. 1995

Schmidt et al. 1995

Schmidt and Karch 

1996

Schmidt and Karch 

1996
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1.3.4.e. Flagella

Flagella are filamentous protein appendages that protrude from the cell surfaces of 

many bacteria and confer motility on these organisms (lino 1977, Silverman and 

Simon 1977). As a result of motility, penetration of the surface mucous gel and 

increased colonisation at the mucosal surface is possible (Yancy et a i  1978, Morooka 

et al. 1985) and flagella are regarded as a pathogenic mechanism. Flagella are 

composed of repeating protein subunits termed flagellin, and a proximal basal body 

which anchors the flageUar filament to the bacterial cell by a series of hook associated 

proteins (lino 1977, Homma et al. 1986). Flagellin proteins produced by certain 

members of the family Enterobacteriaceae are antigenically heterogeneous (Ibrahim 

et al. 1985, Joys 1985, Levine 1987), and provide the basis for the H-flagella antigen 

typing schemes of enteric organisms. Strains of VTEC 0157 generally express H7 

flagella antigens, although some do not express functional flagella and are designated 

0157:H-. Whether flagella have a role in VTEC pathogenesis, or whether they are 

even expressed in vivo during VTEC infection, remains to be determined.

L3.4.f. Fimbriae

Fimbriae, or pili, are hair-like appendages extending out from the bacterial surface and 

strains o i  E.coli express a variety of fimbrial types; the fimbriae expressed by human 

strains of enterotoxigenic E.coli (Section 1.2. I.e.), those of the diffusely adherent 

E.coli and the enteroaggregative E.coli (Section 1.2.4. & 1.2.5.), and the bundle- 

forming pili (type IV) of the enteropathogenic E.coli (Section 1.2.3.) have been 

discussed previously. Two other important groups o i E.coli fimbriae are the P pili, 

found on the surface of uropathogenic E.coli associated with pyelonephritis, and the
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type 1 fimbriae characterised by their ability to bind to D-mannose, one of the most 

common sugars found on eukaryotic cell surfaces. The existence of intestinal 

adherence factors, distinct from those of the AE phenotype encoded by the LEE 

region, is suggested by the isolation of VTEC strains which lack the LEE locus, but 

still cause diarrhoea, bloody diarrhoea or HUS in humans.

Fimbrial expression in strains of 0157:H7 (Karch et al. 1987a, Toth et al. 1990, 

Ashkenazi et al. 1992, Fratamico et al. 1993) has been reported, but fimbrial genes 

have not been detected in this serotype. A fimbrial structure encoded on the 60 MDa 

plasmid was initially proposed as a mediator of E.coli 0157:H7 adherence (Karch et 

al. 1987a) but subsequent reports demonstrated that the expression of fimbriae did 

not depend on this 60 MDa plasmid (Toth et al. 1990, Fratamico et al. 1993). In 

several surveys of strains o f E.coli 0157:H7, only the minority express fimbriae in 

vitro (Sherman et al. 1987, Ashkenazi et al. 1992, Winsor et al. 1992). Fimbriae 

have been observed on strains of VTEC other than serogroup 0157, isolated from 

pigs and cattle (Yano et al. 1988, Imberechts et al. 1997), and on a human strain 

(serotype 0 1 13:H21) that did not carry the LEE locus and was isolated from a patient 

with HUS (Ashkenazi et al. 1992, Dytoc et al. 1994). It would be interesting to 

determine whether fimbriae have a role in the adherence of VTEC strains not carrying 

the LEE locus and also if they play a part in the initial adherence of strains which do 

express the AE phenotype.
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1.3.4.g. Other putative VTEC pathogenic factors

The restriction enzyme mapping of the p0157 plasmid belonging to strains o i E.coli 

0157 by Schmidt et al. (1995, 1996) enabled Brunder et al. (1996) to detect genes 

encoding a catalase-peroxidase which they designated, KatP. In 1997, Brunder et al. 

described an extracellular serine protease, which cleaved pepsin and human 

coagulation factor V, encoded by genes on the p0157 plasmid. Bacterial proteases 

are thought to play a role in pathogenicity by increasing vascular permeability, 

degrading immunoglobulins and inhibiting the complement system (Molla et al 1988, 

Kaminishi et al 1994). Strains of VTEC 0 1 57:H7 also possess the astA gene which 

encodes the EAST1 enterotoxin (Savarino et al. 1996). This toxin is similar to the 

STa toxin ofETEC (See Section 1.2. Lb.) in that it acts through the guanylate cyclase 

receptor. EAST1 is found in several strains of VTEC serogroups other than 0157, 

EPEC, ETEC and EAggEC strains, as well as in some strains of E.coli isolated from 

asymptomatic children. The significance of EAST1 in the pathogenesis of disease due 

to VTEC is unknown (Kaper et al. 1998).

1.3.5. Isolation of VTEC

In contrast to the majority of faecal E.coli, most strains of VTEC 0157 are unable to 

ferment sorbitol in 24 hours (Farmer and Davis 1985, March and Ratnam 1986) and 

this characteristic has been used to differentiate VTEC 0157 strains from other faecal 

E.coli. Sorbitol MacConkey (SMAC) agar contains 1% sorbitol which replaces the 

lactose present in the standard MacConkey agar, and with added cefixime and 

tellurite, CT-SMAC, has proved useful in screening for 0157 VTEC by clinical 

laboratories (Chapman et al. 1991, Zadik et 1993). Cefixime is active against
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Proteus sp. and VTEC 0157 has a higher tolerance to tellurite than most other E.coli. 

Strains of E.coli belonging to serogroup 0157 can be identified either by detecting 

the 0157 LPS antigen using specific rabbit antibodies in a latex agglutination test or 

direct agglutination. A small number of strains of VTEC 0157 ferment sorbitol and, 

therefore, cannot be identified on SMAC. This is important since strains with this 

characteristic have been isolated from patients with HUS in Germany, Austria and the 

Czech Republic (Gunzer et al. 1992, Aleksic et al. 1992, Karch et al. 1993). 

Furthermore, since most non-0157 VTEC ferment sorbitol, SMAC cannot be used 

for the routine isolation of other VTEC. Attempts have been made to develop media 

which can be used to detect strains of VTEC other than serogroup 0157. Rainbow 

agar (Biolog Inc., Hayward, Calif.) contains chromogenic substrates which are 

specific for two enzymes p-galactosidase and p-glucuronidase. VTEC 0157 is unable 

to produce p-glucuronidase and so appears as grey or black colonies, whereas other 

VTEC produce a spectrum of coloured colonies ranging from black to grey to red to 

blue to violet, depending on the presence or absence of the two enzymes. It is 

reportedly possible to differentiate between E.coli 0157:H7, E.coli 026:H11, other 

VTEC and non-VTEC. Enterohaemolysin agar (Unipath), can also be used to detect 

the enterohaemolysin-producing strains of VTEC (Beutin et al. 1994, Beutin et al.

1996), but many VTEC strains do not express haemolysin. There are no simple 

selective tests for primary isolation of all VTEC. As a result, the true incidence of 

VTEC infection is not known.
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1.3.6. Typing

VTEC 0157 strains form a highly conserved clone (Whittam et a l  1988) (See section

1.3.1.), and because ofthis low genetic diversity a wide range of phenotypic and 

genotypic techniques have been used to attempt to differentiate this serotype for 

epidemiological studies. Phage typing can separate strains of VTEC 0157 into more 

than 80 different phage types (Khakhria et a l  1990, Frost et a l  1993) and plasmid 

profiling has also been used for differentiating strains of 0157 and other VTEC 

(Paros et a l  1993). Sequence variation within the VT genes, detected with 

oligonucleotide probes and PCR have been used for typing strains of VTEC 

(Thompson et a l  1990, Tyler ef a l  1991, Hii ff a l  1991, Russmann ef a l  1994, 

Caprioli et a l  1995, Franke et a l  1995), and random amplified polymorphic DNA- 

PCR has had limited success in differentiating 0157 strains (Madico et a l  1995). 

Variations in phage content and chromosomal insertion sites in VTEC strains can be 

detected by random fragment length polymorphisms (Paros et a l  1993, Samadpour et 

a l  1993, Grimm et a l  1995, Samadpour 1995) and pulsed field gel electrophoresis 

(Bohm and Karch 1992, Barrett et a l  1994, Meng et a l  1995, Krause et a l  1996). It 

is generally acknowledged that the various PCR techniques and PFGE provide better 

discrimination than plasmid profiling and phage-typing, although the latter is essential 

for primary screening to identify strains for further testing.

1.3.7. Detection of evidence of infection in the absence of culturable VTEC

The isolation of VTEC from patients’ stools is the most definitive proof of infection 

with these organisms. However, other techniques for detecting evidence of infection 

are available when the causative organism can not be isolated. Also, many of these
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methods can be used to characterise strains of VTEC once they have been isolated 

from faecal samples.

1.3.7. a. Detection ofV T using the Vero cell test

Testing for VT activity in stool samples is an extremely sensitive method for detecting 

the presence of VTEC (Scotland et al. 1980, Karmali 1989). Studies have shown that 

testing for faecal toxin can be more sensitive than PCR (Caprioli et al. 1995, Karch et 

al. 1996), probably due to the presence of inhibitors of PCR in stool samples. The 

Vero cell test involves preparing a sterile faecal extract, applying it to Vero cell 

monolayers and examining the Vero cells for cytotoxic effects after 3 days. Any 

cytotoxic activity is confirmed by toxin neutralisation tests with specific VT antibodies 

(Karmali 1987).

1.3.7. b. Detection o f VT by ELISA

The production of VT-specific monoclonal antibodies has lead to the development of 

ELISA tests for detecting VT. The Premier EHEC test (Meridian Diagnostics, Inc.) 

uses monoclonal antibodies specific for VT1 and VT2 to capture these antigens, and 

polyclonal anti-VT antibodies conjugated with horseradish peroxidase for detecting 

toxin binding (Acheson et al. 1994). Several studies have reported that this ELISA is 

easy to perform, sensitive and suitable for use in routine screening for VTEC other 

than serogroup 0157 (Acheson et al. 1994, Allerberger et al. 1996, Park et al.

1996a).
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1.3. I.e. Detection o f the LPS o f E.coli 0157 by ELISA

A number of ELISA kits, which detect E.coli 0157 LPS directly from stool samples, 

have been described (Dylla et a l  1995, Park et al. 1996b). This detection system 

appears to be more sensitive than, for example, direct plating on SMAC agar and is 

more rapid and easier to use than direct immuno-fluorescence microscopy (Park et al.

1994).

1.3.7.d. Detection o f VTEC using DNA probes

DNA probes have been used extensively to detect the genes encoding VT1 and VT2 

in bacteria grown directly from faecal samples (Willshaw et al. 1987, Neill 1994). 

Synthetic oligonucleotide probes for VT1, VT2, and the VT2-variants, have also been 

described (Brown et al. 1989, Karch and Meyer 1989, Hii et al. 1991, Gunzer et al. 

1992, Thomas et al. 1993b). Gene probes derived from the conserved region of the 

eae gene prepared to detect EPEC have been used to identify strains of VTEC 

carrying these genes (Jerse et al. 1990). Strains of VTEC can be characterised further 

using a 3.4 kb fragment probe, designated CVD419, derived from the p0157 and 

shown to contain the hlyA genes encoding the VTEC haemolysin (Levine et al. 1987, 

Schmidt et al. 1994) (See section 1.3.4.d.).

1.3.7.e. Detection o f  VTEC by PCR

The PCR technique has used various primers for the detection of a number of 

characteristic VTEC genes including those encoding VT, intimin (eae), 

enterohaemolysin (ehlyA), H7 flagella (/7/C) and the mutant glucuronidase gene 

(uidA) (Karch and Meyer 1989, Pollard et al. 1990, Jackson 1991, Olsvik et al. 1991,
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Fratamico et al. 1993, Schmidt et al. 1995, Cebula et al. 1995, Gannon et al. 1997, 

Fields et al. 1997).

Most PCR methods for the detection of VT genes use two primer pairs that yield 

different sized DNA fragments for VT1 and VT2. Not all primer pairs designed for 

VT2 detect all variants of this gene and specific primers for VT2c (Tyler 1991, 

Russmann et al.1994) and VT2e (Johnson 1990, Thomas 1994, Franke

al.1995) have been constructed. Several studies have used PCR to detect VT genes 

in stool samples but this approach can be influenced by faecal inhibitors (Brian 

1992, Caprioli et al.1995, Ramotar et al.1995, Cubbon 1996). PCR assays

have been developed to detect sequences in both the conserved region of the eae gene 

sequence, which will detect intimin from all strains of EPEC and VTEC (Gannon et 

al. 1993, Louie et al. 1994, Willshaw et al. 1994), and the heterogeneous 3' end of 

the eae gene, which can be used to detect specific serotypes, such as EPEC 0127:H6 

(Gannon et al. 1993, Schmidt et al. 1993), VTEC 0157 (Gannon et al. 1993,

Schmidt et al. 1993, Louie et al. 1994, Willshaw et al. 1994) and VTEC 0111 strains

(Louie et al. 1994).

1.3.7.f. Serodiagnosis o f infections with VTEC

Detection of a serum antibody response is not commonly used for the diagnosis of 

infections due to diarrhoeagenic strains of E.coli, but serodiagnosis can be useful in 

providing evidence of VTEC 0157 infections, particularly since many cases of HUS 

are not recognised until after faecal shedding of the organism has ceased. There is no 

single antigen that is ideal for use in sérodiagnostic assays. In theory, VT1 and VT2
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would be the best choice, but only a minority of patients develop antibodies to these 

toxins (Barrett et a l  1991, Chart et a l  1993, Siddons et a l  1993, Karmali et a l  

1994). Assays using LPS as the antigen have been more successful, and this approach 

is widely used (Barrett et a l  1991, Chart et a l  1991a, Bitzan et a l  1991, Chart et a l

1993). (See section 1.4.2. for a more detailed discussion.)

1.4. HUMORAL ANTIBODY RESPONSE

1.4.1. Introduction

Antibodies form a family of plasma proteins known as the immunoglobulins (Ig), and 

are divided into five classes; IgG, IgA, IgM, IgD & IgE. They are produced by B- 

cells in response to stimulation by antigens, such as those expressed by bacteria during 

infection, and form the main contribution of B-cells to adaptive immunity. The 

function of immunoglobulins is to bind avidly to molecules recognised by the host 

immune system as non-self for subsequent processing by other parts of the immune

system.

1.4.1m . Structure o f immunoglobulin

The general structure of immunoglobulin molecules can be described using IgG as an 

example. The protease papain, cleaves the antibody molecule into three fragments: 

two fragments are identical and are termed the Fragment of antigen binding (Fab) as 

they contain the antigen-binding site, the other fragment crystallises easily and is 

referred to as the Fragment of crystallisation (Fc) (Figure 1.9.).
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Figure 1.9. The Fragment of antigen binding (Fab) shown in pink and the Fragment of 

crystallisation (Fc) shown in purple of the immunoglobulin molecule (from Janeway 

and Travers 1994).

Fab fragment 
(Fragment antibody 
binding)

Fc fragment
(Fragment crystallisable)

Figure 1.10. Variable (red) and constant (blue) regions of the immunoglobulin 

molecule (from Janeway and Travers 1994).

variable region

N-terminus Zis, N-terminus

constant region

C-terminus

The antigen-binding, or variable, region of the antibody molecule (Figure 1.10.) 

shows considerable heterogeneity in molecular structure and is adapted to bind to an 

extensive range of different epitopes. In the variable domain there are three
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hypervariable regions and structural analysis of antigen:antibody complexes between 

antibodies and their epitopes, has shown that these hypervariable regions form the 

actual antigen-binding site. The antigens bind to a cleft formed by the interface 

between the heavy and light chain variable domains. The binding between an antibody 

and an antigen is a non-covalent interaction, involving electrostatic forces, either 

between charged amino acid side chains, as in salt bridges, or between electric 

dipoles, as in hydrogen bonds and van der Waals forces (Janeway and Travers 1994). 

Although antibodies have a high affinity for their respective epitopes, the binding may 

be disrupted by high salt concentrations, extremes of pH or detergents. The distal 

region of the antibody molecule, which links the immunoglobulin to cells associated 

with the immune system, is known as the constant region (Figure 1.11.). Five forms, 

or isotypes, of the constant region have been recognised and are involved in activating 

different immune pathways. These five classes, or isotypes, of antibody are present in 

serum with IgG present in highest concentrations and IgA, IgM, IgD, and IgE being 

present in decreasing amounts.

The IgG molecule comprises two subunits, the light chain and the heavy chain, and 

two of each of these are linked to each other by disulphide bonds (Figure 1.11.).

There are two forms of light chain, termed lambda and kappa, and five forms of heavy

chain.

1.4.Lb. Immunoglobulin G

IgG (160 kDa) was the first isotype to be characterised, and is the most abundant of 

the immunoglobulin classes in serum. The Fc portion initiates the complement 

cascade by binding to the plasma protein, C lq and to receptors on phagocytic cells,
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such as macrophages. It gains access to the extravascular spaces and to the foetus, 

via the placenta. IgG has been divided into four subclasses: IgGi, IgG], IgG] and 

IgG4. IgGi and IgG] are involved in preventing binding of the antigen to its target cell 

surface (neutralisation), coating the surface of the antigen to enhance phagocytosis 

(opsonisation), activation of the complement system and sensitisation of the antigen 

for killing by natural killer cells. IgG] and IgG4 are mostly concerned with 

neutralisation.

Figure 1.11. Heavy (green) and light chains (yellow) of the immunoglobulin molecule 

(from Janeway and Travers 1994).

light chain

disulphide bonds

heavy chain

1.4.1.c. Immunoglobulin A

IgA is the major antibody of secretions, present in tears, sweat, the mucosa of the 

lungs and the gut, and is also found in serum. It commonly forms dimers (400 kDa) 

held together by a glycopeptide molecule known as the J-chain, but can be detected in 

its monomeric form. IgA dimers are associated with a secretory piece, which is a 

polypeptide added to IgA in secretory epithelial cells to enable it to be transported 

across the epithelium to the external surfaces where it blocks the entry of micro-



organisms to body. IgA has some opsonisation and complement activation activity 

but is mainly involved in neutralisation.

1.4.l.d. Immunoglobulin M

IgM is the primary class of antibody produced in response to infection. IgM 

antibodies are produced before B-cells have undergone the hyper-mutations which 

enable them to produce antibodies with a high affinity to the antigen being presented. 

IgM, therefore has a low affinity for antigen, but its pentameric structure (900 kDa) 

provides 10 antigen-binding sites per Ig molecule making it very efficient at antigen 

binding. This structure also makes IgM molecules especially good at activating the 

complement system. Its large size means that IgM is usually confined to the blood 

stream, although it can enter sites of infection where vascular permeability has been 

increased. One of the main fimction of IgM is to activate the complement system.

1.4.I.e. Immunoglobulin D

IgD functions only on the surface of B-cells where it may have a regulatory role. 

l A . l . f  Immunoglobulin E

IgE is present only at low levels in blood or extracellular fluid, but is bound avidly by 

receptors on mast cells that are found just below the skin and mucosa and along blood 

vessels in connective tissue. Antigen binding to IgE triggers mast cells to release 

powerful chemical mediators that induce reactions such as coughing, sneezing and 

vomiting, which can expel infectious agents. It is also the main antibody produced 

during infection with parasites.
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1.4.1. g. The immune system o f  the gastrointestinal tract 

The mucosal lining of the gut is the first point of contact between most enteric 

pathogens and the immune system. In the gut, M-cells provide the “gateway” 

between the mucosal surface and the underlying lymphoid follicles in the Peyer’s 

patches (Figure 1.12.). Simple epitheha, as found in the gut, are made up of a single 

layer of cells connected by almost impermeable tight junctions. Most antigens cannot 

pass between the epithelial cells, and the dendritic cells, the mobile scavengers that 

process and present antigens for the immune system, have little access to the luminal 

side of the epithelium and so antigens in the lumen pass through the M-cells to reach 

the lymphoid follicles (Featherstone 1997). Soluble proteins, particles and live micro

organisms, traverse the M-cell by phagocytosis, and are delivered into a pocket on the 

basolateral side of the cell, which is packed with T- and B-cells, macrophages and 

dendritic cells. Once across the M-cell, the antigen is processed and B-cells are 

stimulated into producing antibodies which then migrate to distant sites (Featherstone

Figure 1.12. The M cell and its role in immunity (Adapted from Featherstone 1997).

1997).

antigen

mucosal
immune
response

lymphoid
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<VXAA/1

antigen presenting
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1.4.2. Antibody response to bacterial infection

When micro-organisms enter the human host, they are confronted by the humoral and 

cellular immune responses. In general, complement and antibody are most active 

against micro-organisms free in blood or tissue, whilst cell-mediated responses are 

most active against intracellular micro-organisms. Phagocytosis is the main line of 

defence against bacterial infection. Bacteria have a number of structural features to 

help them avoid this, for example, expression of a capsule, as in Streptococcus 

pneumoniae, or the lipopolysaccharide (LPS) found in the outer membrane of Gram- 

negative bacteria. LPS can also activate B-cells directly, resulting in the secretion of 

IgM. Toxins damage phagocytes and other cells of the body, however, most toxins 

are strongly antigenic and their actions can be prevented by antibodies. Flagella 

confer motility on the bacterium, and enable it to reach a suitable colonisation site, 

and fimbriae, and other proteins involved in attachment, ensures the bacteria adheres 

to the host cell. Once again, these proteins are often very antigenic and antibodies can 

often overcome their effects.

1.4.3. Antibody response to VTEC pathogenicity factors

1.4.3.a. Antibodies to 0157 LPS

In 1987, Notenboom et a i  showed that sera from patients with HUS caused by 

VTEC 0157, contained agglutinating antibodies to the E.coli 0157 bacteria and 

suggested that patients might produce antibodies specific for antigens located on the 

cell surface. Using the technique of immunoblotting, Chart et al. (1989a, 1989b) 

demonstrated that patients infected with E.coli 0157:H7 produced serum antibodies 

to the LPS of E.coli 0157:H7. Studies designed to characterise the immune response 

to this LPS detected an IgM and IgA, but not an IgG antibody response in infected
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patients (Chart et al. 1989a, 1989b, Chart and Rowe 1992, Bitzan et al. 1993).

Serum antibodies specific for the LPS of E.coli 0157:H7 were detected in apparently 

healthy people with occupational contact with cattle and this suggested that exposure 

to low levels of E.coli 0157:H7 might stimulate an immune response to this organism 

(Wilson et al. 1996, Evans et al. unpublished). Faecal antibodies specific for the LPS 

of E.coli 0157 have been reported in patients with HC (Siddons and Chapman 1993), 

with elevated levels of faecal IgA being found in 63% of patients.

As with all sérodiagnostic techniques, it is important to be aware of other antigens 

which cross-react with antibodies to the LPS of 0157. Over the last decade, a 

number of antibody cross-reactions between the LPS of E.coli 0157 and the O- 

antigens of other bacteria have been demonstrated. Antibody cross-reactions between 

strains o f E.coli 0157:H7 and Brucella abortus, first observed by Notenboom et al. 

(1987) and confirmed by Chart et al. (1988, 1992), have been demonstrated using 

hyperimmune rabbit antiserum in an agglutination assay (Stuart and Corbel 1982, 

Corbel et al. 1983). The basis of this cross reaction is thought to be the presence of 

the sugar, 4 -amino-4 ,6 -dideoxy-a-D-mannopyranoside in the LPS of both bacterial 

species (Perry and Bundle 1990). As this sugar had also been detected in Yersinia 

enterocolitica 0 9  (Caroffef al. 1984), antibody cross reactions between strains of 

E.coli 0157 and Y.enterocolitica 09  were studied (Chart et al. 1991b). Sera from 

patients with a Y.enterocolitica 09  infection contained antibodies to the LPS of both 

Y.enterocolitica 09  and E.coli 0157; however, sera from patients with HUS caused 

by E.coli 0157 contained antibodies which reacted with the LPS of E.coli 0157 only 

(Chart et al. 1991b). The basis for this one-way cross-reaction remains unclear. 

These antibody cross-reactions initiated a study in which strains of E.coli 0157 were
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examined for the presence of LPS epitopes shared by a variety of enteric bacteria. It 

was found that certain strains of Escherichia hermannii (Rice et al. 1992),

Citrobacter freundiU Vibrio cholera 01 Inaba and group N Salmonella shared 

epitopes with E.coli 0157 (Chart and Rowe 1993). Now that the antibody cross

reactions have been well characterised, the detection of serum antibodies specific for 

the LPS o f E.coli 0157:H7 is used extensively for providing evidence of infection 

with this organism (Table 1.8.).

1.4.3.b. Antibodies specific for LPS o f  strains o f VTEC other than serogroup 0157  

The production of antibodies specific for the LPS of VTEC other than E.coli 0157 

has been examined and serum antibodies which reacted with the LPS of 05 (6), 0115 

(2), 0145 (2), 0153 (1) and 0165 (1) were detected (Chart and Rowe 1990). 

Subsequent studies showed that serum antibodies recognising serogroup 05 LPS 

were most frequently detected, after serogroup 0157 (Chart et al. 1996). Other 

studies, where LPS-based serology has been used to provide evidence of infection, are 

listed in Table 1.9. The detection of serum antibodies specific for the LPS of E.coli 

other than serogroup 0157 has been useful in an outbreak situation (Voss et al.

1998), but has yet to be established as a routine method for detecting evidence of 

VTEC infection. However, because of the problems associated with identifying 

VTEC other than serogroup 0157 by culture (See section 1.3.5.) serodiagnosis could 

be used to provide indirect evidence of a VTEC infection.
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Table 1.9. Studies using LPS-based serological assays to provide evidence of 

infection with VTEC other than serogroup 0157 (Chart and Jenkins 1999).

LPS antigens Country Reference

02 Japan Kobayashi et al. 1993

05 United Kingdom Chart and Rowe 1990, Chart et al. 1996

026 Czechoslovakia Bielaszewska et al. 1996

Germany Ludwig et al. 1996

055 Czechoslovakia Bielaszewska et al. 1996

Germany Ludwig et al. 1996

0103 Italy Luzzi et al. 1995

0111 Czechoslovakia Bielaszewska et al. 1996

Germany Ludwig et al. 1996

0115 United Kingdom Chart and Rowe 1990

The Netherlands Chart and Rowe 1993

0128 Germany Ludwig et al. 1996

0145 United Kingdom Chart and Rowe 1990

The Netherlands Chart and Rowe 1993

0153 United Kingdom Chart and Rowe 1990

0165 United Kingdom Chart and Rowe 1990

Japan Uchida et al. 1995

I.4.3.C. Antibody response to VT

Serodiagnosis of VTEC infection would be improved by the detection of serum 

antibodies to VT in infected patients. Patients infected with VTEC were first thought 

to produce an antibody response to VT when sera from HUS patients were described 

as having the ability to neutralise the activity of VT in laboratory Vero cell tests 

(Karmali et al. 1983). However, Barrett et al. (1991) showed that sera from both 

patients with HUS and healthy controls had VT neutralising properties, and other
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workers demonstrated that sera from healthy controls neutralised VT2 (Bitzan et al. 

1993, Rowe et al. 1993, Scotland et al. 1994). This evidence suggests that serum 

factors, other than VT-specific antibodies, have VT neutralising ability and it is now 

generally accepted that a role for specific antibodies in neutralisation reactions has not 

been demonstrated (Gunzer and Karch 1993).

Caprioli et al. (1994) showed that VT2 neutralising activity was due not to specific 

antibodies but to the non-specific activity of high-density lipoprotein in serum. With 

the discovery of the VT-specific receptor binding sites (Lingwood et al. 1987), it is 

now possible to produce purified Verocytotoxins in large amounts and this enabled 

the human antibody response to be examined by immunoassays. Yamada et al. (1993,

1994) detected antibodies to VT in patients with HUS, and Greatorex and Thome 

(1994) detected VT1 antibodies in 37% of patients with HUS but antibodies to VT2 

were not detected. Barrett et al. (1991) examined sera from patients with HUS by 

ELISA using purified VT1 and VT2 and found that ELISA values obtained from 

patients’ sera could not be distinguished from controls. Chart et al. (1993) could not 

detect antibodies specific for VT1 and VT2 in patients infected with VTEC 0157, 

and, like Barrett et al. (1991), they found that using the ELISA method patients sera 

could not be distinguished from healthy control sera.

Whether or not patients produce significant levels of serum antibodies specific for VT 

is unclear. It has been suggested that secretory IgA intestinal antibodies are produced 

in response to VT rather than serum antibodies, or the antibody response to VT may 

be muted, because this toxin is so potent it suppresses protein synthesis or destroys 

antigen-processing cells. Alternatively, the immune response to VT may be
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genetically restricted and the few people who do respond may represent a particular 

genotype. However, the most likely explanation seems to be the minute amounts of 

VT capable of inducing a biological effect, may not be sufficient to generate an 

immune response (Levine et al. 1992, Chart et al. 1993, Karmali 1998).

1.4.3.d. Antibody response to other putative pathogenicity factors 

The role of haemolysin, flagella and fimbriae in the pathogenicity of VTEC infection 

has not yet been established, and very little has been published on the antibody 

response of patients infected with VTEC to these components. Work needs to be 

carried out on this subject to increase our knowledge of VTEC pathogenicity and to 

improve diagnosis of VTEC infection.
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1.5. AIMS OF THE RESEARCH

Certain VTEC pathogenic mechanisms, such as production of VT, have been well 

characterised, but the role of other VTEC characteristics in the pathogenesis of 

disease is, at present, unclear.

This project had two main objectives. Firstly, to isolate and characterise the 

folio wing:-

( i ) lipopolysaccharide from VTEC other than serogroup 0157

( ii ) proteins associated with the “attaching and effacing” phenotype

( iii ) enterohaemolysin

( iv ) H7 flagellin

( v ) fimbriae expressed by VTEC

Secondly, by investigating the human antibody response to components of these 

putative pathogenic factors, this study aimed to determine their importance in the 

pathogenesis of VTEC infection and assessed their value as antigens for the 

serodiagnosis of infection with VTEC.

59



2. MATERIALS & METHODS

For manufacturers and product codes of reagents, please refer to the list of chemicals 

on page x.

2.1. BACTERIA

The bacteria used in this study are listed in the appendices (App. 10.1.1. -10.1.5.). 

Strains of VTEC included those belonging to serogroup 0157 (App. 10. l i b . )  and a 

range of other serogroups(App. 10.1.1.a.). All work with viable strains of VTEC 

was carried out under containment level III conditions in accordance with the 

guidelines issued by the Advisory Committee on Dangerous Pathogens in 

Categorisation o f biological agents according to hazard and categories o f  

containment(1995) and Supplement (1998). Part of the study involved strains of 

E.coli serogroup 055 (App. 10.1.5.), other enteric bacteria (App. 10.1.3.) and a panel 

of miscellaneous strains (App. 10.1.2.). The genetically engineered strains of E.coli 

used in this study are listed in appendix 10.1.4., and described below.

All strains were from the culture collection held by the Laboratory of Enteric 

Pathogens, Colindale, London, with the exception of the strains ICmt, ICespA,

ICespB, ICespD, ICtirM, ICtirN and ICtirC, which were kindly donated by Dr. Gad 

Frankel at Imperial CoUege, London, and E.coli strain TPE1302, which was kindly 

donated by Dr. Lothar Beutin at the Robert Koch Institute, Germany.

Strains o î E.coli were serotyped as part of the routine function of the

Yersinia and Vibrio (ESYV) Reference Laboratory using methods established m the

LEP (Gross and Rowe 1985), based on the serotyping scheme of KaufiBnan (1944).
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Serotyping was based on the heat-stable lipopolysaccharide (somatic or ‘O’) antigens, 

flagella (H) antigens, and the capsular (K) antigens, as previously described (See 

section 1.1.). Strains which reacted with certain sera but could not be assigned a 

recognised type, were considered as O? or H?, and strains which did not react with 

any sera were designated ‘O’ untypable. Somatic antigens are typed by an 

agglutination assay with ‘O’-speciflc rabbit antibodies and flagellar antigens are typed 

with H-specific rabbit antibodies by a tube agglutination test. All bacterial strains 

were stored on Dorset’s Egg agar slopes (App. 10.3.4.) at room temperature.

Strains oiE .coli designated ICint, ICespA, ICespB, ICespD, ICtirM, ICtirN and 

ICtirC were constructed at Imperial College by Dr. Gad Frankel and his colleagues 

(App. 10.1.4.). A DNA fragment encoding the 280 amino acids upstream of the 

eukaryotic cell binding domain of the intimin protein (Gly 387 to Lys 666) 

(Intimin280387-666) (Frankel et a l  1998b) was amplified using PCR (For primers see 

Table 2.1.). The EspA, EspB and EspD genes, and DNA segments encoding Tir-N 

(N-terminal region), Tir-M (middle region between the transmembrane domains) and 

Tir-C (C-terminal region) from EPEC strain E2348/69 (0127:H6) (Figure 2.1.) and 

the entire Tir gene from a strain of VTEC 0157:H7 (IG), were also amplified by 

PCR. All the primers included restriction enzyme sites (Table 2.1.). The DNA 

fragments were cloned into a pET28a plasmid, which contained sequences encoding a 

‘histidine-tag’, a T7 promoter, a lac operon, kanamycin resistance genes and a 

number of restriction enzyme cloning sites. Before cloning could take place, the 

amplified DNA fragments and the pET28a plasmid were digested with the relevant 

restriction endonucleases. The plasmid containing the cloned DNA fragment was
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then transformed into E.coli BL21. Expression of the cloned genes was controlled by 

an inducible T7 promoter.

Figure 2.1. Representation of the Tir domains used in this study. The two open 

squares represent the putative transmembrane domains (from Hartland et al. 1999)

aa 1 225 255 362 392 550

Tir-N Tir-C

Tir-M

Strain TPE1302 (App. 10.1.4.) was constructed by Schmidt et al. (1994) by cloning 

an 11.9 kb BamRl fragment, containing the genes for encoding the enterohaemolysin, 

from the p0157 plasmid (See section 1.3.4.d.) into a pUC8 vector, designated pEO40 

(Figure 2.2.). The pEO40 plasmid was transformed into an strain o i E.coli K12, 

which was then able to express a large clear zone of haemolysis compared to the small 

difruse haemolytic zones produced by the wild-type strains. The increase in 

haemolysin production is thought to be due to the high copy number of pUC8. Strain 

TPE1302 was maintained in media containing 90 pg ml'1 of ampicillin (App. 10.4.3).
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Figure 2.2. A map of recombinant plasmid pEO40 (from Schmidt et a l  1995)
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The restriction sites for BamYQ (B), EcoRI (E), HindlW (H), Pstl (P) and Sali (S) are 

indicated. The position of the CVD419 probe is indicated by the hatched bar.

2.2. SERA

The sera used in this study are listed in the appendices (App. 10.2.1. - 10.2.6.) and 

comprised those from patients with serum antibodies to 0157 LPS but from whom 

faecal samples had not been taken (App. 10.2.1., 10.2.3. & 10.2.4.) and sera from 

patients who had faecal VTEC 0157 (App. 10.2.2.). Sera were also obtained from 

patients with antibodies to the LPS of VTEC serogroups other than 0157 (App.

10.2.5. & 10.2.6.). Sera from healthy blood donors were used as controls. All sera 

were stored at -10°C or below.
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2.3. CULTURE MEDIA

Media were prepared by the CPHL Media Department (Colindale) from standard 

protocols based on manufacturer’s instructions, and included:-

Nutrient agar (App. 10.3.1)

Nutrient broth (App. 10.3.2)

Thiotone agar in Craigie tubes (App. 10.3.3) 

Dorset’s egg agar (App. 10.3.4.)

L-agar (App. 10.3.5.)

L-broth (App. 10.3.6.)

Tryptone Soya Broth (App. 10.3.7.) 

Phosphate Buffer Saline (App. 

10.3.8.)

Todd-Hewitt broth (App. 10.3.9.)

Media prepared in the laboratory included: 

Blood agar (in house) (App. 10.3.10.) 

Blood agar (Oxoid) (App. 10.3.11.) 

Colonisation Factor Antigen agar (App. 

10.3.15.)

EDDA L-broth (App. 10.3.13.) 

Tris-succinate (App. 10.3.14.) 

EDDA L-agar (App. 10.3.12.)

2.4. BACTERIAL COMPONENTS

Bacteria were fractionated to produce either pure preparations of specific bacterial 

antigens, such as lipopolysaccharide, or to enrich for a particular antigen of interest 

such as flagella.

2.4.1. Preparation of Lipopolysaccharide

Lipopolysaccharide (LPS) was prepared for SDS-PAGE (See section 2.7.1.) from 

whole bacteria by digesting cellular proteins with proteinase K. Profiles of LPS were
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either stained with silver (See section 2.7.I.e.) or used for immunoblotting (See 

section 2.6.1.)-

1. A loop-full of bacteria grown on nutrient agar (App. 10.3.1.) (16 h, 37°C) was 

transferred to a pre-weighed 1.5 ml microcentrifuge tube and the cell mass was 

suspended in SDS-PAGE solubilisation buffer (App. 10.4.1.a.) to give a final 

concentration of 1 mg bacterial mass 30 pi *1 solubilisation buffer. Bacterial 

suspensions were incubated (100 °C, 10 min) to denature protein complexes and 

facilitate subsequent proteolytic digestion.

2. Bacteria were digested with proteinase K based by the method of Hitchcock and 

Brown (1983). Bacterial suspensions were mixed with an equal volume of SDS- 

PAGE solubilisation buffer containing 100 pg 30 p i1 proteinase K, and incubated 

(60°C, 60 min). Since proteinase K can impregnate laboratory glassware, this enzyme 

was processed using disposable laboratory ware. Following incubation, preparations 

were centrifuged (12 500 g, 5 sec) to sediment any condensation.

3. For SDS-PAGE 30 pi volumes of cell suspension, containing 500 pg of digested 

bacterial cell mass, were loaded onto SDS-PAGE gels comprising of a 12.5 /o 

separation gel and a 4.5% stacking gel (See section 2.7.1.a.). Following 

electrophoresis (See section 2.7.l.b.), gels were either stained with silver (See section

2.7.I.e.) or used for immunoblotting (See section 2.6.1.).
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2.4.2. Preparation of outer membranes

Bacterial outer membranes (OMs) were prepared by disruption of whole cells by 

sonication, and OMs separated from cytoplasmic proteins by detergent digestion.

1. Bacteria were harvested from broth culture or agar, suspended in 5 ml ice-cold 25 

mM Tris HC1 pH 7.4 containing E D I A (App 10.4.2.b.) and transferred to thick- 

walled sonication vessels.

2. For sonication, 50 W of power was applied for 3 min or until bacterial 

suspensions, which were kept on ice throughout the process, became clear. After 

sonication, bacterial suspensions were poured into pre-cooled 20 ml volumes of 25 

mM Tris HC1 pH 7.4. Whole cell bacteria were sedimented by centrifugation (5 000 

g, 4°C, 30 min, no brake).

3. Supernatants containing bacterial envelopes were poured into fresh centrifuge 

tubes ensuring that the whole cell pellet was not disturbed. Cell envelopes were 

sedimented by centrifugation (45 000 g, 4°C, Ih).

4. Supernatants were discarded and the tubes containing the envelope pellet were 

inverted and allowed to drain. One ml of 25 mM Tris-HCl pH 7.4 was added to each 

tube and the pellets resuspended.

5. 19 ml of 25 mM Tris-HCl pH 7.4 were mixed with the envelope suspensions, 

followed by the addition of 0.25 ml of Sarkosyl. Tubes were sealed and mixed on a 

horizontal shaker (200 rpm, room temperature, 30 min).
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6. Outer membranes were sedimented by centrifugation (45 000 g, 4°C, Ih), 

resuspended in 200 pi 25 mM Tris-HCl, pH 7.4 and stored at -20°C.

2.4.3. Enterohaemolysin

Attempts were made to detect extracellular enterohaemolysin activity by growing 

wild-type strains of E.coli and strains TPE1302 (See Section 2.1 and Figure 2.1) and 

TPE1302 + pRSC6 (See section 2.5.4.), in liquid media and filtering the culture 

supernatant. Lysis of sheep erythrocytes, when added to the filtered supernatant, 

indicated the presence of haemolysin. Extracellular enterohaemolysin was prepared 

by concentrating the filtered supernatant of strain TPE1302 + pRSC6, using acetone 

precipitation or polyethylene glycol. Intracellular haemolysin was prepared by 

sonicating strain TPE1302, then filtering and concentrating the sonicated extract.

2.4.3. a. Detection o f extracellular enterohaemolysin activity

1. Strains of E.coli were grown in 50 ml L-broth or EDDA/L-broth (0.01% w/v) 

with shaking (120 rpm, 37°C, 18 h).

2. Bacteria were sedimented (30 000 g, 10 min), and the supernatants sterilised by 

filtration through 0.45 pm pore size Millipore filter. The supernatant was mixed with 

20 pi washed sheep erythrocytes (App. 10.3.10) and incubated (room temperature, 3 

h).
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2.4.3.b. Detection o f extracellular haemolysin activity by the method o f Lissner

(799#

1. Strains of E.coli were each grown in 10 ml of L-broth (App. 10.3.6.) and 

incubated (37°C, 18 h). Overnight cultures were diluted in 30 ml of fresh pre-warmed 

L-broth, to an optical density of 0.1 aôoo and incubated at 37°C on a rotary shaker to a 

final optical density of 1.0 aôoo-

2. Cultures were cooled on ice and bacteria sedimented (12 000 g, 10 min). The 

supernatants were transferred to fresh tubes and used within 3 h of preparation. Two 

ml o f supernatant was mixed with 20 pi washed sheep erythrocytes (App. 10.3.10) 

and incubated (room temperature, 3 h).

2.4.3. c. Preparation o f extracellular enterohaemolysin

1. Flasks containing 50 ml L-broth (App. 10.3.6.) were inoculated with strains of 

E.coli and incubated (120 rpm, 37°C, 18 h). Bacteria were sedimented (12 000 g, 10 

min), and the supernatants were sterilised by Millipore filtration (0.45 pm).

2. Excess acetone (1 ml) was added to 500 pi of supernatant in an 1.5 ml 

microcentrifuge tube, mixed and allowed to stand (room temperature, 30 min). The 

tube was centrifuged (12 000 g, 10 min), the supernatant removed and the pellet dried 

at room temperature. The pellet was mixed with 20 pi SDS-P AGE loading buffer and 

the preparation was analysed by SDS-PAGE (See section 2.7.l.b.).
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2.4.3.d. Preparation o f extracellular haemolysin by the method o f Schmidt (1995)

1. 10 ml of L-broth (App. 10.3.6.) was inoculated with strains of E.coli prior to 

incubation (37°C, 18 h).

2. A 600 pi sample of each broth was added to 200 ml of pre-warmed Todd-Hewitt 

broth (App. 10.3.9.) containing 5 mM CaCh. After 90 min of vigorous agitation on a 

rotary shaker at 37°C, the flask was incubated (30°C, 3 h ) .

3. The broth culture was centrifuged (12 000 g, 4°C, 15 mins), the supernatant was 

adjusted to a glycerol concentration of 3% and 40 g of solid polyethylene glycol 

(PEG) 4000 was added. The solution was stirred until the PEG had dissolved and 

then incubated (4°C, 1 h).

4. The PEG 4000 precipitate was collected by centrifugation (12 000 g, 4°C, 30 min), 

the supernatant discarded and the pellet dissolved in 500 pi of PBS (App. 10.3.8.).

The preparation was then analysed by SDS-PAGE (See section 2.7.1 .b.).

2.4.3. e. Preparation o f  intracellular haemolysin

1. Bacteria were grown in L-broth alone (App. 10.3.6), in EDDA L-broth (App. 

10.3.13) or on Sheep Blood Agar (App. 10.3.10), Nutrient Agar (10.3.1), L-Agar 

(App. 10.3.5.) or EDDA L-Agar (App. 10.3.12) in an atmosphere of 8% carbon 

dioxide, 40% hydrogen and 52% nitrogen (Oxoid Ltd, gas generating kit BR38 with 

catalyst) or 5% oxygen, 5% carbon dioxide, 3% hydrogen and 87% nitrogen (variable 

atmosphere incubator, Don Whitley Scientific Ltd).
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2. For agar-grown bacteria, the cell mass from one agar plate was harvested, bacteria 

grown in broth were sedimented (30 000 g, 10 min) and the supernatant discarded.

The bacteria were resuspended in 5 ml of either PBS (App. 10.3.8.) or PBS 

containing 1% (w/v) bovine serum albumin (BSA) prior to sonication (30 sec) using a 

Heat Systems (Ultrasonics Inc.) W-225 sonicator (Chart et al. 1998b).

3. Bacterial debris was sedimented by centrifugation (15 000 g, 15 min) and the 

supernatants sterilised by Millipore filtration (0.45 pm).

2.4.3.f Quantification o f  enterohaemolysin activity

1. A measure of haemolytic activity was achieved by quantifying the amount of 

haemoglobin released from erythrocytes. Sheep cells lysed in distilled water were 

used to determine the Xmax for haemoglobin. This was found to be 430 nm.

2. Supernatants containing extracellular enterohaemolysin or sonicated extracts 

containing intracellular enterohaemolysin were mixed with 20 pi washed sheep 

erythrocyte suspension, and incubated (room temperature, 3 h).

3. Erythrocytes were sedimented (12 000 g, 2 min) and haemolysis quantified by 

measuring the absorbance at 430 nm.

2.4.4. Verocytotoxin

Strains of VTEC growing in laboratory media express VT that cause cell death when 

applied to Vero cell monolayers (Flow Laboratories). For the detection of VT, Vero
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cells were cultured from liquid nitrogen storage, and subcultured until a stable cell line 

was achieved.

1. On a weekly basis, the monolayer of Vero cells was washed twice with sterile PBS 

(App. 10.3.8.), followed by the addition of 5 ml of 0.25% (w/v) trypsin in EDTA 

buffer. After 1 min, the trypsin was discarded and the monolayers incubated (37°C) 

until cells could be dislodged from the flask by a tap on the side of the flask.

2. Detached cells were suspended in 5 ml of Dulbecco’s Modified Eagles Medium 

(DMEM) and used to seed fresh flasks or for the preparation of a 96-well Vero cell 

test plate. For cell propagation, 2 ml of the resuspended ceUs were added to 12 ml of 

growth medium (App. 10.4.4.a.) in a tissue culture flask containing 37.5 M g  

amphotericin (1.5 ml of 250 pg ml"1 solution of amphotericin B).

3. The bacterial strain to be tested was grown in 10 ml tryptone soya broth (App.

10.3.7.) in a 250 ml flask with shaking (120 rpm, 37°C, 18-24 h). Bacteria were 

sedimented by centrifugation (12 000 g, 5 min) and the supernatant sterilised by 

filtration through a Millipore filter (0.45 pm).

4. A Vero cell monolayer, detached following trypsin-EDTA treatment was 

suspended in 5 ml of growth medium (App. 10.4.4.). 1 ml of suspension was mixed

with 20 ml of growth medium.
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5. 0.2 ml of diluted suspension were distributed into each well of a 96 well flat 

bottomed tissue culture plate. The plate was sealed with adhesive film and incubated 

until the cell monolayer became confluent (37°C, 3 days).

6. 25 pi of the bacterial broth culture filtrate was added to each well without 

changing the medium, dilutions were made across the plate and tests were performed 

in duplicate.

7. After the addition of the bacterial culture filtrates the plates were resealed and 

incubated (37°C, 4 days). For the examination of Vero cell monolayers, the medium 

was removed and cells fixed with methanol (5 min). The methanol was removed and 

Giemsa stain (App. 10.4.4.b.) added. After 30 min the monolayers were washed with 

distilled water, dried and examined by light microscopy.

2.4.5. Proteins encoded by the LEE locus

Initially, the secreted proteins encoded by the LEE were prepared from broth culture 

supernatants, and intimin was identified in SDS-PAGE profiles of outer membrane 

proteins. Subsequently, recombinant LEE-encoded proteins were used.

2.4.5.a. Preparation o f  secreted proteins from strains o f EPEC and VTEC carrying

the LEE

1. Bacteria were cultured in 50 ml volumes of L-broth (App. 10.3.6.) and incubated 

with shaking (120 rpm, 37 °C, 16h). Bacteria were sedimented by centrifugation 

(18 000 g, 30 min) and the supernatants sterilised by filtration through a Millipore 

filter (0.45 pm).
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2. 330 (al of supernatant were put into a 1.5 ml microcentrifuge tube and 

approximately 1 ml acetone added. Precipitates were sedimented (10 000 g, 10 min) 

and the acetone was removed by evaporation (60°C, 15 min). For SDS-PAGE, 

pellets were suspended in 25 pi loading buffer.

2.4.5.b. Preparation o f recombinant intimin, EspA, EspB, EspD and Tir

1. Plasmids containing either the cloned DNA fragment of Intiminiso, the EspA, EspB 

or EspD genes or DNA segments encoding Tir-N (N-terminal region), Tir-M (middle 

region between the transmembrane domains) or Tir-C (C-terminal region) from EPEC 

strain E2348/69 (0127:H6) (See Section 2.1.) were transformed into E.coli BL21.

2. L-broth (500 ml) containing 0.2% (w/v) glucose and 100 mg I"1 of kanamycin was 

inoculated with 5 ml of an overnight culture of E.coli BL21 harbouring the 

recombinant plasmid and incubated (37°C, 2 h). Isopropyl-p-D-thiogalactoside 

(IPTG) was added to a final concentration of ImM, and incubation was continued for 

an additional 2 h.

3. Induced cultures were centrifuged (5 000 g, 30 min) and the supernatant 

discarded. The pellet was resuspended in 8-16 ml binding buffer (included in the His- 

Bind kit) and loaded on to the His-Bind resin column. The column was then washed 

with IX binding buffer, followed by IX wash buffer (included in the His-Bind kit) and 

the protein was eluted with IX elute buffer (included in the His-Bind kit). Fractions 

from the column were collected and analysed using SDS-PAGE (See section

2.7. l.b.).
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2.4.6. Flagella and fimbriae

Expression of flagella and fimbriae was induced by growing strains under various 

culture conditions, described below. A heat extraction technique followed by 

centrifugation was used to isolate flagella and fimbriae.

2.4.6. a. Preparation o f  flagella

1. Maximal expression of flagella was induced by growing strains in Thiotone agar in 

Craigie tubes (App. 10.3.3.) (37°C, 7 days). Strains were subcultured into subsequent 

Craigie tubes and re-incubated (37°C, 48 h). Bacteria which had migrated through the 

thiotone agar were subcultured on to nutrient agar (App. 10.3.1) (37 C, 24 h).

2. Bacteria were harvested and mixed with 500 pi PBS (App. 10.3.8.) in a 1.5 ml 

microcentrifuge tube. The suspension was heated (60 C, 60 min) and then 

centrifuged (12 000 g, 10 min). The supernatant was removed and then centrifuged 

once more (12 000 g, 5 min).

2.4.6. b. Preparation o f  fimbriae

1. Fimbrial expression was induced in strains of VTEC by growth in Muller-Hinton 

broth (MHB) (Karch et a l 1987a), on Colonisation Factor Antigen (CFA) agar 

(Evans et a l 1978) and in Brain Heart Infusion (BHI) broth (48h, 37°C). Bacteria 

were harvested from CFA agar, or centrifuged from broth cultures (12 000 g, 10 min) 

and the cell pellets mixed with 500 pi PBS (App. 10.3.8.) in a 1.5 ml microcentrifuge 

tube.
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2  xhe suspension was heated (60°C, 60 min) and centrifuged (12 000 g, 10 min).

The supernatant was removed and then centrifuged once more (12 000 g, 5 min).

2.5. MOLECULAR STUDIES

DNA probes, plasmid analyses and PCRs were used to characterise strains by either 

directly detecting the gene sequences encoding VTEC pathogenicity factors, or by 

detecting the p0157 plasmid. PCR was also used for amplification of DNA fragments 

involved in preparation of DNA probes.

2.5.1. Polymerase chain reaction

The polymerase chain reaction (PCR) is an in vitro method for amplifying DNA 

sequences. Target DNA is denatured at high temperatures to separate the double 

strands, and then cooled. Single stranded oligonucleotide primers, specifically 

designed to flank the DNA region of interest, anneal to the complementary sequence 

on the target DNA. The final step is the extension of the primers by DNA 

polymerase. Amplification occurs because in the next cycle, the newly synthesised 

strands also act as target DNA resulting in a logarithmic increase in product. The 

primers used in this study are shown in Tables 2.1. & 2.2.

1 Primers were reconstituted from freeze-dned preparations to a standard 

concentration of 125 pM, with PCR grade distilled water. Preparations of dNTP’s 

were reconstituted to a standard concentration of 2 mM, by adding 20 pi of each of 

the four dNTP’s to 920 pi PCR grade water.
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2. The following constituents were mixed together in a sterile microcentrifuged tube: 

PCR grade water (444 |il), 10 x PCR buffer (62.5 }il), 2 mM dNTP mix (62.5 ^1), 50 

mM MgCl2 (19 |il), forward primer (5 pi), reverse primer (5 pi) and Taq polymerase 

(2.5 pi).

3. 24 pi of the above mixture were dispensed into 0.5 ml PCR tubes and a drop of 

mineral oil added. Just before the amplification process, 2 pi of boiled broth culture 

containing the template DNA was added. Amplification was carried out in a Trio- 

thermoblock (Biometra, Germany), and amplicons were separated by agarose gel 

electrophoresis (See section 2.7.2).

2.5.2. DNA hybridisations using enhanced chemiluminesce (ECL)

Fluorescein labelled single stranded DNA probes bind to complementary sequences on 

single stranded target DNA. Target DNA may be from genomic DNA, plasmid DNA 

or digested whole cell DNA. The DNA probes used in this study are listed in App.

10.5.1.Î.

2.5.2.a. Preparation o f  fluorescein labelled probes

DNA fragments used to make the probe were extracted from an agarose gel using a 

QIAEXII kit. This uses silica particles that bind to the DNA and a high 

concentration salt solution that dissolves the gel. The DNA is eluted from the silica 

particles by a low salt buffer. DNA fragments were labelled with fluorescein using the 

ECL Random Prime Labelling Kit.
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1. PCR was used to amplify DNA sequences from recombinant plasmids (App.

10.5.Li. & Table 2.2). Applicons were separated by agarose gel electrophoresis and 

the gels illuminated with long wavelength UV radiation (385 nm), for DNA band 

selection.

2. A clean scalpel was used to excise bands prior to transfer to pre-weighed 1.5 ml 

microcentrifuge tubes. The size of gel slices was minimised by removing excess 

agarose and the weight of the gel slice calculated. 300 pi buffer QX1 (from kit) and 

10 pi QIAEX II solution was added to 100 mg of gel fragments before mixing and 

incubation (50 °C, 10 min). Solutions were mixed repeatedly every 2 min to keep the 

QIAEX II in suspension.

3. Samples were centrifuged (12 000 g, 30 sec) and the supernatants carefully 

removed with a pipette. Pellets were washed with 500 pi of buffer QX1 and 

resuspended by vortexing.

4. 1.5 ml microcentrifuge tubes were centrifuged (12 000 g, 1 min) and supernatants 

removed with a pipette, to remove residual agarose contaminants. Pellets were 

washed twice with 500 pi of PE buffer and resuspended in 500 pi PE buffer by 

vortexing.

5. 1.5 ml microcentrifuge tubes were centrifuged (12 000 g, 30 sec) and all traces of 

supernatant removed with a pipette before the pellet was air-dried for 10-15 min. 

This wash step removes residual salt contaminants.
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6. DNA was eluted by adding 20 1̂ of TE buffer (App. 10.5.2T ) and the resultant 

pellet resuspended by vortexing and then incubated (room temperature, 5 min).

Samples were centrifuged (12 000 g, 30 sec) and supernatants, containing the purified 

DNA, carefully removed and transferred to clean microcentrifuge tubes.

7. A volume of unlabelled fragment containing at least 100 ng of DNA in 20 pi TE 

buffer (App. 10.5.2.f.) was placed into a microcentrifuge tube. The volume was 

adjusted to 25 pi by adding sterile water. The tube was boiled (100°C, 5 min) and 

rapidly chilled on ice to denature the double stranded DNA.

8. 10 pi nucleotide mix, 5 pi primer mix, 20 pi (boiled) DNA fragment (see step 1) 

and 1 pi Klenow polymerase were mixed in an microcentrifuge tube and water was 

added to give a final volume of 50 pi

9. The contents were mixed gently, centrifuged (12 500 g, 30 sec) and incubated 

(37°C, 4 h or room temperature, 18-24 h). If incubated at room temperature, samples 

were placed in a cupboard to exclude light. The reaction was stopped by adding 5 pi 

of 0.25 M EDTA, pH 8 and preparations were stored at -20°C. The labelled probe 

was diluted to 1-2 pi ml"1 of hybridisation solution.

2.5.2.b. DNA Hybridisation

1. Strains, including controls, were grown in Nutrient broth (App. 10.3.2.) (18 h, 

37°C) and 1 pi of each culture was ‘spotted’ onto nylon filters placed on nutrient agar

plates (App. 10.3.1.) and incubated (37°C, 5-6 h).

80



2. Filters were placed sequentially, colony side-up, onto 3 MM paper saturated with 

SDS solution (App. 10.5.1.a.) for 5 min, denaturing solution (App. 10.5.l.b.) for 10 

min, neutralising solution for 5 min (App. 10.5.I.e.) and 2 x SSPE, pH 7.4 for 5 min 

(App. 10.5.l.d.). The filters were dried at room temperature before being placed 

between sheets of 3 MM paper and baked (80°C, 2 h) to fix DNA onto membrane.

3. Filters were moistened with 5 x SSC (App. 10.5.I.e.), and placed between two 

pieces of mesh, rolled up and placed into a hybridisation tube. The tube was 1/4 filled 

with 5 x SSC and placed in a preheated hybridisation oven (68°C, 1 h).

4. Meshes were dismantled in a shallow tray of 5 x SSC and membranes wiped 

carefully with a damp tissue to remove cellular debris. The meshes were reassembled 

and replaced in the hybridisation tube. The filters were then pre-hybridised (68°C, 2 h) 

in ECL hybridisation solution (App. 10.5.l.f.) mixed with freshly boiled salmon DNA 

(App. 10.5.l.g.) to block non-specific binding and cooled on ice.

5. The pre-hybridisation solution was removed and the tube allowed to drain. The 

probe solution (App. 10.5.1.h.) was boiled (100 °C, 10 min), cooled rapidly on ice 

and added to the tube for hybridisation (68°C, 18-24 h). The probe solution was 

removed and stored at -20°C, and membranes were washed twice (10 min) in 2 x 

SSC/0.1% SDS (App. 10.5.La. and 10.5.1.e.), at room temperature. Further washes 

were carried out according to the stringency of DNA hybridisation for each probe 

(App. 10.5.l.j). Finally, the membranes were rinsed briefly in ECL buffer 1 (App.

10.5.Lk).
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6. The hybridised filters were arranged back to back with the DNA sides facing 

outwards and transferred to plastic bags. Blocking agent (0.5% w/v in ECL buffer) 

was added to the plastic bag, prior to sealing and mixing (room temperature, 1 h).

7. The blocking solution was removed and the membranes washed with ECL buffer 

Anti-fluorescein horseradish peroxidase conjugate (App. 10.5.1.1.) was added to the 

bag prior to resealing and mixing (room temperature, 1 h). Filters were removed and 

washed at room temperature in ECL buffer 1 containing Tween 20 (App. 10.5.1.m.). 

Two 10 min washes were followed by two 5 min washes.

8. Substrate was prepared by mixing equal volumes of the two ECL detection 

reagents (1 and 2). In a dark-room, filters were arranged DNA side up on trays and 

the substrate pipetted onto the surface of the filters and agitated gently (2 min). The 

filters were blotted gently on a paper towel, arranged on cling film/paper sheet and 

inserted into a plastic document wallet. The filters were exposed to X-ray film for 20 

min. The film was developed using a commercial X-ray film processor (Agfa).

2.5.3. Isolation of bacterial plasmids

Double stranded plasmid DNA was isolated from bacterial cells by alkaline lysis 

extraction using the method of Bimboim and Doly (1979).

1. 2.5 ml of Nutrient broth (App. 10.3.2.) were inoculated with test strains oiE.coli 

and incubated with shaking (60 rpm, 37°C, 18-24 h). 1 ml volumes of culture were 

transferred to a screw-capped microcentrifiige tube and bacteria sedimented by
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centrifugation (12 000 g, 2 min). Supernatants were removed using a pasture pipette 

and tubes placed on ice.

2. Bacteria were suspended in 100 pi of glucose CDTA solution containing lysozyme 

(App. 10.5.2.a.) and tubes placed on ice for a further 10-15 min. 200 pi of sodium 

hydroxide solution (App. 10.5.2.b.) was added and each tube inverted gently twice. 

150 pi of 3 M sodium acetate solution was added (App. 10.5.2.C.) and the contents 

mixed thoroughly by several inversions of the tube. The tubes were placed on ice for 

45 min.

3. The tubes were centrifuged (12 000 g, 5 min), and 0.4 ml of supernatant 

transferred to new centrifuge tubes. 1 ml of ice-cold absolute alcohol was added to 

each tube and following mixing, tubes were placed at -20 °C freezer for 30 min. The 

tubes were then centrifuged (12 000 g, 5 min) and the supernatants removed.

4. 100 pi of Tris-sodium acetate solution (App. 10.5.2.d.) were added and each tube 

was ‘flicked’ to dissolve the precipitate. 200 pi of absolute alcohol were added to 

each tube, mixed and incubated (-20°C, 10 min). Tubes were centrifuged (12 000 g,

5 min) and supernatants discarded. Each pellet was washed a second time and excess 

liquid was removed from the microcentrifuge tube with a finely tapered piece of 

laboratory tissue.

5. 25 pi Tris-EDTA buffer (App. 10.5.2T.) was added to each tube to dissolve 

sample pellets, prior to storage at -20 °C until required. For agarose gel 

electrophoresis, see section 2.7.2.
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2.5.4. Transformation of E.coli with plasmid DNA

The pRSC6 plasmid (kindly donated by Dr. Ivan Gentchev), encoding the HlyB and 

HlyD genes, was transformed into strains TPE1302 (App. 10.1.4.) using a method 

based on that described by Dagert and Ehrlich (1979).

2.5.4. a. Preparation o f  competent cells

1. 10 ml nutrient broth (App. 10.3.2.) was inoculated with TPE1302 (App. 10.1.4.) 

and incubated (37°C, 18-24h). 0.5 ml was subcultured into 50 ml nutrient broth 

containing 50 mg ml'1 ampicillin in a conical flask and reincubated (37°C, 1 h).

2. After an hour the absorbance of the broth culture was measured at 650 nm and 

growth was continued until the absorbance at 650 nm was about 0.2. The culture was 

transferred to sterile centrifuge tubes and cooled for 10 min on ice.

3. The culture was centrifuged (12 000 g, 2-3 min), the pellet was resuspended in 25 

ml 0.1 M CaCl2 and left on ice for 20 min. The suspension was centrifuged once more 

(12 000 g, 2-3 min), the pellet was resuspended in 0.5 ml 0.1 M CaCl2 and stored at 

4°C.

2.5.4.b. Transformation

1. 100 pi plasmid DNA (See Section 2.5.3.) (concentration should be at least 50 ng 

plasmid DNA in 10 pi Tris-EDTA buffer) was added to 100-200 pi competent cells 

and left for 20 min on ice before being transferred to 37°C for 5 min..
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2. 2 ml L-broth (App. 10.3.5.) containing 50 mg ml'1 ampicillin was added to the 

competent cells and plasmid DNA and incubated (37°C, 3 h, shaking). Bacteria into 

which pRSC6 has been successfully transformed were detected by growth on media 

containing 30 mg ml"1 chloramphenicol and 50 mg ml"1 ampicillin.

2.6. DETECTION OF ANTIBODY BINDING

Bacterial components separated by SDS-PAGE were transferred onto nitrocellulose 

membrane to allow specific antibodies to bind to immobilised antigens. SDS-PAGE 

profiles were transferred onto nitrocellulose paper in a Bio-Rad Trans-Blot Cell® 

using the buffer system described by Towbin and Gordon (1984)

2.6.1. Immunoblotting and detection with alkaline phosphatase

1. A sheet of nitrocellulose membrane was soaked in transfer buffer (App. 10.6.1 .a.) and 

laid onto the SDS-PAGE gel ensuring air bubbles were not trapped between the 

nitrocellulose membrane and the gel. A piece of Whatman N°1 filter paper was placed 

either side of the nitrocellulose membrane and the gel and the gel/nitrocellulose 

membrane/filter paper sandwich was placed between two pads.

2. The whole ‘sandwich’ was placed into the blotting tank (Bio-Rad, UK.) and filled with 

transfer buffer (App. 10.6. La.) so that the nitrocellulose membrane was oriented between 

the gel and the anode. A current 400 mA was applied for 45 min, with the buffer cooled 

by a cooler unit.

3. Following electrophoresis, the nitrocellulose membrane was placed into a solution

comprising 3% (w/v) skimmed milk powder in PBS (App. 10.6. Lb.) to block unfilled
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protein binding sites on the nitrocellulose membrane. 30 pi of serum was added and the 

solution mixed (60 rpm, 1 h).

4. The nitrocellulose membrane was washed ( 3 x 1 0  min) with PBS-Tween (App.

10.6.1 .c.) followed by the addition of specific antibodies conjugated with alkaline 

phosphatase (App. 10.6.l.d.) in 3% skimmed milk powder in PBS. The ‘second’ 

antibody was allowed to react with blots for at least 1 h.

5. The nitrocellulose membrane was washed (3x10 min) with PBS-Tween and placed 

into a polythene bag. Enzyme substrate buffer (App. 10.6.1 .g.) was added and the 

polythene bag heat-sealed. Blots were incubated at 37 °C until maximal colour 

development. The colour development was stopped by rinsing blots in deionised water 

and the nitrocellulose membrane was dried at 37 °C.

2.6.2. Detecting antibody binding with antibodies conjugated with horse radish

peroxidase

For the preparation of figures, ECL was adapted to use with immunoblots to improve the 

contrast for photographs.

1 The blot was prepared as described above except the antigen-antibody complexes were 

detected with a horse radish peroxidase-conjugated antibody (App. 10.6.1 .d.). ECL 

reagents 1 & 2 were mixed in equal volumes and put in a plastic bag along with the 

nitrocellulose membrane and allowed to react in the dark for 5 min.

86



2. The nitrocellulose membrane was dabbed dry with tissue paper and covered with cling 

film. It was exposed to autoradiograph film for 1-2 min and the film was then developed 

by immersing in developer (App. 10.6.2.a.) until the image develops, rinsing in distilled 

water and then immersing in fixer (10.6.2.b.).

2.7. MISCELLANEOUS METHODS

2.7.1. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Bacterial proteins bind SDS to give protein molecules an overall negative charge, so 

that proteins separate during SDS-PAGE according to molecular size and not charge. 

LPS components separate during PAGE because of the negative charge carried by lipid A 

and the degree of branching of long-chain polysaccharides. Bacterial proteins or LPS 

components were separated using the method of Laemmh (1970) with an Atto mini-gel 

system (Genetic Research Instrumentation Ltd) or a larger tank system (Shandon). 

Stacking gels were cast with an acrylamide concentration of 4.5% and the separation 

gel acrylamide concentration was 12.5%.

2.7. La. SDS-PAGE Gel Preparation

1. Glass plates were cleaned with acetone to remove grease and dust, and assembled with 

spacers and vacuum grease to seal the joins. Clips were used to hold the glass plates 

together. Mini-gels were assembled using rubber gaskets in place of vacuum grease as 

described by manufacturers instructions.
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2. Separation gel components (App. 10.7.1.a.), except TEMED were dispensed into 

a Buchner flask and dissolved oxygen removed by attaching the Buchner flask onto a 

vacuum pump.

3. FoUowing the addition ofTEMED, the gel solution was mixed gently and poured

between gel plates using a 25 ml disposable pipette. The separation gel was over- 

layered with approximately 2 mm of water-saturated butanol to ensure a flat surface

to the separation gel.

4. When the separation gel had polymerised, unpolymerised acrylamide and the 

butanol were rinsed from the gel plates, and extraneous moisture removed with a 

piece of 3 MM Alter paper. A well-forming comb was inserted between the plates.

5. Gel solutions for the stacking gel, (App. 10.7. l.b.) with the exception of the 

TEMED, were placed into a Buchner flask and degassed. TEMED was added to the 

stacking gel mixture before pouring into the gel apparatus.

2.7. l.b. SDS-PAGE Protein Sample Preparation

1. Volumes of protein preparation and solubilisation buffer (App. 10.4.1 .a.) were 

calculated, mixed in microcentrifiige tubes, and boiled (100°C, 5 min). The tubes were 

centrifuged (12 000 g, 10 s) to sediment condensation.

2. Prior to electrophoresis, the well forming comb and the lower spacer were removed 

and running buffer (App. 1 0 .7 .l.g.) was poured into the lower tank. The gel was placed 

into the tank and buffer was added to the upper tank.
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3. A standard sample volume of 30 pi was applied to large gels and 5 pi was applied 

to mini gels. An automatic pipette with a disposable capillary tip was used to add samples 

to the appropriate wells. A constant current of 50 mA was applied until the bromophenol 

blue dye, present in the solubilisation buffer, reached about 1 cm from the end of gel. The 

current was switched off and the gel removed for protein staining with either Coomassie 

Brilliant Blue (App. 10.7.1.h.) or silver (See section2.7.l.c.ii.), or used for 

immunoblotting experiments (See section 2.6.1.).

2.7.1. c. SDS-PAGE gel staining

( i ) Staining with Coomassie blue

Following electrophoresis, gels were stained with Coomassie Brilliant Blue, (App.

10.7.1.h.) for at least 1 h and destained with 10% (v/v) acetic acid (App. 10.7.1.i .) 

with gentle agitation.

( ii) Staining proteins with silver

1. Gels were fixed in 200 ml of fixing solution (App. 10.4. l.b.) and oxidised with 

periodic acid solution (App. 10.4.I.e.) for 5 min. Gels were washed (3x15 min) with 

approximately 200 ml deionised water and the silver staining solution (App. 10.4.l.d.) 

was added. After 10 min, the staining solution was removed and the gels washed with 

deionised water (3x10  min).

2. Gels were transferred to 200 ml of developing solution (App. 10.4. I.e.) and mixed 

gently. As bands began to appear the gel was transferred to a light box and 

photographed with a camera containing Polaroid type 55 film with a 105 mm lens set 

at f  = 22. The exposure was 3 s. Film negatives were fixed in saturated sodium
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sulphate solution for about 10 min, washed in running tap water and deionised water, 

and air dried.

2.7.2. Agarose gel electrophoresis

DNA migrates in an electric field because of the negative charge carried by the 

phosphate groups. DNA molecules are separated during migration through the 

agarose matrix due to their molecular size, such that smaller fragments move further 

towards the anode than larger fragments.

1. Agarose (concentration of agarose varied - see App. 10.5.2.i ) in 80 ml of Tris- 

borate buffer (App. 10.5.2.e.) was melted in a microwave oven and poured into a 

horizontal gel apparatus (Hybaid) containing a well-forming comb. The gel was 

covered with Tris-borate buffer. 15 pi of sample preparation was mixed with 5 pi 

bromophenol blue (App. 10.5.2.h.) for plasmid preparations or Orange G (App.

10.5.2.h.) for PCR preparations, before application onto the gel.

3. An electric field of 100 V (Shandon, Vokam 500-500 power pack) was applied for 

between 1.5 -4  h. The gel was then stained in ethidium bromide solution (App.

10.5.2.g.) for 30 min, rinsed in distilled water, and the DNA was then visualised by 

UV light (302 nm) or at 385 nm to avoid damage to DNA during probe preparation.

2.7.3. Lowry protein assay

An estimate of protein concentration was made using the method of Lowry et al. 

(1951), based on the detection of aromatic amino acids.
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1. 1 ml aliquot of protein standard containing 1 mg of bovine serum albumin, was thawed 

and mixed with 4 ml of water to produce a stock solution o f200 pg m l1 of protein. This 

was used to produce a series of standard solutions comprising 0, 50,100,150 and 200 pg 

ml'1 of protein.

2. 20 pi of each bacterial protein sample were mixed with 0.98 ml distilled water. 5 ml 

Lowry C (App. 10.7.2.d.) were added to samples and standard solutions. Tubes were left 

at room temperature for 10 min. Lowry D (App. 10.7.2.e.) (0.5 ml) was added to each 

tube, and after mixing tubes were left for 30 min for maximal colour development.

3. The absorbance of standard solutions and unknown samples was measured at 500 nm 

and a standard curve plotted and the protein concentrations of the unknown samples 

determined.

2.7.4. Preparation of bacteria for electron microscopy

1. A loopful of bacteria was suspended in 500 pi of 1% (v/v) formalin in PBS and left 

to stand (room temperature, 2 min).

2. One drop of the formalin-fixed bacterial suspension was placed in a petri dish and a 

copper formvar-coated grid carefully placed on the drop, such that the formvar was in 

contact with bacteria. After 3 min the grid was ‘blotted’ gently on tissue paper and 

placed on a drop of 1% (w/v) aqueous ammonium molybdate for 3 min and blotted 

dry. The ammonium molybdate solution was filtered using a 0.45 pm Millipore filter 

to remove crystals produced during reagent storage.
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2.7.5. Enzyme linked immuno sorbent assay (ELISA)

Antigens immobilised onto ELISA plates were reacted with specific antibodies and 

antibody-binding detected with enzyme-conjugated ‘second’ antibodies, specific for 

either human or rabbit antibodies. Antibody-antigen complexes were detected by the 

addition of a suitable enzyme substrate and the resultant colour quantified.

1. ELISA plates were ‘coated’ with antigen in 100 pi well*1 coating buffer (App.

10.7.3.a. and App. 10.7.3.b.) and incubated (4 °C, overnight). ELISA plates were 

washed (x3) with PBS-Tween (App. 10.7.3.c.) and 200 pi o f ‘blocking’ solution 

(App. 10.7.3.d.) added to each well before sealing with adhesive film. The plates 

were then incubated (37°C, 30 min).

2. Sera were diluted 1:1000 in PBS. T h e‘blocked’ plates were washed (x3) with 

PBS-Tween and 100 pi PBS was added to wells A1 and B1 to calibrate the ELISA 

reader. 100 pi of positive and negative control sera were added to wells A2, B2, A3 

and B3. Test sera were placed in duplicate wells in the remainder of the plate. The 

adhesive seal was replaced and the plate was incubated (room temperature, 2 h).

3. Plates were washed (x3) with PBS-Tween and 100 pi of Ig-specific antibody 

conjugated with alkaline phosphatase (App. 10.7.3.e.) added to each well. The 

adhesive seal was replaced and the plate incubated at (room temperature, 2 h). Plates 

were washed (x3) with PBS-Tween and 200 pi nitrophenol phosphate enzyme 

substrate (App. 10.7.3.f.) added to each well.
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4. Plates were incubated in the dark for 30 min before the reaction was stopped by 

adding stopping solution (App. 10.7.3.g.), and the absorbance measured at 405 nm 

with ELISA plate reader (Dynatech MR700).
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3. L f f OPOLYSACCHARIDE (LPS)

3.1. RESULTS

Sera from healthy blood donors and from patients with clinical symptoms of VTEC 

infection, were examined for antibodies to the LPS of certain non-0157 VTEC 

serogroups. Saliva samples from patients infected with 0157 VTEC were examined 

for antibodies to the LPS o î E.coli 0157.

3.1.1. The LPS of VTEC other than E.coli 0157

LPS was purified from 12 strains belonging to VTEC serotypes, 05 :H- (E41787), 

026:H11 (E36038), 055:H7 (E40230), O104:H2 (E32627), O105:H18 (E43549), 

Ol l LH-  (E52849), O115:H10 (E47748), 0128:H2 (E41509), 0145:H25 (E38938), 

0153:H25 (E31695), 0163:H19 (E31708) and 0165:H25 (E46091). These 

serogroups represent the most clinically significant and most frequently isolated 

VTEC serogroups world-wide (WHO Report on Zoonotic non-Ol57 shiga toxin- 

producing Escherichia coli (STEC), 1998, Willshaw et al. 1999 and data from the 

LEP). Purified LPS from each strain was analysed by SDS-PAGE and silver stained 

for carbohydrate (Figure 3.1.), as described by Chart and Rowe (1990).

3.1.1m . Serum antibody response o f  patients with suspected VTEC infection to non-

0157 LPS antigens

Sera from 167 patients with clinical symptoms of a VTEC infection, that did not 

contain antibodies to the LPS of E.coli 0157, were analysed for antibodies to the LPS 

of strains of E.coli other than serogroup 0157, using a dot immunoassay, described 

by Chart and Rowe (1997). A total of 12 (7%) contained antibodies binding to LPS 

from E.coli 05 (1), 026 (2), 0115 (2), 0145(1), 0163 (1) and 0165 (5) (Table 3.1.).
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The results of dot immunoblotting were confirmed with SDS-PAGE and 

immunoblotting (Figure 3.2).

Figure 3.1. Silver-stained LPS profiles from E.coli 05 (lane 1), 026 (lane 2), 0115 

(lane 3), 0145 (lane 4), 0163 (lane 5) or 0165 (lane 6) (Jenkins & Chart 1999).

1 2  3 4  5 6
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Table 3.1. Age and symptoms of patients with serum antibodies to the LPS of E.coli 

05, 026, 0115, 0145, 0163 or 0165.

Serum Age/Sex Symptoms Antibodies to Serogroup

NB8 26/F BD 05

NB14 27/M BD 026

NB21 3/M BD 026

NB13 78/F BD 0115

NB22 89/F BD 0115

NB16 7/M HUS 0145

NB23 23/M HUS 0163

NB19 1/F renal failure 0165

NB11 6/F BD 0165

NB5 14/F BD 0165

NB3 25/F BD 0165

NB9 48/M thrombocytopenia 0165

BD - bloody diarrhoea, HUS - haemolytic uraemic syndrome

3.1. Lb. Determination o f the class ofpatients ’ serum antibodies to the LPS o f E.coli 

belonging to serogroups other than 0157.

The class of antibody response produced following infection with non-0157 VTEC 

patients was assessed by immunoblotting using Ig class-specific antibodies. Sera from 

6 patients, with antibodies to the LPS of E.coli 05, 026, 0115, 0145, 0163 and 

0165, were reacted with the homologous LPS type and the antibody class was 

determined. The patients with serum antibodies to 05 LPS and 0163 LPS were 

shown to produce antibodies of the IgA and IgM class, but not of the IgG class. 

Patients with antibodies to 026 LPS and 0145 LPS produced antibodies of the IgG
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and IgM class, with a weak IgA response, and those with antibodies to 0115 LPS and 

0165 LPS expressed IgG class antibodies only (Table 3.2).

Figure 3.2. Sera from patients with symptoms of a VTEC infection contained 

antibodies binding to the LPS of E.coli 05 (lane 1), 026 (lane 2), 0115 (lane 3),

0145 (lane 4), 0163 (lane 5) or 0165 (lane 6) (Jenkins & Chart 1999).



Table 3.2. Class of antibody response to the LPS of certain E.coli serogroups in 

patients with symptoms of a VTEC infection.

Patient Antibodies to 
Serogroup

Clinical Symptoms Age

Class of antibody 
response
IgA IgG IgM

NB8 05 BD 26 + - +

NB21 026 BD 3 wk+ + +

NB13 0115 BD 78 - + -

NB16 0145 HUS 7 wk+ + +

NB23 0163 HUS 23 + - +

NB5 0165 BD 14 - + -

BD - bloody diarrhoea, HUS - haemolytic uraemic syndrome, wk - weak

3.1. I.e. Healthy controls and patients without diarrhoeal disease: Antibody response

to the LPS o f  E.coli other than 0157.

To assess the significance of patients’ antibodies to the LPS of non-0157 VTEC 

serogroups, sera from people without symptoms of diarrhoea were tested for 

antibodies to the LPS of certain VTEC. Sera from healthy blood donors and children 

(<16 years) in hospital with no evidence of diarrhoeal disease, were examined for 

antibodies to the LPS of strains of E.coli belonging to serogroups 05, 026, 055, 

0111 and 0165. Serogroups 026, 055 and 0111 were chosen because they are 

serogroups commonly associated with VTEC infection. Serogroups 05 and 0165 

were chosen because antibodies to these two serogoups were detected most 

frequently in patients’ sera examined in this study and in previous studies carried out 

in this laboratory (Chart and Rowe 1990 and Table 3.5). The results show show 2 of 

20 children had antibodies to the LPS examined. One had antibodies to the LPS of
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05 and the other had antibodies to both 05 and 0165. In contrast, of the 20 adult 

blood donor’s sera tested, 13 had antibodies to the LPS examined (Table 3.3.).

Table 3.3. Antibody response of healthy blood donors and children without 

diarrhoeal disease, to the LPS of selected E.coli serogroups.

Group Total 05 026 055 O l l l 0165 05 & 
0111

05 & 
0165

05, 
0111 & 
0165

Children 20 1 0 0 0 0 0 1 0

Blood 20 1 0 0 0 2 1 7 2

Donors

3.1.2. Common ancestry of 0157 VTEC and 055 EPEC

Ludwig et al. (1996) reported that rabbit antibodies raised to the LPS of E.coli 0157 

cross-reacted with the LPS of E.coli 055, and the clonal relationship between EPEC 

055:H7 and VTEC 0157:H7 was discussed. In this study, this antigenic relationship 

was investigated using LPS prepared from strains o f E.coli 0157 and 055, and rabbit 

antibodies to the LPS of these serogroups (kindly donated by Tom Cheasty, 

Laboratory of Enteric Pathogens, Colindale). Sera from patients infected with E.coli 

0157, and known to contain antibodies to 0157 LPS, were also examined.

A panel of strains o f E.coli belonging to serogroup 055 (App. 10.1.5.), including a 

strain o f E.coli 055:H7 which expressed Verocytotoxin (App. 10.1.La.), were 

analysed alongside strains of E.coli 0157 expressing LPS profiles A, B or C (Chart et 

a l  1993). Nineteen strains of E.coli belonging to serogroup 055, and expressing a
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range of flagellar antigens, H4(l), H7(2), HI 0(2), HI 2(2), H22(l), H24(l), H27(l), 

H32(3), H34(2), H35(2), H42(l) or H45 (1), were found to express LPS giving one 

of two distinct SDS-PAGE profiles. With reference to Figure 3.3., the LPS profile in 

lane 1 was expressed by strains with flagellar antigens H4, H7, H10, H12, H22, H24, 

H27, H32 and H45 and the profile in lane 2 was expressed by strains with flagellar 

antigens H34, H35 and H42.

The three LPS profiles prepared from strains oiE.coli 0157 bound rabbit antibodies 

prepared to E.coli 0157 LPS, but these antibodies did not bind to the 19 profiles of 

E.coli 055 LPS. All 22 LPS profiles were also reacted with human sera containing 

antibodies to the LPS o ï E.coli 0157. Only LPS from E.coli 0157 bound patients’ 

antibodies by immunoblotting (Figure 3.3.). The 19 LPS profiles prepared from 

strains of E.coli 055 and the three LPS profiles prepared from E.coli 0157 were 

reacted with rabbit antibodies prepared to E.coli 055  LPS. All 19 LPS profiles 

prepared from strains o ï E.coli 055, reacted with antibodies prepared to E.coli 055 

LPS, but these antibodies did not bind to E.coli 0157 LPS profiles A, B or C (Figure

3.3.).

3.1.3. Salivary antibodies to E.coli 0157

In this part of the study, the salivary antibody response to E.coli 0157 LPS was 

examined. Patients with serum antibodies to the LPS of E.coli 0157 were requested 

to supply a sample of saliva. Saliva samples were obtained from 50 patients with 

serum antibodies to the LPS of E.coli 0157 and coUected using a commercial sponge 

swab (Malvern Medical Developments, Worcester) (Figure 3.4.). Saliva was
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extracted by squeezing the detached sponge in the barrel of a disposable syringe. 

Saliva samples were also obtained from 12 healthy children and used as controls.

Figure 3.3.a. SDS-PAGE showing LPS expressed by strains of E.coli 055 (lane 1 or 

lane 2). LPS from strains of E.coli 0157 are shown for comparison (lanes 3-5). 

b. Immunoblot of rabbit antibodies specific for the LPS of E.coli 055 bound to 

E.coli 055 LPS (lanes 6 and 7) but not to 0157 LPS (not shown). Patients infected 

with E.coli 0157 produced antibodies binding to the LPS from E.coli 0157 (lane 8) 

but not with either of the E.coli 055 LPS profiles (not shown) (Chart, Jenkins, Smith 

& Rowe 1998a).

a
1 2 3 4 5 b 6 7 8



Saliva samples from 20 (40%) patients were shown to contain antibodies to the LPS 

of E.coli 0157. Saliva from the remaining 30 patients and 12 controls did not contain 

antibodies to the 0157 LPS antigen. The samples were then analysed according to 

the age of the patient, twenty samples were from children (<16 years) and 16 were 

from adults (>16 years). The age of the remaining 14 patients was not known. Of the 

20 samples from children, 11 had salivary antibodies to 0157 LPS (55%), whereas 

0157 LPS antibodies were found in 4 (25%) saliva samples from the adult group.

Figure 3.4. (a) Saliva sampling using the commercial kit. (b) The components of the 

saliva sampling kit.

a
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3.2. DISCUSSION

Many different VTEC serotypes have been associated with patients suffering from 

bloody diarrhoea, HC and HUS, and antibodies to non-0157 VTEC LPS have been 

detected in these patients. The use of this method for obtaining evidence of VTEC 

infection and the problems associated with it were assessed.

3.2.1. Antibody response of patients to non-0157 LPS antigens

The incidence of VTEC serogroups other than 0157, was serologically assessed by 

analysis of sera from patients with clinical symptoms of VTEC including BD or HUS, 

who did not have antibodies to the LPS of E.coli 0157, for antibodies to the LPS of 

E.coli 05, 026, 055, 0104, 0105, 0111, 0115, 0128, 0145, 0153, 0163 and 

0165. Twelve of 167 (7%) sera contained antibodies binding to LPS from E.coli 05 

(1), 026 (2), 0115 (2), 0145 (1), 0163 (1) and 0165 (5). It was not practical to 

analyse all 173 E.coli serogroups but these 12 represent the most commonly isolated 

VTEC serogroups associated with human infection world-wide (Table 1.4.). Notable 

exceptions to this group include E.coli 0118, which has been associated with human 

infection three times in England and Wales in the past 8 years (Table 3.4), and E.coli 

serogroup 0103, which has recently been shown to be an important cause of VTEC 

infection in Europe, the USA and Canada (Schmidt et al. 1999). Ludwig et al. 

(1996) found that in Germany, 10% of patients with HUS had evidence, by bacterial 

isolation and/or LPS serology, of infection with VTEC serogroups other than 0157. 

However, the studies cannot be compared directly, as the present study included only 

serological data and sera from patients with HUS, HC and BD, whereas the study in 

Germany involved both culture and serology data, and sera only from patients with 

symptoms of HUS.
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The serology results were compared with the number of VTEC serogroups other 

than 0157 in England and Wales isolated by the Laboratory of Enteric Pathogens 

(LEP) between 1990-1998. In the LEP, VTEC other than 0157 are detected with 

VT-specific gene probes and PCR techniques and the strains are identified 

biochemically and serologically. The data collected over the last 8 years are shown in

Table 3.4.

The serological data indicates that the incidence of infection with VTEC other than 

0157, is higher than the culture data suggests. In a twelve month period, 70 sera 

received by the LEP for routine 0157 LPS serology, were found to contain antibodies 

to the LPS o ï E.coli 0157, and a further 12 had antibodies to the LPS of the other 

E.coli serogroups tested. Therefore, 12 of 82 sera (15%) with antibodies to E.coli 

LPS contained antibodies to LPS other than E.coli 0157. In the same 12 month 

period, the culture data showed that less than 1% of all VTEC isolated belonged to 

serogroups other than 0157. There are no tests available to routine diagnostic 

laboratories for the detection of VTEC other than 0157, and so the culture data is 

obtained from the analysis of a very small number of faecal samples from defined 

cases, where the patient has HUS but there is no evidence of VTEC 0157.

Therefore, the culture data from the LEP has only limited use for the estimation of the 

incidence of infection with VTEC other than 0157. Serological data is obtained from 

a larger number of cases with symptoms varying from diarrhoea to bloody diarrhoea 

to HUS, and may be more useful in determining the true incidence of VTEC infection.

Of the 167 patients in the present study, who had symptoms of a VTEC infection, 2 

had antibodies to 026 LPS. E.coli 026  is the second most frequently isolated VTEC
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serogroup in England and Wales (Table 3.4), but serological evidence of 026 VTEC 

infection in England and Wales is scarce (Chart and Rowe 1990). Studies in Italy and 

Germany involving detection of antibodies to LPS in HUS patients, show antibodies 

to 026 LPS in 4 of 30 (13%) and 3 of 107 (2.8%) patients tested, respectively 

(Caprioli et a l 1992, Ludwig et al. 1996), whereas work carried out in India found 14 

of 28 HUS patients tested had antibodies to 026 LPS compared to only 4 with 0157 

LPS antibodies. These results suggest geographic differences in the frequency of 

infection caused by VTEC serogroup 026.

Table 3.4. VTEC from human infections (Thomas et a l  1996 and LEP unpublished 

data)

Year 0157 Other serogroups

No. Serogroups

1990 250 5 26 (3), 168, 0?

1991 361 6 26 (3), 118, 128, 0?

1992 470 4 26, 103, 173,0?

1993 385 5 9, 26, 101, 118, 146

1994 411 4 26 (2), 128, 134

1995 792 5 26 (3), 76, 0?

1996 660 1 O?

1997 1087 3 26 (2), 0?

1998 890 3 026 ,0118 ,0128

Total 5306 36

Antibodies to 055 LPS were not detected in patients in this study and antibodies to 

the LPS o i E.coli 05 were detected in only one patient (Table 3.5.). Ludwig et al. 

(1996) found that antibodies to the LPS o i E.coli 055 were the most commonly 

detected, other than 0157, in patients with HUS (Table 3.5). They suggested this
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might be due to cross reactions between 0157 LPS and 055 LPS, although work 

described in Sections 3.1.2 & 3.2.2. ofthis thesis show that this is unlikely. Previous 

studies have identified antibodies to the LPS 05, 0115,0145,0153 and

0165 in 19% of sera examined, with antibodies to 05 being most frequently detected 

(Chart and Rowe 1990) (Table 3.5). A later study (Chart 1996) identified three 

patients with serum antibodies to the LPS o f  E05 out of 100 patients tested but 

none to the LPS of the other 11 serogroups.

In this study, antibodies to the LPS of the common VTEC serogroups were not found 

in 155 out of the 167 patients suffering from symptoms of VTEC disease. As the 

antibody response to LPS in patients infected with VTEC is well established (See 

sections 1.4.3.a, 1.4.3.b and Table 1.9), it is suggested that the large number of 

patients whose sera did not have antibodies to the LPS of the common VTEC 

serogroups was not due to a lack of antibody response to these antigens, but more 

likely a result o f these patients being infected with either VTEC serogroups not 

included in the panel of strains tested here or with other bacteria. For example, 

infection with Shigella dysenteriae 1 can result in symptoms similar to those caused 

by infection with VTEC, and variety of other bacteria, such as 

(Tschape et al.1995). Viruses and ricketsia have also been associated with HUS 

(Levin and Barrett 1984). In this study sera from only 2 of 28 patients, who had 

VTEC isolated from their stool samples, did not contain antibodies to LPS (See 

Appendix 10.2.2. and sera NA4, NB20 and NB24). However, some of the cases of 

HUS might have been caused by VTEC without the resultant production of ‘O’ 

antigen specific antibodies. Chart and Rowe (1990) describe patients with HUS and 

faecal E.coli belonging to serotypes O105ac:H18 and 0163:H19, who did not 

produce antibodies to the OlOSac or 0163 ‘O’antigens. A later study found only 1 of
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3 patients, who were culture-positive for 0111 VTEC, had 0111 LPS antibodies 

(Ludwig et al 1996). In order to accurately assess serological diagnosis of VTEC 

infection sera from patients from whom VTEC has been isolated are required. The 

problems with obtaining isolates of VTEC other than serogroup 0157 with matched 

sera are due to difficulties in detecting these strains in the routine laboratory (See 

section 1.3.5.).

This study has shown that patients infected with VTEC other than serogroup 0157 

can produce an antibody response to the LPS antigens and in certain situations, such 

as those described above, the detection of serum antibodies to the LPS of non-0157 

VTEC may be useful. Detection of LPS antibodies specific for E.coli 0157 is well 

established and the method can be modified for non-0157 VTEC serogroups in an 

outbreak situation where the serogroup of the causative strain has been determined 

(Voss et al. 1998). However, the value of analysing sera from sporadic cases for 

antibodies to LPS o f E.coli other than serogroup 0157, where matched faecal 

samples are unavailable, is doubtful, as it is a time consuming procedure and, in this 

study, only 7% of sera contained antibodies to the LPS of the 12 E.coli serogroups 

examined. Also, the detection of serum antibodies to the LPS of certain E.coli 

serogroups in patients, does not prove the patient has a VTEC infection, only that 

they are infected with E.coli of that serogroup. The detection of antibodies to the 

LPS o f E.coli serogroups associated with VTEC infection in healthy individuals (See 

Sections 3.1.I.e. and 3.2.3.) further complicates the analysis.

Despite the problems associated with this approach, the serology results indicate that 

the incidence of non-0157 VTEC infection is higher in England and Wales than
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current culture data suggests, and this illustrates the need for the development of 

methods for detecting VTEC other than 0157 in routine diagnostic laboratories.

3.2.2. Determination of the class of patients’ serum antibodies to the LPS of

E.coli belonging to serogroups other than 0157.

In general, the primary response to infection involves the production of IgM-class 

antibodies, with an IgG and/or IgA response developing subsequently. High levels of 

IgM-class antibodies to 05, 026, 0145 and 0163 LPS antigens shown in this study, 

suggest recent infection with E.coli of the corresponding serogroups. However, the 

basis for IgG-class, but no IgA or IgM class antibodies to 0115 and 0165 LPS, can 

not be explained readily. Previous exposure to these serogroups may have caused 

antibodies to be produced during an earlier infection causing an IgG-class response on 

subsequent exposure, but this remains to be demonstrated.

3.2.3. Antibody response of non-diarrhoeal patients to non-0157 VTEC LPS

antigens.

It is important to assess the background level of antibodies to the LPS of certain 

serogroups in the healthy population if this serological technique were to be used to 

detect evidence of VTEC infection. LPS profiles of E.coli 05, 026, 055, 0111 and 

0165 were used to detect antibodies to these LPS antigens in a population without 

symptoms of diarrhoeal disease. Antibodies were not detected to the LPS o f026 and 

055, and this may be because E.coli serogroups 026 and 055 are associated with 

diarrhoeal disease and are not usually present in the healthy population in this country. 

Three sera (15%) from the adult group contained LPS antibodies to 0111, but none 

from the children’s group and this increase of 0111 LPS antibodies with age
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corresponds with work by Ludwig et al. (1996). Ludwig et al. (1996) screened 

control sera from all paediatric age groups for antibodies to the LPS of E.coli 026,

055, 0111 and 0128, and they found IgG class antibodies to 0111 LPS increased 

with age but that levels of IgG class antibodies to other ‘O’ antigens were 

considerably lower. Forty years ago, Neter et al. (1955) reported that healthy 

individuals had higher antibody titres against the ‘O’ antigens of EPEC serogroups 

026, 055 and 0111, with increasing age. Over the past forty years there has been a 

decline in diarrhoeal disease caused by the classical EPEC serogroups, such as 026 

and 055, and this is reflected in the differences in antibody titres to E.coli LPS found 

by Neter et al. (1955) and those found in this study and by Ludwig et al. (1996).

In this study, a much higher proportion of healthy adult sera contained antibodies to 

the LPS o f E.coli 05 and 0165, 60% and 55% respectively, compared to the 

children’s sera, 10% and 5% respectively. These results may explain why 05 and 

0165 LPS antibodies were identified most frequently in patients with symptoms of a 

VTEC infection caused by serogroups other than 0157 (Chart et al. 1990 and this 

study), and illustrates one of the problems with using this method to detect infection 

caused by E.coli other than serogroup 0157. Other studies did not look for LPS 

antibodies to E.coli 05  and 0165, and it is not possible to say if this is a common 

occurrence without analysing more sera from healthy people. Why so many 

individuals have antibodies to these two serogroups in this population is not known. 

The incidence of these bacteria in the gut of healthy adults has not been determined. 

The antibodies to these LPS types may result from cross-reactions to the LPS of other 

bacteria commonly found in the gut, as parts of the 05 carbohydrate structure have 

been detected in Hafnia alvei, Acinetobacter baumanniU Proteus pem eri
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(Katzenellenbogen et a l 1995, Sidorczyk et al. 1996, Haseley et al. 1997, MacLean 

and Perry 1997), and the 0111 carbohydrate structure has been found in Salmonella 

adelaide and S.monschani (Olarte and Vaerela 1952).

Bacterial analysis of faecal samples from the healthy population would help determine 

whether the high numbers of people with antibodies reacting with the LPS of E.coli 

05 and 0165, were due to a high carriage rate of these E.coli serogroups, or shared 

LPS epitopes with other enteric bacteria. The levels of serum antibody to the LPS of 

common VTEC serogroups in the healthy population needs to be determined before 

detection of antibodies to the LPS of serogroups other than 0157, to diagnose VTEC 

infection, can be fully assessed.

3.2.4. Common ancestry of 0157 VTEC and 055 EPEC

This study has shown that antibodies raised to 0157 LPS do not cross-react with LPS 

expressed by E.coli 055, and vice versa. A number of different strains of serogroup 

055 were involved in this part of the study, including a strain of serotype 055:H7 

which expressed Verocytotoxin. These results were important, because when using 

serology to diagnose infection it is necessary to assess possible cross-reactions 

between strains, which would result in a misleading diagnosis.

These results contrast with those from the study carried out by Ludwig et al. (1996) 

on the antibody response to VTEC LPS antigens, where they showed that the most 

commonly detected serum antibody, other than anti-0157 LPS antibody, was to 055 

LPS. They suggested this might be partly due to antibody cross-reactions between 

0157 LPS and 055 LPS, which supports the work by Whittam et al. (1993) that
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E.coli 0157:H7 was recently derived from an 055:H7-like ancestral clone, and that 

some epitopes remain identical between the E.coli 0157:H7 and 055:H7 O-side 

chains. Ludwig et al. (1996) used a commercial preparation of LPS extracted from 

E.coli 055 :B5. It is possible that this strain expressed LPS antigenically unrelated to 

the 19 strains of E.coli used here, which is unlikely, or that the LPS o ï E.coli 055 :B5 

was chemically modified during commercial extraction, exposing on the LPS chains 

sugars common to the LPS of both E.coli 055:B5 and E.coli 0157.

3.2.5. Salivary antibodies to E.coli 0157 LPS antigens

The serodiagnosis of infection with E.coli 0157 requires a sample of blood; however, 

taking samples of blood may pose problems for infants and very young children. 

Detection of antibodies in saliva has been used to diagnose certain viral and bacterial 

infections (Mortimer and Parry 1988), and this led to the investigation of salivary 

antibody response to infection with E.coli 0157 in this study. The results show that 

only 20 (40%) of the 50 patients expressed salivary antibodies to 0157 LPS, and 

there are number of possible explanations for this. Saliva samples were collected from 

patients between 2-6 weeks after the onset of infection, because patients were first 

identified as having serum antibodies to 0157 LPS before saliva samples were 

requested, and the levels of salivary antibody to the LPS antigen may have decreased 

in that time. Lehner (1982) analysed the concentration of different antibody classes in 

saliva compared to plasma and found that immunoglobulin levels in saliva were 

significantly lower than those found in plasma (Table 3.6.). The highest 

concentrations of salivary antibody are found in the area where the teeth and gums 

meet, the gingival crevasses which contain fluid from the capillary bed beneath the 

tooth and gum. Future work on the analysis of saliva samples for antibodies to LPS
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should involve taking sequential samples at various time intervals after onset of 

infection to try to establish when antibodies antibody levels after infection are at a 

peak.

The patients were divided into two groups, 16 adults (>16 years) and 20 children 

(<16 years), the ages of 14 patients were not known. In the children’s group, 11 

(55%) had 0157 LPS salivary antibodies, compared to 25% of the adults group. This 

is significant, as the salivary antibody test is more likely to be used in the diagnosis of 

children. The analysis of saliva could be an alternative method for detecting evidence 

of E.coli 0157 infection when serum samples are not available.

Table 3.6. Immunoglobulin concentration (mg/100 ml) in plasma, whole saliva and 

salivary components (from Mortimer & Parry 1988, based on Lehner 1982).

IgG IgM IgA

Plasma 1250 80 220

Whole saliva 1.40 0.20 19.4

Saliva from salivary glands 0.04 0.04 19.4

Saliva from the gingival 350 25 110

crevasses
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4 . PROTEINS ENCODED BY THE LOCUS OF ENTEROCYTE 

EFFACEMENT (LEE)

4.1. RESULTS

During this study, examination of culture supernatants for other antigenic proteins led 

to the unexpected observation that culture supernatants from an EPEC strain 

0111 :H2 (E20513), reacted strongly with serum antibodies from a patient infected 

with VTEC. To identify the antigen involved, culture supernatants of VTEC and 

EPEC were analysed further.

4.1.1. Analysis of VTEC & EPEC culture supernatants by the “dot blot”

technique

Supernatants from broth cultures of VTEC 0165:H25 (E46091) and EPEC 0 1 1 1:H2 

(E20513) were analysed by spotting them onto nitrocellulose paper. The spots of 

supernatant were reacted with serum from a patient with antibodies to the LPS of 

E.coli 0157. The patient’s serum reacted weakly with the VTEC supernatant but 

strongly with the EPEC supernatant. This phenomenon was investigated further by 

reacting the patient’s serum with broth culture supernatants of four strains of E.coli 

known to express the secreted proteins encoded by the LEE, EPEC 0127.H6 

(E2348), VTEC 026:H11 (E33167), EPEC 0 1 19:H6 (E l397) and EPEC 0142:H6 

(E851), and four other E.coli strains associated with diarrhoeal disease, EAggEC 

0126:H27 (E57150), EAggEC O102:H27 (E71341), DAEC 021 :H5 (E68728), and 

EIEC 0143 :H- (E35990). Doubling dilutions of the broth culture supernatants of 

these strains were spotted onto nitrocellulose paper and reacted with serum from a 

patient infected with VTEC 0157. The serum reacted with culture supernatants from 

the strains expressing the LEE-encoded proteins, but not with the other E.coli strains
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(Figure 4.1.). These results suggested that antigenic products in the culture 

supernatants of the EPEC and VTEC strains, could be the secreted proteins encoded 

by the LEE and that patients infected with VTEC produce antibodies to the VTEC 

secreted proteins, which cross-react with the EPEC secreted proteins.

Figure 4.1. Immunoblot showing doubling dilutions (left to right) of broth culture 

supernatants of different enterovirulent E.coli reacting with sera from a patients 

infected with VTEC 0157:H7 (Lane 1 EPEC 0127:H6 (E2348), Lane 2 EAggEC 

0126:H27 (E57150), Lane 3 EAggEC O102:H27 (E71341), Lane 4 VTEC 026:H11 

(E33167), Lane 5 EPEC 0 1 19:H6 (E l397), Lane 6 DAEC 02LH5 (E68728), Lane 

7 EPEC 0142:H6 (E851), Lane 8 EIEC 0143:H- (E35990)
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4.1.2. Analysis of EPEC culture supernatants by SDS-PAGE

Proteins in the culture supernatant of EPEC strain E20513 (O lll  :H2) were separated 

using SDS-PAGE and analysed by immunoblotting with serum from a patient infected 

with VTEC 0157. Serum antibodies were found to bind to proteins of 15, 25, 39, 40 

and 80 kDa (Figure 4.2.)

4.1.2.a. Antibody response to the culture supernatant proteins in patients infected

with VTEC 0157

Thirty-five serum samples from patients with antibodies to the LPS of VTEC 0157 

were reacted with the culture supernatant proteins by immunoblotting (Table 4.1.). 

Twenty-one sera (60%) reacted with one or more of the five proteins of 15, 25, 39,

40 and 80 kDa (Table 4.1.). Figure 4.2. shows a secreted protein profile of the five 

proteins reacted with serum from a patient infected with VTEC 0157, containing 

antibodies to all five proteins. However, in some cases where patients’ sera contained 

antibodies to either the 39 kDa or the 40 kDa protein, it was not possible to determine 

which protein was reacting with the sera as they were very similar in size. The 

antibody reactions to the 39 kDa and 40 kDa proteins were, therefore, grouped 

together (Table 4.1.). Nineteen sera (54%) reacted with the protein of 80 kDa, 21 

(60%) sera reacted with the 39/40 kDa proteins, 10 (29%) sera contained antibodies 

to the 25 kDa protein, and 8 (23%) sera reacted with the protein of 15 kDa (Table

4.1.). Twelve control sera, taken from healthy blood donors, were also reacted with 

the supernatant protein profiles. Two control sera reacted weakly with the 80 kDa 

protein (17%), one serum (8%) reacted weakly with both the 39/40 kDa protein and 

the 25 kDa protein, the control sera did not contain antibodies to the 15 kDa protein.
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Figure 4.2. Human antibodies binding to secreted proteins of 80,40, 39,25 15 kDa 

(arrowed) (Chart, Jenkins, Smith & Rowe 1998c).

80 kDa

<----- 40 kDa

*  25 kDa

15 kDa
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Table 4.1. Sera from patients with antibodies to the LPS of E.coli 0157 were tested 

for antibodies to culture supernatant proteins.

Serum Age/Sex Symptoms 80 kDa 39/40 kDa 25 kDa 15 kDa

PA1 02/M Vomiting + + - +

PA2 na/F na - + -
PA3 01/M HUS - - - -

PA4 02/F na - - -

PA5 na/ na HUS + + -
PA6 06/F HUS + + - -

PA7 03/M na + + + +

PA8 02/M HUS - - -
PA9 03/F HUS + + - +

PA10 45/F AP - - -
PA11 04/M Vomiting + + + +

PA12 16/M na + + -
PA13 04/M HUS + + - +

PA14 18/F na - - -
PA15 46/F na - - -
PA16 04/M HUS + + +
PA17 14/M na - - -
PA18 45/F na - - -
PA19 na/F HUS + + + +

PA20 04/M HUS + + + -
PA21 02/F HUS + + - +

PA22 09/ na HUS - - -
PA23 37/M na + + +

PA24 03/F HUS + + +

PA25 23/F HUS + + - +

PA26 66/F HUS - + -
PA27 02/M na + + +

PA28 11/F HUS - - -
PA29 01/M na - - -
PA30 03/F HUS - - -
PA31 05/F HUS + + -
PA32 02/F na + + +

PA33 65/F na - - -

PA34 03/F HUS - - -

PA35 02/M HUS + + +

na - data not available, AP - abdominal pain, HUS - haemolytic uraemic syndrome
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4.1.2.b. Antibody production to individual secreted proteins by patients with HUS 

Of the 35 patients in this part of the study, 19 were described as having symptoms of 

HUS (Table 4.2.). Of these 19 patients, 12 (63%) had antibodies to the 80 kDa 

protein, 13 (68%) had antibodies to the 39/40 kDa proteins and 5 (42%) had 

antibodies to both the 25 kDa and the 15 kDa proteins (Table 4.2.). Of the 16 

patients that had less severe VTEC infections, 8 (50%) had antibodies to both the 80 

kDa and 39/40 kDa proteins, 5 (31%) had antibodies to the 25 kDa protein and 3 to 

the 15 kDa protein (Table 4.2.).

Table 4.2. The association of antibody production to individual secreted proteins in 

patients with HUS and in patients with less severe symptoms (eg. diarrhoea, bloody 

diarrhoea or vomiting).

Secreted protein 80 kDa 39/40 kDa 25 kDa 15 kDa

Antibody status + + - + - +

HUS (19) 12 7 13 6 5 14 5 14

No symptoms of 
HUS (16) 8 8 8 8 5 11 3 13
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4.L2.C. Antibody response to the culture supernatant proteins in patients with non-

0157 VTEC infection 

A number of non-0157 VTEC serotypes have been shown to express the AE 

phenotype, associated with the LEE-encoded proteins(Table 1.5.). Ten sera shown to 

contain antibodies to the LPS from E.coli 05 (6), 0115 (2), 0145 (1) and 0153 (1) 

(Chart and Rowe 1990), were reacted with the five secreted proteins of 15, 25, 39, 40 

and 80 kDa. Three of six sera with antibodies to the LPS of E.coli 05 and both sera 

with antibodies to 0145 and 0153 LPS, produced antibodies to one or more of the 

five proteins. These antibodies were not detected in either of the two sera with 

antibodies to the LPS of E.coli 0115 (Table 4.3.).

Table 4.3. Sera from patients with antibodies to the LPS of non-0157 VTEC were 

tested for antibodies to culture supernatant proteins.

Serum Age/S

ex

Symptoms E.coli

Serogroup

80 kDa 39/40

kDa

25

kDa

15

kDa

NA1 49/M HUS 05 - - - -

NA2 02/F HUS 05 + + + -

NA3 64/M na 05 - - - -

NA4 03/M HUS 0145 + + + +

NA5 na/na na 05 + + - -

NA6 13/F BD 05 + + - -

NA7 12/M Renal failure 05 - - - -

NA8 90/F Diarrhoea 0115 - - - -

NA9 na/na na 0153 + + + -

NA10 75/F Diarrhoea 0115 - - - -

na - data not available, HUS - haemolytic uraemic syndrome, BD - bloody diarrhoea
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4.1.3. Outer membrane proteins of VTEC and EPEC strains

Jerse et al. (1990) identified a 94 kDa outer membrane protein, intimin, as the product 

of the eae gene. The antibody response of patients with a VTEC infection to intimin 

produced by certain VTEC and EPEC strains was assessed.

4.1.3. a. Intimin outer membrane protein

Outer membrane protein (OMP) profiles of three EPEC strains, serotypes 0142 :H6 

(E851), 0127-.H6 (E2348) and 0111:H2 (E20513), and three VTEC strains, 

serotypes 0157iH- (E32511), 026:H11 (E36038), and 055.H7 (E40230), all of 

which hybridised with the eae probe, were analysed for the presence of intimin. All 

strains expressed a protein of ~94kDa, which reacted with rabbit sera containing 

antibodies raised to intimin (kindly donated by Dr. Gad Frankel, Imperial College, 

London). Figure 4.3. shows the OMP profile of the three EPEC strains with arrows 

pointing to the intimin protein in each strain. These three EPEC strains were 

compared with three non-pathogenic E.coli strains, of matching serogroups, which 

did not hybridise with the eae probe and did not express intimin.

4.1.3.b. Antibody response o f VTEC patients to VTEC and EPEC intimin 

Outer membrane protein profiles from the 3 EPEC serotypes 0142:H6 (E851), 

0127:H6 (E2348) and 0 1 1 1:H2 (E20513) and 3 VTEC serotypes, 0157:H- 

(E32511), 026:H11 (E136510) and 055:H7 (E40320) were reacted with sera, from 

patients with HUS, containing antibodies to the EPS of E.coli serogroups 05 (1) 

(App. 10.2.5. Serum NA2), 026 (2) (App. 10.2.6. SeraNB20 andNB21) and 0157 

(4) (App. 10.2.2. Sera PB1, PB2, PB3 and PB4), to determine whether these patients 

produced antibodies to intimin. All seven sera all reacted with the intimin protein
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from all 3 EPEC and all 3 VTEC strains. An example of tins reaction is illustrated m 

Figure 4.4.

Figure 4.3. Outer membrane protein profiles of 3 EPEC strains 0142:H6 (E851) 

(Lane 2), 0127:H6 (E2348) (Lane 4) and O l lh f f i  (E20513) (Lane 6) and 3 E.coli 

strains, 0142:H38 (E27897) (Lane 1), 0127: H- (E27757) (Lane 3), and 

0111ab:H21 (E136396) not expressing intimin (Lane 5).
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Figure 4.4. Serum from a patient infected with VTEC 0157:H7 contained antibodies 

which reacted with intimin (arrowed) from EPEC serotype 0142:H6 (E851) (Lane 2). 

E.coli strain serogroup 0142:H38 (E27897), which did not express intimin, did not 

react with the patient’s antibodies (Lane 1).
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4.1.4. Human Antibody Response of Patients Infected with VTEC to 

Recombinant Protein Antigens Encoded on the LEE Locus

The antibody response of patients with a VTEC infection to the LEE proteins was

investigated further using recombinant LEE encoded proteins constructed by Dr. Gad 

FrankeVs group at Imperial College, London. Recombinant EspA, EspB and EspD 

and parts of the intimin and Tir proteins were constructed from a strain of EPEC 

0127:H6 (E2348) and whole recombinant Tir protein was constructed from a VTEC 

0157:H7 strain (see Section 2.1. for details on plasmid construction). These proteins 

were analysed by SDS-PAGE and stained with Coomassie blue (Figure 4.5.).

Multiple banding (Figure 4.5, Lanes 1 and 5.) was caused by breakdown of the 

recombinant protein.

Figure 4.5. SDS-PAGE gel of purified recombinant proteins stained with Coomassie 

blue. Lane 1 Intimin387-666 (38 kDa) Lane 2 EspA (25 kDa), Lane 3 EspB (41 kDa), 

Lane 4 Tir-M (25 kDa), Lane 5 Tir-N (30 kDa), Lane 6 Tir-C (35 kDa).
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4.1.4.a. Antibody Response o f Patients Infected with 0157 VTEC to Recombinant 

Protein Antigens Encoded on the LEE Locus 

Sera from 20 culture-positive patients with VTEC 0157 infection were reacted with

the recombinant in tim in^.^  antigen by immunoblotting. An example of this reaction

is illustrated in Figure 4.6., Lane 1. Thirteen of the 20 patients’ sera, but none of the

control sera, contained antibodies binding to the intimin^ ^  fragment (Table 4.4.).

Immunoblotting analysis demonstrated antibodies binding to EspA in 14 of 20

patients’ sera (an example is illustrated in Figure 4.6., Lane 2) (Table 4.4.) and in one

control serum.

Due to the limited amount of certain sera, reactivity with the other proteins could not 

be determined for all the samples. Seven of the 18 patients’ sera tested contained 

antibodies to the EspB protein (Figure 4.6., Lane 3) and one of 14 patients’ sera had 

antibodies to the EspD protein (Table 4.4.). Three of the control sera had antibodies 

to the EspB protein but none had antibodies to the EspD protein. Reacting human 

sera with the proteins comprising different domains of Tir (Figure 2.2.), using 

immunoblotting, revealed that 14 of 19 patients’ sera and two of 20 control sera 

contained serum antibodies to the EPEC Tir-M protein (Figure 4.6., Lane 4 and Table 

4.5.). Nine of 14 patients had antibodies to the VTEC whole Tir protein, all of whom 

also had antibodies to the EPEC Tir-M (Table 4.5.). Serum antibodies were not 

detected to preparations of Tir-N and Tir-C in either patients’ or control sera (Figure

4.6., Lanes 5 and 6 and Table 4.5.).
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Figure 4.6. Purified proteins immunoblotted with serum from a patient infected with 

0157:H7 (App. 10.2.2. Serum PB2) (Lane 1 Intimin387-66 6, Lane 2 EspA, Lane 3 

EspB, Lane 4 Tir-M, Lane 5 Tir-N, Lane 6 Tir-C).



Table 4.4. The antibody response to intimin387-666 and to the secreted proteins from 

EPEC 0127:H6 (E2348) in sera from patients who were infected with VTEC 0157.

Patient PT VT Age/Sex Intimin387-666 EspA EspB EspD

PB1* 2 2 04/F + - - -

PB2* 2 2 10/M + + + -

PB3* 21/28 2 02/F - - na na

PB4* 2 2 05/M + + + na

PB5* 2 2 08/F + + na na

PB6 2 2 02/M + + - -

PB7* 2 2 13/M + + - -

PB8* 2 2 35/E + + - -

PB9 2 2 07/M + + - -

PB 15 2 2 03/M - - - -

PB16 21/28 2 08/F + + - na

PB 17* 2 2 05/M + + + -

PB18 21/28 ' 2 02/F - + + -

PB19 2 2 04/F + + + na

PB20 49 2 01/M - + + +

PB21 8 1 & 2 72/F - - - -

PB22 21/28 2 03/F + + - na

PB23 21/28 2 02/F - - + -

PB24 21/28 2 05/M + + - -

PB25 21/28 2 82/M - - - -

na - data not available, PT - phage type, VT - Verocytotoxin type 

* - Patients had HUS

127



Table 4.5. The antibody response to Tir from EPEC 0127:H6 (E2348) and VTEC 

0157:H7 (Imperial College strain) in sera from patients who were infected with 

VTEC 0157.

Patient PT VT Age/Sex VTEC-

Tir

Tir-M Tir-N Tir-C

PB1* 2 2 04/F - - - -

PB2* 2 2 10/M + + - -

PB3* 21/28 2 02/F na na - -

PB4* 2 2 05/M na + - -

PB5* 2 2 08/F na + - -

PB6 na na 02/M + + - -

PB7* 2 2 13/M - - - -

PB8* 2 2 35/M - - - -

PB9 na na 07/M + + - -

PB15 49 2 03/M + + - -

PB16 21/28 2 08/F na + - -

PB 17* 2 2 05/M + + - -

PB18 21/28 2 02/F + + - -

PB19 2 2 04/F na + - -

PB20 2 2 01/M - - - -

PB21 8 1 & 2 72/F + + - -

PB22 21/28 2 03/F na + - -

PB23 21/28 2 02/F + + - -

PB24 21/28 2 05/M + + - -

PB25 21/28 2 82/M - - - -

na - data not available, PT - phage type, VT - Verocytotoxin type 

* - Patients had HUS
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4.1.4.b. Antibody Response o f Patients with evidence o f non-0157 VTEC infection 

to Recombinant Protein Antigens Encoded on the LEE 

Sera that contained antibodies to the LPS of E.coli 05 (5), 026 (3), 0115 (2), 0145

(2), 0153 (1), 0163 (1) and 0165 (2) were analysed for antibodies to ln tim in ^ -^

EspA, EspB and Tir-M. Of the five serum samples containing antibodies to the LPS

of 05, three reacted with Intimin387-666, EspB and EspA, and four reacted with Tir-M.

Two of the three sera with antibodies to 026 LPS had antibodies to in tim in ^ .^  one

had antibodies to EspA and all three had antibodies to EspB and Tir-M (Table 4.6.).

Neither of the sera containing antibodies to 0115 LPS reacted with any of the four 

recombinant proteins, however, both the serum samples that reacted with 0145 LPS 

had intimin387-666, EspA, EspB and Tir-M antibodies. Of the two sera with 0153 and 

0163 LPS antibodies, the 0153 sample did not react with intimin387-666, but had 

antibodies to the other three recombinant proteins. Conversely, the 0163 sera did 

have antibodies to intimin387-666 but not EspA, EspB or Tir-M.. One of the sera with 

0165 antibodies did not react to any of the antigens tested, while the other had 

antibodies to intimin387-666, but there was insufficient sample to test for antibody 

binding to the other recombinant proteins.
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Table 4.6. The serum antibody response in patients with evidence of a non-0157 

VTEC infection to intimkw-éôô and the secreted proteins from EPEC 0127:H6 

(E2348).

E Number Age/Sex Symptoms Serogroup Intimin387-666 EspA EspB Tir-M

NA2 02/F HUS 05 + + + +

NA3 64/M na 05 - - - -

NB18 32/F diarrhoea 05 - - + +

NA6 13/F diarrhoea 05 + + + +

NA7 12M renal

failure

05 + + - +

NB7 05/F BD 026 + + + +

NB20 * 01/F HUS 026 - - + +

NB15 21/F diarrhoea 026 + - + +

NA8 90/F diarrhoea 0115 - - - -

NA10 75/F diarrhoea 0115 - - - -

NB16 07M HUS 0145 + + + +

NA 4f 03M HUS 0145 + + + +

NA9 na diarrhoea 0153 - + + +

NB23 23/M HUS 0163 + - - -

NB6 31M diarrhoea 0165 - - -

NB9 48M TTP 0165 + na na na

* A strain of VTEC 026:H11 was isolated from patients’ faeces, eae probe-positive

f  A strain of VTEC 0145:H25 was isolated from patients’ faeces, eae probe-positive

na - data not available, D - diarrhoea, HUS - haemolytic ureamic syndrome,

TTP - thrombocytopaenia

130



4.2. DISCUSSION

4.2.1. The antibody response to the culture supernatant secreted proteins of

VTEC & EPEC

4.2. La. Analysis o f sera from patients infected with VTEC 0157

The observation that culture supernatants from an EPEC strain E20513 (0111 :H2) 

“spotted” onto nitrocellulose paper, reacted strongly with antibodies from patients 

infected with VTEC, led to the theory that patients infected with VTEC raised an 

antibody response to proteins encoded by the LEE locus of VTEC and EPEC.

Further analysis of culture supernatants from various strains of E.coli showed that 

sera from patients with 0157 VTEC infection contained antibodies which reacted 

with the culture supernatant from those strains expressing the AE phenotype only.

This suggested that the patients infected with VTEC were producing antibodies to the 

AE proteins secreted by strains of VTEC, and that they cross-reacted with the 

secreted proteins of EPEC. The antibodies reacted more strongly with the culture 

supernatants of EPEC strains than with those of VTEC strains, and this may be due to 

the influence of the per genes located on the enteropathogenic adherence factor 

(EAF) plasmid (Jerse and Kaper 1991), which is a characteristic of strains of EPEC 

but has not been found in strains of VTEC. The per genes are thought to have a 

regulatory role in expression of the secreted proteins (Jerse and Kaper 1991), and may 

enable strains of EPEC to produce greater quantities of secreted proteins than in 

strains of VTEC.

While this work was being carried out, Jarvis & Kaper (1996) showed that strains of 

VTEC 0157:H7 and 026:H11 secrete extracellular proteins, via a type III secretion 

system, involved in the formation of AE lesions during infection. The expression of
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these secreted extracellular proteins and their role in the AE phenotype had been 

described for strains of EPEC and VTEC (Pai et al. 1986, Trizpori et al. 1989) and 

Jarvis & Kaper (1996) found that the secreted VTEC proteins were recognised by a 

rabbit serum raised to the proteins secreted from EPEC.

The culture supernatant profile from EPEC strain E20513 (0111:H2) was reacted 

with serum from a patient infected with VTEC 0157, and found to contain serum 

antibodies which bound to proteins of 15, 25, 39, 40 and 80 kDa in size. Other 

workers have analysed culture supernatants of another EPEC strain, 0127:H6 

(E2348), and found secreted proteins ranging in size from 19 kDa to 110 kDa (Jarvis 

et al. 1995, Kenny and Finlay 1995). Kenny & Finlay (1995) showed that EPEC 

secrete five distinct proteins of 25, 37, 39, 40 and 110 kDa, and that these proteins 

were essential for transducing signals to the host epithelial cells, causing the cellular 

changes that occur during the adherence of the bacteria to the gut mucosa. Kenny 

and Finlay (1995) found that the 37 kDa protein matched the predicted sequence of 

the espB gene product and later demonstrated that the amino-terminal sequence of the 

25 kDa protein matched an open reading frame on the LEE pathogenicity island, 

which they called EspA (Kenny et al. 1996). The 37 kDa EspB protein and the 25 

kDa EspA protein described by Kenny & Finlay (1995) correlated with the 39/40 kDa 

and 25 kDa proteins in this study. Kenny et al. (1997) also identified two other 

proteins of 72 kDa and 78 kDa secreted by strains of EPEC into the culture 

supernatant, under certain culture conditions. The 78 kDa protein was found to be 

the intimin receptor and was named Tir (translocated intimin receptor). The 80 kDa 

protein described here correlates with the 78 kDa Tir protein described by Kenny et
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al. (1997). The 15 kDa protein observed in this study has not been described by 

other workers.

The detection of antibodies to one or more of the five protein bands in 60% of sera 

from patients with antibodies to the LPS of VTEC 0157 suggests that in most cases 

these proteins are expressed during infection, and this supports the view that they 

have an important role in pathogenesis. Antibodies to these proteins could not be 

detected in 40% of patients with evidence of infection with VTEC 0157, and this may 

reflect variation in the severity of VTEC infection. Antibodies to the 80 kDa and 

39/40 kDa proteins were found more frequently in patients with clinical symptoms of 

HUS, compared to those patients with less severe VTEC infections. Failure to detect 

antibodies to the secreted proteins in the patients’ sera could also be affected by the 

sample being taken before the antibody response had developed, or being taken after 

the antibody response had decreased to undetectable levels.

The results of this study showed that most patients produced antibodies to the 80 kDa 

protein, which was thought to correlate with the Tir protein, and 39/40 kDa protein, 

which was thought to be the EspB protein. Antibodies to the low molecular weight 

proteins of 25 kDa and 15 kDa were detected less frequently. These results also 

showed that antibodies produced to VTEC secreted proteins cross-reacted with those 

expressed by EPEC O lll:H 2.
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4.2. Lb. Analysis o f sera from patients with evidence o f infection with VTEC other

than serogroup 0157  

A number of VTEC serotypes associated with HUS have been shown to express the 

AE phenotype and data from this study showed that patients infected with strains of 

VTEC other than 0157 can produce an antibody response to the secreted proteins.

As with the patients infected with 0157 VTEC, most patients produced antibodies to 

the 80 kDa protein and the 39/40 kDa proteins. Only 3 of 6 sera with antibodies to 

EPS o ï E.coli 0 5  and neither serum with antibodies to the LPS of E.coli 0115  

contained antibodies to one or more of the five secreted proteins. Sera from patients 

with antibodies to the LPS o î E.coli 0145 and 0153 both contained antibodies to one 

or more of the five proteins. Carriage of the LEE locus in VTEC strains belonging to 

serogroups 05  and 0145 is variable, certain strains express the secreted proteins and 

others do not (See Section I.3.4.C. and Tables 1.5. and 1.6.). VTEC strains 

belonging to serogroups 0115 and 0153 examined to date, have been found to not 

carry the LEE locus but very few strains have been tested (Willshaw et al. 1992, 

Sandhu et al. 1996) (Tables 1.5. and 1.6.).

Infection with E. coli 0157 and other VTEC may result in the production of serum 

antibodies to these secreted proteins, indicating that they are expressed during 

infection. The detection of antibodies to the secreted proteins provides additional 

information which may help in interpreting the results of established LPS-based 

serology.
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4.2.2. The antibody response to intimin

Patients infected with strains of VTEC serogroup 0157 produced antibodies to 

intimin which cross-reacted with intimin expressed by other VTEC and EPEC 

serogroups. The intimin proteins from VTEC serotypes 0157:H7 and 055 :H7 are 

thought to be to be closely related (Figure 4.7. and Table 4.7.) and antibodies to the 

intimin of VTEC 0157 may be expected to cross-react with those of VTEC 055. 

Intimin proteins expressed by strains of EPEC serogroups 0111, 026 and 0127 are 

less related to VTEC 0157 (Figure 4.7). However, the results of this study showed 

that antibodies to the intimin of VTEC serogroup 0157 cross-reacted with these three 

serogroups. Serum antibodies from patients infected with VTEC 026:H11 and 

0 5 :H- also reacted with intimin from VTEC 0157:H7, 026:H11 and 055:H7 and 

EPEC 0127:H6, 0142:H6 and 0111:H2.

EPEC and VTEC strains belong to a number of different serogroups. Population 

genetic analysis has shown that strains from these two pathogenic groups, which 

cause different diseases, can be divided into two distinct complexes of related clones, 

each containing both EPEC and VTEC strains, expressing a variety o f ‘O antigens. 

EPEC serotype 0127:H6 belongs to clonal group 1, along with 0142:H6 and 

055:H6, among others. EPEC serogroups 0111 and 026 belong to clonal group 2, 

where as VTEC 0157:H7, VTEC 055:H7 and EPEC 055:H7 have been classed as a 

separate group (Whittam et a l  1993). Work by Adu-Bobie et al. (1998) divided 

EPEC strains in to three groups using rabbit antibodies prepared to the variable 

carboxy-terminal end of the intimin protein of two EPEC strains, one from clonal 

group 1 (0127:H6) expressing alpha intimin, and the other from clonal group 2 

(0 1 14:H2), expressing beta intimin (Whittam & McGraw 1996). The strains which
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reacted with sera raised to a-intimin (group 1) or p-intimin (group 2) and those which 

reacted to neither are shown in Table 4.7. The amino acid sequences of different 

intimins have shown that the amino-terminal regions are highly conserved, while the 

carboxy-terminal regions show less sequence similarity. Adu-Bobie et al. (1998) have 

shown that antibodies specific for the C-terminal end of the intimin protein made by 

one clonal group do not bind to the C-terminal end of the intimin protein from another 

clonal group.

Table 4.7. Strains of EPEC and VTEC which react with sera raised to a-intimin and 

P-intimin and those which react with neither (Adu-Bobie et al. 1998)

Int- a Int-P Not typable

0127:H6 0 1 19:H6 0 1 14:H2 O127:H40

055:H6 0119:H2 0128:H2 055:H-

0142:H34 0 1 11:H- 026:H11 086:H34

0142:H6 0111:H2 026:H- 0157:H7

055:H7

Martinez et al. (1999) examined the antibody response of Brazilian children infected 

with various strains of EPEC including serogroups 055, 0111,0119, 0128 and 

0142 to the intimin protein. They found variability in cross-reactivity of intimins 

expressed by different EPEC serogroups but, overall, they concluded that there was a 

lack of cross-reactivity between the intimin expressed by strains of EPEC belonging to 

different clonal groups. Voss et al. (1998) demonstrated the heterogeneity of the 

intimin protein, when they showed that sera from the patients with an 0111 :H- VTEC 

infection did not react with intimin from an 0157:H- strain.
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Figure 4.7. Dendogram showing the similarity among C-terminal regions in the 

intimin family of proteins (Adapted from Kaper et al. (1998) in Escherichia coli 

0157.H 7 and other Shiga toxin-producing E.coli. Eds. Kaper & O’Brien.).

Strain Serotype

E2348/69 0127:H6
1083/87 0157:H45
Hafhia alvei

83/39
84/110/1 0103

RDEC-la 015:H-

G85 026

H19 026:H11

RDEC-lb 015H-

E2430/78 O lllH -

Citrobacter rodentium

933 0157H7

CL8 0157:H7
— AB9483 055:H7

RC451 0111H8
Yersinia enterocolitia invasin 
Yersinia pestis invasin

EPEC strains are shown in blue and VTEC strains are shown in red.

The present study showed that serum antibodies from patients infected with VTEC 

bind to intimin expressed by strains of EPEC and VTEC from various serogroups, 

including those from different clonal groups, eg. serum from a patient infected with 

0157:H7 contained antibodies which reacted with intimin from EPEC 0127:H6
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(Figure 4.4.). This appears to conflict with the studies described by Martinez et al. 

(1999) and Voss et al. (1998). Differences in the results could be due to the use of 

intimin from different strains of VTEC and EPEC.

The work of Adu-Bobie et al. (1998) (Table 4.7.), cannot be compared to the present 

study directly since it involved rabbit antibodies raised to the variable C-terminal end 

of the intimin protein, whilst the present work involved antibodies produced by 

patients during a natural infection. Cross-reactivity between the intimin expressed by 

different serogroups, illustrated in this study, probably occurs because patients’ 

antibodies ‘recognise’ epitopes on the conserved N-terminal region of the intimin 

protein.

4.2.3. The antibody response to recombinant proteins encoded on the LEE

locus

4.2.3. a. Analysis o f sera from patients infected with VTEC 0157

This part of this study was developed further by analysing the antibody response in

patients infected with VTEC, using recombinant intimin, EspA, EspB, EspD and Tir

proteins. In the present study, patients infected with strains of VTEC 0157 produce

antibodies to intimin, and these antibodies cross-react with intimin from other

serogroups of VTEC and EPEC. Yu & Kaper (1992) showed that the intimin gene

from strains of EPEC 0127:H6 and from strains of VTEC 0157:H7 are highly

similar, showing 86% homology in the structural genes at the nucleotide level and

83% at the amino acid level. The sequences of the two genes were most similar at the

amino-terminal end of the gene. The first 704 amino acids show 94% identity both at

the nucleotide and the amino acid level, whereas the final 226 amino acids have 60%

nucleotide identity and 49% amino acid identity (Table 4.8.).
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Table 4.8. Homology of the genes on the LEE, or the proteins these genes encode, of 

EPEC 0127:H6 (E2348) with other EPEC and VTEC serotypes.

Homology of intimin between EPEC 0127:H6 (E2348) and VTEC 0157:H7 

(EDL933) (Yu and Kaper 1992)

Overall homology at the 

nucleotide level

Homology of N-terminal 

end (704 bp)

Homology of C- 

terminal end (235 bp)

86% 94% 60%

Homology of EspA between EPEC 0127:H6 and certain EPEC and VTEC 

serogroups (Neves et al. 1998)

Serotypes 055 :H6, 011 lab:H2, 0 1 19:H2, 0128ab:H2, Q157:H7 

overall homology of all strains at the nucleotide level

81% ^

Homology of EspB between EPEC 0127:H6 and both VTEC 0157:H7 and 

026:H11 (An era/. 1999)

VTEC 0157:H7 homology at the 

nucleotide level

VTEC 026:H11 homology at the 

nucleotide level

60% 68%

Homology of Tir between EPEC 0127:H6 (E2348) and VTEC serotypes 0157:H7 

(95SF2), 0111 :H- (95NR1) and 026:H- (95ZG1) (Paton et al. 1998)

VTEC 0157:H- homology 

at the amino acid level

VTEC 026:H- homology 

at the amino acid level

VTEC 026 :H- homology 

at the amino acid level

59% 66% 83%
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The fragment of the intimin protein used in this study is part of the amoino-terminal 

end of the protein, which is conserved between different members of the intimin 

family. Of the sera from patients infected with VTEC 0157:H7, 65% reacted to 

intimin protein and 70% contained antibodies to the EspA protein. These results 

show that patients with antibodies to VTEC 0157 intimin and EspA proteins cross- 

react with intimin and EspA proteins from EPEC 0127:H6.

Only 35% of patients had antibodies to the recombinant EspB protein and 5% had 

antibodies binding to the EspD protein. A lack of sequence similarity between the 

EspB protein expressed by strains belonging to serogroups EPEC 0127 and VTEC 

0157 might explain why fewer patients produced antibodies to these proteins, than to 

intimin387-666 and EspA. Table 4.8. shows that the EspB gene of EPEC 0127:H6 has 

60% homology with the VTEC 0157:H7 EspB gene, compared to about 81% 

homology between the EspA gene of EPEC 0127:H6 and VTEC 0157:H7. Also, 

EspA and intimin proteins are exposed on the surface of the bacterial cell, and are 

perhaps more likely to induce a stronger antibody response than the EspB protein 

which is involved in pore formation and signal transduction events within the host cell 

cytosol (Figure 1.4.).

Sixty-eight percent of sera from patients with evidence of infection with VTEC 0157 

contained antibodies which reacted with the EspB culture supernatant secreted 

protein from EPEC 0111 :H2 (E20513) as discussed previously (see Sections 4.1.2.a 

and 4.2.1.a.), where as 35% of sera from patients infected with VTEC 0157 reacted 

with the recombinant EspB protein. This suggests that there is greater homology 

between the EspB proteins from EPEC 0111 :H2 and VTEC 0157, than there is
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between the EspB proteins from EPEC 0127:H6 and VTEC 0157, as more sera 

reacted with the culture supernatant EspB from EPEC 0111 :H2 than the recombinant 

EspB from EPEC 0127:H6. EPEC 0127:H6 and Ol 11 :H2 are from different clonal 

groups, Group 1 and Group 2 respectively, and it would be interesting to look at the 

antibody response of patients infected with VTEC 0157 to recombinant EspB protein 

from EPEC 0 1 11:H2.

The role of the EspD protein has not yet been determined but it has been speculated 

that it may be a component of the EspA filament, because a strain with a mutation in 

espD gene secreted low levels of EspA and barely detectable filaments (Knutton et al. 

1998, Frankel et al. 1998a). However, the results in this study show that only one 

patient produced antibodies to the EspD protein, and this indicated that it was either 

not a structural protein exposed on the surface of the bacteria or it was not very 

antigenic. If it was a component of the EspA filament, it would be expected to induce 

an antibody response in a similar number of patients as the EspA protein, although it 

may be associated with the expression of the EspA protein in some other way. 

Homology data on EspD is not yet available.

In this study, 75% of human sera tested contained antibodies to the Tir-M protein, 

although none of the patients had antibodies to the amino- or carboxy-terminal ends 

of the Tir protein, Tir-N and Tir-C respectively. It has been reported that Tir consists 

of three functional regions, an extracellular domain, a transmembrane domain and a 

cytoskeletal domain (Hartland et al. 1999). Hartland et al. (1999) showed the 

intimin binding region of Tir to be located between the two transmembrane domains 

(ie. the middle region of Tir, Tir -M) and suggested that this region was the
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extracellular domain exposed at the host cell membrane, whereas the amino- and 

carboxy-terminal domains are intracellular and focus polymerised actin and other 

cytoskeletal proteins beneath the intimately attached bacteria (Kenny et al. 1997, 

Deibel et a l  1998, Hartland et al. 1999) (Figure 4.8.). The results from this study 

provided further evidence the middle region of Tir is extracellular, as patients produce 

antibodies to this exposed region and do not have antibodies to the terminal 

intracellular domains.

Figure 4.8. Tir protein showing the exposed intimin binding region of Tir between the 

two transmembrane domains and the intracellular amino- (N) and carboxy-terminal 

(C) domains.

Exposed middle region (Tir-M)

l'] |

T Membrane

N C
Host cell

H Tir

i ! Transmembrane domain

The Tir fragments used in this study were made from EPEC E2348 (0127:H6) and 

although both Tir-N and Tir-M share a high level of sequence similarity (75% and 

77%, respectively) with VTEC 0157:H7, Tir C shares only 52% sequence homology 

(Dr G. Frankel, personal communication) with this serotype. Although Tir-C, like
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Tir-N, is located intracellularly following translocation, lack of an antibody response 

to Tir-C may also be associated with low level cross reactivity between EPEC 0127 

and VTEC 0157. Paton et a l  (1998) have also demonstrated that patients with HUS 

caused by strains of VTEC serogroups 0157, 026 and 0111, that carry the LEE, 

express antibodies to Tir. They also showed that serum antibodies from a patient with 

an 0 111 :H- VTEC infection reacted with Tir from a strain of E.coli 0157:H-, despite 

there only being 59% amino acid homology between the two Tir proteins expressed 

by these strains (Table 4.8.).

Very few control sera were found to contain antibodies to in tim in^.^  (0), EspA (1), 

EspB (3), EspD (0) and Tir (2). This agrees with the work of Martinez et al. (1999), 

who also found that control sera from healthy children did not contain antibodies to 

intimin, EspA and EspB proteins. The study of Martinez et al. (1999) was interesting 

as their study was carried out in a part of Brazil where EPEC is endemic, and they 

thought that antibodies to these proteins would be prevalent in controls. Instead, they 

suggested that these antibodies are produced shortly after infection and do not remain 

circulating for long periods. In contrast, other workers believe that antibodies to 

intimin, EspA and EspB do persist and have a protective role to play in subsequent 

infection (Levine 1985, Cravioto et al. 1990).

4.2.3.b. Analysis o f  sera from patients with evidence o f infection with VTEC other

than serogroup 0157  

Recombinant preparations of intimins87-6 66, EspA, EspB and the intimin binding 

region, Tir-M, prepared from EPEC strain E2348 (0127:H6), were reacted with sera 

from patients with serum antibodies to the LPS of certain E.coli serogroups
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associated with VTEC infection. The analysis of sera from patients with infection 

caused by VTEC serogroups other than 0157 was complicated by the fact that many 

serogroups do not carry the LEE pathogenicity island (Section I.3.4.C.).

Sera from patients infected with E.coli serogroups 05, 026, 0145, 0163 and 0165 

were shown to contain antibodies to the intim in^-^ protein and sera from patients 

infected with E.coli serogroups 05, 026, 0145 and 0153 also produced antibodies 

to the EspA and EspB proteins and the recombinant Tir-M protein constructed from 

0127:H6. This demonstrates that antibodies to the LEE-encoded proteins cross react 

with those expressed by strains of E.coli belonging to a number of different 

serogroups.

The sequence homology of the EspA and EspB protein in strains of EPEC and VTEC 

belonging to various serogroups has been determined to a limited extent. Neves et al. 

(1998) looked at the nucleotide sequences of EspA from EPEC belonging to 

serotypes 0127:H6, 055:H6, 055:H7, 0111ab:H2, 0 1 19:H2, 0119:H6, and 

0128ab:H2 and found an overall identity of 81% with each other (Table 4.8.). The 

nucleotide sequence identity of the EspB protein expressed by 0127:H6 and VTEC 

serogroup 026 is 68% (An et al. 1999) (Table 4.8.).

Paton et al. (1998) examined the heterogeneity of Tir proteins expressed by three 

different VTEC strains belonging to serogroups 026, 0111 and 0157 by cloning and 

sequencing the tir genes. The amino acid sequences for the Tir protein from these 

strains varied, exhibiting 66%, 83% and 59% homology, respectively, to that of 

EPEC Tir from E2348/69 (0127:H6) (Table 4.8.). This study has shown that
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antibodies raised to Tir from VTEC serogroups 026 and 0157 do cross react despite 

low homology of 66% and 59% respectively.

The results discussed here demonstrate that antibodies to the intimin, EspA, EspB and 

Tir proteins of certain VTEC serogroups cross-react with the intimin, EspA, EspB 

and Tir proteins expressed by EPEC 0127:H6. Of sixteen patients’ sera tested, 12 

reacted with at least one of the LEE-encoded proteins suggesting that serology may 

be useful in detecting evidence of infection caused by VTEC carrying the LEE.
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5. ENTEROHAEMOLYSIN

5.1. RESULTS

The expression of enterohaemolysin by strains of VTEC was characterised, and sera 

from patients infected with VTEC were examined for antibodies to this haemolysin.

5.1.1. Detection of enterohaemolysin

5.1. La. Haemolysis on sheep blood agar plates

Twenty-seven strains of VTEC, hybridising with the CVD419 enterohaemolysin 

probe (See Section 1.3.4.d., Figure 1.8. and App. 10.1.1.), were grown on L-agar 

containing 5% sheep erythrocytes. Of the 27 strains, 11 were not haemolytic, 6 

strains produced zones of clear haemolysis of > 1 mm, and 10 displayed the typical 

enterohaemolytic phenotype, where the zones of haemolysis were < 1 mm and turbid 

(Figure 5.1. and Table 5.1., column 3). Strains of VTEC with the same serotype 

produced zones of haemolysis of varying sizes. For example, one strain belonging to 

serotype O103:H2 (E5276) expressed large, clear zones whereas another O103:H2 

(E42724) strain was not haemolytic on sheep erythrocytes. Also, of the 9 strains of 

serotype 026:H11, 6 displayed the typical enterohaemolysin phenotype and 3 were 

not haemolytic.
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Table 5.1. Expression of enterohaemolysin by strains of VTEC hybridising with the 

CVD419 probe.

Strain Serotype Haemolysis on sheep 
blood agar

Haemolysis on sheep 
blood

agar with 2 mM calcium
E41787 05:H- + +
E l24407 05 :H- - -

E80184/1 0173:H2 ++ ++
El 13372 026:H11 + ++
El 13378 026:H11 + +
E105991 026:H11 + ++
E l07943 026:H11 + ++
E31448 026:H11 - nt
E49550 026:H11 + nt
E135309 026:H11 - +
E135310 026:H11 - +
E21352 026:H11 + ++
E l08796 076:H7 ++ ++
E45037 091:H21 + nt
E5276 O103:H2 ++ ++
E42724 O103:H2 - +
E43549 O105ac:H18 ++ ++
E75647 0121:H19 - +
El 13371 0128ab:H2 - ++
E20521 0128:H8 - -

E92568 0134:H25 ++ ++
E42772 0145:H25 - +
E32511 0157:H- + ++
El 14585 0157:H7 + ++
E31708 0163:H19 ++ ++
E68446 0?:H- - ++
E46091 0165:H25 - +
E20513 t 0111:H2 - -

- no haemolysis ++ zone of haemolysis > 1 mm

+ zone of haemolysis < 1 mm, nt not tested 

t  Enterohaemolysin-negative control strain, EPEC 0111 :H2
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Figure 5.1. Wild-type strain 0 5 :H- (E41787) grown on sheep blood agar showing

small, turbid zones of haemolysis.

Figure 5.2. Enterohaemolysin expressed by strains of VTEC lysed sheep 

erythrocytes.
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5.1. Lb. Quantifying haemolysis

Expression of enterohaemolysin, by strains of VTEC was assessed by measuring the 

size of haemolytic zones around colonies, as described above, or by adding sheep 

erythrocytes to broth culture supernatants or sonicated extracts prepared from whole 

bacteria to detect extracellular enterohaemolysin and intracellular enterohaemolysin, 

respectively. Enterohaemolysin activity in broth culture supernatants or sonicated 

extracts was quantified by measuring the absorbance of haem released after lysis of 

the erythrocytes (Figure 5.2.).

The haem released by the action of enterohaemolysin was quantified by determining 

the Xmax for haemoglobin by measuring the absorbance of lysed red cells over a range 

of wavelengths. With reference to Figure 5.3., the Xmax was found to be 430 nm, and 

this was used for further work.

Figure 5.3. Graph showing the Xmax for released haem.

wavelength (nm)



5.1. I.e. Extracellular and intracellular enterohaemolysin

Enterohaemolysin activity was not detected in broth culture supernatants in any of the 

strains examined in this study. However, intracellular enterohaemolysin could be 

detected, in sonicated extracts of some strains (Table 5.2.).

5.1.2. Characterisation of enterohaemolysin

Various growth conditions were examined to maximise enterohaemolysin production 

and to facilitate the isolation of enterohaemolysin.

5.1.2. a. The effect o f  media constituents on enterohaemolysin production 

Strains of VTEC expressed enterohaemolysin on L-agar (Table 5.1.), Nutrient agar 

and commercial Sheep Blood Agar Base containing 5% washed sheep erythrocytes. 

However, haemolysis was not seen when the same strains were grown on sheep blood 

agar prepared from Blood Agar Base and Blood Agar Base No. 2 (Oxoid Ltd.).

These results led to an investigation into the constituents of each medium to try to 

determine the factor influencing the ability of each strain to express enterohaemolysin. 

A comparison between the medium made with sheep erythrocytes and “in-house” 

nutrient agar (on which strains were haemolytic) and the medium made with sheep 

erythrocytes and Blood Agar Base (on which strains were not haemolytic) showed no 

obvious differences in the medium constituents (Table 5.3.).

To investigate this further, sheep blood agar plates were prepared with the same 

constituents as the commercial Sheep Blood Agar Base media, but agarose was added 

in place of agar. Three strains E32511, E5276 and El 08796, which showed 

haemolysis on the plates made with commercial Sheep Blood Agar Base media, did
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not show haemolysis on the plates made with agarose (Figure 5.4.). Agarose is a 

purified form of agar, and it was suggested that metal ions in the agar, were required 

for haemolysis.

Table 5.2. Enterohaemolysin activity detected at 430 nm in sonicated bacterial 

extracts of strains of VTEC hybridising with the CVD419 probe.

Strain Serotype Experiment 1* Experiment 2* Experiment 3*

E41787 05:H- nd nd nd

E45037 091:H21 nd nd nd

E43549 O105ac:H18 nd nd nd

E52849 OHlac:H- nd nd 1.35

E41509 0128ab:H2 nd nd nd

E40135 0128ab:H25 nd nd nd

E42772 0145:H25 nd nd nd

E31708 0163:H19 nd nd nd

E46091 0165:H25 nd 2.00 nd

E92568 0134:H25 nd nd nd

E80184/1 0173:H2 nd nd nd

E68446 0?:H- nd nd nd

E75647 0121:H19 nd nd nd

E113371 0128ab:H2 nd nd nd

El 13372 026:H11 nd nd nd

E113375 0128ab:H2 nd nd nd

E113378 026:H11 nd 2.00 2.00

E105991 026:H11 nd 1.80 0.86

E107943 026:H11 1.24 2.00 1.50

E108848 026:H11 nd nd nd

E20513 t 0 1 11:H2 nd nd nd

* Prepared during three separate experiments, nd - haemolysis not detected 

t Enterohaemolysin-negative control strain, EPEC 0111 :H2
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Figure 5.4. (a) Strain E5276 (O103:H2) grown on commercial Sheep Blood Agar 

Base medium showing haemolysis, (b) Strain E5276 (O103:H2) grown on Sheep 

Blood Agar Base medium made with agarose.
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5.1.2.b. The role o f calcium, iron and magnesium ions in expression of

enterohaemolysin

Calcium, iron and magnesium ions were added to the sheep blood agar plates, 

prepared with agarose, to try to determine their effect on enterohaemolysin 

production. Haemolysis was not seen when iron and magnesium ions were added to 

the agar, but good haemolysis was observed when calcium ions were added (Table

5.4.).

Table 5.4. The effect of calcium, iron and magnesium ions on enterohaemolysin 

production when tested on solid medium

Haemolysis

E32511 E5276 E108796 E20513t

Ion (2 mM) (0157:H-) (O103:H2) (076:H7) (OHl:H2)

Medium alone - - -

Calcium chloride + + + -

Magnesium sulphate - - -

Iron (III) chloride - - -

t Enterohaemolysin-negative control strain, EPEC 0111 :H2

Enterohaemolysin expression by strains of VTEC grown on L-agar containing 5% 

sheep erythrocytes was compared with growth on L-agar containing 5% sheep 

erythrocytes with 2 mM calcium chloride added (Table 5.1.). Enterohaemolysin 

expression was more consistent in the strains grown on L-agar with 2 mM calcium 

chloride, and the zones of haemolysis were generally wider. Fourteen of 24 strains
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produced zones of haemolysis > 1 mm, compared to 6 of 27 strains grown on L-agar 

alone. Certain strains, such as E68446 (0?:H-) and El 13378 (0128ab:H2), did not 

produce haemolysis without the addition of calcium ions but were haemolytic when 2 

mM calcium ions were added. Other strains, E32511 (0157:H-) and El 14585 

(0157:H7), initially showed poor enterohaemolysin production, which increased with 

the addition of calcium ions. Only two strains grown on media with added calcium 

chloride did not express enterohaemolysin, compared to 11 strains grown on media 

without added calcium chloride.

J. I.2.C. The effect o f  iron reduction on expression o f enterohaemolysin 

Results in Section 5.1.2.b. and Table 5.4. show that enterohaemolysin production in 

strains of VTEC grown on solid media was not affected by the addition of iron to the 

media. The effect of iron reduction on enterohaemolysin expression was investigated 

by growing strains in L-broth alone and L-broth containing the iron chelator, 

ethylenediamine-dihydroxyphenylacetic acid (EDDA). Strains grown in L-broth 

containing EDDA prior to inoculation on to blood agar, produced larger zones of 

haemolysis (1-2 mm) around colonies than strains previously grown on blood agar 

alone. Expression of enterohaemolysin by strains grown in L-broth and L-broth 

containing EDDA was assessed by adding sheep erythrocytes to broth culture 

supernatants and measuring erythrocyte lysis at 430 nm. The addition of EDDA to 

the media did not cause production of extracellular enterohaemolysin, but intracellular 

enterohaemolysin production was increased for certain strains when bacteria were 

grown in L-broth containing EDDA (Table 5.5.).
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Table 5.5. Quantity of intracellular enterohaemolysin, detected by measuring optical 

density of lysed sheep red blood cells, produced by strains grown in L-broth 

compared with those grown in L-broth containing EDDA .

Absorbance (430 nm)

Strain Serogroup L-broth alone L-broth EDDA

El 13378 026:H11 0.72 2.0

E l05991 026:H11 0.68 2.0

E20513t 0 1 1 1:H2 nd nd

nd - not detected, t Enterohaemolysin-negative control strain, EPEC Ol 11 :H2

5.1.2. d. A tmospheric growth conditions

While measuring zones of haemolysis around bacteria grown on blood agar plates, it 

was noted that colonies on the surface of the agar were poorly haemolytic with zone 

sizes of < 1 mm, whereas bacteria stabbed into the agar produced larger zones of 

haemolysis, between 1-2 mm. Bacteria were inoculated into sheep blood agar tubes 

with a straight wire, and this resulted in complete haemolysis of the blood within the 

agar tubes and the suggestion that the atmospheric growth conditions may affect 

enterohaemolysin production.

To examine the effect of gaseous atmosphere on enterohaemolysin expression, strains 

of VTEC serogroups 05:H- (E41787), 0165:H25 (E46091), 0128ab:H2 (El 13371), 

026:H11 (El 13378) and 026:H11 (E l07943) were grown on L-agar plates 

containing sheep erythrocytes, in air and in 5% CO2 in air (British Oxygen) and in the 

following atmospheres:
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( i ) 35% H2, 7% C 02, 12% 0 2 and 46% N2 (Oxoid gas generating kit BR38)

( ii ) 40% H2, 8% C 02 and 52% N2 (with catalyst) (Oxoid gas generating kit BR38)

( iii ) 9-13% C 02 (Oxoid ‘Anaerogen’ (AN35)

( iv) 87% N2, 5% C 02, 5% 0 2 and 3% H2 (Don Whitley incubator)

Following growth at 37°C overnight, none of the strains produced significant amounts 

of enterohaemolysin in any of the gas mixtures. However, when cultures on blood 

agar plates were left out on the bench for 6 ha t room temperature (-21 °C) strains 

grown previously in an atmosphere comprising of 8% C 02, 40% H2 and 52% N2, 

produced clear haemolysis. Strains grown in other atmospheres showed no 

haemolysis.

5.1.2.e. Oxygen scavengers

It was thought that atmospheric oxygen might be inhibiting enterohaemolysin 

expression, and the role of oxygen in enterohaemolysin production was examined by 

growing strains on blood agar containing three different oxygen scavengers (i) 

dimethylsulphoxide (DMSO) (ii) sodium hydrogen sulphite (iii) 1,3-diphenylisofuran 

and (iv) dithiothreitol (DIT). The presence of these oxygen scavengers did not 

influence enterohaemolysin production.

5.1.3. Enterohaemolysin specificity

To determine the specificity of enterohaemolysin for erythrocytes, strains of VTEC 

serogroups 05:H- (E41787), 0165iH25 (E46091), 0128ab:H2 (El 13371), 026.HI 1 

(El 13378) and 026:H11 (El 07943) were grown in tubes of L-agar containing 5% 

erythrocytes from different animal species. These strains lysed erythrocytes from
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sheep, guinea pig, mouse, ferret, and human (blood group ‘O’) but not those from 

rabbit, rat, turkey or chicken.

Specificity was also examined by adding guinea pig, sheep or rat erythrocytes to 

sonicated extracts prepared from various strains of VTEC bacteria. Strains E46091 

(0165:H25), El 13378 (026:H11) and E105991 (026:H11) lysed guinea pig and 

sheep erythrocytes but not rat erythrocytes. These results (Table 5.6.) were 

consistent with the work carried out on the strains grown in blood agar tubes.

Table 5.6. Erythrocyte specificity for intracellular enterohaemolysin, detected by 

measuring optical density of lysed sheep red blood cells. Absorbance measured at 430 

nm.

Strain Serotype Guinea pig

Absorbance

Sheep Rat

E46091 0165:H25 2.00 1.45 nd

El 13378 026:H11 1.70 0.73 nd

E105991 026:H11 1.50 0.80 nd

E20513 t 0 1 11:H2 nd nd nd

nd - haemolysis not detected,

t Enterohaemolysin-negative control strain, EPEC 0111 :H2

5.1.4. Isolation of enterohaemolysin from wild-type strains

Attempts were made to isolate enterohaemolysin from wild-type strains for the 

purpose of analysing sera from patients with a VTEC infection for antibodies to 

enterohaemolysin. Broth culture supernatants, outer membrane proteins and
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sonicated extracts of VTEC strains E41787 (05 :H-), E46091 (0165:H25), El 13378 

(026:H11), E105991 (026:H11) and E l07943 (026:H11) were analysed for 

evidence of a 110 kDa enterohaemolysin protein. However, this enterohaemolysin 

protein was not detected.

Some colonies of VTEC strain E55391 (0111 :H-), were found to have lost the 60 

MDa plasmid, encoding the enterohaemolysin, and were no longer able to express this 

haemolysin. The absence of the enterohaemolysin genes in these strains was 

confirmed by PCR. Outer membranes and sonicated extracts were prepared from the 

non-haemolytic variant of strain E55391(P-) and the parent strain carrying the 60 

MDa plasmid, E55391 (P+). By SDS-PAGE, differences in protein profiles were not 

detected (Figure 5.5.).

5.1.5. Expression of enterohaemolysin by E.coli TPE1302

The isolation of enterohaemolysin was also attempted using E.coli TPE1302, a strain 

of E.coli K12 containing pEO40 (Schmidt et al. 1994) (Figure 5.6.). The detection of 

enterohaemolysin in the broth culture supernatant of TPE1302 also required the 

addition of plasmid, pRSC6, (kindly donated by Dr Ivan Gentshev, Theodor-Boveri- 

Institut fur Biowissenschaften, Wurzburg), containing the hlyB and hlyD genes, which 

are involved with secretion o f haemolysin (Mackman et al. 1986).
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Figure 5.5. SDS-PAGE of outer membranes prepared from the non-haemolytic 

variant o f strain E55391(P-) (Lane 1) and the parent strain carrying the 60 MDa 

plasmid, E55391 (P+) (Lane 2).
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Figure 5.6. The non-haemolytic E.coli K12 and the E.coli K12 strain (TPE1302 + 

pRSC6) expressing enterohaemolysin.



5.1.5. a. Secretion o f enterohaemolysin by strain TP El 302

Haemolytic activity was detected in the broth culture supernatant of strains of E.coli 

TPE1302 + pRSC6 grown in L-broth, TSB, NB or TH (Table 5.7.). A protein of 110 

kDa was observed in SDS-PAGE profiles of broth culture supernatants prepared from 

E.coli TPE1302, but not seen in profiles prepared from the E.coli K12 strain without 

the pEO40 and pRSC6 plasmids (Figure 5.7.). Outer membrane protein profiles and 

sonicated extracts were prepared from strain E.coli TPE1302 and a protein of 110 

kDa was detected which co-migrated with the enterohaemolysin detected in culture 

supernatants from E.coli TPE1302 + pRSC6 (Figure 5.8.a.).

Table 5.7. Expression of extracellular enterhaemolysin by E.coli TPE1302 + pRSC6 

and K12 when grown in different media, detected by measuring the OD of lysed sheep 

erythrocytes. Absorbance measured at 430 nm.

Medium Strain Absorbance

L-broth K12 nd

TPE1302 + pRSC6 0.41

TSB K12 nd

TPE1302 + pRSC6 0.39

NB K12 nd

TPE1302 + pRSC6 0.30

TH K12 nd

TPE1302 + pRSC6 0.28

nd - not detected
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Figure 5.7. A protein o f 110 kDa (arrowed) was observed in the SDS-PAGE profile 

of L-broth culture supernatant prepared from E.coli TPE1302 (Lane 2). Markers are 

shown in Lane 1.
1 2

94.0

66.2

45.0

Figure 5.8. Sonicated extracts were prepared from strain E.coli TPE1302 (Lane 1) 

and E.coli K12 (Lane 2). (a) A protein of 110 kDa was detected which co-migrated 

with the enterohaemolysin detected in culture supernatants from E.coli TPE1302 and 

(b) one patient’s serum contained antibodies to the 110 kDa protein.
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5.1.5.b. The antibody response o f patients infected with VTEC 0157 to 

enterohaemolysin.

Sonicated extracts and outer membrane protein profiles prepared from E.coli 

TPE1302 were used to screen 12 sera from patients infected with VTEC 0157:H7 for 

serum antibodies to the enterohaemolysin. Only one patient’s serum contained 

antibodies to the 110 kDa protein (Figure 5.8.b.). Twenty control sera did not have 

serum antibodies to the 110 kDa enterohaemolysin protein.

Sera from three patients infected with VTEC 026:H11, 0103 :H2 or 0145:H25 were 

also reacted with SDS PAGE profiles of sonicated extracts and outer membrane 

proteins prepared from E.coli TPE1302. Serum from the patient infected with 

0145:H25 contained antibodies to the 110 kDa protein, but the sera from the two 

patients infected with 026 :H11 or O103:H2 did not (Table 5.8.).

Table 5.8. Antibody response to enterohaemolysin in patients with serum antibodies 

to the EPS oiE .coli 026, 0103, 0145 or 0157.

Serotype No. of patients Symptoms

(No.)

No. of sera positive

0157:H7 12* HUS (2) 0

D (10) 1

026:H11 (NB20) 1 HUS 0

O103:H2 (NB24) 1 HUS 0

0145:H25 (NB16) 1 HUS 1

HUS - haemolytic uraemic syndrome, D - diarrhoea 

* See App. 10.2.2. for patient details
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5.2. DISCUSSION

5.2.1. Enterohaemolysin phenotype

Strains of VTEC that hybridised with the CVD419 probe were found to differ in their 

ability to express enterohaemolysin (Table 5.1.). Certain strains produced zones of 

clear haemolysis, whilst others showed the typical enterohaemolytic phenotype, where 

the zones of haemolysis were generally smaller and more turbid. Some strains were 

non-haemolytic. Other workers have shown variation in expression of 

enterohaemolysin by different VTEC strains (Schmidt and Karch 1996, Schmidt et al. 

1999). For example, Schmidt et a l (1999) found that strains of VTEC belonging to 

serotype O103:H2 produced large clear zones of haemolysis, similar to those 

produced by a-haemo lytic E.coli, whereas strains of VTEC belonging to serotypes 

026:H-, 026:H11 or 0157:H7 produced smaller, turbid zones similar to those 

described by Beutin et al. (1990). The present study showed that strains with the 

same serotype produced enterohaemolysin resulting in different size zones of 

haemolysis. One strain of serotype O103:H2 (E5276) expressed haemolysin resulting 

in large, clear zones of lysis whereas another strain belonging to the same serotype 

(E42724) was non-haemolytic. Whether the large zones of haemolysis are a result of 

other haemolysins being produced in addition to enterohaemolysin or over production 

of the enterohaemolysin in certain strains is not clear.

The possibility that certain strains belonging to serotype O103:H2 harbour the a- 

haemolysin (Table 5.9.) genes in addition to the VTEC enterohaemolysin (Ehly) genes 

has been suggested by Schmidt et al. (1999). They used a 3 kb Hindlll fragment of a 

recombinant plasmid pANN215, containing the main part of the E.coli a-haemolysin 

gene, in a Southern blot analysis, at a stringency of 70%. However, homology was
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not demonstrated and they concluded that VTEC enterohaemolysin was produced and 

transported in varying amounts depending on the strains involved. The factors 

affecting regulation and transport of the genes encoding the enterohaemolysin have 

not been determined and this would be an important topic for further research.

Beutin et al. (1988, 1990) described production of a calcium independent haemolysin 

in strains of EPEC 026 associated with a temperate phage. More recently, (3- 

haemolytic strains of VTEC isolated from pigs producing large, clear zones of 

haemolysis, have been detected (Dr. Lothar Beutin and Dr. Catarina Stopik, Robert 

Koch Institute, Berlin: personal communication). It is possible that other strains of 

VTEC may also express either of these haemolysins in addition to enterohaemolysin. 

Genes encoding p-haemolysins have been detected in a porcine strain of VTEC 

0156:H6 and the development of probes to detect these genes may help clarify 

haemolysin production by these strains of VTEC.

Future work would require the construction of pO 157-negative derivatives (the genes 

encoding enterohaemolysin are situated on the p0157 plasmid) from the VTEC 

strains expressing large, clear zones of haemolysis. VTEC strains that produce 

haemolysin after the loss of p0157 must express a haemolysin other than 

enterohaemolysin. The ability of VTEC strains to express a variety of haemolysins 

(Table 5.9.) would not be surprising considering the diverse origin of strains of £.co// 

belonging to the VTEC group.
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Table 5.9. Characteristics of some E.coli haemolysins.

Haemolysin Zone of haemolysis Haemolysin

activity

Cell associated 

/ exported

enterohaemolysin mostly small & turbid, Ca2+ required cell associated

some strains large & clear

a-haemolysin large & clear Ca2+ required exported

p-haemolysin large & clear Ca2+ not required cell associated

The observation that enterohaemolysin was not detected in broth culture supernatants 

but could be detected intracellularly suggested that enterohaemolysin was produced, 

but not exported, by these bacteria, p-haemolysin is a cell-associated haemolysin 

(Table 5.9.) and is characterised by not being exported from the bacteria into the 

culture media, which is also a characteristic of enterohaemolysin (Chart et al. 1998b). 

However, other workers have shown that enterohaemolysin shares sequence 

homology with a-haemolysin (Schmidt et al. 1995, Schmidt and Karch 1996) and 

suggest that the inability of certain strains of VTEC to export enterohaemolysin is a 

result of a defective haemolysin secretion system (Schmidt et al. 1995, Bauer and 

Welch 1996).

5.2.2. Characterisation of enterohaemolysin

Initial investigations showed that haemolysis could be detected in strains of VTEC 

expressing enterohaemolysin on sheep blood agar plates without the addition of 

calcium, and it was suggested that either the culture media contained sufficient 

calcium for haemolysis to take place or that enterohaemolysin, like p-haemolysin, was 

calcium-independent (Table 5.9.) (Chart et al. 1998b). Many workers have shown
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that calcium is essential for the action of E.coli a-haemolysin (Snyder and Zwadyk 

1969, Lebek and Gruenig 1985, Gruenig and Lebek 1988), although certain groups 

have reported that a-haemo lytic activity can take place without the addition of 

calcium (Bhakdi et al. 1986, Bhakdi and Tranum-Jensen 1988). Other workers have 

shown that small quantities of calcium in the medium are sufficient to activate the a- 

haemolytic reaction (Snyder and Zwadyk 1969). Beutin et al. (1990) showed that the 

activity of a phage encoded haemolysin produced by strains of EPEC was calcium- 

independent and not inhibited by 10 mM E D I A, which removes divalent cations from 

the media. However, he and other workers recommend the addition of 10 mM 

calcium when analysing the haemolytic activity of VTEC strains (Scotland et al. 1990, 

Schmidt et al. 1994).

Experiments in this study showed that enterohaemolysin production by strains of 

VTEC could be increased by adding 2 mM calcium chloride to growth media. Many 

strains produced haemolysis without added calcium, but showed more haemolysis 

when calcium was added. Enterohaemolysin production was still variable, however, 

with some strains showing clear haemolytic zones and others producing smaller, 

turbid zones o f haemolysis. These results suggest that calcium is essential for 

enterohaemolysin activity, but that small quantities already present in the media may 

be sufficient for haemolysis to occur in some strains.

Certain haemolysins, including a-haemolysin, are iron-regulated (Lebek and Gruenig 

1985). In this study, growth under iron restriction did not induce the strain to 

produce extracellular enterohaemolysin; however, intracellular enterohaemolysin 

production in certain strains did increase under iron restriction. The expression of
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haemolysin by bacteria during infection has been postulated as a means of increasing 

iron availability by liberating the haem and haemoglobin from red blood cells (Lebek 

and Gruenig 1985); the iron restricted conditions existing in host tissues may form the 

switch for the expression of haemolysin.

The observation that strains produced more enterohaemolysin when grown deep in 

blood agar tubes than when cultured on blood agar plates led to the suggestion that 

either component gases in the air were inhibiting enterohaemolysin production or the 

gas mixture generated by bacteria grown deep in the agar encouraged the expression 

of enterohaemolysin. Strains were grown in a variety of gas mixtures, but the growth 

conditions that encouraged maximum haemolysis were overnight incubation at 37°C 

in an atmosphere comprising 8% CO2 , 40% H2 and 52% N2, followed by 6 hours at 

room temperature. Very little haemolysis was produced in air alone or in 5% C 02 in 

air, and it was thought that oxygen was inhibiting enterohaemolysin expression; 

however, oxygen scavengers did not influence enterohaemolysin production. The 

increased expression of enterohaemolysin in the specific ratio of carbon 

dioxide:hydrogen:nitrogen described above contrasts with the growth conditions 

required to enhance a-haemolysin. a-haemolysin is produced under both aerobic and 

anaerobic conditions and in C 02, but aerobic growth enhances a-haemolysis (Lovell 

and Rees 1960, Snyder and Zwadyk 1969).

Strains of VTEC may express more than one haemolysin, and this may account for 

some of the difficulties encountered while characterising the enterohaemolysin 

phenotype. Alternatively, strains of VTEC may express the same haemolysin, but 

certain strains may be more efficient at production or secretion of this haemolysin.
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5.2.3. Antibody response of patients infected with VTEC to enterohaemolysin

Growing wild-type strains under certain culture conditions did increase 

enterohaemolysin production and/or secretion, but attempts to isolate the 

enterohaemolysin expressed by strains of VTEC, from supernatants of broth cultures 

or filtrates of sonicated bacteria were unsuccessful. It was thought that only very 

small amounts of enterohaemolysin were produced by these strains.

Enterohaemolysin was isolated from the broth culture supernatant of the recombinant 

E.coli K12 strain, TPE1302 + pRSC6, and sonicated extracts and outer membrane 

preparations of strain TPE1302 also contained a 110 kDa protein, thought to be the 

enterohaemolysin and these preparations were used to analyse patients sera for 

antibodies to enterohaemolysin.

Results from this study showed sera from one of twelve patients infected with VTEC 

0157 and one of three patients infected with VTEC serogroups other than 0157, had 

antibodies to enterohaemolysin. Patients in this part of the study were culture- 

positive for VTEC; the VTEC strains hybridised with CVD419 and produced 

enterohaemolysin. These results indicate that enterohaemolysin is either poorly 

antigenic or not expressed in vivo during infection in sufficient quantities to induce an 

antibody response. Alternatively, enterohaemolysin may play a part in “dampening 

down" the immune response (Schmidt and Karch 1996). Enterohaemolysin is a pore- 

forming RTX toxin (See Section 1.3.4.d.), cytotoxic to a variety of eukaryotic cells, 

including those of the immune system (Welch 1991, Bauer and Welch 1996). If 

enterohaemolysin does affect the immune response in this way, it might explain why 

antibodies to enterohaemolysin were not detected in this study.
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Schmidt et al. (1995) showed that enterohaemolysin induced a specific immune 

response in 19 of 20 patients suffering from HUS. They suggested enterohaemolysin 

production in vivo is associated with more severe VTEC infection and not expressed 

in milder cases (Schmidt and Karch 1996). In this study sera from 16 patients were 

analysed, 5 had HUS and 11 had less severe symptoms. Of the two patients with 

serum antibodies to enterohaemolysin, one had HUS and the other did not. The 

number of sera analysed here was too few for any conclusions to be made on whether 

enterohaemolysin production is associated with more severe VTEC infection.

The role of enterohaemolysin in VTEC pathogenesis is not yet clear. It may have a 

part to play in releasing haem necessary for survival of the bacteria in the low iron 

conditions which occur in vivo (Law and Kelly 1995), or it may have a role in 

modulating the immune response after infection (Schmidt and Karch 1996). Others 

have found that antibodies to enterohaemolysin can be detected in sera from cattle 

infected with VTEC and have suggested that enterohaemolysin may be important 

pathogenicity factor for maintenance in cattle (Schmidt and Karch 1996).

Enterohaemolysin may prove to be an important pathogenicity factor in VTEC 

infection; however, so few patients with VTEC infection produced antibodies to 

enterohaemolysin, it was concluded that enterohaemolysin was not a suitable antigen 

for providing serological evidence of infection with VTEC.

170



6. VER0CYT0T0X1N (VT)

6.1. RESULTS

Sera from patients with bloody diarrhoea or HUS caused by VTEC 0157:H7 were 

examined for antibodies to VT1 and VT2.

6.1.1. Detection of antibodies to VT1 and VT2 in patients’ sera by 

immunoblotting

Preparations of pure VT1 and VT2, (kindly donated by David Acheson, Tupper 

Research Institute, Boston) were heated at 100°C and separated by SDS-PAGE into 

A and B subunits (Figure 6.1.). Unheated preparations ofV Tl and VT2 were also 

separated by SDS-PAGE (Figure 6.1.). The heated and unheated protein profiles 

were reacted with sera from 20 patients infected with VTEC 0157:H7. Nineteen of 

the strains produced VT2 and the remaining strain produced both VT1 and VT2. 

Antibodies were not detected to the heated or unheated preparations of either VT1 or 

VT2 (Table 6.1. shows the blotting results of 15 strains, expressing VT2 only, that 

were also analysed by ELISA). Ponceau S staining was used to ensure the VT 

proteins were transferred on to the nitrocellulose membrane.

6.1.2. Detection of antibodies to VT2 in patients’ sera by ELISA

Sera from 15 patients infected with VTEC 0157:H7, expressing VT2 only, and 13 

sera from healthy blood bank donors were analysed for antibodies to VT2 using an 

ELISA. The ELISA readings obtained with the patients’ sera ranged from 1.17 to 

0.19 A405 and those of the control group ranged from 1.2 to 0.29 A4 0 5 . The cut-off 

value was 0.81, calculated using the formula described by Barrett et a l  (1991) (App. 

10.8.). The ELISA values of the patients’ sera are shown in Table 6.1. and compared
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with those of the healthy controls (Figure 6.2.) (See App. 10.8. for ELISA values of 

sera from healthy blood donors.) The ELISA technique detected four patients’ sera 

and one healthy blood donor’s serum with ELISA values above the cut-off value and 

11 patients’ sera and 12 healthy blood donors’ sera had ELISA values below the cut

off value (Figure 6.2.).

Table 6.1. Detection of serum antibodies to VT2 in patients infected with VTEC 

0157:H7 expressing VT2 only.

Patient ELISA value Blot result Phage type Age/Sex

PB1 0.37 - 2 04/F

PB2 0.29 - 2 10/M

PB10 0.23 - 2 10/M

PB11 0.19 - 21/28 07/M

PB12 0.36 - 2 10/F

PB3 1.16 - 21/28 02/F

PB4 0.86 - 2 05/M

PB13 0.52 - 2 05/F

PB18 1.17 - 21/28 02/F

PB15 0.40 - 49 03/M

PB5 0.86 - 2 08/F

PB6 0.44 - 2 02/M

PB7 0.37 - 2 13/M

PB8 0.57 - 2 35/F

PB9 0.40 - 2 07/M
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Figure 6.1. SDS-PAGE gel showing the A and B subunits ofV Tl, heated (Lane 1) 

and unheated (Lane 2) and VT2, heated (lane 3) and unheated (Lane 4). The A 

subunit ofV Tl and VT2 is 32 kDa and 35 kDa respectively and the B subunit ofV Tl 

and VT2 is 7.7 kDa and 10.7 kDa respectively.
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Figure 6.2. A graph showing the ELISA values, measured at 405 nm, of the patients 

sera (red) and the healthy negative controls (blue).
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6.2. DISCUSSION

The production of VT is the defining characteristic of strains otE .coli belonging to 

the VTEC group. There has been some controversy as to whether patients infected 

with VTEC produce antibodies to VT, and the results described here are compared 

with those of earlier studies.

In this study, immunoblotting and an ELISA using purified VT1 and VT2 were used 

to examine patients’ sera for antibodies specific for VT. The immunoblotting method 

did not detect antibodies to either VT1 or VT2 in the 20 patients’ sera analysed, even 

though nineteen patients were known to be infected with VTEC 0157:H7 expressing 

VT2, and one patient was infected with a strain expressing both VT1 and VT2. 

Heating the VT preparations at 100°C in solubilisation buffer containing (3-mercapto 

ethanol before separation by SDS-PAGE changes the molecular configuration of the 

VT1 and VT2 proteins, possibly damaging toxin epitopes, which would have 

prevented antibodies binding to these proteins. However, unheated VT preparations 

were also reacted with patients’ sera but antibody binding was not detected.

Using the ELISA method, the patients’ sera could not be distinguished from the sera 

of healthy blood donors (Figure 6.2.). Four patients’ sera had ELISA values above 

the cut-off value but antibodies to VT2 were not detected in any of these sera by 

immunoblotting. It is possible that these high values may reflect antibody-binding to 

the VT2 antigen in the ELISA as in this method the subunits of VT2 remain intact, 

and that antibody-binding is not detected using immunoblotting because the A and B 

subunits have been separated during SDS-PAGE, resulting in epitope alteration. 

However, the difficulty in differentiating the ELISA values of the patients’ sera and
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the healthy control sera, and the evidence from studies involving non-specific 

“neutralising antibodies” (Caprioli et al. 1994) (see below), suggest that non-specific 

binding may be taking place.

A number of studies have shown conflicting results (See section I.4.3.C.) relating to 

the detection of patients’ antibodies to VT, some looking at ‘neutralising antibodies’ 

to VT (Karmali et al. 1983, Siddons & Chapman 1993, Rowe et al. 1993) and others 

detecting antibodies to VT by immunoassays (Barrett et al. 1991, Chart et al. 1993, 

Yamada et al. 1994, Greatorex & Thome 1994). The ‘neutralising antibody’ effect, 

seen in the early studies, is now thought to be due to the non-specific activity of high 

density lipoprotein in the serum (Caprioli et al. 1994), but the studies involving direct 

detection of antibodies to VT also reflect different opinions.

Yamada et al. (1994) detected antibodies to VT2 but not VT1 in patients’ sera by 

ELISA, but their study did not include a healthy control group. Greatorex & Thome 

(1994) used immunoblotting and ELISA methods to detect antibodies to VT1 in a 

third of their patients but antibodies to VT2 were not detected. Both Yamada et al. 

(1994) and Greatorex & Thome (1994) analysed sera from patients who had clinical 

symptoms of HUS but no bacteriological evidence of VTEC infection. The type of 

VT the patients were exposed to was not known and this made interpretation of the 

results more difficult, as not all strains of VTEC express both VT1 and VT2. In 

England and Wales 75% of VTEC 0157:H7 isolates express VT2 only (Thomas et al.

1996), whereas most strains of VTEC O103:H2 produce VT1 only. The present study 

used sera from patients who had VTEC 0157:H7 isolated from their stools and the 

VT type expressed by each strain was determined using PCR with primers from the
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DNA sequences ofV T l, VT2 and VT2 variants. In this ELISA study, therefore, it 

was known that all 15 patients were infected with strains producing VT2 only.

It has been suggested that a primary antibody response to VT does occur but the 

amount of VT produced during infection is insufficient to stimulate a detectable 

antibody response (Levine et al. 1992, Chart et al. 1993, Karmali 1998). Evidence 

for this theory includes the fact that populations, such as dairy farmers and abattoir 

workers, who are exposed to VTEC on a daily basis, have a higher levels of VT 

antibodies than the urban population (Reymond et al. 1996, 1997, Evans et al. 

unpublished). Takeda et al. (1993) speculated that a single episode of VTEC 

infection is not enough to induce a detectable antibody response to VT but constant 

exposure to VTEC will eventually lead to detectable antibody levels. This might 

explain why low ELISA values were detected in some patients’ sera. High ELISA 

values in both patient and control groups could be explained by repeated exposure to 

VTEC in the past.

Barrett et al. (1991) and Chart et al. (1993) both demonstrated that the ELISA values 

of patients’ sera were not significantly different from those obtained with the control 

group and concluded that patients do not generally make antibodies specific for VT. 

The ELISA results from this study support the work of Barrett et al. (1991) and 

Chart et al. (1993), as the ELISA values of the patients’ sera could not be 

differentiated from those of the control sera. These results suggest that the detection 

of antibodies to VT would not be useful in providing evidence of a VTEC infection.
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7. FLAGELLAR PROTEINS

7.1. RESULTS

The detection of antibodies to the long-chain LPS or ‘O’ antigen of strains of E.coli 

0157 in sera from patients infected with VTEC 0157 is well established (See section 

1 A3.a.). In this part of the study the antibody response of patients infected with 

E.coli 0157:H7 to H7 flagellar antigens was examined.

7.1.1. The antibody response of patients’ infected with VTEC 0157 to H7

flagella

Flagella were prepared from a strain of E.coli 0157:H7 (El 14585) (Figure 7.1.). 

Maximum flagellar expression was achieved by repeatedly growing the strains in semi

solid agar (Craigie tubes) (48 h, 37°C). Heated extracts prepared from these bacteria 

contained a protein band of 66 kDa as demonstrated by SDS-PAGE (Figure 7.2.). 

This protein band was confirmed as being the H7 flagellar antigen with rabbit 

antibodies prepared to H7 flagella (kindly donated by Tom Cheasty, Laboratory of 

Enteric Pathogens, Colindale (Figure 7.3 ). Thirty-six sera from patients with 

antibodies to the LPS of E.coli 0157 were reacted with the H7 flagellar protein by 

SDS-PAGE and immunoblotting. A weak antibody response to the H7 flagellar 

protein subunit was detected in one serum sample. See table 7.1. for results and 

patients’ details.
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Figure 7.1. Strain oïE.coli 0157:H7 expressing flagella. Magnification x72 000.
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Figure 7.2. SDS-PAGE showing heated extracts prepared from E.coli 0157:H7 

(El 14585) (Lane 1) and the same strain grown in a Craigie tube to induce the 

expression of flagella (arrowed) (Lane 2).
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Figure 7.3. Heated extract of H7 flagella reacted with serum from a patient infected 

with E.coli 0157:H7 (Lane 1) (the patient has antibodies to 0157 LPS but not to the 

H7 flagellar antigen) and rabbit antibodies prepared to H7 flagella (Lane 2).
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Table 7.1. Antibody response to H7 flagella by patients with evidence of an 0157 

VTEC infection.

Sera Age/Sex Symptoms Antibodies to H7 flagella
PCI 68/M HUS -

PC2 31/F na -

PC3 na/M HUS -

PC4 01/M na -

PC5 48/F D -

PC6 01/M HUS -

PC7 04/M HUS -

PCS 06/F HUS -

PC9 04/F Vomiting -

PC10 na/F HUS -

PC11 64/F D -

PC12 04/na HUS -
PC13 07/M HUS -
PC14 17/F na -
PC15 75/F HUS -
PC16 20/F na +
PC17 - 26/F na -
PC18 11/M HUS -
PC19 19/M na -

PC20 30/M D -

PC21 19/M na -

PC22 12/F HUS -

PC23 06/F D -

PC24 09/M na -

PC25 02/F HUS -

PC26 22/M HUS -

PC27 02/F HUS -

PC28 65/F na -

PC29 18/F na -

PC30 06/M HUS -

PC31 08/F HUS -

PC32 75/F HUS -

PC33 01/F HUS -

PC34 14/M Abdominal pain -

PC35 21/F na -

PC36 02/na HUS -

HUS - haemolytic uraemic syndrome, D - diarrhoea, na - data not available
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7.2. DISCUSSION

7.2.1. The antibody response of patients with evidence of infection with VTEC

0157 to H7 flagellar proteins

Motility is often regarded as a virulence factor, as motile bacteria are able to penetrate 

the intestinal mucus layer and colonise the mucosal surface of the host. However, in 

this study, only one of 36 patients with serum antibodies to the LPS of E.coli 0157 

had antibodies to the H7 flagellar protein. The antibody response in this patient was 

weak and may have occurred as a result of a previous encounter with a strain of 

E.coli expressing H7 flagella.

There are conflicting reports about the human antibody response to flagella. Kwang 

and Littledike (1995) concluded that flagellins are highly antigenic proteins that have 

the potential to serve as markers for Salmonella infection, but Brown & Hormaeche 

(1989) reported that the immune response of humans to Salmonella flagella was 

variable. Sherman et al. (1988) reported serum antibodies to H7 flagella in one 

patient with haemorrhagic colitis, but they analysed only one serum. H7 flagella from 

0157 VTEC may not be antigenic in humans, although H7 flagella are clearly 

antigenic when injected into rabbits and other members of the Enterobacteriaceae 

elicit an antibody response in humans to flagellar proteins (Brown and Hormaeche 

1989, Kwang and Littledike 1995). It is more likely that H7 flagella are not expressed 

in vivo during 0157 VTEC infection. It is clear that non-motile strains of VTEC 

0157 (ie. 0157:H-, not expressing flagella), are as capable of causing disease as 

motile strains.
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A study by Akerley et a l  (1995) showed that expression of flagella by Bordetella 

bronchiseptica inhibited colonisation in an animal model of infection and that 

inactivation of the flagellin gene in these strains, enabled colonisation to take place 

(Akerley et al. 1995). There are a number of reasons why expression of flagella might 

inhibit colonisation of the host. Synthesis and assembly of flagella require energy, 

which may decrease the bacterial growth rate (Cotter and Miller 1994), or the 

presence of flagella on the cell surface might interfere with the expression or function 

of other secreted virulence factors (Jones et al. 1992). Also, the flagella could 

stimulate an immune response that may result in clearing the bacteria from the host 

(Strauss 1995).

The role of flagella in the pathogenesis of VTEC infection is not clear. Certain 

specific serotypes of VTEC are associated with disease, which suggests that both the 

‘O’ antigen and the flagella antigen have an important role in pathogenesis. However, 

the work described here indicates that flagella are either not expressed during VTEC 

0157 infection or do not induce a detectable antibody response in the patient.
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8. FIMBRIAE

8.1. RESULTS

Expression of fimbriae by strains of VTEC was examined with the aim of establishing 

whether patients make serum antibodies to fimbriae during infection.

8.1.1. Fimbrial expression in VTEC strains

VTEC strains isolated from humans, animals and food were grown in 5 ml tubes of 

Muller-Hinton broth, 5 ml tubes of Brain heart infusion (BHI) broth and on CFA agar 

(App. 10.3.15), and examined for fimbriae by electron microscopy. None of the 

twelve VTEC 0157 strains (See App. lO.l.l.b. for details of these strains) examined 

in this study expressed fimbriae. All of the 15 non-0157 VTEC strains examined 

(Table 8.1.) grown in BHI broth, expressed fimbriae (Figure 8.1.), but those grown in 

Muller-Hinton broth and on CFA agar did not.

8.1.2. Haemagglutination assays

Type 1 fimbriae are characterised by their ability to bind to D-mannose. Strains of 

E.coli that agglutinate rat erythrocytes in the absence of D-mannose but not in the 

presence of D-mannose are described as type 1 fimbriae (Duguid et al. 1966). All 

except two strains of VTEC belonging to serogroups other than 0157, E33167 

(026:H11) & E l07943 (026:H11), examined in this study agglutinated rat 

erythrocytes in the absence of mannose. Only one strain, E92568 (0134:H25), 

agglutinated rat erythrocytes in the presence of D- mannose (Table 8.1.). All 

fimbriae, including those that agglutinated rat erythrocytes in the presence of D- 

mannose and those that did not agglutinate rat blood at all, were similar in size 

(approximately 0.3-0.4 pm) and appearance (Figure 8.1.).
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Figure 8 1. Strains of VTEC expressing fimbriae (a) E31708 (0163 H19) (b) E43549 

(O105ac:H19) (c) E42724 (O103.H2) (d) E20521 (0128 H2) (e) E92568 

(0134:H25) (f) El 13372 (026:H11). Magnification (a), (b), (c) & (e) x 72 000, (d) 

& (f) x 93 000



8.1.3. Isolation of fimbriae from strains of VTEC

Attempts were made to isolate fimbriae from the strains in Table 8.1. Heated extracts 

of these strains were compared with those of a strain o î  Salmonella enteritidis PT4 

(E l32344) expressing fimbriae with subunits of 17 kDa (Figure 8.2.). A protein band 

representing fimbriae could not be clearly identified in the VTEC strains using the 

heat extraction method.

Figure 8.2. Heated extracts of VTEC strains 026:H11 (El 13372) (Lane 1) and 

O103:H2 (E042724) (Lane 2).shown to express fimbriae by EM were compared with 

that of a strain o ï Salmonella enteritidis PT4 (El 32344) (Lane 3) known to express 

fimbriae with subunits of 17 kDa (arrowed).
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8.2. DISCUSSION

8.2.1. Fimbrial expression by VTEC strains

The aim of this part of the study was to determine whether or not strains of VTEC 

0157 expressed fimbriae. If fimbriae were observed, sera from patients infected with 

VTEC 0157 would be analysed for antibodies specific for the fimbrial proteins. 

However, attempts to detect fimbriae on strains of VTEC 0157:H7 and 0157 .H- 

were unsuccessful.

A number of studies have described fimbrial expression in strains of VTEC 0157:H7 

(Karch et a l  1987a, Sherman et a l  1987, Toth et a l  1990, Ashkenazi et a l  1992, 

Fratamico et al. 1993). In the present study, the method of Karch et a l  (1987a) using 

CFA agar and MHB was adopted, in addition to BHI broth, a method suggested by 

Adrian Cookson at the Veterinary Laboratory Agency, Weybridge (personal 

communication), but fimbriae were not detected by EM and the strains did not 

agglutinate rat or guinea pig erythrocytes. The expression of type 1 fimbriae is 

suppressed by growth on solid media and the composition of the media may also 

affect the expression of certain VTEC fimbriae (Swaney et a l  1977, de Graf et a l 

1980). A recent study by Enami et a l  (1999) showed that 34 strains of VTEC 

serogroup 0157 examined did not express fimbriae, although the genes encoding the 

major structural component (fimA) and the adhesin {fimH) of type 1 pili were 

detected in each strain.

Strains of VTEC 0157 express the LEE-encoded proteins associated with intimate 

attachment to the gut and may not require additional adherence mechanisms, such as 

fimbriae. However, the AE mechanism explains only how intimate attachment occurs.
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The process of initial attachment of the bacterium to the gut has not yet been 

explained and may involve fimbriae. Future work should include attempts to induce 

fimbrial expression in VTEC 0157 using a variety of growth conditions and different 

media.

Using the BHI broth technique, all the VTEC strains other than serogroup 0157 

analysed in this study were found to express fimbriae. This group included strains 

that hybridised with the eae probe, which detects part of the intimin gene, and those 

that did not hybridise with the probe. These results showed that certain VTEC 

strains, including those carrying the genes required for expression of the AE 

mechanism, express fimbriae.

8.2.2. Haemagglutination assays

Haemagglutination assays using rat erythrocytes showed that 12 of 15 non-0157 

VTEC strains expressed type 1 fimbriae. Two strains did not agglutinate rat 

erythrocytes and one of the strains agglutinated rat erythrocytes in the presence of D- 

mannose. Enami et a l  (1999) showed that 26 of 27 strains of VTEC serogroup 026, 

and 7 of 9 strains of non-VTEC E.coli 0157 isolated from healthy people, expressed 

type 1 fimbriae. Type 1 fimbriae have been described in EPEC (Elliott and Kaper 

1997) and have been shown to induce an antibody response following acute EPEC 

infection (Karch et al. 1987b). The significance of this antibody response was not 

clear as it has been estimated that 70% of all wild-type strains of E.coli express type 1 

fimbriae enabling them to adhere to D-mannose-containing structures on a variety of 

eukaryotic cells (Klemm 1985). The adherence of wild-type strains of EPEC to HEp- 

2 cells is enhanced by type 1 fimbrial expression, but the presence or absence of type
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1 fimbriae had no effect on the adhesion of isogenic strains in vitro (Elliott and Kaper

1997). Nishikawa et al. (1995) showed that adhesion of VTEC strains to HEp-2 did 

not depend on type 1 fimbriae.

The results from this study have shown that 12 of 15 non-0157 VTEC strains 

analysed expressed type 1 fimbriae, but whether they are an important pathogenicity 

factor is uncertain, as many non-pathogenic strains o f E.coli also express type 1 

fimbriae. The non-type 1 fimbriae expressed by the three VTEC strains in this study 

may have a more interesting role in the pathogenicity of VTEC infection than type 1 

fimbriae.

8.2.3. Isolation of fimbriae from strains of VTEC 

Attempts to isolate VTEC fimbriae in this study, using techniques suitable for 

isolating fimbriae from other enteric bacteria were unsuccessful. Further work could 

use different techniques described by other workers. Coilinson et al. (1991) used 

formic acid to extract fimbriae from Salmonella enteritidis and Enami et al. (1999) 

described a method involving high speed centrifugation.

Studies are also needed to determine whether fimbriae are required either in the 

adherence of strains of VTEC which do not possess the LEE, or in the initial 

attachment of strains of VTEC which express the AE phenotype, or both. If fimbriae 

are shown not to have a role in adhesion of strains of VTEC in vivo, other bacterial 

adhesion factors should be sought, particularly in those strains which do not carry the 

LEE. More work needs be carried out on the role of fimbriae in VTEC adherence
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before we are able to determine whether or not the detection of antibodies to VTEC 

fimbriae would be useful for providing serological evidence of a VTEC infection.
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9. FINAL DISCUSSION & CONCLUSIONS

The detection of faecal Verocytotoxin-producing E.coli has proved essential in the 

diagnosis and epidemiology of infections with VTEC; however, these bacteria and the 

toxins they produce are only detectable in faecal specimens for a limited time after the 

onset of disease (Riley et al. 1987, Scotland et al. 1988). Infection with E.coli 

0157:H7 and 0157:H- results in the production of serum antibodies to the LPS of 

these organisms, and immunological tests have been established to screen sera for 

evidence of infection with strains of. E.coli 0157 (Chart et al. 1989a, 1989b, 1991a). 

Antibodies can be detected for several months following onset of disease and serology 

has been useful in providing evidence of current and retrospective infection (Chart et 

al. 1991b, Cheasty et al. 1998). Strains of VTEC 0157:H7 are the most prominent 

VTEC serotype associated with disease in England and Wales, although an increasing 

number of VTEC serotypes other than 0157 have been isolated from humans with 

gastroenteritis world-wide. The VTEC family is diverse and new techniques are 

required to ensure that laboratories and public health surveillance systems have the 

ability to detect and monitor evidence of infection with all VTEC serotypes. The aim 

of this thesis was to characterise putative VTEC pathogenicity factors and to 

investigate the humoral antibody response of patients infected with strains of VTEC 

to these bacterial components.

9.1. Lipopolysaccharide

The detection of serum antibodies to the LPS of E.coli 0157 has proved useful for 

providing evidence of infection with this organism, and the possibility of detecting 

antibodies specific to the LPS of other common VTEC serogroups in patients with 

clinical symptoms of VTEC infection was investigated in this study. Less than 10%
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of the sera analysed had antibodies binding to the LPS of the most common VTEC 

serogroups. It is suggested that the large number of patients whose sera did not have. 

antibodies to the LPS of the common VTEC serogroups was not due to a lack of 

antibody response to these antigens, but more likely a result of these patients being 

infected with either VTEC serogroups not included in the panel of strains tested here 

or with other bacteria causing similar symptoms to those caused by VTEC. Not all 

patients infected with VTEC produce antibodies specific for LPS but evidence from 

this study involving sera matched with VTEC isolates from faecal samples, shows that 

antibodies reacting with LPS can be detected in the sera of most patients.

The analysis of sera for antibodies to the LPS of non-0157 VTEC for diagnosis of 

sporadic cases is not practical but there is a role for this technique in certain , 

situations, such as when serology can be matched to the detection of VT genes by 

PCR in faecal samples or analysis of sera during an outbreak.

The analysis of sera from healthy blood donors showed that over half the samples had 

serum antibodies to the LPS oiE.coli belonging to serogroups 05 and 0165. Work 

needs to be continued on this subject to determine whether sera from the healthy adult 

population does contain antibodies which react with the LPS of other common VTEC 

serogroups or whether the serum antibodies observed cross-react with the 

carbohydrate structures expressed by other bacteria.

It would be interesting to examine infected patients for antibodies to the LPS of 

common VTEC serogroups in samples such as gastric secretions or faecal material. 

The preliminary study performed here looking for antibodies specific to the LPS of
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E.coli 0157 in saliva samples, shows potential, particularly in the serodiagnosis of 

very young children with VTEC infection, where taking blood samples may cause 

distress.

9.2. Proteins encoded by the locus of enterocyte effacement (LEE)

Certain proteins secreted by strains of EPEC were found to bind antibodies in the sera 

of patients infected with VTEC. Further investigations revealed that these proteins 

were associated with the AE phenotype expressed by strains of EPEC and some 

strains of VTEC, including serotype 0157:H7. The OMP intimin, has been shown to 

be antigenic in EPEC and VTEC patients (Jarvis and Kaper 1996). This study 

showed that patients infected with VTEC strains expressing the AE phenotype 

produced antibodies which cross-reacted with intimin from a number of different 

VTEC and EPEC serotypes.

Other workers have succeeded in purifying certain proteins encoded by the LEE and 

these were used in the present study to look for serum antibodies specific to these 

proteins in sera from patients infected with VTEC. Most patients with a VTEC 

infection, including those infected with VTEC other than 0157, produced antibodies 

to the conserved region of intimin, the middle region of Tir and the EspA protein, 

whereas most sera from healthy blood donors did not contain antibodies to these 

proteins. Analysis of the patients’ antibody responses showed that most patients’ sera 

contained antibodies to middle region of the Tir protein, whereas none of the sera 

contained antibodies to the two terminal regions. These results confirmed the 

orientation of the Tir protein in the host cell membrane, with the two terminal regions 

positioned intracellularly and the middle region exposed on the surface ot the cell
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(Jenkins et al. 2000). This data has contributed towards the understanding of the 

mechanisms involved in the expression of the AE phenotype and the patients antibody 

response to them.

This technique could improve the serodiagnosis of infection with those strains of 

VTEC that express the LEE-encoded proteins. Sera from patients infected with 

EPEC would also contain antibodies to the LEE-encoded proteins, but it should be 

possible to distinguish between EPEC and VTEC infection because the clinical 

symptoms are quite distinct. Future work should be undertaken to analyse sera from 

patients with HUS sent to the LEP for routine 0157 serology, for antibodies to the 

LEE-encoded proteins.

9.3. Enterohaemolysin

This study has shown that different strains of VTEC possessing the genes encoding 

enterohaemolysin exhibit distinct haemolytic phenotypes. However, whether this is a 

result of the expression of other haemolysins in addition to enterohaemolysin or over

production of enterohaemolysin, is not clear. More work needs to be carried out on 

haemo lysin expression in strains of VTEC and the role of enterohaemolysin in 

pathogenesis needs to be clarified. The presence of calcium, growth under iron 

restriction and specific atmospheric culture conditions increased the expression of 

enterohaemolysin in certain strains of VTEC, but attempts to isolate enterohaemolysin 

from wild-type strains were unsuccessful.

Enterohaemolysin was successfully isolated from TPE1302 and used to analyse the 

antibody response of patients infected with VTEC to enterohaemolysin. Although
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enterohaemolysin is expressed by all strains of VTEC 0157 and approximately 65% 

of strains of VTEC other than 0157 (Willshaw et al. 1992), the results of this study 

suggest that patients infected with VTEC do not produce antibodies specific to 

enterohaemolysin. It was concluded that enterohaemolysin was not a suitable antigen 

^ for providing serological evidence of infection with VTEC.

9.4. Verocytotoxin

The production of VT is the defining characteristic of the VTEC group and the 

production of antibodies specific to either VT1 or VT2 by patients infected with 

VTEC has been discussed previously, but these studies showed conflicting results 

(Karmali et al. 1983, Barrett et al. 1991, Siddons and Chapman 1993, Chart et al. 

1993, Yamada et al. 1993,1994, Caprioli et al. 1994, Greatorex and Thome 1994). 

In this study, sera were analysed for antibodies specific to VT by immunoblotting and 

ELISA. Antibodies to VT1 and VT2 were not detected by immunoblotting, although 

a small number of patients were found to have high ELISA values to VT2. The 

observation that certain sera from healthy blood donors were also found to have high 

ELISA values to VT2 suggested that non-specific antibody binding may have been 

taking place. The inability of this test to distinguish infected patients from the healthy 

population makes it unsuitable as a technique for providing evidence of infection with 

VTEC,

9
9.5. Flagella and Fimbriae #
In this study, human serum antibodies to the H7 flagellar protein were not detected in 

patients infected with strains of 0157:H7. It is suggested that flagella may not be 

expressed in vivo during infection with 0157:H7 VTEC. Strains of 0157:H7 did not
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express fimbriae using the methods employed in this study; however, strains of non- 

0157 VTEC, including strains which possessed the LEE, expressed fimbriae when 

grown under specific culture conditions. The role of fimbriae in the pathogenesis of 

VTEC infections is unclear, although fimbriae may be important in the colonisation of 

the human host by strains of VTEC not expressing the proteins associated with the 

AE phenotype. Strains of VTEC possessing the LEE may also require fimbriae as an 

initial adherence mechanism before the LEE-encoded proteins ensure intimate 

attachment to the host.

All but one of the strains of non-0157 VTEC examined in this study expressed type 1 

fimbriae, although the significance of type 1 fimbriae in pathogenicity remains unclear 

since 70% of strains of E.coli express this fimbrial structure (Klemm 1985). Attempts 

to isolate fimbriae from 0157 VTEC were unsuccessful and additional work is 

required. In addition to the isolation of VTEC fimbriae, studies are needed to 

determine whether strains of VTEC expressing fimbriae are more virulent than those 

which do not express fimbriae.

9.6. Conclusions

Strains of VTEC are a diverse group of bacteria, expressing a number of different 

pathogenic mechanisms and it was concluded that the human antibody response to 

VTEC antigens was complex.

This study has shown that antibodies to the LPS of VTEC other than serogroup 0157 

can be detected in sera from patients with evidence of VTEC infection, although the 

many different serogroups known to cause VTEC infection make serodiagnosis based
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on LPS complicated. Analyses of this type can contribute to the determination of the 

true incidence of infection caused VTEC other than 0157:H7. However, the 

prevalence of serum antibodies to certain E.coli serogroups which are also common 

VTEC serogroups, in the healthy population, and potential cross-reactions with the 

LPS of other bacteria, need to be assessed. Results from this study also showed that 

antibodies to the LPS of VTEC 0157 can be detected in saliva from a proportion of 

infected patients known to produce serum antibodies to 0157 LPS.

Most patients infected with VTEC produce antibodies to certain LEE-encoded 

proteins, notably the conserved region of intimin, the middle region of Tir and EspA. 

Strains of VTEC 0157:H7 and many other strains of VTEC associated with human 

infection express these proteins. Analysis of the antibody response to these proteins 

has shown which parts of the protein induce an antibody response, and this has 

contributed towards the evidence used to determine the role of each protein in the 

pathogenic mechanism of the AE phenotype.

The VTEC group characteristic is the expression of VT, however, the results from 

this study suggest that patients rarely produce antibodies specific to VT, as antibodies 

were not detected in patients infected with VTEC by immunoblotting and patients 

could not be distinguished from healthy blood donors by ELISA.

Few patients produced antibodies to H7 flagella proteins and enterohaemolysin. It is 

not certain whether H7 flagella, enterohaemolysin or fimbriae are expressed during 

VTEC infection and their role in the pathogenesis of VTEC infection needs to be 

clarified before the antibody response to these putative pathogenicity mechanisms can
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be folly assessed. In this study, most of the VTEC strains belonging to serogroups 

other than 0157 expressed type 1 fimbriae. These fimbriae are expressed by non- 

pathogenic E.coli and their significance in pathogenicity has yet to be determined for 

VTEC infection.

Assays based on LPS and the LEE-encoded proteins would optimise serodiagnosis of 

infections caused by VTEC.
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10. APPENDIX
10.1. Bacteria
10.1.1. Strains of VTEC
10.1. La. Strains o f VTEC other than 0157

Strain Serotype VT eae Ehly

E41787 05 :H- 1&2 + +

E l24407 05 :H- 1&2 + +

E45037 091:H21 2 - +

E5276 O103:H2 1 + +

E43549 O105ac:H18 1&2 - +

E55391 0111ac:H- 1 •+ +

E52849 0111ac:H- 1 + +

E41509 0128ab:H2 1&2 - +

E40135 0128ab:H25 2 + +

E42772 0145:H25 2 + +

E31708 0163 :H19 2 - +

E46091 0165 :H25 2 + +

E92568 0134:H25 2 - +

E80184/1 0173 :H2 2 - +

E68446 0?:H- 1&2 . - +

E75647 0121:H19 2 + +

El 13371 0128ab:H2 1&2 + + •

El 13372 026:H11 1 + +

El 13375 0128ab:H2 1&2 + • +

El 13378 026:H11 1 + +

E105991 026:H11 1 + +

E l07943 026:H11 1 + +

E108848 026:H11 1 + +

E108796 076:H7 2 + +

E36038 026:H11 1 + .+

E40230 055:H7 2 + . -

Reference/Source 

Willshaw et al. 1992 

This study 
Willshaw et al. 1992 

Dorn et al. 1989 

Willshaw et al. 1992 

Willshaw et al. 1992 

Willshaw et al. 1992 

Willshaw et al. 1992 

Willshaw et al. 1992 

Willshaw et al. 1992 

Willshaw et al. 1992 

Willshaw et al. 1992 

Thomas et al. 1996 

Thomas et al. 1996 

Thomas et al. 1996 

Chart efti/. 1998b 

Chart et al. 1998b 

Chart et al. 1998b 

Chart et al. 1998b 

Chart et al. 1998b 

Chart et al. 1998b 

Chart et al. 1998b 

Chart et al. 1998b 

This study

Smith and Scotland 1988 

Smith and Scotland 1988
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10.1. La. Strains o f VTEC other than 0157 continued.

Strain Serotype VT eae Ehly Reference

E32627 O104:H2 - - Smith and Scotland 1988

E47748 O115:H10 2 - - Smith and Scotland 1988

E38938 0145:H25 2 + + Smith and Scotland 1988

E31695 0153:H25 2 - - Smith and Scotland 1988

E l1698 0128:H2 1&2 - + This study

E l4489 0128:H2 1&2 - + This study

E15350 0128:H- 1&2 - + This study

E48923 0128:H2 1&2 - + This study

E20521 0128:H8 1 - - This study

E27799 091 :H- 1&2 - - This study

E31448 026:H11 1 + + This study

E49550 026:H11 1 + + This study

E21352 026:H11 1. + + This study

E135309 026:HH 1 + + This study

E135310 026:H11 1 + + This study

E33167 026:H11 1 - - This study

E42724 O103:H2 1 + . + This study
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10.1. Lb. Strains o f VTEC 0157

Strain Serotype VT PT Source Reference

E143159 0157:H- 1&2 ~ 8 Human This study

E l42962 0157:H- 2 14 Human This study

E l42867 0157:H- 2 4 Sheep This study

E l30826 0157:H7 1&2 1 Human This study

E131121 0157:H- 1&2 8 Human This study

El 33746 0157:H7 2 49 Meat This study

El 34544 0157:H7 2 . 2 Human This study

E133464 0157:H7 1&2 8 Human This study

E l34838 0157:H- 1 4 Hotdog This study

El 34854 0157:H- 2 4 Meat This study

E32511 0157:H- 2 49 Human Scotland et al. (1987)

El 14585 0157:H7 2 2 Sausages This study
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10.1.2. Miscellaneous strains of Kcoli

Strain Serotype

E20513 0111:H2

E2348 0127:H6

E57150 0126:H27

E71341 O102:H27

E1397 0119:H6

E35990 0143:H-

E851 0142:H6

E27897 0142:H38

E27757 0127:H-

El 36396 0111ab:H21

El 19609 0?:K1:H7

El 19607 02:K1:H7

El 19608 02:K1:H7

El 19377 0?:H7

E119317 0?:H7

E119316 0?:K:H7

E l19299 0173:K1+:H7

E5798 07:H18

E68728 021 :H5

Characteristics 

EPEC 

EPEC 

EAggEC 

EAggEC 

EPEC 

EDBC 

EPEC

EXEC

DAEC

Reference 

Chart et al. 1988 

Cravioto et al. 1972 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study

10.13. Other enteric bacteria

Bacteria Strain

Salmonella enteritidis E132344

Salmonella munchen JT4

Yersinia enterocolitica E58475

Vibriù cholera Non 01 E l19528

Citrobacter species J1351

Shigella sonnei El 19302

Chart et al. 1994 

This study 

Chart et al. 1991b 

This study 

Chart et al. 1993 

This study
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10.1.4. Gentically modified strains

Strain Description

42R800 E.coli C600 K12 lac -ve strain

62R530 derivative of E32511 (Serotype

0157:H- VT2)VT -ve, CVD419 -ve 

60R556 derivative of E20517 (Serotype

0111:H2) EAF -ve 

ICint E.coli BL21 harbouring pGAD424

expressing Int280C (pICC21)

ICespA E. coli BL21 harbouring pET 28a

expressing EspA 

ICespB E. coli BL21 harbouring pET 28a

expressing EspB 

ICespD E. coli BL21 harbouring pET 28a

expressing EspD 

ICtirM E.coli BL21 harbouring pET 28a

expressing Tir-M (pICCIS)

ICtirN E.coli BL21 harbouring pET 28a

expressing Tir-N (pICC16)

ICtirC E. coli BL21 harbouring pET 28a

expressing Tir-C (pICCIT)

TPE1302 E.coli C600 K12 harbouring plasmid

pEO40 expressing EhlyA 

TPE1302 + E. coli C600 K12 harbouring plasmid

pRSC6 pEO40 and pRSC6 expressing EhlyA

and EhlyB and EhlyD

Reference 

LEP strain 

Willshaw et al. 1987

McConnell et al. 1989

Hartland et al. 1999

Knutton et al. 1998

Frankel et al. 1996

Imperial College 

Strain

Hartland et al. 1999 

Hartland et al. 1999 

Hartland et al. 1999 

Schmidt et al. 1995 

Schmidt et al 1995
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10.1.5. Strains of Kcoli serogroup 055

Strain Serotype eae VT LPS proffle

E74665 055:H7 +

E75022 055:117 +

E75261 O55:H10 -

E43537 O55:H10 -

E52303 055:H12 -

E45896 055:H12 -

E55189 055:H27 -

E64779 055:H27 -

E49075 055:H32 -

E73654 055:H32 -

E59189 055:H34 + 2

E59652 055:H34 + 2

E81984 055:H4 - 1

E76938 055:H22 - 1

E72317 055:H24 - 1

E72994 055:H32 - 1

E42954 055:H35 + 2

E60235 055:H35 + 2

E38748 055:H42 + 2

E74986 055:H45 - 1
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10.2. Sera

10.2.1. Patients Group A (PA) - Sera containing antibodies to Kcoli 0157 LPS 

- pre 1997

Serum E Number Age/Sex Symptoms LPS ELISA
PA1 083544 02/M Vomiting 2.00
PA2 110302 na/F na 2.00
PA3 099304 01/M HUS 2.00
PA4 100062 02/F na 2.00
PA5 098186 na/ na HUS 2.00
PA6 108486 06/F HUS 2.00
PA7 107832 03/M na 2.00
PA8 080409 02/M HUS 2.00
PA9 083336 03/F HUS 2.00
PA10 081833 45/F Abdo pain 2.00
PAH 083545 04/M Vomiting 2.00
PA12 109410 16/M na 2.00
PA13 114891 04/M HUS 2.00
PA14 111071 18/F na 2.00
PA15 086958 46/F na 2.00
PA16 088644 04/M HUS 2.00
PA17 111066 14/M . na 2.00
PA18 096159 45/F na 2.00
PA19 114166 na/F HUS 2.00
PA20 097204 04/M HUS 2.00
PA21 089140 02/F HUS 2.00
PA22 113812 09/na HUS 1.59
PA23 084422 37/M na 1.49
PA24 083335 03/F HUS 1.36
PA25 097698 23/F HUS 1.35
PA26 109597 66/F HUS 1.18
PA27 111053 02/M na 1.18
PA28 091526 11/F HUS 1.13
PA29 085557 01/M na 1.09
PA30 099329 03/F HUS 1.06
PA31 107687 05/F HUS 1.01
PA32 084765 02/F na 0.97
PA33 115648 65/F na 0.76
PA34 096815 03/F HUS 0.70
PA35 099081 02/M HUS 0.63

na - not available, HUS - haemolytic ureamic syndrome 

ELISA cut off value - 0.5
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10.2.2. Patients Group B (PB) - Sera from patients infected with VTEC 0157

Serum E Number Phage type VT Age/Sex Anibodies to 

0157 LPS

Symptoms

PB1* 125607 2 ™2 04/F + HUS

PB2 125537 2 2 10/M + HUS

PB3 125131 21/28 2 02/F + HUS

PB4 125605 2 2 05/M + HUS

PB5 126192 2 2 08/F + HUS

PB6* 128074 2 2 02/M + D

PB7 131766 2 2 13/M + HUS

PBS 132738 2 2 35/F + HUS

PB9* 132884 2 2 07/M + D

PB10 125608 2 2 10/M + HUS

PB11 122966 21/28 2 07/M + HUS

PB12 127260 2 2 10/F + HUS

PB13 125539 2 2 05/F + HUS

PB 14* 125130 21/28 2 02/F + HUS

PB15 141195 49 2 03/M + Vomiting

PB16 141069 21/28 2 08/F + Vomiting

PB17 140712 2 2 05/M + HUS

PB 18* 139863 21/28 2 02/F + D

PB19* 140232 2 2 04/F - D

PB20* 140233 2 2 01/M - D

PB21* 140558 8 1&2 72/F + D

PB22* 139616 21/28 2 03/F + D

PB23* 139617 21/28 2 02/F + D

PB24* 139612 21/28 2 05/M + D

PB25* 139643 21/28 2 82/M. + D

D - diarrhoea, HUS - haemolytic ureamic syndrome

* - sera analysed for antibodies to enterhaemolysb
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10.2.3. Patients Group C (PC) - Sera containing antibodies to Kcoli 0157 LPS 

(1997-98) by immunoblotting (ELISA values not available)

Sera E number Age/Sex Symptoms
PCI E l14579 68/M HUS
PC2 E119014 31/F na
PC3 E l16998 na/M HUS
PC4 El 15523 01/M na
PC5 El 15528 48/E D
PC6 E l16399 01/M HUS
PC7 E l17660 04/M HUS
PCS El 17349 06/F HUS
PC9 El 13320 04/F Vomiting

PC10 E112417 na/F HUS
PC11 El 17469 64/F D
PCI 2 El 17350 04/na HUS
PC13 E l16727 07/M HUS
PC14 E117511 17/F na
PC15 . E113571 75/F HUS
PCI 6 E117514 20/F na
PCI 7 E117517 26/F na
PCI 8 E l16708 11/M HUS
PC19 E117513 19/M na
PC20 El 18914 30/M D
PC21 E117510 19/M na
PC22 E123968 12/F HUS
PC23 E123438 06/F D
PC24 E l22782 09/M na
PC25 E l20929 02/F HUS
PC26 E l22096 22/M HUS
PC27 E121500 02/F HUS
PC28 E121853 65/F na
PC29 E117512 18/F na
PC30 E l17601 06/M HUS
PC31 E l16606 08/F HUS
PC32 E113571 75/F HUS
PC33 El 18481 01/F HUS
PC34 El 19230 14/M Abdominal pain
PC35 E117515 21/F na
PC36 El 18925 02/na HUS

na - not available, D - diarrhoea, HUS - haemolytic ureamic syndrome
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10.2.4. Patients Group D (PD) - Sera containing antibodies to Kcoli 0157 LPS 

(1998-99)

Serum E Number Age/Sex Symptoms

PDÎ 127797 01/M

PD2 129568 03/M HUS

PD3 129798 02/F HUS

PD4 129910 02/F HUS

D - diarrhoea, HUS - haemolytic ureamic syndrome

10.2.5. Group A ( NA) - Archive sera containing antibodies to the LPS oiKcoli 

serogroups other than 0157

Serum E Number Age/Sex Symptoms Antibodies to 

Serogroup

Reference

NAÎ 93159 49/M HUS 05 Chart et al. 1993

NA2 95521 02/F HUS 05 Chart et al. 1993

NA3 098649 64/M na 05 Chart et al. 1993

NA4 FP687* 03/M HUS 0145 Chart et al. 1990

NA5 FP100 na na 05 Chart et al. 1990

NA6 FP211 13/F diarrhoea 05 Chart et al. 1990

NA7 FP717 12/M renal failure 05 Chart et al. 1990

NA8 FP851 90/F diarrhoea 0115 Chart et al. 1990

NA9 FP1018 na na 0153 Chart et al. 1990

NA10 FP852 75/F diarrhoea 0115 Chart et al. 1990

* VTEC 0145:H25 was isolated from this patient, VT2 only, eae +ve, Ehly +ve
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10.2.6. Group B ( NB) - Sera containing antibodies to the LPS of Kcoli 

serogroups other than 0157

Serum E Number Age/Sex Symptoms Antibodies to 
Serogroup

NB1 116424 na D 0153
NB2 114366 89/F BD 0115
NB3 115524 25/F BD 0165
NB4 119369 31/M D 0165
NB5 111075 14/F BD 0165
NB6 119368 31/M D 0165
NB7 117470 05/F BD 026
NB8 112392 26/F BD 05
NB9 114385 48/M TTP 0165
NB10 116429 na D 0115
NB11 111068 06/F BD 0165
NB12 111683 14/M D 0128
NB13 115646 78/F BD 0115
NB14 116728 27/M BD 026
NB15 117656 21/F D 026 -
NB16 118480 07/M HUS 0145

, NB17 118125 23/M HUS 0165
NB18 114643 32/F D 05
NB19 117505 01/F Renal failure 0165
NB20* 135650 01/F HUS 026
NB21 119405 03/M BD 026
NB22 114366 89/F BD 0115
NB23 118125 23/M HUS 0163
NB24** 144360 01/F HUS 0103

D - diarrhoea, HUS - haemolytic ureamic syndrome, TTP - thrombocytopaenia

* VTEC 026:H11 was isolated from this patient, VT1 only, eae +ve, Ehly +ve 

** VTEC O103:H2 was isolated from this patient, VT1 only, eae +ve, Ehly +ve

10.3. Media.

10.3.1. Nutrient agar 

In 1 litre of distilled water:

Lab-Lemco powder (10 g), Peptone (10 g), Sodium chloride (5.0 g), Agar (15.0 g), 

pH adjusted to 7.4. Nutrient agar was sterilised by autoclaving (121°C, 15 min).
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10.3.2. Nutrient broth

As for nutrient agar, but agar omitted.

10.3.3. Craigie Tubes - Thiotone agar 

In 1 litre of distilled water:

thiotone (10 g), beef extract (3 g), gelatin (80 g), shred agar (4 g)

10.3.4. Dorset Egg

In 1 litre distilled water:
Lab-Lemco powder (25 g), peptone (2.5 g), Sodium chloride (1.25 g). Egg medium 

was processed by repeated incubation (80°C, 2 h).

10.3.5. L-agar

In 1 litre distilled water:
Oxoid tryptone broth powder (10 g). Yeast Extract (5 g), Difco Bacto agar powder 

(15 g), Sodium chloride (5 g), Glucose (1 g). L-agar was sterilised by autoclaving 

(121°C, 15 min).

10.3.6. L-broth

As for L-agar, but agar omitted.

10.3.7. Tryptone soya broth (TSB)

In 1 litre distilled water:
Pancreatic digest of casein (17.0 g), Papaic digest of soybean meal (3.0 g), Sodium 

chloride (5.0 g). Dibasic potassium phosphate (2.5 g), Glucose (2.5 g), pH was 

adjusted to 7.3. TSB was sterilised by autoclaving (121°C, 15 min).

10.3.8. Phosphate Buffered Saline (PBS)

In 1 litre distilled water:
Sodium chloride (8 g), Potassium chloride (0.2 g). Sodium hydrogen orthophosphate 

(1.15 g), Potassium hydrogen orthophosphate (0.2 g). PBS was sterilised by 

autoclaving (121°C, 15 min).
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10.3.9. Todd Hewitt Broth (THB)

In 1 litre of distilled water:
Infusion from 450g fet free minced meat (10.0 g), Tryptone (20.0 g). Glucose (2.0 

g), Sodium Bicarbonate (2.0 g), Sodium Chloride (2.0 g), Disodium hydrogen 

phosphate pH 7.8 (0.4 g). THB was sterilised by autoclaving (121°C, 15 min).

10.3.10. Blood Agar (in house)

L-agar was melted in a steamer and transferred to 50°C holding bath. 1 ml of sheep 

blood was placed in a sterile eppendorf tube and centrifuged at low speed for 2 min. 

The supernatant was removed and 1 ml of phosphate buffer saline (PBS) was used to 

resuspend the erythrocytes which were then washed three times. 1 ml of the blood 

suspension was poured into a 20 ml universal of melted L-agar and this was used to 

make 4 tubes (8 cm x 1 cm) or 1 plate.

10.3.11. Blood Agar base /  Blood Agar base No: 2 /  Sheep Blood Agar base 

In 1 litre of distilled water:
Proteose peptone (15.0 g), Liver digest (2.5 g), Yeast extract (5.0 g). Sodium 

chloride (5.0 g), Agar (12.0 g). The solution was autoclaved at 121°C for 15 min, 

cooled to 45°C and 7% washed sheep blood was added.

10.3.12. EDDA L-agar
Ethylene-diamine-di-o-hydroxyphenyl acetic acid (EDDA) was made iron-free by the 

method of Rogers (1973). 10 mg EDDA was added to 100 ml of L-agar. Agar was 

sterilised by autoclaving (121°C, 15 min).

10.3.13. EDDA L-broth
As above but 100 ml L-broth instead of L-agar. Broth was sterilised by autoclaving 

(121°C, 15 min).

10.3.14. Tris succinate 

In 800 ml deionised water:
Sodium chloride (5.8 g), Potassium chloride (3.7 g), Ammonium chloride (1.1 g), 

Pairinm chloride dihydrate (0.15 g). Magnesium chloride hexahydrate (0.1 g). 

Sodium Sulphate (0.142 g). Tris (hydroxymethyl) methylamine (12.1 g), Sodium

211



succinate (10 g), pH was adjusted to 6.8 with HC1 and the final volume was made up 

to 1 litre.

10.3.15. Colonisation factor antigen agar (CFA)

In 1 litre distilled water:
Casamino acids (10 g), Yeast, (1.5 g). Magnesium sulphate, (0.05 g), Manganese 

chloride (0.005 g). Agar (20 g). CFA agar was sterilised by autoclaving (121°C, 15 

min).

10.4. Bacterial components.

10.4.1. Lipopolysaccharide.
10.4.La. Solubilisation buffer
Tris(hydroxymethyl)methylamine (0.757 g) was dissolved in 80 ml deionised water, 

the pH was adjusted to 6.8 with HC1 and made up to 100 ml. Within a fume 

cupboard, 50 ml the Tris-HCl, pH 6.8 was placed in a beaker on a magnetic stirrer, 

glycerol (10 ml), SDS (3g), p-mercaptoethanol (5 ml) and bromophenol blue (0.0 Ig) 

were added.. The solution was made up to 100 ml with the remaining Tris-HCl, pH

6.8.

10.4. l.b. Silver stain fixing solution

Methanol (200 ml), Acetic acid (25 ml), Distilled water (275 ml).

10.4. I.e. Silver stain oxidising solution

100 ml fixing solution containing Periodic acid (0.7 g).

10.4.1.d. Silver staining solution

0.1 M sodium hydroxide (4 g NaOH ml'1) (28 ml) was placed in a 250 ml measuring 

cylinder containing a magnetic stirring bar. While mixing, ammonium hydroxide (2 

ml) was added, followed by silver nitrate solution (0.2 g AgNCb m l1) (5 ml), which 

was added drop by drop. The solution was made up to 150 ml with deionised water, 

mixed and used within 5 min of preparation.
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lOJ.l.e. Silver stain developing solution 

In 1 litre distilled water:

Citric acid (50 mg), Formalin (0.5 ml).

10.4.2. Outer membrane characterisation

10.4.2. a. 25 mM Tris-HCl, pH7.4
Tris (hydroxymethyl)methylamine (3.03 g) was added to 800 ml distilled water and 

the pH was adjusted to 7.4 with HCL The solution was made up to 1 litre.

10.4.2.b. 25 mM Tris-HCl, pH7.4, 1 mM EDTA

Ethylenediaminetetraacetic acid disodium salt (0.37 g) was added to 1 litre 25 mM 

Tris-HCl pH7.4 (App. lQ.4.2.a,),

10.4.3. Haemolysin.
10.4.3m. Crystapen 600 mg
Benzylpenicillin sodium BP 600 mg (equivalent to 560 mg benzylpenicillin)

560 mg benzylpenicillin in 50 ml distilled water to make up the stock solution. 800 pi 

of stock solution was added to 100 ml of agar or broth (equivalent to 90 pg antibiotic 

per ml).

10.4.4. Verocytotoxin.

10.4.4. a. Growth medium
Dulbecco’s modified eagles medium (DMEM) (100 ml), foetal bovine serum (10 ml) 

glutamine (500 pi), penicillin/streptomycin (5000 units ml"1) (2 ml). Prepared under 

sterile conditions.

10.4.4.b. Giemsa stain 

In 100 ml distilled water 

Giemsa stain (10 ml).
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10.5. Molecular studies.

10.5.1 DNA Hybridisation.

10.5. La. SDS solution
Sodium dodecyl sulphate (50 g) was dissolved in 500 ml of distilled water.

10.5.1.b. Denaturing solution 

In 50 ml distilled water:
Sodium hydroxide (1 g), Sodium chloride (4.4 g).

10.5.1.e. Neutralising solution 

In 800 ml distilled water:
Tris (60.5 g). Sodium chloride (87,6 g), pH was adjusted to 8.0 with HC1 and made 

up to a litre.

\

10.5.1.d  20 x SSPE

In 400 ml distilled water:
Sodium chloride (87 g), NaH2P04 (15.6 g), EDTA (3.7 g), pH was adjusted to 12 

using NaOH and then readjusted to pH 7.4 using HC1. The solution was made up to 

500 ml.

W.S.l.e. 20x SSC 

In 800 ml water:
Sodium chloride (175.3 g). Trisodium citrate (88.2 g), pH adjusted to 7.0 with 50% 

HCL The solution was then made up to 1 litre.

10.5.1.f. ECL hybridisation solution

20 x SSC (125 ml) was added to 250 ml distilled water. Blocking agent (2.5 g) and 

dextran sulphate (25 g) was dissolved in the dilute SSC by heating gently. SDS (See

5.4.1.a.) (2.5 ml) was added and the solution was made up to a total volume of 500

ml.
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10.5.1. g. Preparation o f salmon DNA

DNA (100 mg) was weighed into a glass sonicator tube. Tris-EDTA buffer (See

10.5.2.f.) (10 ml) was added, covered with parafilm and left to dissolve at 4°C 

overnight. DNA was sonicated until the solution was non-viscous. DNA solution 

was transferred into scintillation vials, boiled for 10 min and cooled on ice.

10.5.1.h. Probe solution

ECL hybridisation solution (See lO.S.l.f.) (10 ml), boiled salmon DNA (100 pi), 

labelled DNA (10 pi).

10.5.1. i. DNA probes used in this study

Probe Strain 
No.

Plasmid Vector Insert Reference

Enterohaemolysin Strain 
(CVD419)
E.coli attaching 
and effacing 
phenotype (eae)
VT1

VT2

Strain pCVD419 pBR325 3.4 Kb Levine et al.
933 Hindm 1987
62R645 pCVD434 pUC19 1Kb Jerse et al.

(Ap) Kpnl- Sail 1990

60R746 NTP705 pACYC17 0.75 Kb Willshaw et
7 (Km) HincU al. 1987

62R310 pDEP28 pGEMl 0.85 Kb Willshaw et
(Ap) Smal-Pstl al. 1987,

10.5.1J. High temperature washing conditions for probe stringency

Probe 

CVD419

Washing conditions 

5 x SSC/0.1% SDS, 2 x 15 min, 68°C

eae

VT1

VT2

0.1 x SSC/0.1% SDS, 2 x 15 min, 68°C
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10.5AX ECL Buffer 1 

In 1 litre of distilled water:
Tris (12.11 g). Sodium chloride (8.77 g), pH was adjusted to 7.5 with 50% HCL

10.5.1.1 Antibody-conjugate 

In 10 ml ECL 1 buffer (See 5.5.l.k.)
Bovine serum albumin (0.05 g). Anti-fluorescein horse radish peroxidase conjugate 

(10 pi).

10.5.1.m. ECL buffer 1 containing Tween 20 

In 1 litre ECL buffer 1:

Tween 20 (1 ml).

10.5.2. Preparation of plasmid DNA

10.5.2. a. Glucose CDTA solution
CDTA (4.16 g) was added to 50 ml 1 M Tris pH 8.0 to make a 0.25 M solution.

In 100 ml distilled water:
0.25 M CDTA pH 8.0 (4 ml), glucose (0.9 g), Tris pH 8.0 (2.5 ml)

1.5 ml of solution 1 was added to fysozyme (3 mg) just before use.

10.5.2.b. Sodium hydroxide solution

0.2 M Sodium hydroxide containing 1% sodium dodecyl sulphate (SDS)

10.5.2. c. 3M sodium acetate solution
Sodium acetate (40.8 g) was dissolved in distilled water. The pH was adjusted to 5.2 

with glacial acetic acid and distilled water was added to make up to 100 mL

10.5.2.d. T r is  sodium acetate solution 

In 100 ml with distilled water:
Sodium acetate (1.36 g). Tris pH 8.0 (5 ml), pH was adjusted to 8.0 with 50% HCL
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10.5.2.e. Tris borate buffer pH 8.0 

In 1 litre of distilled water:

Tris (10.8 g), EDTA (0.81 g). Boric acid (5.5 g)

10.5.2.f Tris-EDTA buffer (TE Buffer)

In 1 litre of distilled water:
Tris (1.21 g), EDTA (0.37 g), pH was adjusted to 8.0 with 50% HC1.

10.5.2.g. Ethidium bromide
Ethidium bromide (0.07 g) was weighed out and dissolved in 100 ml Tris-EDTA 

buffer, pH 8.0. For staining, 200 pi of the solution was diluted in 200 ml distilled

water.

10.5.2.h. Dye solutions

In 50 ml Tris-EDTA buffer (App. 10.5.2.f.)

Sucrose (30 g), bromophenol blue (0.125 g)

In 50 ml Tris-EDTA buffer 

Sucrose (30 g), Orange G (0.125 g)

10.5. 2.i. Agarose gels
Agarose (0.56 g) was dissolved in 80 ml borate buffer (App. 10.5.2.e.) to make 0.7% 

gel for plasmid preparations.
Agarose (0.80 g) was dissolved in 80 ml borate buffer (App. 10.5.2.e.) to make 1.0% 

gel for HlyA PCR preparations.
Agarose (1.60 g) was dissolved in 80 ml borate buffer (App. 10.5.2.e.) to make 2.0% 

gel for VT and intimin 0157 PCR preparations.
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10.6. Detection of antibody binding

10.6.1. Immunoblotting with alkaline phosphatase.
10.6.1.a. Transfer buffer 25 mM Tris, 192 mM glycine, 20% (v/v methanol)

In 3.2 litre distilled water:
Tris(hydroxymethyl)methylamine (9.69 g), Glycine (46.12 g), then solvent methanol 

(800 ml). The buffer was stored at 4°C.

10.6. l.b. PBS/Skimmed milk powder

3 g skimmed milk powder was added to 100 ml PBS.

10.6.1.e. PBS/Tween

0.25 ml Tween 20 was added to 500 ml PBS.

10.6.1.d. Antibody conjugate

Antibody type Label Host animal Sigma
code

Anti-human polyvalent Ig alkaline phosphatase goat A5034

Anti-human IgA alkaline phosphatase goat A3063

Anti-human IgM alkaline phosphatase goat A3275

Anti-human IgG alkaline phosphatase goat A8542

Anti-rabbit IgG alkaline phosphatase goat A3937

Anti-human Polyvalent Ig horseradish peroxidase goat A84Ô0

Anti-rabbit IgG horseradish peroxidase goat A1949

10.6.I.e. 5-bromo-4-chloroform-3-indolylphosphate (BCIP)

BCIP (500 mg) was added to distilled water (10 ml) and stored at -10°C in 1 ml

aliquots.

10.6. I f .  Nitro Blue Tétrazolium (NBT) in N,N- dimethyl formamide 

NBT (750 mg) was added to 70% DMF (10 ml) and stored at 4°C.
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10.6.1.g. Enzyme substrate buffer (BCIP/NBT buffer)

In 1 litre distilled water
Tris(hydroxymethyl)methylamine (12.1 g). Sodium chloride (5.26 g). Magnesium 

chloride 6-hydrate (30.5 g). 20 ml of this solution was mixed with BCIP (70 |il) (App.

6.1.4.) and NBT (90 pi) (App. 6.1.5.)

10.6.2. Immunoblotting with horseradish peroxidase.

10.6.2.a. Developing solution (See List o f Chemicals)

Solution A (40 ml), Distilled water (50 ml), Solution B (10 ml)

10.6.2. b. Fixer (See List o f Chemicals)

Fixer (20 ml) and Distilled water (80 ml)

10.7. Miscellaneous methods
10.7.1. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- 

PAGE)
10.7. La. Separation gel

Distilled water 

Lower gel buffer (App. 10.7.I.e.) 

APS (App. 10.7.1.f.)

Acrylamide (App. 10.7. I.e.) 

TEMED

10% 12.5% 15%

8.3 ml 6.7 ml 5.0 ml

5.0 ml 5.0 ml 5.0 ml

60 pi 60 pi 60 pi

6.7 ml 8.3 ml 10.0 ml

20 pi 20 pi 20 pi

10.7. l.b. Stacking gel
Distilled water (6.0 ml). Upper gel buffer (App. 10.7.1.d.) (2.5 ml), Acrylamide (App.

10.7.I.e.) (1.5 ml), APS (App. 10.7.1.f.) (30 pi), TEMED (20 pi).

10.7. I.e. Lower gel buffer: 1.5 M  Tris-HCl, pH  8.8, 0.4% SDS
In 400 ml distilled water:Tris(hydroxymethyl)methylamine (90.87 g), pH was adjusted 

to 6,8 with HCL Sodium dodecyl sulphate (SDS) (2.00 g) was added and the solution 

was made up to 500 ml with distilled water. It was stored at 4°C.
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10.7. l.d. Upper gel buffer: 0.5 M  Tris-HCl, pH 6.8, 0.4% SDS 

In 400 ml distilled water:
Tris(hydroxymethyl)methylamme (30.29 g), pH was adjusted to 6.8 with HCL 2 g 

SDS was added and made up to 500 ml with distilled water. It was stored at 4°C.

lOJ.l.e. Acrylamide

30% Acrylamide, 0.8% N,N’-methylenebisacrylamide (ratio of 

acrylamide:bisacrylamide - 37.5:1)

In 400 ml distilled water:
Acrylamide (150 g), N,N,-methylenebisacrylamide (4 g). When the solution reached 

room temperature, it was made up to 500 ml with distilled water. The solution was 

filtered through a Whatman no. 1 filter paper and stored at 4°C in a tinted bottle.

10.7.1.f. Ammonium persulphate (APS)

APS (0.05 g) was added to 500 pi distilled water.

lOJ.l.g. Running buffer 

In 2 litre of distilled water:
Tris(hydroxymethyl)methylamine (6.06 g), Glycine (28.8 g), SDS (2 g)

10.7. l.h. Coomassie blue gel stain 

In 1 litre distilled water:
Methanol (500 ml), Acetic acid (100 ml), Coomassie brilliant blue (0.25 g)

10.7.1. i. Destaining reagent 

In 1 litre distilled water: 

acetic acid (100 ml).

10.7.2. Lowry protein assay.

10.7.2. a. Lowry protein standard

BSA (100 mg) was dissolved in distilled water (100 ml) to give 1 mg ml'1.
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10.7.2.b. Lowry solution A 

In 1 litre deionised water:

Sodium hydroxide (4 g). Sodium carbonate (20 g)

10.7.2 c. Lowry solution B 

In 100 ml distilled water:

Sodium potassium tartrate (1 g), Copper sulphate (0.5 g)

10.7.2.d. Lowry solution C

50 ml Lowry A (App. 10.7.2.b.) was mixed with 1 ml Lowry B (App. 10.7.2.C.).

10.7.2.e. LowryD

In 3 ml distilled water:

3 ml Folin-Ciocakeau agent.

10.7.3. ELISA

10.7.3. a. Coating buffer 

In 100 ml distilled water:

Sodium carbonate (anhydrous) (0.16 g). Sodium bicarbonate (anhydrous) (0.29 g), 

made up fresh prior to use.

10.7.3. b. Antigen concentrations in coating buffer 

Antigen Concentration in 10 ml

coating buffer

VT1 ■ Î M

VT2 10 pi

10.7.3. c. Washing solution 

In 100 ml PBS:

0.05 ml Tween-20.
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10.7.3.d. Blocking solution 

In 100 ml PBS:

Bovine serum albumin (1 g).

10.7.3. e. Goat anti-human polyvalent immunoglobulins conjugated 'with alkaline 

phosphatase

Dilute anti-human Ig 1:800 in PBS.

10.7.3./ Enzyme substrate and buffer 

In 1 litre distilled water:

Magnesium chloride (100 mg), Diethanolamine (97 ml), pH was adjusted to 9.8 with 

HCl then p-Nitrophenylphosphate was added (1 mg).

10.7. J.g. Stopping solution 

In 100 ml distilled water:

NaOH (12 g).

10.8. Calculation of ELISA cut-off value (Barrett et al. 1991)

An elevated or positive ELISA value was defined as “ the mean ELISA value of all 

serum samples from patients infected with VTEC plus the mean ELISA value of the 

serum samples from the healthy blood donors divided by 2”, (ie. , mean of positives + 

mean of negatives / 2).

ELISA values of all serum samples from patients infected with VTEC

(0.19, 0.23,0.29,0.36,0.37,0.37, 0.40, 0.40,0.44,0.52,0.57,0.86,0.86,1.16 +

1.17)/15 = 0.54 .
+

ELISA value of the serum samples from the healthy blood donors

(0.29, 0.31, 0.34, 0.34, 0.44, 0.45, 0.49, 0.50,0.55, 0.61, 0.69, 0.76 + 1.2) /13 =

0.53/2

= 0.27

Cut-off value = 0.81
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