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1.1. Taxonomy and characteristics 

Escherichia coli represent normal inhabitants of the intestinal tract of humans and warm-blooded 

animals. A mutually beneficial relationship with their host is considered (Kaper et al., 2004). 

However, in immune-compromised patients or in case that the intestinal barrier is disrupted, non-

pathogenic strains can cause infection. In addition, some E. coli clones have acquired virulence 

factors which have facilitated them to explore new niches and to cause serious disease in the host. 

Those pathogenic E. coli can induce urinary tract infection, meningitis, and diarrhoea in humans 

(Nataro and Kaper, 1998). 

E. coli are Gram-negative, facultative anaerobe bacteria of the family Enterobacteriaceae (Orskov, 

1984). E. coli can be identified based on the combination of their somatic antigen (O), flagellar 

antigen (H) and sometimes the capsular antigen (K). As a result, 182 O-groups and 53 H-types were 

described (Karama and Gyles, 2010; Kauffmann, 1947). A serotype constitutes a combination of an O-

group and an H-type, (displayed O:H) or can be non-mobile (displayed O:NM or O:H
-
). Hundreds of 

serotypes have been described. A restricted range of serogroups is associated with public health 

risks, however isolates of these serogroups are not necessarily pathogenic when recovered from 

food or live animals. At present time, STEC strains which are pathogenic to humans cannot be 

distinguished yet (Gyles, 2007). 

1.2. Pathogenicity diarrhoeic E. coli 

1.2.1. Pathotypes 

Diarrhoeic E. coli (DEC) are by far the most common cause of diarrhoeal disease throughout the 

world (Wanke, 2001). Major DEC groups, named pathotypes, were assigned based on the 

pathogenesis, clinical manifestations and presence of specific virulence factors. This thesis is more 

specifically focused on the group of Shiga toxin producing E. coli (STEC). 

STEC is a heterogeneous group of E. coli with one common feature, the production of Shiga toxin 

(Stx), also called verocytotoxin. The production of the toxin is considered essential but not sufficient 

for disease (Caprioli et al., 2005). Enterohaemorrhagic E. coli (EHEC), is the name of the highly 

pathogenic subset of STEC (Figure 1.1), which harbour a wide spectrum of virulence factors and 

which are correlated with severe human disease, including gastroenteritis, bloody diarrhoea, and the 

haemolytic uremic syndrome (HUS). The majority of the E. coli associated with these illnesses are of 

serotype O157:H7. However, cases of non-O157 infections and infections with sorbitol-fermenting 

(SF) STEC O157 displaying the same clinical complications have increasingly been reported 

(Bettelheim, 2007). Children, elderly and immune-compromised patients are most likely to develop 
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HUS. Principal virulence factors are the phage-encoded Shiga toxins 1 and 2 (Stx1 and Stx2), which 

subvert bloody diarrhoea and kidney failure by attacking small blood vessels (Bolton, 2011). 

Secondly, virulence factors encoded by the locus of enterocyte effacement (LEE) mediate intimate 

attachment of the pathogen to the host intestine, by means of A/E (attaching and effacing) lesions 

(Garmendia et al., 2005). The latter virulence factor is also found in Enteropathogenic E. coli (EPEC), 

another category of DEC. STEC are zoonotic pathogens which are asymptomatically carried by 

ruminants, mainly cattle, which is considered their principle reservoir (Blanco et al., 2003). 

Additionally, STEC can cause illness in some animals like pigs suffering from pig edema disease and 

calves and infant rabbits suffering from diarrhoea (Caprioli et al., 2005). 

Recently, a new category of DEC has been assigned as a result of the outbreak of E. coli O104:H4 in 

Germany in the early Summer 2011 (Struelens et al., 2011). The outbreak strain was first described as 

an Enteroaggregative, Shiga toxin- or verocytotoxin-producing E. coli (EAggEC STEC/VTEC) by 

Struelens et al. (2011), and in parallel named Entero-Aggregative-Haemorrhagic E. coli (EAHEC) by 

Brzuszkiewicz et al. (2011). EAHEC constitute a hybrid pathotype which harbour the phage-mediated 

Shiga toxin in a background of Enteroaggregative E. coli (EAEC). As a result, the pathogen subverts 

colonization by means of aggregative fimbriae (AAF) which are encoded on the EAEC virulence 

plasmid (Figure 1.1) (Kaper et al., 2004). 

 

 

Figure 1.1. Position of pathogenic EHEC and EAHEC strains within the STEC-EPEC-EAEC complex 

 

Other categories of DEC include Enterotoxigenic E. coli (ETEC) which is the major cause of travelers’ 

diarrhea, Enteropathogenic E. coli (EPEC) which is the leading cause of diarrhoea among infants from 

developing countries, Enteroinvasive E. coli (EIEC) which is responsible for watery diarrhoea, 

Enteroaggregative E. coli (EAEC) which cause a persistent watery and mucoid diarrhoea, and Diffusely 

Adherent E. coli (DAEC) of which its significance is still questioned (Nataro and Kaper, 1998; Persson 

et al., 2007a). 

EPEC STEC

EAEC

EAHEC

EHEC
eae stx

AAF
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1.2.2. Seropathotypes 

A classification of STEC based on the association of serotypes with disease of varying severity in 

humans and with sporadic disease or outbreaks has lead to 5 seropathotypes, A to E (Table 1.1) 

(Karmali et al., 2003). Seropathotype A consists of O157:H7 and O157:NM, the serotypes considered 

to be most virulent. Seropathotype B consists of serotypes O26:H11, O103:H2, O111:NM, O121:H19, 

and O145:NM, that are similar to the O157 STEC in causing severe disease and outbreaks but occur at 

lower frequency. Seropathotype C is composed of serotypes that are infrequently implicated in 

sporadic HUS but are not associated with outbreaks and include O91:H21 and O113:H21. 

Seropathotype D is composed of numerous serotypes that have been implicated in sporadic cases of 

diarrhea, and seropathotype E is composed of the many STEC serotypes that have not been 

implicated in disease in humans. 

Table 1.1. Serotypes of STEC are associated with varying degrees of severity of disease and propensity to cause 

outbreaks in humans (Karmali et al., 2003). 

Sero-

pathotype 
Serotype 

Frequency of 

association 

with disease 

Involvement 

with outbreaks 

Association with 

HUS and  HC
1
 

A O157:H7, O157:NM High Common + 

B O26:H11, O103:H2, O111:NM, O121:H19, 

O145:NM 

Moderate Uncommon + 

C O5:NM, O91:H21, O104:H21, O113:H21, 

O121:NM, O165:H25,  

and others 

Low Rare + 

D O7:H4, O69:H11, O103:H25, O113:H4, 

O117:H7, 119:H25, O132:NM, O146:H21, 

O171:H2, O172:NM, O174:H8,  

and others 

Low Rare - 

E O6:H34, O8:H19, O39:H49, O46:H38, 

O76:H7, O84:NM, O88:H25, O98:H25, 

O113:NM, O136:NM, O143:H31, 

O156:NM, O163:NM,  

and others 

Not implicated Not implicated - 

1
HUS =haemolytic uremic syndrome; HC = hemorrhagic colitis 
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1.3. Virulence and pathogenesis of EHEC 

1.3.1. Virulence factors 

1.3.1.1. Shiga toxins 

Stx is a 70-kDa protein that consists of one A subunit (33 kDa) and a pentamer of B subunits (7.7 kDa) 

(Figure 1.2) (Fraser et al., 2004). The toxin was initially discovered in Shigella dysenteriae serotype 1 

by Kiyoshi Shiga in 1998. The Stx produced by S. dysenteriae is identical to the Stx1 produced by 

STEC. The family of Stx consists of two immunologically non-cross-reactive groups, called Stx1 and 

Stx2. STEC can produce either Stx1 or Stx2 alone, or a combination of Stx1 and Stx2 or multiple 

variations of Stx2. The A- and B-subunits exhibit 55% and 57% similarity in amino acid sequence 

between Stx1 and Stx2 (Fraser et al., 2004). 

 

 

 

 

 

 

 

Figure 1.2. Ribbon diagram of Stx2 (Fraser et al., 2004). 

The A-subunit is red, whereas the B-subunits are orange 

(chain B), cyan (chain C), green (chain D), yellow (chain 

E), and blue (chain F). The active site in the A-subunit is 

marked by the magenta letter A.  

 

Tissues disrupted by the Stx, are kidneys (human), endothelial cells of small arteries (humans and 

piglets), brain (piglets and to a lesser extent humans), gastro-intestinal mucosa (humans and piglets) 

and other tissues (piglets) (Winter et al., 2004). These tissues have the glycolipid receptor 

globotriaosylceramide (Gb3) or globotetraosylceramide (Gb4) (preferred by variant Stx2e). After the 

B-pentamer has bound to the glycolipid receptor on the surface of the eukaryotic cell, the holotoxin 

becomes endocytosed. The toxin is transported through the Golgi apparatus and the endoplasmatic 

reticulum, and the A-subunit is translocated into the cytosol, where it is activated by proteolytical 

cleavage and release of the catalytic active A1 portion. The A1 portion has N-glycosidase activity and 

acts by removing one specific adenine base from the 28 S rRNA of the 60 S ribosomal unit. Thereby, 

the protein synthesis of the targeted host cell is shut down, leading to cell death (Harrison et al., 

2005). 

Patients infected with STEC producing Stx2 are more likely to develop HUS than patients infected 

with STEC producing Stx1 (Siegler, 1995). Differences in binding affinities of the B-subunit pentamer 
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to Gb3 was postulated, but also the accessibility of the active site and differences in the carboxyl end 

of the A subunit could effectuate the different biological activity of Stx1 and Stx2 (Fraser et al., 2004). 

The group of Stx1 toxins is rather homogenous with only three variants (Stx1a, Stx1c, Stx1d), whereas 

Stx2 exhibits a range of variants (Stx2a, Stx2b, Stx2c, Stx2d, Stx2e, Stx2f, Stx2g) (Gannon et al., 1992; 

Karmali et al., 2010; Kuczius et al., 2004; Leung et al., 2003; Pierard et al., 1998; Schmidt et al., 2000; 

Tyler et al., 1991). The Stx2 variants that differ in biological activity, immunological reactivity, or the 

receptor to which they bind. Some variants are more likely to cause HUS (Stx2a, Stx2c) or are 

frequently associated with asymptomatic infections (Stx2b), whereas other variants are associated 

with pig disease and infrequently observed in humans (stx2e) (Beutin et al., 2008; Friedrich et al., 

2002; Persson et al., 2007b). Stx2d is mucus-activatible and found in strains (like O113:H21 strains) 

which do not harbour intimin, but have been implicated with HUS (Bielaszewska et al., 2006; Jelacic 

et al., 2003). The Stx2f subtype, which was primarily found in STEC isolated from pigeons (Schmidt et 

al., 2000), has rarely been implicated in severe human disease (van Duynhoven et al., 2008). Finally, 

Stx2g was originally isolated from cattle, and has not yet been associated with severe human disease 

so far (Leung et al., 2003; Prager et al., 2009). The differences in Stx specificity may be due to 

variation in the genes encoding the B subunits which are responsible for toxin binding to the 

eukaryotic cell (Jacewicz et al., 1986; Lindberg et al., 1987). 

The Stxs are encoded on lambdoid bacteriophages, or remnants thereof, that are lysogenized in the 

bacterial chromosome (Unkmeir and Schmidt, 2000). Stx genes are located in the late gene region of 

the phage which is expressed when the phage enters the lytic cycle (Muniesa et al., 2000). The 

induction of the phage to enter the lytic cycle (Wagner et al., 2001) can be triggered after exposure 

to DNA-damaging agents (UV light) or certain antibiotics. Another result of the induction process can 

be the lysis of the bacterial cells and the release of free phage particles that can infect other bacteria. 

But, if the phage insertion site in the host chromosome reconstitutes a reinfection with an stx-phage 

may occur (Mellmann et al., 2009). 

The Stx in S. dysenteriae was encoded within a region of phage specific genes, but no intact stx-

phages could be induced from this host, probably due to the loss of essential phage genes 

(McDonough and Butterton, 1999). Some other bacterial hosts of other species that were found to 

harbour stx genes, could be induced to produce stx-phages, like Shigella sonnei (Strauch et al., 2001), 

or carried the stx genes in an instable manner, like in Enterobacter cloacae, Citrobacter freundii, 

Acinetobacter haemolyticus, and Serratia marescens (Grotiuz et al., 2006; Paton and Paton, 1996; 

Paton and Paton, 1997; Schmidt et al., 1993). 



14 

 

1.3.1.2. Locus of Enterocyte Effacement (LEE) 

The LEE encodes virulence factors that mediate intimate attachment of the bacterium to the host. 

This pathogenicity island is present in the chromosome of EPEC, EHEC and Citrobacter rodentium. It 

consist of 43 kbp and about 50 genes that are organised in a conserved manner (Wales et al., 2005).  

The LEE encodes a type three secretion system (TTSS) which mediates interaction between the 

bacterium and the host cell, the enterocyte (Figure 1.3). It serves as an injection needle that 

translocates effector proteins directly in the cytosol. This leads to the formation of A/E lesions in the 

intestinal mucosa. Proteins that constitute the basal body of the TTSS (structural proteins; esc and 

sep gens) form ring structures that span the inner and outer membrane of the bacterium. Proteins 

that constitute the external part of the TTSS (secreted translocator proteins; esp genes) include EspA, 

which forms a filamentous needle structure that contacts the enterocyte, and EspB and espD, which 

constitute a pore structure in the host cell membrane (Daniell et al., 2001; Wolff et al., 1998). The 

secreted effector proteins are encoded on different locations in the LEE, and also outside the LEE on 

phage-borne pathogenicity islands such as PAI O#122 (Bolton, 2011). These proteins mediate signal 

transduction in the host cell and thereby disrupt the cellular cytoskeleton and metabolism. The Tir 

(translocated intimin receptor) is an effector protein which is translocated in the host cytosol and 

serves as a receptor for Intimin (Eae). Intimin, which is also encoded on the LEE, serves as an adhesin 

on the outer membrane of the bacterium which binds to Tir and to other receptors of the enterocyte 

(Hartland et al., 1999). As a result, an intimate attachment between the bacterium and the 

enterocyte is accomplished. (Garmendia et al., 2005). 

 

 

Figure 1.3. Schematic representation of EPEC/EHEC Type 

Three Secretion apparatus (TTSS) (Garmendia et al., 2005). 

The basal body of the TTSS is composed of the secretin 

EscC, the inner membrane proteins EscR, EscS, EscT, EscU, 

and EscV, and the EscJ lipoprotein, which connects the inner 

and outer membrane ring structures. EscF constitutes the 

needle structure, whereas EspA subunits polymerize to 

form the EspA filament. EspB and EspD form the 

translocation pore in the host cell plasma membrane, 

connecting the bacteria with the eukaryotic cell via EspA 

filaments. The cytoplasmic ATPase EscN provides the energy 

to the system by hydrolyzing ATP molecules into ADP. SepD 

and SepL have been represented as cytoplasmic 

components of the TTSS. 
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Different variants of the intimin gene (eae) have been described, which encode different intimin 

types and subtypes (Frankel et al., 2001). These intimin types are strongly associated to certain 

serogroups, pathotypes and hosts. The eae variant α is commonly found among EPEC in humans, 

whereas eaeβ is commonly found in EHEC O26, eaeγ1 in EHEC O157 and EHEC O145, eaeε in EHEC 

O103, and eaeγ2 in EHEC O111 (China et al., 1999b). Variability is mainly located (<60-70% 

homology) in the 3’-region of the gene that encodes the C-terminal extracellular part of the protein 

(Mainil and Daube, 2005). The variability would confer tissue tropism, since different types can 

mediate colonization of different gut compartments (Phillips and Frankel, 2000). Besides the eae 

gene, variants have also been described in tir and esp genes (α, β, and γ), while the esc and sep genes 

are more conserved. Associations of variants of eae, tir and esp have been observed (China et al., 

1999a). It is suggested that sequence differences in eae and tir proteins between strains may alter 

the adhesive properties of various strains, and thus alter the ability to cause disease (Law, 2000).  

1.3.1.3. pO157 plasmid 

The pO157 plasmid, called pEHEC plasmid in non-O157 STEC strains, can contain different virulence 

genes, including ehx, espP and katP. The plasmid is a dynamic structure, which includes different 

mobile genetic elements such as transposons, prophages and parts of other plasmids. In certain 

serogroups, pEHEC plasmids display a large heterogeneity in size and gene composition (Brunder et 

al., 1999). The enterohaemolysin (Ehly), also called Ehx (EHEC-Ehly) (Beutin and Montenegro, 1990), 

is a pore-forming toxin that inserts into the host membrane and releases haemoglobin from red 

blood cells. Herewith it would provide a source of iron for the bacteria (Beutin et al., 1989). The EspP 

is an extracellular serine protease and autotransporter which cleaves human coagulation factor V 

(Brunder et al., 1999). The KatP is a bifunctional catalase-peroxidase (Brunder et al., 1997) for which 

its role in virulence is currently unknown.  

1.3.1.4. Genetic evolution 

Chromosomes are no fixed molecules. Genetic modifications based on horizontal gene transfer, 

mutations and deletions enabled E. coli to gain evolutionary advantages and permitted survival in 

new niches (Sokurenko et al., 2006). E. coli O157:H7 would have evolved from an ancestral E. coli in a 

stepwise manner (Feng et al., 2005). Today three clonal lineages of O157:H7 have been described (I, 

II, I/II), from which strains of lineage I have higher pathogenicity and predominate among humans 

(Zhang et al., 2007). Non-O157 STEC would have arisen in a parallel evolution to O157:H7 and would 

have independently acquired similar virulence genes to O157:H7. Bacteriophages would have played 

a predominant role in the evolution of STEC virulence and the emergence of new clones (Caprioli et 

al., 2005). Moreover, it is considered as the driving force of STEC evolution (Mellmann et al., 2009). 
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Many virulence genes are encoded on mobile elements, such as phages, plasmids and pathogenicity 

islands (Boerlin et al., 1998). Hence, STEC genomes still constitute a high flexibility, which is part of 

their ecology. For example, an exchange of stx genes is demonstrated by means of the 

interconversion between STEC and the stx-negative variant (Mellmann et al., 2009; Serra-Moreno et 

al., 2007). 

1.3.2. Pathogenesis 

STEC have high acid and bile resistance which enables them to survive passage through the stomach 

and small intestine (Afset et al., 2006; Law, 2000). Once arrived in the large intestine a tightly 

regulated interaction between the bacterium and the Eukaryotic host cell occurs, to finally result in 

A/E lesions. This multistep event occurs in three stages. The first step is the initial adherence of the 

bacterium to the enterocytes by means of fimbrial adhesins (Wolff et al., 1998). This triggers the 

expression of several genes encoded on LEE. In the second step, signals are send to the enterocyte by 

means of the TTSS that connects with the host cytoplasm. A range of effector proteins are injected 

into the host, inducing modification of the cytoskeleton, hemolysis, and inhibition for fagocytosis 

(Tobe et al., 2006). This results in the local destruction of microvilli and a pedestal formation beneath 

the bacterium known as A/E lesions (Knutton et al., 1989). In a third stage, an intimate adherence of 

the bacterium is achieved. Intimin binds to a receptor on the host that surprisingly is a bacterial 

protein Tir (translocated intimin receptor) that was translocated by the TTSS. LEE-negative strains 

may use other adhesion mechanisms, including Saa and Lpf (Vidal et al., 2008). The Stxs released by 

the bacterium induce an inflammation. From the intestinal lumen the toxins are transported through 

the submucosa into the bloodstream, and then circulate, possibly bound to leukocytes (Bolton, 

2011). At sites coated with the Gb3 or Gb4 receptor, the toxin is internalized and executes its 

cytotoxic actions leading to cell death (Harrison et al., 2005). In the kidneys, the glomerular 

endothelial cells are damaged, causing an obstructive passage of blood through the 

microvasculature, and presumably the acute renal failure which is typical for HUS (Gyles, 2004).  In 

addition, the A/E lesions would be responsible for the watery diarrhoea, observed in humans and 

calves. HUS never develops in calves, as they lack Stx receptors on their blood vessel cells 

(Pruimboom-Brees et al., 2000).  

  



 

1.4. Clinical disease in humans

1.4.1. Clinical manifestation  

STEC infection is associated with a wide spectrum of manifestation

carriage, uncomplicated diarrhoea, haemorrhagic colit

Tauxe, 1991). Figure 1.4 shows the clinical course 

non-O157 infection, the course is similar 

dose of STEC O157:H7 was estimated 

incubation period of three to 

accompanied by abdominal pain for 

diarrhoea changes to bloody diarrhoea in about 90% of culture

Treatment should be focused on rehydration resulting in volume 

Antibiotics should not be administered, as this would increase the risk of developing HUS 

al., 2001; Wong and Brandt, 2002)

findings, should prompt consideration of STEC infection, and stool cultures should be immediately 

performed. HUS occurs five to thirteen

young, the elderly and immune

Tauxe, 1991). HUS develops in 15% of patients under 10 years old infected with STEC O157:H7. 

However, in the recent outbreak of 

HUS so far, 88% of HUS cases were >20 years and two thirds were female 

Figure 1.4. Progression of E. coli O157:H7 infections in children 

Clinical disease in humans 

 

STEC infection is associated with a wide spectrum of manifestations, which include asymptomatic 

d diarrhoea, haemorrhagic colitis (bloody diarrhoea), and 

shows the clinical course of STEC O157:H7 infection (Tarr 

O157 infection, the course is similar (Brooks et al., 2005), but less documented

dose of STEC O157:H7 was estimated under 100 organisms (Tilden, Jr. et al., 1996)

to four days (Bell et al., 1994), patients develop watery 

accompanied by abdominal pain for one to three days. During the next several days, watery 

diarrhoea changes to bloody diarrhoea in about 90% of culture-confirmed cases

Treatment should be focused on rehydration resulting in volume expansion 

Antibiotics should not be administered, as this would increase the risk of developing HUS 

, 2001; Wong and Brandt, 2002). The absence of fever and the overall severity of the abdomina

findings, should prompt consideration of STEC infection, and stool cultures should be immediately 

thirteen days after the onset of diarrhoea (Wong 

immune-comprimised patients are more likely to develop

HUS develops in 15% of patients under 10 years old infected with STEC O157:H7. 

in the recent outbreak of E. coli O104:H4 in Germany, which was the largest outbreak of 

cases were >20 years and two thirds were female (Struelens 

O157:H7 infections in children (Tarr et al., 2005). 

17 

which include asymptomatic 

is (bloody diarrhoea), and HUS (Griffin and 

(Tarr et al., 2005). For 

, but less documented. The infection 

, 1996). After a typical 

op watery diarrhoea 

. During the next several days, watery 

confirmed cases (Tarr et al., 2005). 

expansion (Karch et al., 2005). 

Antibiotics should not be administered, as this would increase the risk of developing HUS (Dundas et 

The absence of fever and the overall severity of the abdominal 

findings, should prompt consideration of STEC infection, and stool cultures should be immediately 

(Wong et al., 2000). The 

more likely to develop HUS (Griffin and 

HUS develops in 15% of patients under 10 years old infected with STEC O157:H7. 

which was the largest outbreak of 

(Struelens et al., 2011). 

 



18 

 

HUS consists of anaemia (deficit of erythrocytes), thrombocytopenia (aggregation of blood platelets), 

and renal insufficiency (van de Kar and Monnens, 1998). The severity of HUS varies from an 

incomplete and/or clinically mild condition to a severe illness with multiple organ involvement, 

including heart, lungs, pancreas, and the central nervous system (Tarr et al., 2005). There are no 

specific therapies to ameliorate the course (Tarr et al., 2005). Presently, the treatment of HUS 

remains supportive (Andreoli et al., 2002), mainly focusing on the management of fluids and 

electrolytes (Tarr and Neill, 2001) and the administration of erythrocyte transfusion (Tarr et al., 

1989). Most patients recover from the acute episode, but in some survivors, there are chronic renal 

sequelae (Garg et al., 2003) or other disorders (Siegler, 1995). 

1.4.2. Incidence 

The European Centre for Disease Prevention and Control (ECDC) coordinates a surveillance network 

for infectious diseases in the EU. This includes that all member states report cases of STEC infections 

to The European Surveillance System (TESSy), based on the Decision 2119/98/EC2. The European 

Food Safety Authority (EFSA) is assigned the task of examining the data collected and preparing the 

reports. Recently, the EFSA has reported guidelines for the monitoring of STEC in animals and foods 

in order to harmonize the monitoring in the community (EFSA, 2009b). So far, EU members states 

used different analytical methods, some of them detecting only serogroup O157:H7, which hampers 

the epidemiological analysis and makes comparison between countries unreliable (EFSA, 2007a). 

The overall notification rate in the EU was 0.66/100 000 inhabitants in 2008. The highest notification 

rate occurred among children aged 0 to 4 years old: 4.72/100 000. Human STEC infections are often 

associated with a limited number of O:H serotypes. More than half of the reported cases between 

2002 and 2009 were associated with serogroup O157 (Table 1.2). An increase in reported cases has 

been observed, however the five-year-trend from 2005 to 2009 on the notification rate in the EU was 

not statistically significant. The number of HUS cases increased from 62 to 242 between 2002 and 

2009. It was observed that HUS occurred in up to 10% of the STEC cases. More than half of the 

reported HUS cases were associated to serogroup O157 (EFSA, 2007b; EFSA, 2009c; EFSA, 2010; 

EFSA, 2011). 

The distribution of STEC infections follows a seasonal pattern, with a rise in cases during the Summer 

and Autumn months, peaking in September (EFSA, 2010).  
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Table 1.2. Reported confirmed STEC cases and HUS cases associated to the main serogroups from 2002 to 2009 

in EU (EFSA, 2007b; EFSA, 2009c; EFSA, 2010; EFSA, 2011). 

Serogroup 2002 2003 2004 2005 2006 2007 2008 2009 

STEC cases 
        

O157 1189 (63%) 1262 (63%) 1283 (66%) 1767 (70%) 1726 (66%) 1571 (54%) 1673 (53%) 1848 (52%) 

O26 115 (6%) 143 (7%) 135 (7%) 169 (7%) 170 (7%) 136 (5%) 166 (5%) 192 (5%) 

O103 172 (9%) 141 (7 %) 55 (3%) 119 (5%) 116 (4%) 77 (3%) 88 (3%) 82 (2%) 

O91 96 (5%) 86 (4 %) 71 (4%) 82 (3%) 90 (3%) 43 (2%) 50 (2%) 48 (1%) 

O145 44 (2%) 58 (3 %) 69 (4%) 55 (2%) 86 (3%) 31 (1%) 49 (2%) 47 (1%) 

O111 34 (2%) 34 (2%) 23 (1%) 45 (2%) 44 (2%) 23 (1%) 43 (1%) 25 (1%) 

O146 29 (2%) 31 (2%) 34 (2%) 29 (1%) 30 (1%) 14 (1%) 25 (1%) 31 (1%) 

O128 17 (1%) 21 (1%) 15 (1%) 22 (1%) 18 (1%) 21 (1%) 28 (1%) 26 (1%) 

Other 193 (10%) 238 (12%) 264 (14%) 254 (10%) 324 (12%) 972 (33%) 1017 (32%) 1252 (35%) 

Total 1889 2014 1949 2542 2604 2904 3159 3573 

         

HUS cases 
        

O157 47 (76%) 46 (70%) 52 (66%) 70 (64%) 92 (73%) NR* 82 (56%) NR* 

Total 62 66 78 109 126 103 146 242 

*Not reported 

1.4.3. Outbreaks 

The majority of human STEC infections are sporadic cases. However, outbreaks frequently occur, for 

example a total of 29 verified pathogenic E. coli outbreaks were reported in the EU in 2007. 

Verification of an outbreak is done through the detection of the causative agent in samples from the 

human cases and from the implicated foodstuff. The causative agent was laboratory characterised 

both from the implicated foodstuff and human cases in 3.4% of the outbreaks in 2007 (EFSA, 2009a). 

Some of the outbreaks have involved a high number of cases. The outbreak with the highest number 

of cases has occurred in Japan in 1996, where radish sprouts in school lunches contaminated with 

STEC O157:H7 caused 7.470 cases, including 12 death cases (Michino et al., 1999). In 2006, a 

multistate outbreak in the US involving 26 states was associated with spinach infected with STEC 

O157:H7 and caused illness to 205 patients (Grant et al., 2008). But, also non-O157 strains have been 

implicated in outbreaks, for instance in Australia in 1995, where dry fermented sausage 

contaminated with STEC O111 had lead to 21 HUS cases (Paton et al., 1996). Recently, a strain of 

O104:H4 was responsible for the largest outbreak of HUS ever. The outbreak had started in Germany 

in May 2011 and had expended over 13 countries. 3 774 STEC cases were involved, including 750 

HUS cases and 44 death cases (ECDC, 2011). Due to a smaller outbreak in France shortly thereafter, 

the actual contamination source of the large outbreak in Germany could be determined as fenugreek 

sprouted seeds. 
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1.5. Animal reservoirs 

1.5.1. Cattle as healthy reservoirs 

Cattle and other ruminants have been established as the major natural reservoir for STEC O157 

(Rasmussen et al., 1993) and STEC non-O157 (Hussein and Sakuma, 2005). In Europe, prevalence of 

STEC ranged from 2.8% of the tested animals in the UK (Wray et al., 1993) to 75% in Norway (Urdahl 

et al., 2003). STEC non-O157 were detected with higher prevalences than STEC O157, 

notwithstanding the impeded diagnostic tools for STEC non-O157 (Hussein and Sakuma, 2005). 

Higher prevalences were found for calves compared to adult cattle. This was demonstrated in a study 

in Spain, showing 36.7 and 20.3% for calves and adult cattle respectively (Blanco et al., 1996; Blanco 

et al., 1997). STEC serogroups associated to human disease have been isolated from other ruminants 

also, like sheep, goats, water buffalo and deer. Further, STEC strains including O157 have been 

isolated from other mammals, like dogs, horses and rabbits, and birds (Caprioli et al., 2005).  

STEC is asymptomatically excreted by cattle (Caprioli et al., 2005). These animals can shed STEC cells 

in a transient manner, through passive enteric passage, or can shed STEC for a longer period if the 

pathogen is colonized in the terminal rectum (O157) or the colon (non-O157 serogroups) 

(Cernicchiaro et al., 2011). In addition, cattle display an intermittent shedding with high fluctuations 

in magnitude within a short term (Arthur et al., 2009). Reported concentrations were found within 

the range of < 10
2
 - 10

6
 CFU g

-1
 for O157:H7 STEC (Fegan et al., 2004; Ibekwe and Grieve, 2003; Low 

et al., 2005; Omisakin et al., 2003) and  < 10
2
 - 10

8
 CFU g

-1
 for non-O157 STEC in cattle faeces 

(Fukushima and Seki, 2004). A proportion of animals that shed higher levels (>10
3
 or >10

4
), or that 

shed for a longer period, are named supershedders  (Low et al., 2005; Omisakin et al., 2003; Peterson 

et al., 2007). These animals have a substantial impact on the on-farm epidemiology of STEC, while 

they constitute only a small proportion of the herd (Naylor et al., 2005). Moreover, according to a 

mathematical model of Matthews and Woolhouse (2005) supershedders are the driving force for 

farm contamination. Finally, excretion also depends on the season, with higher levels in the warmer 

months (Cray and Moon, 1995; Ogden et al., 2004). The ecology of STEC on a farm is complex, 

involving strains that can persist for years in the farm environment (including water troughs and 

feed) (Shere et al., 1998) and the introduction of new STEC strains, via feeds, drinking water, rodents 

or, via the purchase of new cattle (Caprioli et al., 2005).  

The slaughter of cattle pose a considerable risk of human health (Fukushima and Seki, 2004). Hides 

are the major source of general microbial contamination on the carcasses (Bell, 1997) and contact 

with the carcass is made during hide-removal and evisceration (Barkocy-Gallagher et al., 2003). In a 

study by Arthur et al. (2009), it was demonstrated that supershedders on a farm are associated with 
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high faecal prevalences in the herd and high levels of hide contamination. This would increase the 

risk of carcass contamination. On the other hand, animals within a truckload that includes a 

supershedder also pose an increased risk (Fox et al., 2008). Nevertheless, the low-level shedders 

constitute an important source of carcass contamination (Dodd et al., 2010).  

1.5.2. Spread of EHEC 

Three principal routes of transmission of STEC are contaminated consumables (food, drinking water, 

and recreational water), person-to-person spread, and animal contact (Bell et al., 1994; Crump et al., 

2002; Holme, 2003; Michino et al., 1999). 

In the 1980s, most of the outbreaks of STEC O157:H7 were food-borne, attributed to foods of bovine 

origin, including inadequately cooked hamburgers or other beef products, and unpasteurized milk 

(Griffin and Tauxe, 1991). However, in the past ten years, other modes of transmission have emerged 

(Caprioli et al., 2005). For instance, fruits and vegetables have increasingly been involved in 

outbreaks, due to the use of contaminated fertilizers (ruminant manure) or contamination during the 

harvesting or processing of the foods or drinks (Caprioli et al., 2005). Here, the manual handling of 

food products poses an increased risk for contamination from humans to foods. Of particular concern 

was the observation of STEC O157 in inner tissues of sprouts, which indicates that disinfection will 

not be achieved by surface washing (Itoh et al., 1998). Additionally, in contrast to other food 

pathogens, STEC O157:H7 can survive in acid and dry food matrices that are in generally considered 

safe, like apple cider and fermented sausage (Foster, 2004; Tilden, Jr. et al., 1996). For foodstuffs, the 

prevalence rates are generally between 0 and 2%, as is shown in the reports of the European Union 

2005-2008 (EFSA, 2010).  

An increasing number of outbreaks is related to environment-related exposures. These include 

exposures to contaminated drinking water or swimming in contaminated recreational waters. Water 

contamination frequently occurs by animal faeces washed out from the nearby environment (Olsen 

et al., 2002). Further, exposures to mud contaminated with cattle faeces and direct animal contact, 

have implicated an increasing number of human infections, by camping on meadows, or by visits to 

farms or petting zoos (Heuvelink et al., 2002; McCarthy et al., 2001).  

Finally, in day-care centres and in families, person-to-person transmission is the predominant route 

in outbreaks of E. coli O157 (Ludwig et al., 2002).  

An important feature in the spread of STEC is the great capacity to survive for a long period in 

manure, soil, and faeces. For STEC O157:H7 the survival ranged from 46 to 126 days in bovine faeces 
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(Fukushima et al., 1999), from 25 to 231 days in soil, and from 40 to >70 days in water, dependent on 

the environmental conditions (Fremaux et al., 2008). 

1.5.3. Control strategies 

At the farm level, classical eradication by the elimination of STEC positive animals as for some other 

zoonotic pathogens is not feasible. This is due to the high level of colonisation, its transient nature, 

and the technical difficulties in detecting low levels of the organism in animal faeces. Therefore, 

having animals and foodstuffs free from STEC is not possible. Many approaches have been attempted 

to reduce the intestinal colonization in cattle, including probiotics administration, diet, vaccination, 

antimicrobials, sodium chlorate, and bacteriophages (Callaway et al., 2004). However, these 

approaches have produced conflicting results, and their application is based on voluntary use only. 

However, good husbandry conditions and regularly cleaning of the pens will aid in controlling the 

pathogen (Caprioli et al., 2005). 

Further, applying high standards of hygiene in all steps of the food chain can minimize the 

occurrence of STEC in food. This involves the implementation of HACCP in the slaughterhouse, the 

application of general principles of food hygiene during harvest, at the processing and at the retail 

levels, and proper food handling and preparation techniques by the consumer (Caprioli et al., 2005; 

Karmali et al., 2010).  

Further, a proper handling of the animal dejections represents an important issue, as STEC can 

survive in faeces a considerable time. Manure and slurry should be properly composted to ensure 

sterilisation or at least the reduction of the microbial load (Vernozy-Rozand et al., 2002). Manure 

that is applied on the land as a fertilizer should be free from STEC in order to prevent contamination 

of raw vegetables and fruits. Concerning direct contact with animals, good hygiene practices should 

be applied, for example by farm and petting zoo visitors.  
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1.6. Methods for detection and isolation  

To determine the presence of STEC cells in a sample, different approaches can be applied. First, by 

means of classical culture the pathogen can be isolated from the sample. Isolation methods are 

laborious, time-consuming and are based on biochemical characteristics of the pathogen that are 

actually not correlated with Stx production (Karch and Bielaszewska, 2001). Further, STEC comprise a 

heterogeneous group of strains that harbour no common biochemical characteristics that distinguish 

them from other E. coli strains (Nataro and Kaper, 1998). Isolation methods generally focus on a 

selection of serogroups most frequently associated with severe human disease. So far, no selective 

isolation method is available that includes all possible variants of STEC. As an alternative, detection 

methods have been developed that can quickly determine the presence or absence of STEC cells in a 

sample, without the recovery of the pathogen. PCR and immunology methods are specific screening 

methods that can directly target STEC genetic markers (stx genes) or outer membrane antigens, 

respectively. However, the presence of the genetic markers does not necessarily imply the presence 

of viable cells. Therefore, positive detection results still need to be confirmed by the isolation of the 

STEC strain, which remains a difficult challenge (Bettelheim and Beutin, 2003). 

In both approaches the implementation of an enrichment step or a concentration step may be 

necessary to achieve detection. Isolation of a strain is always followed by the confirmation of its 

virulence potential. Beside, standard isolation and detection methods have been established for food 

and feed, which are presented at the end of this section. 

1.6.1. Isolation 

1.6.1.1. Enrichment procedures  

The goal of the enrichment step is to ensure the growth of STEC cells to a detectable number while 

limiting the growth of background microflora (Vimont et al., 2006). Composition of the enrichment 

broths and incubation properties (time and temperature) is focused on characteristic properties of 

the target organism but also on the sample matrix including its typical microflora (Vimont et al., 

2006). Food samples may contain low numbers of STEC and high numbers of closely related 

competitive organisms, like non-pathogenic E. coli (Lionberg et al., 2003). In faecal samples, recovery 

of STEC cells is mainly counteracted by high loads of background microflora (Vimont et al., 2007).  

Tryptone Soy Broth (TSB), Buffered Peptone Water (BPW) and EC broth are largely used as broth 

bases (Vimont et al., 2006). Bile salts are frequently added to inhibit growth of non-

Enterobacteriaceae (Vimont et al., 2006). STEC strains were proven to be resistant for certain 

antibiotics, that act against Gram-positive bacteria (vancomycin, novobiocin, rifampicin) or a subset 
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of gram-positive and -negative bacteria (cefixime, cefsulodin) (Vimont et al., 2006). These antibiotics 

are frequently supplemented to the enrichment broths, although their use is controversial, as some 

non-O157 STEC strains were reported to be susceptible for certain levels of novobiocine (Uemura et 

al., 2003; Vimont et al., 2007). Potassium tellurite is widely used to promote isolation of a range of 

food pathogens (Zadik et al., 1993) including STEC (Possé et al., 2008a). However, only O157, O26, 

O111 and O145 have shown to be resistant, whereas many other STEC serogroups are not (Orth et 

al., 2008). Enrichment temperatures mainly used are 37°C and 42°C, of which the latter suppresses 

more competitive microflora. Hence, a better detection of STEC O157:H7 and O26 in food was 

demonstrated using 42°C compared to 37°C (Bolton et al., 1996; Hara-Kudo et al., 2000). This 

corresponds the optimal growth temperatures of STEC O157 and non-O157, which are 40.2 and 

41.2°C, respectively (Gonthier et al., 2001). Enrichment times fluctuate from 6 to 24 h. Lionberg et 

al., (2003) reported that an enrichment of 24 h was more effective to detect O157 STEC in minced 

beef than 6 h. In contrary, Tutenel et al. (2003) demonstrated that 6 h of enrichment was better than 

24 h to isolate STEC O157 for bovine faecal samples.  

For the enrichment of STEC cells in food samples, the sub-lethal injured state of the cells should be 

taken into account, caused by food processing (freezing, heat-treatment, etc.) and food preservation 

techniques (salting, acidification, packaging, etc.) (Jasson et al., 2007). Injured bacteria become 

sensitive to agents to which they would otherwise show resistance to (Osmanagaoglu, 2005) and 

show a prolonged lag-phase prior to exponential growth (Jasson et al., 2007). Therefore, pre-

enrichment in non-selective media and prolonged incubation times may aid in the recovery of 

pathogens from food (Jasson et al., 2007). 

1.6.1.2. Immunomagnetic separation (IMS) 

A serogroup-specific concentration is achieved by means of the technique immunomagnetic 

separation (IMS). Magnetic beads coated with serogroup-specific LPS-antibodies are used to capture 

cells of a certain serogroup which are subsequently washed and concentrated. This may result in 

more sensitive detection or isolation of a certain STEC serogroup. IMS beads are commercially 

available for serogroups including O157, O26, O103, O111, and O145 (Nataro and Kaper, 1998). 

O157-specific IMS beads were proven to enhance recovery of STEC O157 on plate from food and 

faeces (Chapman et al., 1994; Fu et al., 2005; Wright et al., 1994). Only a few studies were performed 

on the effectiveness of non-O157-specific beads, showing an increased recovery from food 

(Safarikova and Safarik, 2001) and a successful recovery from naturally infected cattle faeces (Jenkins 

et al., 2003). Theoretically, enrichment followed by IMS should be able to detect as little as a single 

organism from a sample. In the laboratory, however, the type and number of background microflora, 
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the type of broth base, the temperature and the incubation time have an influence on the sensitivity 

of the detection (Sata et al., 1999). A lack of specificity of the IMS beads can lead to high numbers of 

background flora on post IMS plates (Drysdale et al., 2004; LeJeune et al., 2006) disabling the 

recovery of the target organism. 

1.6.1.3. Media for STEC 

1.6.1.3.1. O157 

The majority of STEC O157:H7 strains lack β-glucuronidase activity (Doyle and Schoeni, 1987) and are 

disable to ferment sorbitol within 24h (Wells et al., 1983), which distinguishes them from other E. 

coli strains. These features have been exploited to facilitate isolation of STEC O157:H7. 

The most widely used agar medium for the isolation of NSF (non-sorbitol fermenting) O157 strains is 

sorbitol MacConkey (SMAC) agar, in which lactose is replaced by sorbitol and selectivity against 

Gram-positive bacteria is mediated by bile salts and crystal violet (March and Ratnam, 1986). Various 

modifications were developed for improving the selectivity, for instance the inclusion of cefixime and 

tellurite (CT-SMAC) (Zadik et al., 1993). To improve electivity, both rhamnose and sorbitol can be 

added (RMAC), as E. coli O157:H7 does not ferment rhamnose on agar medium compared to other 

E. coli (Chapman et al., 1991). Further, a chromogenic substrate to detect β-glucuronidase activity 

can be added (CT-SMAC+BCIG) to differentiate E. coli O157:H7 which lacks this enzymatic activity 

(Thompson et al., 1990).  

Chromogenic agar media which contain a substrate to detect β-galactosidase activity, characteristic 

for all E. coli strains, are commercially available. Examples are: TBX chromogenic agar (Conda) and 

RAPID’E.coli 2 (Bio-Rad). Chromogenic agar media which in addition contain a substrate to detect β-

glucuronidase activity differentiate E. coli O157:H7 and to some extent non-O157 E. coli based on the 

heterogeneity in β-glucuronidase activity (Beutin et al., 1994; Nataro and Kaper, 1998). Examples of 

these media are Fluorocult
®
 E. coli O157 agar (Merck) and Rainbow

®
 agar O157 (Biolog). 

1.6.1.3.2. Non-O157 

Different agar media have been described which target one or more specific serogroups. Possé et al.  

(2008a) have described selective agars which target STEC O26, O103, O111, and O145 on a non-O157 

agar and STEC O157 SF and NSF on a O157 agar. Both agar media are composed of a MacConkey agar 

base, including bile salts, potassium tellurite and novobiocin as selective agents, and a substrate to 

detect β-galactosidase activity to differentiate E. coli strains. Further, the non-O157 agar is 

supplemented with sucrose and sorbose to distinguish the different serogroups that ferment either 

both sugars (O26 strains), a single sugar (O103 and O111 strains) or none of these sugars (O145 

strains). The O157 agar is supplemented with sorbitol to distinguish SF from NSF O157 strains. 
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Suspected colonies on the non-O157 agar can be streaked onto one or more confirmation agars 

containing a specific sugar (Dulcitol, L-rhamnose, D-raffinose or D-arabinose) which characterizes 

presumptive O26, O103, O111 or O145 STEC colonies according to the scheme (Figure 1.5). 

 

Figure 1.5. Colony colour and identification of STEC serogroups O26, O103, O111, and O145 on the non-O157 

agar and on the confirmation agars described by Possé et al. (2008b). Confirmation agars 1: containing L-

rhamnose; 2: containing dulcitol; 3: containing D-arabinose; 4: containing D-raffinose. 

 

STEC O26 is characterized by the disability to ferment rhamnose and can therefore be isolated on the 

CT-RMAC medium (Hiramatsu et al., 2002), which is also suitable for the isolation of STEC O157:H7. A 

second selective isolation medium for STEC O26 is CT-O26 (Ikedo et al., 2001) which distinguishes E. 

coli O26 both on its β-galactosidase activity and its disability to ferment rhamnose. 

Regardless of the serogroup, a wide range of STEC strains can be differentiated on the 

enterohemolysin agar (Bettelheim, 1995) which contains washed sheep-blood cells and eventual 

antimicrobial agents (Lehmacher et al., 1998). However, not all STEC strains are targeted as about 

90% of STEC O157 strains and 70% of STEC non-O157 strains produce the toxin (Beutin et al., 1989). 

Alternatively, the non-specific chromogenic agars mentioned for STEC O157, can also be used to 

differentiate E. coli strains based on β-galactosidase activity (Nataro and Kaper, 1998).  

1.6.1.4. Confirmation of potent STEC colonies 

Suspected STEC colonies always need to be confirmed by the production of the Stx toxin or the 

detection of the stx gene (Paton and Paton, 1998a). As an alternative, serogroup confirmation can be 

used due to the close association of certain serogroups with Stx production. However, this 

association is not 100%, but can be sufficient to identify hazardous samples.  
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PCR detection of genetic markers encoding virulence factors or the O:H antigens is widely used to 

confirm STEC strains. This technique is fast, highly sensitive and specific when used on pure bacterial 

cultures. Numerous primers and PCR protocols have been described (Paton and Paton, 1998a; Perelle 

et al., 2004).  

Nevertheless, the actual production of the Stx toxin which can be demonstrated in the Vero cell 

assay, remains the golden standard for the confirmation of STEC cells (Konowalchuk et al., 1977). 

Indeed, detection of the stx gene does not prove that the toxin is effectively produced (Zhang et al., 

2005). However, the Vero cell assay is much more time-consuming and is not applicable in all routine 

labs. As an alternative, Stx production can be demonstrated by means of immunological testing kits 

using Stx-specific antibodies. These methods comprise enzyme immunoassays (ELISA), colony blot 

hybridisation, and passive agglutination (RPLA). Commercially available kits include, Ridascreen® test 

(R-Biopharm), VTEC-RPLA (Denka Seiken), and VTEC Screen (Denka Seiken). A drawback of these 

methods is the limited specificity for variants of Stx2 (Feng et al., 2011; Kehl, 2002). Immunological 

detection kits based on latex agglutination are also commercially available for all possible O-groups 

and H-types (Statens Serum Institut). However, profound serotyping is very costly and time-

consuming and therefore only applied in specialised laboratories or the reference laboratories. 

Routine laboratories and research laboratories mainly use only a small set of antisera to identify the 

most prominent serogroups (Nataro and Kaper, 1998).  

1.6.2. Detection without isolation 

Detection methods without isolation are frequently used in routine laboratories for analysis of foods 

and human stools. Using this approach negative or potentially positive results can be generated very 

fast. Firstly, the short time of analysis is crucial for foods with short shelflifes and is of economical 

importance for the industry. For patients possibly infected with STEC, a fast diagnosis can be crucial 

for further treatment and recovery. In case of outbreaks, a fast determination of the contamination 

source is of major importance (Struelens et al., 2011). Secondly, screening of samples may lower the 

workload if only positive samples need further investigation (Perelle et al., 2007). Thirdly, detection 

methods may already give an indication about the type of contaminant and may aid in the decision of 

the most suitable isolation method. For example, if PCR results indicate the presence of E. coli O26 

cells, the use of O26-specific IMS beads and the CT-RMAC agar may facilitate the recovery of the 

organism. Fourthly, by specifically targeting the STEC virulence markers, some strains that otherwise 

would be missed by traditional culture methods, can be detected. These data can be of added value 

during monitoring and ecology studies, even if viable cells are not demonstrated (Osés et al., 2010).  
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1.6.2.1. Detection in enriched samples 

1.6.2.1.1. Immunological detection 

Detection of free Stx toxin or outer membrane antigens (LPS) by means of immunological methods in 

enriched foods and human stools is a fast detection method widely used in routine laboratories 

(Schuurman et al., 2007). The VIDAS ECO and VIDAS UP kits (Biomerieux) are AFNOR validated 

systems for the detection of E. coli O157 in food. Additionally, the same commercial kits can be used 

as for the confirmation of STEC cells (paragraph 1.6.1.4). 

1.6.2.1.2. PCR 

PCR detection of genetic markers in an enriched sample is widely used for a broad range of foods, 

animal faeces, and stools. This technique demands for an appropriate sample preparation and DNA 

extraction as the sample matrices may contain interfering compounds, like polyphenolic compounds 

in apple juice and bile salts, heparin, and bilirubin in faeces (Hsu et al., 2005). Besides, additives that 

reduce interference can be included in the PCR mixture. BSA (bovine serum albumin) is widely used 

to overcome inhibition in meat and faecal samples (Islam et al., 2006). An internal control that 

amplifies DNA which is universally present in every microorganism, like for instance genes encoding 

rRNA, can detect reaction inhibition and therefore eliminate the chance of false-negative results 

(Fratamico et al., 2011). 

Different PCR systems have been developed. The conventional PCR system is based on gel 

electrophoresis and ethidium bromide staining for visualization of the amplified DNA. Several genes 

can be investigated simultaneously in the same reaction tube, which is called multiplex PCR (mPCR). 

Real-time PCR systems measure the increase of amplified DNA during the course of the reaction. 

Therefore, these methods can determine the presence or absence of a target with more precision 

(Ibekwe and Grieve, 2003). Moreover, the amount of starting DNA can quantitatively be determined 

providing that a DNA standard is included. Amplicon detection is achieved by means of fluorescent 

dyes such as SYBR Green or fluorophore-containing DNA probes, such as hybridisation probes or 

molecular beacons (Belanger et al., 2002; Perelle et al., 2004).  

PCR methods mainly target stx1, stx2, eae or genes encoding outer membrane antigens (O:H 

serotype). Various studies were reported screening enriched foods including meat products, dairy 

products, and vegetables, using conventional simplex PCR (Aslam et al., 2003; Fode-Vaughan et al., 

2003; Gilgen et al., 1998) conventional mPCR (Fratamico et al., 2009), simplex real-time PCR (Madic 

(Burk et al., 2002; Fitzmaurice et al., 2004; Fortin et al., 2001; Fratamico et al., 2009; Madic et al., 

2009; Madic et al., 2010; O'Hanlon et al., 2004), or multiplex real-time PCR (Auvray et al., 2009; 

Fratamico et al., 2000; Madic et al., 2011; Perelle et al., 2005; Sharma et al., 1999; Sharma, 2002). 
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Studies on screening of enriched bovine faecal samples used conventional simplex PCR (Fagan et al., 

1999), conventional mPCR (Al-Ajmi et al., 2006; Bonardi et al., 2005; Gioffré et al., 2002; Osek, 2002) 

multiplex real-time PCR (Fratamico et al., 2000; Sharma et al., 1999; Sharma, 2002; Sharma and 

Dean-Nystrom, 2003), or the commercially available RAPID system for detection of E. coli O157:H7 

(Idaho Technology) (Bono et al., 2004). Other AFNOR validated commercially available PCR-based 

methods for the detection of E. coli O157 include IQ-Check E. coli O157:H7, GeneDisc E. coli O157:H7 

(ref), HQS E. coli O157:H7, BAX E. coli O157:H7 MP, BAX Real-Time PCR Assay E. coli O157:H7, and 

MICROSEQ E. coli O157:H7. 

Despite the easy use of PCR screening, difficulties are frequently encountered during the 

interpretation of results. For instance, positive results by PCR screening are frequently not confirmed 

by the isolation of the pathogen. This was reported in studies analyzing food and faecal samples 

(Bonardi et al., 2005; Iijima et al., 2004; Madic et al., 2011). The discrepancies between these two 

approaches can be explained by different factors. Firstly, isolation of STEC may be impeded by 

competing microflora that prevent isolation or by the stressed state of the STEC cells which disables 

culture. Further, isolation methods are limited to a restricted set of serogroups, whereas with PCR stx 

genes can be detect in any type of strain. Secondly, PCR has the disadvantage of detecting free target 

DNA from dead organisms, which actually no longer form a threat. Additionally, the target genes are 

also present in some other species and stx-bacteriophages, which will also be detected by PCR. 

Another difficult matter is the interpretation of the simultaneous detection of multiple targets in a 

sample, as it cannot be defined whether these genes are present within one cell or not. For example, 

if a sample is positive for stx and eae, it cannot be defined whether it contains a combination of 

EPEC, STEC or EHEC or even other organisms (Madic et al., 2010). 

PCR detection can be highly specific, but only if all genetic variants of the target gene were taken into 

account when the primers and probes were designed. Whereas stx1 is more conserved, many 

different variants of the stx2 and eae gene have been described, as illustrated in Figure 1.6. 

Depending on the purpose of the study, either all subtypes or a subset of subtypes can be included, 

for instance only the human clinically important subtypes can be targeted. Mismatches in the primer 

or probe sequence lower the sensitivity of the assay. If only a few mismatches occur, detection of the 

target is still achieved if sufficient target DNA is present (Schuurman et al., 2007). If not, or in case of 

more mismatches, false negative results are generated.  
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Figure 1.6. Structure of stx and eae coding sequences in E. coli strains and bacteriophages. Arrows indicate the 

lengths and directions of the open reading frames. The shading represents heterogenic regions. 

 

Primers and probes described in literature as part of real-time PCR detection methods for stx1 and 

stx2 in foods and animal faeces are listed in Table 1.3 and 1.4. For each primer or probe the number 

of mismatches with the different subtypes is indicated. 

Table 1.3. Primers and probes of real-time PCR detection methods for stx1 in foods and animals faeces and 

indication of the number of mismatches with the different stx1 subtypes. 

Reference Oligo name 

Position (5' - 3')  

in A subunit   
Mismatch with subtype 

Begin End   stx1a stx1c stx1d 

(Sharma, 2002) stx1 forward 224 248   0 1 4 

  stx1 probe 250 279   0 0 1 

  stx1 reverse 351 374   0 0 6 

(O'Hanlon et al., 2004)  VT1F 588 610   0 0 1 

  VT1LC 630 653   0 1 2 

  VT1FL 656 679   0 0 2 

  VT1R 747 767   0 0 1 

(Fitzmaurice et al., 2004) VT 1 F 747 767   0 0 1 

  VT 1 LC 827 854   0 0 3 

  VT 1 FL 856 884   0 2 3 

  VT 1 R 930 948   0 0 1 

(Perelle et al., 2004) stx1F 681 709   0 0 0 

  stx1P 744 774   0 0 1 

  stx1R 786 811   0 1 0 

(Fratamico et al., 2009) Stx1A-F 221 240   0 1 3 

  Stx1A-P 247 269   0 0 0 

  Stx1A-R 400 418   0 0 2 

Sequences aligned with accession no. M23890 (stx1a), Z36901 (stx1c), AY170851 (stx1d). Position numbers 

relative to subunit A of M23890. 

 

 

Phage H30

Phage 933W

E. coli O157:H7

Stx1       A Subunit                 B Subunit

eae

960  bp 270 bp

2805  bp

948  bp 270 bp

Stx2      A Subunit                 B Subunit
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Table 1.4. Primers and probes of real-time PCR detection methods for stx2 in foods and animals faeces and 

indication of the number of mismatches with the different stx2 subtypes. 

Reference Oligo name 

Position (5'-3')  

in A subunit   
Mismatch with subtype 

Begin End   stx2a stx2b stx2c stx2d stx2e stx2f stx2g 

Sharma, 2002) stx2 forward 168 185   0 0 0 0 4 9 3 

  stx2 probe 188 219   0 0 0 0 6 13 4 

  stx2 reverse 354 373   0 1 0 0 2 2 1 

(O'Hanlon et al., 2004) VT2 S 587 607   0 0 0 0 0 5 0 

  VT2 LC 644 667   1 1 1 1 1 2 1 

  VT2 FL 669 688   1 1 1 1 1 6 1 

  VT R 820 841   0 0 0 0 0 5 1 

(Fitzmaurice et al., 2004) VT 2 F 587 607   0 0 0 0 0 5 0 

  VT 2 LC 635 656   0 1 0 0 0 4 0 

  VT 2 FLU 658 682   0 0 0 0 0 4 0 

  VT 2 R 820 841   0 0 0 0 0 5 1 

(Perelle et al., 2004) stx2F 528 556   0 0 0 0 0 4 1 

  stx2P 581 607   0 1 0 0 6 1 0 

  stx2R 630 655   0 1 0 0 0 1 0 

(Fratamico et al., 2009) Stx2A-F 57 79   0 1 1 0 1 9 1 

  Stx2A-P 140 167   0 1 0 0 5 11 3 

  Stx2A-R 177 196   0 0 0 0 4 11 3 

Sequences aligned with accession no. X07865 (stx2a), AF043627 (stx2b), M59432 (stx2c), AF479828 (stx2d), 

M21534 (stx2e), M29153 (stx2f), AY286000 (stx2g). Position numbers relative to subunit A of AY443044 

(933W). 

The real-time PCR methods for detection of stx1 presented in Table 1.3 showed a 100% match with 

stx1a, had only a few mismatches with subtypes stx1c and numerous mismatches with stx1d. The 

real-time PCR methods for stx2 presented in Table 1.4 showed little to no mismatches with subtypes 

stx2a, stx2b, stx2c, and stx2d, but numerous mismatches with subtypes stx2e, stx2f, and stx2g, 

except for the primers and probes described by Fitzmaurice et al. (2004), which showed only a few 

mismatches with subtypes stx2e and stx2g. As a consequence, the methods mentioned in Table 1.3 

and 1.4 mainly target only stx1a, stx2a, stx2c, and stx2d, whereas subtypes stx1c, stx1d, stx2b, stx2e, 

stx2f, stx2g will frequently be missed.  

1.6.2.2. Direct detection without enrichment 

In human stools, numbers of STEC generally reach the level of 10
6 

cfu g
-1

, which is sufficiently high to 

enable direct detection without enrichment (Hsu et al., 2005). Direct detection safes time. Various 

reports were published about real-time PCR detection of stx1, stx2, and eae in stool (Belanger et al., 

2002; Grys et al., 2009; Iijima et al., 2004; Schuurman et al., 2007). Primers and probes for stx1, stx2, 

and eae detection used in these studies are listed in Table 1.5, 1.6 and 1.7 respectively, with the 

indication of the number of mismatches with the different subtypes of the genes. 
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Table 1.5. Primers and probes of real-time PCR methods for the detection of stx1 in stools and indication of the 

number of mismatches with the different subtypes of stx1. 

Reference Oligo name 

Position (5' - 3')  

in A subunit 
  Mismatch with subtype 

Begin End   stx1a stx1c stx1d 

(Belanger et al., 2002) 1Slt224 358 377   0 0 3 

  1SltB1FAM 465 503   0 1 2 

  1Slt385 521 543   0 0 0 

(Iijima et al., 2004) stx1 forward 220 244   0 1 3 

  stx1 probe 246 272   0 0 0 

  stx1 reverse 274 302   0 0 2 

(Schuurman et al., 2007) stx1 F934_mod 907 933   0 1 6 

  stx1 P990_mod_MGB 970 992   0 2 2 

  stx1 R1042_modC 995 1014   0 1 4 

(Grys et al., 2009) stx1a 664 682   0 0 1 

  stx1f 806 825   0 1 5 

  stx1r 827 847   0 0 2 

  stx1b 852 873   0 1 2 

(Chassagne et al., 2009) stx1F 969 991   0 1 2 

  stx1R 1065 1085   0 1 3 

Sequences aligned with accession no. M23890 (stx1a), Z36901 (stx1c), AY170851 (stx1d). Position numbers 

relative to subunit A of M23890. 

 

Table 1.6. Primers and probes of real-time PCR methods for the detection of stx2 in stools and indication of the 

number of mismatches with the different subtypes of stx2. 

Reference Oligo name 

Position (5' - 3') 

in A subunit 
  Mismatch with subtype 

Begin End   stx2a stx2b stx2c stx2d stx2e stx2f stx2g 

(Belanger et al., 2002) 2Slt537 518 539   0 0 0 0 0 6 2 

  2SltB1TET 583 616   7 8 7 7 8 15 8 

  2Slt678b 659 677   0 0 0 0 0 4 0 

(Iijima et al., 2004) stx2 forward 177 192   0 0 0 0 3 10 2 

  stx2 probe 194 223   0 0 0 0 5 6 2 

  stx2 reverse 225 243   0 0 0 0 1 7 0 

(Grys et al., 2009) stx2a 147 162   0 1 0 0 4 9 3 

  stx2f 199 224   0 0 0 0 3 10 1 

  stx2r 226 247   0 0 0 0 1 8 0 

  stx2b 331 351   0 1 0 0 2 4 0 
            

Reference Oligo name 

Position (5' - 3') 

in B subunit 
  Mismatch with subtype 

Begin End   stx2a stx2b stx2c stx2d stx2e stx2f stx2g 

(Chassagne et al., 2009) stx2F 1 24   0 4 0 0 1 5 0 

  stx2R 58 83   0 3 1 1 0 3 0 

Sequences aligned with accession no. X07865 (stx2a), AF043627 (stx2b), M59432 (stx2c), AF479828 (stx2d), 

M21534 (stx2e), M29153 (stx2f), AY286000 (stx2g). Position numbers relative to subunit A and subunit B of 

AY443044 (933W). 
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Table 1.7. Primers and probes of real-time PCR methods for the detection of eae  in stools and indication of the 

number of mismatches with the different subtypes of eae. 

Reference Oligo name 

Position (5' - 3') 

in eae  
Mismatch with subtype 

Begin End   α1 α2 β1 β2 γ1 γ2 δ ε  ί λ μ  ζ  

(Iijima et al., 2004) eae forward 1061 1086   1 1 1 1 1 0 1 1 1 1 3 1 

  eae probe 1090 1108   0 0 1 1 0 0 0 1 0 0 1 0 

  eae reverse 1114 1138   0 0 1 1 0 0 0 1 0 0 1 0 

(Chassagne et al., 2009) stx1F 709 728   0 0 0 0 0 0 0 0 0 0 0 0 

  stx1R 759 783   2 2 2 2 2 2 2 2 2 2 2 2 

Sequences aligned with accession no. AF022236 (eaeα1), AF530555 (eaeα2), AF453441 (eaeβ1), AF043226 

(eaeβ2), DQ523608 (eaeγ1), AF025311 (eaeγ2), U66102 (eaeδ), AF116899 (eaeε), AJ308551 (eaeί), AF530557 

(eaeλ), AJ308550 (eaeμ), AF449417 (eaeζ). Position numbers relative to AF530557. 

The real-time PCR methods for detection of stx1 presented in Table 1.5 mainly focussed on subtype 

stx1a only, had few mismatches with stx1c and had numerous mismatches with subtypes stx1d. The 

real-time PCR methods for stx2 presented in Table 1.6 matched 100% with subtypes stx2a, stx2c, and 

stx2d, but showed numerous mismatches with subtypes stx2b, stx2e, stx2f, and stx2g. The real-time 

PCR method to detect eae presented in Table 1.7 showed a 100% match with subtype eaeγ2, which is 

typical for STEC O157:H7, showed one mismatch with subtypes eaeα1, eaeα2, eaeγ1, eaeδ, eaeι, 

eaeλ, and eaeξ, and showed three to five mismatches with subtypes eaeβ1, eaeβ2, eaeε, and eaeμ. 

As a result, the real-time PCR methods described in Table 1.5, 1.6 and 1.7 mainly target stx1a, stx2a, 

stx2c, stx2d and most subtypes of eae. These represent the clinically most important subtypes. 

1.6.2.3. Detection of STEC colonies on plate 

STEC strains present as undistinguishable colonies on a plate, can be detected by means of PCR or 

colony blot hybridisation. This approach is most interesting for STEC non-O157 strains which cannot 

be distinguished from other E. coli strains on plate. PCR analysis of confluent bacterial growth or 

individual colonies on a plate is commonly used (Gioffré et al., 2002). Colony blot hybridisation is 

highly labour-intensive and expensive, but it was proven successful for the isolation of a wide range 

of STEC serogroups from milk, beef and cattle (Auvray et al., 2007; Fukushima and Seki, 2004; Madic 

et al., 2011; Parisi et al., 2010). 

1.6.2.4. Quantification of genetic determinants 

In ecology and epidemiology studies and in view of monitoring, quantitative detection of STEC is of 

added value. As isolation of STEC non-O157 is difficult to achieve, quantitative real-time PCR (qPCR) 

can be a more practical alternative. In addition, qPCR detection produces faster results primarily 

because no incubation times are needed. For instance, a hazard analysis of critical control points 

(HACCP) was performed for a lamb meat processing line by means of qPCR detection of stx1, stx2, 

eae (Osés et al., 2010). STEC O157:H7 was quantified in a wide range of foods, including milk, apple 
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juice and beef by means of qPCR detection of stx2 and the gene encoding the O157 antigen (Hsu et 

al., 2005). Further, STEC genetic markers were quantified in water, soil and human and animal faeces 

in order to elucidate contamination routes of STEC (Hsu et al., 2005; Ibekwe et al., 2002; Ibekwe and 

Grieve, 2003; Sekse et al., 2005; Spano et al., 2005).  For correct quantification, a 100% matching of 

primers to the annealing sites of the target gene is necessary to ensure optimal efficiency of the PCR 

and to exclude quantitative underestimation of the target (Werbrouck et al., 2007). 

Table 1.8. Primers and probes of real-time PCR methods for the quantification of stx1  in foods, water and 

animal faeces and indication of the number of mismatches with the different subtypes of stx1. 

Reference Oligo name 

Position (5' - 3')  

in A subunit 
  Mismatch with subtype 

Begin End   stx1a stx1c stx1d 

(Ibekwe et al., 2002) stx1 forward 224 248   0 1 4 

  stx1 probe 250 279   0 0 1 

  stx1 reverse 351 374   0 0 6 

(Sekse et al., 2005) VS1 633 657   0 1 2 

  VS3 659 684   0 0 2 

  VS2 698 720   0 0 2 

(Spano et al., 2005) Stx1F  24 48   0 1 4 

  stx1P   50 79   0 0 1 

  stx1R 151 174   0 0 5 

(Osés et al., 2010) Ec-stxI-f 54 76   0 0 0 

  stxI probe 115 132   0 0 0 

  Ec-stxI-r 151 168   0 0 4 

Sequences aligned with accession no. M23890 (stx1a), Z36901 (stx1c), AY170851 (stx1d). Position numbers 

relative to subunit A of M23890. 

Table 1.9. Primers and probes of real-time PCR methods for the quantification of stx2 in foods, water and 

animal faeces and indication of the number of mismatches with the different subtypes of stx2. 

Reference Oligo name 

Position              

(5' - 3') in A 

subunit 

  Mismatch with subtype 

Begin End   stx2a stx2b stx2c stx2d stx2e stx2f stx2g 

(Hsu et al., 2005) Stx2Fa  150 174   0 1 0 0 5 11 4 

  Stx2Pa 195 227   0 0 0 0 6 12 3 

  Stx2Ra 294 319   0 1 0 0 2 7 1 

(Sekse et al., 2005) VS4 185 205   0 0 0 0 6 9 3 

  VS6 224 250   0 0 0 0 2 10 0 

  VS5 285 305   0 1 0 0 3 6 1 

(Spano et al., 2005) stx2F   168 185   0 0 0 0 4 9 3 

  stx2P  188 219   0 0 0 0 6 13 4 

  stx2R   354 373   0 0 0 0 2 7 0 

(Osés et al., 2010) Ec-stxII-f  484 504   0 3 0 0 0 7 0 

  stxII probe  539 557   0 0 0 0 0 5 0 

  Ec-stxII-r 600 619   0 1 0 0 1 6 1 

Sequences aligned with accession no. X07865 (stx2a), AF043627 (stx2b), M59432 (stx2c), AF479828 (stx2d), 

M21534 (stx2e), M29153 (stx2f), AY286000 (stx2g). Position numbers relative to subunit A of AY443044 

(933W).  
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Table 1.10. Primers and probes of real-time PCR methods for the quantification of eae  in foods, water and 

animal faeces and indication of the number of mismatches with the different subtypes of eae. 

Reference Oligo name 

Position             

(5' - 3') in eae 
  Mismatch with subtype 

Begin End   α1 α2 β1 β2 γ1 γ2 δ ε  ί λ μ   ζ   

(Ibekwe et al., 

2002) 
eae forward 2484 1210   11 11 10 10 0 6 15 11 12 12 12 14 

  eae probe 2530 2562   15 14 18 18 1 7 19 15 15 17 18 19 

  eae reverse 2564 2589   17 18 24 24 0 4 20 23 24 20 22 20 

(Spano et al., 2005) eaeF  2484 2510   11 11 10 10 0 6 15 11 12 12 12 14 

  eaeP  2530 2562   15 14 18 18 1 7 19 15 15 17 18 19 

  eaeR  2564 2589   17 18 24 24 0 4 20 23 24 20 22 20 

(Osés et al., 2010) eae Ec-eae-f   801 823   0 0 0 0 0 0 0 0 0 0 0 0 

  eae probe  880 908   1 1 0 0 0 0 2 0 1 0 1 1 

  Ec-eae-r   920 941   0 0 0 0 0 0 0 0 0 0 0 0 

Sequences aligned with accession no. AF022236 (eaeα1), AF530555 (eaeα2), AF453441 (eaeβ1), AF043226 

(eaeβ2), DQ523608 (eaeγ1), AF025311 (eaeγ2), U66102 (eaeδ), AF116899 (eaeε), AJ308551 (eaeί), AF530557 

(eaeλ), AJ308550 (eaeμ), AF449417 (eaeζ). Position numbers relative to AF530557. 

Most of the primers and probes described in the literature for STEC quantification contained 

mismatches with different variants of stx1, stx2 (Table 1.8, 1.9). More specific, primers and probes 

aligned 100% to stx1a. For stx1c one mismatch was found for all primers-probe sets except for the 

set described by Osés et al. (2010). For stx1d many mismatches were found. For the quantification of 

stx2, primers-probes sets described by Hsu et al. (2005), Sekse et al. (2005) and Spano et al. (2005) 

matched 100% with the most prevalent subtypes, stx2a, stx2c, stx2d, showed a few mismatches with 

stx2b, and showed many mismatches with stx2e, stx2f and stx2g. The primers-probe sets described 

by Osés et al. (2010) matched better to stx2e and stx2g (only one 1 mismatch), showed a few more 

mismatches with stx2b (4 mismatches), and showed many mismatches with stx2f. This implicates 

that for some gene variants of stx1 and stx2 amplification would not be optimal. Primers and probes 

described by Ibekwe et al. (2002), and used by Spano et al. (2005), for the quantification of eae 

(Table 1.10) were designed especially for subtype eaeγ2 which is associated with serogroup O157. 

However, it was observed that specifically eaeγ1 was targeted, which is associated with serogroups 

O111. The primers-probe sets for eae described by Osés et al.  (2010) aligned 100% to eaeβ, eaeγ, 

eaeε and eaeλ which are associated to the serogroups which are most important in human disease 

(China et al., 1999b). 

1.6.3. Standardized protocols 

1.6.3.1. O157 

For the isolation of STEC O157:H7 an international standardised method is available for food and 

feed, (ISO 16654, 2001) (Figure 1.7). The method is based on a selective enrichment in modified 

Trypton Soy Base (TSB) supplemented with 20 mg L
-1

 novobiocin, incubated at 37°C for 6h, followed 
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by a specific immunomagnetic separation (IMS) using O157-specific beads and isolation on two 

selective agar media, of which the use of CT-SMAC is obligatory. Confirmation of suspected colonies 

is obtained by means of the indole and agglutination tests. If no E. coli O157 isolate is obtained, the 

isolation procedure is repeated on the 24 hour enriched sample. The E. coli O157 strains must be 

confirmed by the presence of stx and eae using PCR. 

 

Figure 1.7. Flow diagram for detection of STEC O157 and non-O157 in foodstuffs (EFSA, 2009b). *Dairy products 

use 12 mg L
-1

 acriflavin, instead of novobiocin; Frozen products: use BPW without antibiotics. 

1.6.3.2. Non-O157 

At present, a Working Group (CEN TC275/WG6) has drafted and submitted to ISO a real-time PCR-

based horizontal method for the detection of STEC belonging to O26, O103, O111, O145, and O157, 
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+ 16 mg L-1 novobiocin*

Enrichment

18h at 37°C

Testportion (1ml) of the 

culture, DNA purification

and real-time PCR

Positive PCR results to 

both stx and eae

Serogroup specific real-

time PCR

Positive PCR result to stx, 

eae and to serogroup-

specific sequences

Isolation of the target bacteria, 

characterization of the isolates

for serogroup-specific

sequences eae and stx genes. 

Negative PCR result: STEC 

negative samples

Enrichment

6 h and 18h 

at 41.5°C
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including sorbitol fermenting (SF) STEC O157 serogroups in food (EFSA, 2009b) (Figure 1.7). The 

screening method involves a sample enrichment step in TSB modified by the addition of 1.5 g L
-1

 bile 

salts no. 3 and supplemented with either 16 mg L
-1

of novobiocin or, for dairy products, 12 mg L
-1

 of 

acriflavin. Enrichment broths are incubated at 37°C for 18h. Then, a first real-time PCR for detection 

of stx and eae is performed followed by a second serogroup-specific real-time PCR (for O157, O26, 

O103, O111 and O145) if the first PCR generated a positive result. Confirmation by means of isolation 

was recommended on selective agar media, for instance the media described by Possé et al. (2008a), 

or non-selective agar media (TBX; Tryptone-bile-glucuronic medium) in case of a positive serogroups-

specific real-time PCR. Subsequently, presumptive STEC colonies are confirmed as being E. coli by 

means of API or the Indole test and serotyping by means of PCR or agglutination.  

1.7. Subtyping techniques 

Shiga toxin E. coli subtyping techniques are used in molecular epidemiology investigations to track 

STEC infections and to identify outbreaks and outbreak sources. The subtyping also involves 

detection of virulence treats and antibiotics resistance, which is generally performed by PCR and 

minimally inhibitory concentration (MIC) assay, respectively. On the other hand, subtyping methods 

enable elucidation of routes of transmission, geographical spread and host specificity of clones. Some 

techniques have been used for population genetic studies to assess diversity and infer phylogenetic 

and evolutionary relationships that might have occurred in the distant past among strains (Karama 

and Gyles, 2010).   

Phenotypic subtyping methods include serotyping (Orskov, 1984), phage typing (Ahmed et al., 1987), 

and multilocus enzyme electrophoresis (MLEE) (Selander et al., 1986). A drawback of serotyping is 

that it is restricted to only 182 O-types and 53 H-types (Karama and Gyles, 2010). A drawback of 

phage typing is that it exists only for O157:H7. In addition, phenotypic typing methods are costly, 

time-consuming and difficult to standardize among laboratories. 

Genotyping methods are applicable for both STEC O157 and STEC non-O157 strains. Pulsed field gel 

electrophoresis (PFGE) is the most common molecular biology-based method used for the subtyping 

of STEC strains (Karama and Gyles, 2010). Briefly, PFGE categorizes bacteria into subtypes 

(pulsotypes) on the basis of whole genome DNA macrorestriction patterns that are generated 

electrophoretically after digestion with infrequently cutting restriction enzymes (Gerner-Smidt and 

Scheutz, 2006). This method is considered the ‘Gold standard’ for the subtyping of STEC strains due 

to its high discriminatory power and reproducibility (Izumiya et al., 1997). A standardized protocol 

has been established (Ribot et al., 2006), which had facilitated the CDC to collect and compare PFGE 
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profiles of food-borne isolates in a central database on PulseNet, a surveillance network. In recent 

years, MLVA (multi-locus variable number tandem repeats analysis) typing has evolved as an 

alternative to PFGE typing of STEC O157:H7. It concerns a PCR-based method that amplifies multi-

copy DNA tandem repeats across the genome (Lindstedt et al., 2003). MLVA is considered less 

laborious, easier to standardize, and in general more discriminatory than PFGE (Hyytia-Trees et al., 

2006). However, to date, optimization and standardization of a protocol that is suitable for the wide 

range of STEC serogroups is not established yet (Karama and Gyles, 2010). Therefore, to date, PFGE 

remains the most commonly used method and the best choice of generating typing data for disease 

monitoring and surveillance (Gerner-Smidt and Scheutz, 2006).  

Other recent genotyping methods include lineage specific polymorphism assay (LSPA) (Yang et al., 

2004), which is an easy to use derivate from the OBGS (octamer-based genome scanning) typing 

method (Kim et al., 1999). This method is based upon the amplicon size of PCR products of 6 loci, and 

is mainly used for genotyping of clinical isolates (Hartzell et al., 2011). Herewith, the discrimination of 

Lineage I, Lineage II, and Lineage I/II O157:H7 isolates was determined, of which Lineage I was more 

commonly associated with clinical isolates. SNP typing (single nucleotide polymorphisms) (Manning 

et al., 2008) is also used to separate O157:H7 clinical isolates. Nine clades are distinguished and it is 

suggested that patients infected with clade 8 isolates develop HUS at a greater frequency than 

patients infected with organisms from other clades. Two derivative protocols which are less laborious 

were recently published, based on real-time PCR of four SNP loci (Riordan et al., 2008), or sequencing 

of four SNPs in gene rhsA (Liu et al., 2009). MLST (multilocus sequence typing) is an extended version 

of MLEE, as it targets the same loci, but is based on partial sequencing (Bielaszewska et al., 2007). 

Finally, virulence typing is performed as a standard procedure in strain characterization, however its 

effectuation is variable. Genotypic virulence typing mainly involves PCR detection of genes encoding 

the Shiga toxins (stx1, stx2) with their variants (Persson et al., 2007b), the LEE proteins (eae, tir, espA, 

espP (China et al., 1999a), pEHEC proteins (ehx, espP, katP) (Nielsen and Andersen, 2003), Nle (non-

LEE encoded effector proteins), CdtV (cytolethal distending toxin (Bielaszewska et al., 2004), and 

SubAB (subtilase cytotoxin) (Irino et al., 2010). Stx genotyping can be performed using specific 

primers, partial sequencing or PCR-RFLP (Nielsen and Andersen, 2003; Persson et al., 2007b; Tyler et 

al., 1991). Also intimin typing can be performed using specific primers or PCR-RFLP (Blanco et al., 

2004a; Oswald et al., 2000).  
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Aims of the study 

STEC consist a heterogeneous group of pathogenic E. coli, of which some serogroups, including O157, 

O26, O103, O111, and O145, are implicated more often in severe human disease. Cattle are 

considered as the principle reservoir, and human infection generally occurs through the consumption 

of contaminated foodstuffs. In contrast to STEC O157:H7, which generally is non-sorbitol fermenting 

(NSF), no standardized method is available yet for the detection and isolation of STEC belonging to 

other serogroups due to the lack of common biochemical properties. The virulence of STEC is only 

partially unravelled, which makes that to date it is not possible yet to define human pathogenic STEC. 

The general aim of this thesis was to develop, optimize and evaluate diagnostic methods for STEC in 

food and cattle faeces and to get more insight in the virulence and relatedness of STEC isolates of 

human, food and animal origin. 

The specific aims of this thesis were: 

• To optimize and evaluate the isolation method for STEC O26, O103, O111, O145, and O157 

SF in cattle faeces and food (Chapter 2, 3, 4). 

• To evaluate a combination of a multiplex-PCR detection and an isolation method for STEC 

O26, O103, O111, O145, and O157 SF in food (Chapter 3). 

• To develop a qPCR method to quantify STEC virulence genes stx1, stx2, and eae, in cattle 

faeces and to implement the method to screen cattle farms (Chapter 5). 

• To genotype a collection of STEC O26, O103, O111, O145, and O157 isolates from humans, 

foods and animals using PCR and PFGE (Chapter 6). 
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Chapter 2 

Effect of the enrichment time and 

immunomagnetic separation on the 

detection of Shiga toxin producing 

Escherichia coli O26, O103, O111, O145 

and sorbitol positive O157 from 

artificially inoculated cattle faeces 
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enrichment time and immunomagnetic separation on the detection of Shiga toxin producing 

Escherichia coli O26, O103, O111, O145 and sorbitol positive O157 from artificially inoculated cattle 
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Abstract 

The purpose of this study was to evaluate the effect of enrichment time and immunomagnetic 

separation (IMS) on the efficiency of a method to isolate non-O157 Shiga toxin producing Escherichia 

coli (STEC) serotypes O26, O103, O111, O145 and sorbitol positive (s+) O157 from artificially 

inoculated cattle faeces. 

Cattle faecal samples were inoculated with varying amounts (20-90 cfu/25g and 200-900 cfu/25g) of 

clinical STEC strains (including serotypes O26, O103, O111, O145 and O157 (s- and s+)), and 

recovered using a selective enrichment step of either 6 or 24 h, followed by plating on selective agars 

either preceded by IMS or not. Two types of IMS beads were used (Dynabeads® and Captivate
TM

 

beads), and evaluated on pure broth suspensions of STEC. 

The 6-hour enrichment instead of 24-hour, had no significant effect on the recovery rate, only for 

serotype O145 a positive trend was observed. Using direct plating after enrichment, recovery rates were 

influenced by the inoculated serotype and the inoculation level. Using IMS (Dynabeads® or Captivate
TM

 

beads), recovery of serotype O157 (s- and s+) was significantly improved, whereas for O26, O103, 

O111, and O145 no significant effect was observed. Results of IMS performed on pure suspensions of 

STEC, explained these serotype-depended findings in faeces; loss-making factors in the IMS 

procedure of some beads and the influence of the type of bead were shown. The method combining 

both enrichment periods with direct plating and IMS followed by plating, yielded a detection limit of 

20-90 cfu/25g. But, if only certain serotypes have to be investigated, the protocol can be simplified. 
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2.1. Introduction 

Shiga toxin producing Escherichia coli (STEC), is an important emerging group of food borne 

pathogens that cause a variety of clinical outcomes ranging from diarrhoea to haemorrhagic colitis 

(HC) and a life-threatening complication known as haemolytic uremic syndrome (HUS) (Beutin et al., 

2004; Blanco et al., 2004a; Karmali, 1989). Most infections of HC and HUS in Europe have been 

attributed to strains belonging to the serotype O157:H7 (EFSA, 2007a). Typical O157:H7 STEC strains 

are not able to ferment sorbitol (s-) within 24h. Based on this phenotypic feature, SMAC (Sorbitol 

MacConkey Agar) agar and modified SMAC media were developed to facilitate O157:H7 STEC 

isolation (March and Ratnam, 1986). Moreover a specific International Organization for 

Standardization (ISO 16654, 2001) method was developed for detection of this pathogen in food and 

animal feeding stuffs. However, sorbitol-positive strains (s+) have been increasingly isolated from 

clinical cases (Bielaszewska et al., 1998; Gunzer et al., 1992; Karch and Bielaszewska, 2001). More 

than 100 other STEC serotypes have been implicated in cases of human disease. Among these other 

serotypes, O26, O103, O111 and O145 have mostly been isolated from clinical cases (Bettelheim, 

2003; Eklund et al., 2001). 

Human infection generally occurs through consumption of contaminated food products derived from 

cattle (Bell et al., 1994; Hussein, 2007; Willshaw et al., 1994).  Cattle are regarded as the main reservoir 

of STEC (Hussein and Sakuma, 2005). A sensitive detection method for STEC in cattle faeces is 

indispensable to study the epidemiology of STEC on cattle farms and to develop intervention measures 

aiming to reduce the transmission risk from cattle to humans. Recently, new differential and 

confirmation agar media for O26, O103, O111, O145, O157 (s- and s+) STEC have been described 

(Possé et al., 2008a). Subsequently, an evaluation of these media applied in a new isolation protocol 

using artificially contaminated food samples and cattle faecal samples (Possé et al., 2008b), showed 

an isolation efficiency of STEC from food of ≤100 cfu/25 g. However, this level of isolation efficiency 

was not reached for cattle faeces. As most cattle excrete only small amounts of STEC (less than 100 

cfu/g) (Pearce et al., 2004), the detection method for STEC in faeces must be highly sensitive. In this 

study the effect of the enrichment time and immunomagnetic separation (IMS) on the isolation 

efficiency was studied. 
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2.2. Material and methods 

2.2.1. Strains 

For all experiments, six human STEC strains belonging to serotype O157 (s-) (MB2771), O157  (s+) 

(MB 2693), O26 (MB 2674), O103 (MB 2653), O111 (MB 2688), or O145 (MB 2676) were used. Strains 

were stored at –80°C using Pro-Lab Microbank cryovials (Pro-Lab, Ontario, Canada) according to the 

manufacturer’s instructions. Before use, strains were cultured on Tryptone Soy Agar (TSA; Oxoid, Ltd. 

London, UK) at 37°C for 24h. From each culture plate, one colony was transferred into Tryptone Soy 

Broth (TSB; Oxoid) and incubated at 37°C for 24h. Ten-fold serial dilutions were made in Buffered 

Peptone Water (BPW; Oxoid) to obtain a concentration of 10
3
 cfu/ml. One hundred µl of the latter 

diluted bacterial culture was streaked onto duplicate TSA plates and incubated for 24 hours at 37°C 

for quantification. 

2.2.2. Sample preparation and artificial inoculation of faecal samples. 

For the evaluation of the selective isolation protocols, two independent sets of four cattle faeces 

samples from an experimental pilot farm from Ghent University (Faculty of Veterinary Medicine) 

were used. On the first set, IMS beads from Dynal® (Invitrogen Dynal AS, Oslo, Norway) were tested 

and on the second Captivate
TM

 beads (Lab M, Bury, UK). Upon arrival in the laboratory, all faecal 

samples were stored at 4°C and treated within 24 hours. From every sample 13 subsamples of 25g 

were taken, diluted to a 1/10 ratio using TSB (Oxoid) and homogenized by stomaching for 2 minutes. 

Twelve homogenized subsamples were artificially inoculated by adding an appropriate volume of the 

diluted bacterial culture to the homogenized samples to obtain two contamination levels 10-100 

cfu/25g and 100-1000 cfu/25g faeces for each STEC strain. One subsample was not inoculated and 

used as blank sample.  

2.2.3. Isolation protocol 

After the artificial contamination, selective components were added to the enrichment medium as 

described by Possé et al. (2008a), and incubation was performed at 42°C. After 6 and 24 hours of 

enrichment, IMS using beads coated with specific antibodies against the serotype of the strain used 

for inoculation of the sample was performed, on the first and the second sample set respectively 

Dynabeads® and Captivate
TM

 beads were used. On each blank sample, IMS was carried out for the 

five serotypes. IMS was performed according to manufacturer’s instructions. Resulting IMS solutions 

were plated onto a selective differential agar medium for non-O157 or O157 STEC (Possé et al., 

2008a). At the time of each plating, all enrichment broths were also plated directly to the selective 

differential agars. After incubation, colonies were evaluated based on their general appearance and 
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colour (Possé et al., 2008a). From plates of inoculated samples, colonies that were suspected 

according to the inoculated serotype and from plates of uninoculated samples all suspected colonies 

were considered and streaked onto one or more specific confirmation media (Possé et al., 2008a). 

Suspected colonies from the selective differential medium (O157 (s-) and O157 (s+)) or the 

confirmation media (O26, O103, O111 and O145) were confirmed using serotype-specific PCR O26 

(DebRoy et al., 2004); O145 (Feng et al., 2005); O103 (Fratamico et al., 2005); O111 and O157 (Paton 

and Paton, 1998b). 

2.2.4. Evaluation of IMS kits 

IMS kits were evaluated using pure bacterial culture suspensions, in order to exclude the influence of  

variable background flora or faecal matrix components. The evaluation consisted of determining 

detection limits, recovery percentages and loss-making factors in the IMS procedure. Pure cultures of 

each of the six strains, obtained after overnight incubation in TSB at 37°C, were diluted in BPW to the 

following concentrations; 10-50, 50-250, 250-500 and >500 cfu/ml. The concentrations were determined 

by streaking in duplicate hundred µl of the diluted bacterial culture onto TSA, followed by incubation 

at 37°C for 24h. In a first experiment, detection limits and recovery percentages were determined for 

both types of beads by performing IMS on every dilution and plating the resulting solutions on TSA 

plate. This test was repeated 4 to 8 times per dilution. A second experiment was performed to 

determine loss-making factors in the IMS (Dynabeads®) procedure. In this experiment, IMS was 

performed on two dilutions of every test strain (50-250 and 750-1250 cfu/ml) in duplicate. The number 

of bacteria in all solutions obtained after each IMS step (the aspiration of the dilution solution, the two 

wash solutions and the end solution) for each test dilution was determined by plating on TSA. 

2.2.5. Statistical analysis 

For comparing the proportions of observing a STEC positive faecal sample or a STEC positive pure 

suspension  between two groups, the Fishers’ exact test was used. To compare more than two groups, a 

logistic regression model was used.  

The fractions of cells recovered from pure suspensions using IMS were square-root transformed before 

statistical analysis. A factorial analysis of variance (ANOVA) was used to study the effect of strain and 

beads used on the square-root transformed recovery fractions and the effect of strain and type of 

fraction on the square-root transformed recovery fractions. Significant differences were assessed by 

Tukey’s post-hoc test.  

The significance level α was set at 0.05. All statistical analyses were performed using R version 2.7.2 

(2008-08-25). 
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2.3. Results  

2.3.1. Effect of enrichment time on the recovery rate of STEC from artificially inoculated 

cattle faeces using direct plating after enrichment 

Using cattle faecal samples artificially inoculated in two levels (between 20 and 90 cfu/ml and between 

200 and 900 cfu/ml) and direct plating after enrichment, the effect of the enrichment time and 

inoculation level on the recovery rate was studied. All blank faecal samples were negative for the five 

serotypes tested. In order to increase the power of the statistical analysis, results from different 

conditions were investigated together. First, the effect of the enrichment time was examined using 

results of the two inoculation levels together. The enrichment for a shorter time (6-hours enrichment 

compared to 24-hours) had no significant effect on the recovery rate (p>0.05) (Table 2.1). Considering all 

serotypes, the recovery rates were 45.8% (44/96) and 44.8% (43/96) for an enrichment time of 6 h and 

24 h respectively. For the serotype O145 however a positive trend was observed for a higher recovery 

rate at 6 h than at 24 h.  

Table 2.1. Effect of enrichment time (6 h or 24 h) and inoculation level (20-90 cfu/25g and 200-900 cfu/25g) on the 

recovery rate of STEC serotypes O157 (s-), O157 (s+), O26, O103, O111 and O145 from artificially inoculated cattle 

faeces samples using direct plating after enrichment.   

Serotype Strain code 
20-90 cfu/25g  200-900 cfu/25g Subtotal

2
 

6h 24h 6+24h  6h 24h 6+24h 6+24h 

O157 (s-) MB2771 1/8
1
 0/8 1/8

BC
  0/8 1/8 1/8

C
 2/16

C
 

O157 (s+) MB2693 0/8 0/8 0/8
BC

  2/8 1/8 2/8
BC

 2/16
C
 

O26 MB2674 5/8 5/8 5/8
AB

  8/8 8/8 8/8
A
 13/16

AB
 

O103 MB2653 3/8 7/8 7/8
A
  6/8 6/8 8/8

A
 15/16

A
 

O111 MB2688 4/8 5/8 5/8
AB

  6/8 7/8 7/8
A
 12/16

AB
 

O145 MB2676 3/8 1/8 3/8
B
  6/8 2/8 6/8

AB
 9/16

B
 

Subtotal    - 16/48 18/48 21/48
a
  28/48 25/48 32/48

b
 53/96 

1
number of positive samples/number of samples tested. 

2
the values obtained at both inoculation levels are 

added. Values in the same column bearing different uppercase letters or in the same row bearing different 

lowercase letters, differed at α=0.05. 

 

Second, the effect of the inoculation level was studied using data of the two enrichment times. The 

number of positive samples after direct plating was significantly (p<0.05) affected by the inoculation 

level with a higher recovery rate for the higher inoculation level (200-900 cfu/25g) accounting 66.7% 

(32/48) compared to the lower level (20-90 cfu/25g) having a recovery rate of 43.8% (21/48). Third, by 

pooling results of the two enrichment times and the two inoculation levels, the effect of the serotype 

was analysed. The recovery rate was dependent of the serotype present (p<0.001), with a 

significantly lower recovery for O157 (s- and s+) (2/16) than for the four non-O157 serotypes tested 
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(from 9/16 to 15/16). Within the non-O157 serotypes tested, the recovery rate was significantly 

higher for O103 than for O145 (p<0.05).  

2.3.2. Effect of IMS and enrichment time on the recovery rate of STEC from cattle faeces 

The effect of IMS on the recovery rate was studied using cattle faecal samples artificially inoculated in 

two levels. IMS prior to plating was compared to direct plating after enrichment. For the statistical 

analysis, results of both inoculation levels, as well as both enrichment times were investigated together. 

The recovery rate of inoculated O157 samples (both s- and s+) by direct plating was very low for both 

sample sets (Table 2.2, 2.3 and 2.4) accounting between zero and two positive samples out of a total of 

eight samples analysed. The recovery rate of serotype O157 (s-) was significantly improved by IMS using 

Dynabeads® on the first sample set and Captivate
TM

 beads on the second sample set, compared to direct 

plating (resp. p<0.01 and p<0.001). Using both types of beads all eight samples were found positive. The 

recovery rate of O157 (s+) was significantly improved by IMS for the second sample set using 

Captivate
TM

 beads accounting 8/8 positive samples (p<0.01). For the first sample set the increase of the 

recovery rate was small and not significant, accounting only 4/8 positive samples. Using direct plating, 

serotype O103 was already reliably isolated (minimum 6/8 positive samples) from the first sample set 

and serotypes O26, O103, O111 and O145 from the second sample set, so for these inoculated samples 

a possible positive effect of IMS could not be observed (Table 2.4). Significant differences between using 

direct plating versus IMS prior to plating could not be shown for the four non-O157 serotypes tested 

(Table 2.4). Only for the first sample set using Dynabeads®, a negative trend was observed for O145 

(p<0.1) (Table 2.2 and 2.4).  

Table 2.2. Effect of IMS using Dynabeads® versus direct plating and inoculation level on the recovery rate of STEC 

serotypes O157 (s-), O157 (s+), O26, O103, O111 and O145 from artificially inoculated cattle faeces samples, using a 

combination of 6-hour and 24-hour enrichment. Inoculation level of A. 20-90 cfu/25g and B. 200-900 cfu/25g. 

 

 
Serotype Strain code Direct plating Dynabeads® and plating 

Combination of 

methods 

A. O157 (s-) MB2771 1/4
1
 4/4 4/4 

 O157 (s+) MB2693 0/4 2/4 2/4 

 O26 MB2674 1/4 3/4 3/4 

 O103 MB2653 3/4 4/4 4/4 

 O111 MB2688 1/4 1/4 1/4 

 O145 MB2676 1/4 0/4 1/4 
 

 
 

   

B. O157 (s-) MB2771 1/4 4/4 4/4 

 O157 (s+) MB2693 1/4 2/4 2/4 

 O26 MB2674 4/4 4/4 4/4 

 O103 MB2653 4/4 4/4 4/4 

 O111 MB2688 3/4 1/4 3/4 

 O145 MB2676 2/4 0/4 2/4 
1
number of positive samples/number of samples tested.  
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Table 2.3. Effect of IMS using Captivate
TM

 beads versus direct plating and inoculation level on the recovery rate of 

STEC serotype O157 (s-), O157 (s+), O26, O103, O111 and O145 from artificially inoculated cattle faeces samples, 

using a combination of 6-hour and 24-hour enrichment. Inoculation level of A. 20-90 cfu/25g and B. 200-900 

cfu/25g. 

 

 

Serotype Strain code Direct plating 

Captivate
TM

 beads  

and plating 

Combination  

of methods 

A. O157 (s-) MB2771 0/4
1
 4/4 4/4 

 O157 (s+) MB2693 0/4 4/4 4/4 

 O26 MB2674 4/4 4/4 4/4 

 O103 MB2653 4/4 3/4 4/4 

 O111 MB2688 4/4 4/4 4/4 

 O145 MB2676 2/4 3/4 3/4 
 

 
 

 

B. O157 (s-) MB2771 0/4 4/4 4/4 

 O157 (s+) MB2693 1/4 4/4 4/4 

 O26 MB2674 4/4 4/4 4/4 

 O103 MB2653 4/4 4/4 4/4 

 O111 MB2688 4/4 4/4 4/4 

 O145 MB2676 4/4 4/4 4/4 
1
number of positive samples/number of samples tested. 

 

Table 2.4. Statistical analysis of results presented in Tables 2.2 and 2.3. 

Serotype Strain code Direct plating IMS and plating Odds ratio 
Significant 

difference
†
 

A. Dynabeads®  

O157 (s-) MB2771    2/8
1,2

 8/8 0.023 [0; 0.47]
3
 ** 

O157 (s+) MB2693 1/8 4/8 0.14 [0.0026; 2.4] NS 

O26 MB2674 5/8 7/8 0.24 [0.0040; 4.4] NS 

O103 MB2653 7/8 8/8 0.29 [0; 6.6] NS 

O111 MB2688 4/8 2/8 2.6 [0.25; 46] NS 

O145 MB2676 3/8 0/8 11 [0.60; ∞] NS 

Subtotal       - 22/48 29/48 0.55 [0.23; 1.3] NS 

B. Captivate
TM

 beads 
 

O157 (s-) MB2771 0/8 8/8 0.0035 [0; 0.15] *** 

O157 (s+) MB2693 1/8 8/8 0.012 [0; 0.34] ** 

O26 MB2674 8/8 8/8 1.0 [0; ∞] NS 

O103 MB2653 8/8 7/8 3.4 [0.15; ∞] NS 

O111 MB2688 8/8 8/8 1.0 [0; ∞] NS 

O145 MB2676 6/8 7/8 0.43 [0.0064; 11] NS 

Subtotal       - 31/48 46/48 0.079 [0.0085; 0.38] *** 
1
number of positive samples/number of samples tested.; 

2
the values obtained at both inoculation levels are 

added. 
3
Means and 95% confidence interval between square brackets, are given. 

†
Significant difference 

indicated with ***(p<0.001), **(0.001<p<0.01), NS (p>0.05).  
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2.3.3. Evaluation of IMS kits on pure culture suspensions 

Two IMS kits (Dynabeads® and Captivate
TM

 beads) were evaluated on serial dilutions of pure bacterial 

cultures of serotypes O26, O103, O111, O145, O157 (s-) and O157 (s+). For both types of beads IMS 

resulted in recovery of cells from all tested culture suspensions (N=36) of O157 (s+) and O26 (Table 2.5). 

Using Dynabeads®, also for O103 and O157 (s-) all tested culture suspensions (N=18) gave positive 

results, whereas using Captivate
TM

 beads respectively 1 out of 12 and 2 out of 18 were negative. For 

O111 and O145, using Dynabeads®, 5 out of 18 culture suspensions at a concentration of 50-250 cfu/ml 

or lower were negative, whereas for Captivate
TM

 beads only 1 out of 18 and 14 suspensions respectively 

at a concentration of 10-50 or 50-250 cfu/ml was found negative. None of these differences between 

types of beads or serotypes was significant (p>0.05). 

Table 2.5. Sensitivity of IMS using Dynabeads® and Captivate
TM

 beads, obtained from pure cultures of STEC 

serotype O157 (s-), O157(s+), O26, O103, O111 and O145. 

 

Strain 

code 

Dynabeads®  Captivate
TM

 beads  Statistical analysis of subtotals 

Serotype 
Concentration (cfu/ml) 

 
Concentration (cfu/ml) 

 

Odds Ratio 
Significant 

difference
†
 

 
10-50 

50-

250 

250-

1000 

sub-

total 

 

10-50 

50-

250 

250-

1000 

sub-

total 

 

O157 (s-) MB2771 4/4
1
 8/8 6/6 18/18  4/5 6/7 6/6 16/18  5.6 [0.19; ∞]

2
 NS 

O157 (s+) MB2693 4/4 6/6 8/8 18/18  4/4 6/6 8/8 18/18  1.0  [0; ∞] NS 

O26 MB2674 6/6 6/6 6/6 18/18  6/6 6/6 6/6 18/18  1.0  [0; ∞] NS 

O103 MB2653 4/4 4/4 4/4 12/12  3/4 4/4 4/4 11/12  3.3 [0.16; ∞] NS 

O111 MB2688 4/7 4/6 5/5 13/18  6/7 6/6 5/5 17/18  0.15 [0.0030; 1.7] NS 

O145 MB2676 2/5 4/6 7/7 13/18  5/5 4/5 4/4 13/14  0.20 [0.0039; 2.3] NS 
1
number of positive samples/number of samples tested.; 

2
Means and 95% confidence interval between square 

brackets are given. 
†
NS (p>0.05).  

 

Yet, results in Table 2.6 show recovery percentages of STEC cells from suspension by IMS, that varied 

significantly between serotypes (p<0.05) using the same type of beads. Using Dynabeads®, recovery 

percentages of serotypes O157 (s- and s+), O26 and O103 were relatively high (mean values between 

about 140% and 58%) and for O111 and O145 significantly lower (mean values between about 2 to 4%). 

Using Captivate
TM

 beads, recovery rates were moderately high for all serotypes (mean values between 

about 18% and 61%). Serotypes O157 (s-) and O103 were significantly better recovered when using 

Dynabeads® (resp. p<0.001 and p<0.001). Serotypes O111 and O145 were significantly better recovered 

when using Captivate
TM

 beads (resp. p<0.001 and p<0.05). For O157 (s+) and O26 no significant 

differences could be shown between the two type of beads. 
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Table 2.6.  Recovery percentage of STEC cells from a pure suspension using two types of IMS beads, Dynabeads® 

and Captivate
TM 

beads. Strains belonged to serotypes O157 (s-), O157 (s+), O26, O103, O111 and O145. 

Serotype Strain code Dynabeads® Captivate
TM

 beads 
Significant 

difference
†
 

O157 (s-) MB2771 140 [104; 181]%
A
 44.4 [20.6; 77.2]%

AB
 *** 

O157 (s+) MB2693 57.6 [49.6, 66.1]%
B
 37.1 [32.5; 41.9]%

AB
 NS 

O26 MB2674 66.6 [52.1; 82.9]%
B
 61.4 [53.3; 70.0]%

A
 NS 

O103 MB2653 77.7 [54.5; 105]%
B
 18.4 [8.99; 31.1]%

B
 *** 

O111 MB2688 1.93 [0.544; 4.16]%
C
 27.8 [17.4; 40.5]%

AB
 *** 

O145 MB2676 4.16 [1.59; 7.93]%
C
 25.6 [13.4; 41.5]%

B
  * 

Means and 95% confidence interval between square brackets are given. 
†
Significant difference in the same row 

indicated with ***(p<0.001), *(0.01<p<0.05), NS (p>0.05). Values in the same column bearing different 

uppercase letters differed at α=0.05. 

 

 

In a second experiment, recovery percentages of serotypes O157 (s- and s+), O26 and O103, using 

Dynabeads® IMS again were high (mean values between about 30% and 60%) and only a low number of 

cells (≤5%) were detected in the aspiration and wash solutions (Table 2.7). The recovery percentage of 

serotype O111 was very low (mean value of about 0.50%) and significantly different than the former 

serotypes; most of the cells could be recovered from the aspiration solution (mean value of about 70%). 

The recovery percentage of serotype O145 was also low (mean value of about 10%) and in this case 

nearly half (mean value of about 45%) of the cells initially present in the test dilution could be recovered 

from the wash solutions. A certain percentage (mean values between 20% and 60%) of cells is not 

detected on the plate after IMS and also not found in the waste solutions. This fraction was defined non-

identified loss. 

Table 2.7.  Percentage of cells recovered and lost during the procedure of IMS using Dynabeads® on pure cultures 

of STEC serotype O157 (s-), O157 (s+), O26, O103, O111 and O145.  

Serotype 
Strain 

code 
Recovery 

Loss 

First aspiration Washing Non identified 

O157 (s-) MB2771 46.3 [17.1; 89.9]%
A
 0.820 [0; 5.02]%

B
 0.267 [0; 1.56]%

A
 48.1 [21.0; 86.2]% 

O157 (s+) MB2693 29.8 [2.18; 89.2]%
AB

 3.06 [1.70; 4.80]%
B
 0.331 [0; 1.51]%

A
 60.4 [30.5; 100]% 

O26 MB2674 59.6 [16.9; 128]%
A
 4.75 [0.678; 12.5]%

B
 2.52 [1.15; 4.41]%

A
 23.8 [0; 111]% 

O103 MB2653 34.8 [16.1; 60.5]%
AB

 0.738 [0; 3.45]%
B
 1.47 [0; 1.42]%

A
 59.2 [39.8; 82.3]% 

O111 MB2688 0.558 [1.89; 8.24]%
C
 69.9 [43.0; 103]%

A
 7.84 [4.10; 12.8]%

AB
 18.1 [0; 86.5]% 

O145 MB2676 9.94 [3.76; 19.1]%
BC

 12.3 [6.73; 19.6]%
B
 44.6 [24.4; 70.8]%

B
 30.1 [10.8; 59.2]% 

Means and 95% confidence interval between square brackets are given.  

Values in the same column bearing different uppercase letters, differed at α=0.05. 
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2.4. Discussion 

Since STEC, except STEC O157 (s-), show no specific biochemical characteristics, development of 

selective media for these pathogens is difficult. Possé et al. (2008a) described two differential agar 

media allowing the differentiation of STEC strains belonging to serotype O26, O103, O111 and O145 and 

serotype O157 (s- and s+). Evaluation of these media using an adapted enrichment during 24 hours 

showed that the recovery rate of STEC serotype O103, O111 and O145 from artificially contaminated 

faecal samples was low even when the samples were inoculated at a level higher than 100 cfu/25g of 

sample (Possé et al., 2008b). One of the reasons for this observation was the overgrowth of the 

differential agar medium by other E. coli belonging to other serotypes. For STEC O157 it was shown that 

a short enrichment (6 hours) and the inclusion of IMS increases the isolation efficiency for cattle faeces 

(Chapman et al., 1994; Clifton-Hadley, 2000; Tutenel et al., 2003). For non-O157 serotypes a method 

using IMS (O26, O103, O111, O145) for faeces was also described, but without studying its actual effect 

(Jenkins et al., 2003). Also, to our knowledge, until now the effect of the enrichment time was not 

studied yet for non-O157 serotypes. Based on the latter observations, the present study tested the 

effect of a shorter enrichment time and the inclusion of IMS on the recovery of STEC serotype O26, 

O103, O111 and O145 and serotype O157 (s- and s+) using the above mentioned isolation protocol of 

Possé et al. (2008a). 

Using the isolation protocol without the inclusion of IMS, results showed that the 6-hour enrichment 

instead of 24-hour in general had no influence on the recovery rate, only for STEC O145 a positive trend 

was observed. The number of inoculated cattle faecal samples that was found positive, was dependent 

on the inoculation level and the serotype of the inoculated strain.   

In order to study the possibilities to improve the recovery rate for non-O157 and O157 (s+) STEC from 

faeces, IMS was also applied on the enrichment broth after 6 and 24 hours of incubation. Initially 

Dynabeads® were applied on the first set of samples. Results showed that IMS was beneficially for 

serotype O157 (s-), while for O145 a negative trend and for the other STEC serotypes tested, no 

significant effect was observed. The lower recovery rate when using IMS for STEC O157 (s+) in 

comparison to STEC O157 (s-), may be due to difficulties in distinguishing STEC O157 (s+) from other 

sorbitol positive bacteria also captured by the beads and growing on the differential agar medium. Based 

on these observations, on a second set of samples IMS using Captivate
TM

 beads was tested. Since for 

these samples the recovery rate after direct plating was already high for STEC O26, O103, O111 and 

O145, it may be difficult to formulate correct conclusions about the effect of these type of beads on the 

recovery rate of these serotypes from faeces. Notwithstanding, the results again indicate a lower affinity 

for the serotypes O111 and O145, and a high affinity for STEC O157 (s-). Also application of Captivate
TM
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beads resulted in a higher recovery rate of STEC O157 (s+) from faeces than Dynabeads®, but it is more 

likely that this difference is due to the use of a different sample set and not the quality of the beads, 

because recovery rates of IMS on pure suspensions did not show this difference. Although the results for 

IMS using Dynabeads® and Captivate
TM

 beads could not be directly compared, since the tests were 

carried out on different samples, the data on faeces indicated that the type of beads is important and 

may influence IMS results. IMS test results performed on pure culture dilutions indicated that the 

sensitivity of IMS depended on the serotype, which explained the serotype-dependent findings in faeces. 

Also the type of bead had an influence on the sensitivity. The low affinities of the Dynabeads® for O111 

and O145, were clarified by loss-making factors in the IMS procedure. An explanation for these loss-

making factors could be that the interaction between the antibody and antigen was too weak for 

antibody-antigen complexes to arise or to remain intact during the IMS procedure. Finally, a certain 

percentage of cells is not detected on the plate after IMS and not found in the waste solutions, and can 

be defined as non-identified loss. A possible explanation can be that not every bacterium captured by 

the beads forms a separate colony on the plate. Then, the number of bacteria carried by the beads is 

underestimated.  

Concerning the detection limit of the isolation methods using direct plating after enrichment, serotype 

O103 was efficiently (assuming ≥6/8 positive samples) isolated at the level of 20-90 cfu/25g cattle 

faeces, serotypes O26, O111 and O145 at the level of 200-900 cfu/25g, and serotype O157 (s- and s+) 

was not efficiently isolated. Using IMS prior to plating, serotype O157 (s- and s+) became reliably 

detectable at the level of 20-90 cfu/25g, and now for all non-O157 serotypes tested, a detection limit of 

20-90 cfu/25g was reached. Other research groups using direct plating, reached detection limits of 10 

cfu/g (O26, O103 and O111) (Hussein et al., 2008) and >10
3
 cfu/25g (O103, O145 and O111) (Possé et al., 

2008b). A possible explanation for the at least ten times higher detection limit found by Possé et al. 

(2008b) while using the same method as in the current study, could be the use of a different sample set, 

as the difference in faecal sample might have great influence on the recovery rate. It is important to 

reach a low detection limit as most adult cattle excrete less than 100 cfu/g (Pearce et al., 2004). 

Methods that use IMS (O26, O103, O111, O145) were described too, but no detection limit was given 

(Jenkins et al., 2003). 

In conclusion, the results of our study indicate that the combination of two enrichment times (6-hour 

and 24-hour), followed by direct plating and IMS prior to plating may yield the highest number of 

positive samples and a detection limit of 20-90 cfu/25g of faeces was obtained for all STEC serotypes 

tested. However such a protocol is laborious, expensive and time consuming. In the case only certain 

STEC serotypes have to be investigated a simplified protocol may be used, for example by excluding 

direct plating from the protocol when searching specifically for STEC O157 (s+). Data also showed that 
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the affinity of some antibodies coated on beads can be low (especially for O111) and efforts have to be 

made to increase the affinity of those beads. All tests were performed on artificially contaminated faecal 

samples. Since the test results of artificial and natural contaminated samples may be different, it is 

recommended to study the effect of both enrichment time and IMS on naturally contaminated samples 

in order to draw more definitive conclusions.  
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Abstract 

The aim of the current study was to evaluate a multiplex PCR (mPCR) detection test combined with 

the evaluation of a previously described isolation method. 

Minced beef, raw-milk cheese and sprouted seed samples were inoculated with low amounts (7-58 

cfu 25 g
-1

) of non-stressed, cold-stressed or freeze-stressed clinical STEC strains, including serogroups 

O26, O103, O111, O145, sorbitol fermenting (SF) O157 and non-sorbitol fermenting (NSF) O157. The 

inoculated pathogen was detected using a 24h-enrichment followed by an mPCR protocol, and in 

parallel isolated using an enrichment step of 6 and 24 h, followed by selective plating of the enriched 

broth and selective plating of the immunomagnetic separation (IMS) product. Recovery results were 

evaluated and compared. 

Successful mPCR detection and isolation was obtained for non-stressed and cold-stressed STEC cells 

in minced beef and raw-milk cheese samples, except for serogroups O111 and SF O157. For freeze-

stressed cells and sprouted seed samples, false negatives were often found. Isolation was better 

after 24h-enrichment compared to 6h-enrichment. IMS improved in some cases the isolation of non-

stressed and cold-stressed cells belonging to serogroups O111 and O157 from minced beef and raw-

milk cheese and freeze-stressed cells of all tested serogroups from minced beef. 
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3.1. Introduction 

Shiga toxin producing Escherichia coli (STEC) are an important emerging group of food-borne 

pathogens that cause a variety of clinical outcomes ranging from diarrhea to hemorrhagic colitis (HC) 

and the life-threatening complication hemolytic uremic syndrome (HUS). Ruminants, mainly cattle, 

are regarded as the principal reservoir of STEC. Human infections often occur through consumption 

of contaminated food products derived from cattle. In addition to the most studied serogroup non-

sorbitol fermenting (NSF) O157, the non-O157 serogroups O26, O111, O103, O145, and sorbitol 

fermenting (SF) O157 are also regularly associated with outbreaks attributed to bovine meat, bovine 

dairy products or vegetables (EFSA, 2009c). They have also been isolated from patients suffering 

from HUS (Karch et al., 2006). Prevalence data of STEC in 2007 in Europe were 1.1% for raw-milk 

cheese and 0.3% for bovine minced meat (EFSA, 2009c). 

A standardized isolation method (ISO 16654, 2001) is available for serotype O157:H7. But non-O157 

serogroups also present a threat to food safety, which calls for a standardized or validated isolation 

method. Compared to NSF STEC O157:H7, STEC non-O157 and SF O157 cannot easily be 

distinguished from non-pathogenic E. coli strains, but recently Possé et al. (2008a) described 

selective agars for the isolation of STEC O26, O103, O111, O145 and SF O157 from various matrices. 

The aim of this study was to evaluate a recently described method for the isolation of STEC non-O157 

and STEC SF O157 in food (Possé et al., 2008b). Moreover, enriched samples were screened for the 

presence of the above mentioned serogroups and four virulence genes (stx1, stx2, eae and ehx) by a 

multiplex PCR (mPCR) test. The latter mPCR detection was designed as a rapid predictive screening 

test, and effectiveness was compared with the isolation method. For this purpose, the food matrices 

of minced beef, raw-milk cheese and sprouted seeds were artificially contaminated with low 

numbers of non-stressed, cold-stressed or freeze-stressed STEC O26, O103, O111, O145, NSF O157 

and SF O157 cells. 

3.2. Materials and methods 

3.2.1. Strains and inoculum preparation 

For all experiments, six human clinical STEC strains belonging to serogroups O26 (MB2674), O103 

(MB2653), O111 (MB2678), O145 (MB2676), SF O157 (MB2805) and NSF O157 (MB2771) were used. 

Each of them carries virulence genes encoding for Shiga toxin I (stx1) or Shiga toxin II (stx2) in 

combination with intimin (eae) and enterohaemolysin (ehx) (Table 3.1). Strains were stored at -80°C 

using Pro-Lab Microbank cryovials (Pro-Lab, Ontario, Canada) according to the manufacturer’s 

instructions. Before use, strains were cultured on Tryptone Soy Agar (TSA; Oxoid Ltd., London, UK) at 
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37°C for 24 h. From each culture plate, one colony was transferred into Tryptone Soy Broth (TSB; 

Oxoid) and incubated at 37°C for 24 h. For stress treatment, one ml of each of  the 24h cultures was 

kept at 4°C for 7 days (cold-stress) or at -18°C for 14 days (freeze-stress). Ten-fold serial dilutions of 

the stressed and non-stressed cultures were made in Buffered Peptone Water (BPW; Oxoid) to 

obtain a concentration of 10
3
 cfu ml

-1
 for artificial contamination of samples. One hundred µl of the 

diluted cultures were plated in duplicate on TSA agar and incubated at 37°C for 24 h for enumeration 

of inocula. 

Table 3.1. Strains used for artificial inoculation of food samples, with indication of serogroup and presence of 

virulence genes. 

Strain Serogroup 
Virulence genes 

stx1 stx2 eae ehx 

MB2653 O103 + - + + 

MB2674 O26 + - + + 

MB2676 O145 - + + + 

MB2678 O111 + - + + 

MB2771 NSF
1
 O157 - + + + 

MB2805 SF
2
 O157 - + + + 

STEC non-O157 strains kindly donated by the Belgian national VTEC reference laboratory (Prof. D. Piérard). 
1
NSF, non-sorbitol fermenting. 

2
SF, sorbitol fermenting 

3.2.2. Sample preparation, artificial inoculation and enrichment of food samples 

For evaluation of the mPCR detection and isolation method, minced beef (n = 30), raw-milk cheese 

(n = 20) and sprouted seed (n = 25) samples were artificially contaminated with diluted STEC cultures. 

All samples originated from different batches. Sprouted seed samples included soy, alfalfa and leek. 

Ten minced beef samples were inoculated with non-stressed cells, ten with cold-stressed cells and 

ten with freeze-stressed cells. Ten raw-milk cheese samples were inoculated with non-stressed cells 

and ten with cold-stressed cells. Sprouted seed samples were inoculated at a low level with non-

stressed cells (ten samples), cold-stressed cells (10 samples) and a 100-fold increased level of non-

stressed cells (5 samples). From each sample, eight subsamples of 25 g were taken and diluted to a 

1/10 ratio using TSB and homogenized by stomaching (Masticator, IUL S.A, Barcelona, Spain) for 2 

minutes. Six homogenized subsamples were artificially inoculated, each with one of the six strains 

listed in Table 3.1. A contamination level of 10-30 cfu 25 g
-1

 was obtained by adding an appropriate 

volume of the diluted bacterial culture, except for five sprouted seed samples that were inoculated 

with 600-2000 cfu 25 g
-1

 of each serogroup. One homogenized subsample was not inoculated and 

used as a reference sample (blank). Homogenates were enriched according to the protocol by Possé 

et al. (Possé et al., 2008b). Briefly, 8 mg l
-1

 novobiocine (Sigma, St. Louis, MO, USA) and 16 mg l
-1

 

vancomycin (Sigma) were added to the TSB enrichment broth. After 6 h of a first enrichment at 37°C, 
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2 mg l
-1

 rifampicin (Sigma), 1.5 g l
-1

 bile salts (Oxoid) and 1.0 mg l
-1

 potassium tellurite (Sigma) were 

added. This second enrichment broth was further incubated for 18 h at 42°C.  

The eighth homogenized subsample of each sample was not enriched and was used to determine the 

background microflora. Numbers of aerobic mesophiles, Enterobacteriaceae and E. coli, were 

determined by plating on Plate Count Agar (Oxoid), Violet Red Bile Glucose agar (Oxoid) and Rapid’ E. 

coli 2 agar (Bio-Rad, Hercules, CA, USA), respectively Plates were incubated at 30, 37 and 44°C, 

respectively, for 18-24 h. For minced beef, total anaerobic colony count was also determined on 

Reinforced Clostridial Agar (Oxoid) anaerobically incubated at 37°C for 18-24 h. For raw-milk cheese, 

additionally, Staphylococcus aureus, coliforms, and lactic acid bacteria were enumerated. Baird-

Parker agar (Oxoid) incubated at 37°C for 18-24 h, Violet Red Bile Agar (Oxoid) incubated at 30°C for 

18-24 h and MRS agar (Oxoid) anaerobically incubated at 37°C for 3 days was used respectively. 

3.2.3. mPCR detection protocol 

A commercially available mPCR detection test for STEC detection (VTEC MP-0510, Multiplicom NV, Niel, 

Belgium; www.multiplicom.com) targeting four virulence genes (stx1, stx2, eae and ehx) and the five 

main serogroups (O26, O103, O111, O145, O157), was carried out directly on the previously described 

second enrichment broth after 24 h incubation (Possé et al., 2008b). DNA was extracted from 2.5 ml of 

enrichment medium, by centrifuging the sample at 14,000 g for 5 min followed by applying the DNA 

extraction method described by Yu et al. (2004) to the pellet. Briefly, cell lysis was mediated by a 

repeated bead beating using a FastPrep-24 (MP Biomedicals, Santa Ana, CA, USA) and heat treatment at 

70°C for 10 min, followed by precipitation with 3 M sodium acetate (Sigma) and 2-propanol (Merck 

KGaA, Darmstadt, Germany) and purification by means of the QIAamp DNA Stool Mini Kit (Qiagen Inc, 

Valencia, CA, USA). Finally the purified DNA was dissolved in 200 µL elution buffer (Qiagen) and stored at 

-20°C. The mPCR reaction was carried out in 25 µl volume containing 10 µl mPCR reaction mix 

(Multiplicom), 0.1 µl Titanium Taq DNA polymerase (Westburg, Leusden, the Netherlands) and 1 µl of 

template DNA with the following program: activation of the enzyme at 98°C for 3 min, followed by 30 

cycles of 95°C for 45 s, 58°C for 45 s and 72°C for 2 min, and a final incubation at 72°C for 10 min. PCR 

reactions were performed on a Gene Amp 9700 Thermal Cycler (Applied Biosystems, Foster City, CA, 

USA). Reaction products were separated by standard gel electrophoresis using 8 µl of the PCR 

product mixture on 1.5% agarose gels in TAE buffer (0.1 M Tris, 0.1 M acetic acid and 0.002 M 

Na2EDTA). Gels were stained using ethidium bromide (1 mg/ml; Sigma) and photographed under UV 

light. 

An mPCR result was defined positive if at least one band of the band pattern was observed.  
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3.2.4. mPCR sensitivity 

For the estimation of mPCR sensitivity, 25-g samples from minced beef (n = 3), raw-milk cheese 

(n = 3) and sprouted seeds (n = 3) were diluted to a 1/10 ratio using TSB and homogenized by 

stomaching for 2 minutes. Homogenates were enriched according to the protocol described by Possé 

et al. (2008a) as described above. Ten-ml volumes from the enriched broth were inoculated with 

1/10 dilutions of pure STEC O157 cultures (MB2771; Table 3.1) to obtain inoculation levels between 5 

× 10
2
 cfu ml

-1 
and 5 × 10

5
 cfu ml

-1
. 

Enriched and subsequently inoculated minced beef, raw-milk cheese and sprouted seed samples 

were subjected to the mPCR detection protocol as described above. The mPCR sensitivity was 

defined as the lowest number of STEC cells present in the enriched food sample that produced a 

positive result.  

3.2.5. Isolation protocol 

After incubation, the first (6 h incubation) and the second (24 h incubation) enrichment broths were 

plated onto the selective agars for non-O157 or O157 STEC (Possé et al., 2008b). At the same time, 

immunomagnetic separation (IMS) was carried out on 1 ml of the second enrichment broth, followed 

by plating of the resulting solution (100 µL) on the selective agars. IMS beads coated with specific 

antibodies against a certain serogroup were used in accordance to the inoculated strain. For 

serogroups O157, O26 and O103, Dynabeads (Invitrogen, Paisley, UK) were used, whereas for 

serogroups O111 and O145 Captivate
TM

 beads (Lab M, Bury, UK) were used, as recommended by 

previous research (Verstraete et al., 2010). The selective agars were composed of MacConkey agar 

base (BD Biosciences, Franklin Lakes, NJ) 40 g l
-1

, bile salts No. 3 (Sigma) 3.5 g l
-1

, 5-bromo-4-chloro-3-

indolyl-β-D-galactopyranoside (X-gal, Glycosynth, Warrington, UK) 0.05 g l
-1

, isopropyl-β-D-

thiogalactopyranoside (IPTG, Glycosynth) 0.05 g l
-1

, novobiocin (Sigma) 8.0 mg l
-1

, potassium tellurite 

(Sigma) 2.5 mg l
-1

. The selective agar for non-O157 was supplemented with sucrose and sorbose 

(Sigma) 6.0 g l
-1

. The selective agar for O157 was supplemented with sorbitol (Sigma) 10.0 g l
-1

. On 

the former agar, O26 strains produce purple colonies. O103 and O111 strains produced bluish-

coloured colonies and O145 strains produced green colonies. All colonies showed dark-coloured 

centres as a result of X-gal hydrolysation (Possé et al., 2007). The selective agar for O157 strains 

produced two ‘suspected’ colours: purple colonies indicate O157 SF strains, while bluish-green 

colonies indicate O157 NSF strains. The selective agars were incubated at 37°C for 24 h. The 

suspected colonies according to the inoculated strain, or all suspected colonies of uninoculated 

(reference) samples on the selective agar for non-O157 STEC, were considered and streaked onto 

one or more specific confirmation media (Possé et al., 2008b). Confirmation media were composed 
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of phenol red broth base (Sigma) 20 g l
-1

 supplemented with 6 g l
-1

 of Dulcitol (Sigma), L-rhamnose 

(Sigma) or D-raffinose (Sigma) or 10 g l
-1

 of D-arabinose (Sigma) as a specific carbohydrate. 

Confirmation media were incubated at 37°C for 24 h. Yellow colonies indicate positive fermentation, 

and the red colonies indicate no fermentation. According to the scheme (Figure 3.1) presumptive 

O26, O103, O111 or O145 STEC colonies were determined. Then, suspected colonies from the 

selective agar for O157 STEC (NSF and SF O157) or the confirmation media (O26, O103, O111 and 

O145) were confirmed using serogroup-specific PCRs for O26 (DebRoy et al., 2004), O145 (Feng et al., 

2005), O103 (Fratamico et al., 2005), O111 and O157 (Paton and Paton, 1998a). 

 

 

Figure 3.1. Colony colour and identification of STEC serogroups O26, O103, O111 and O145 on the selective 

agar for non-O157 and on the confirmation agars (Possé et al., 2008a). Confirmation agars 1: containing L-

rhamnose; 2: containing dulcitol; 3: containing D-arabinose; 4: containing D-raffinose. 

3.2.6. Statistical analysis 

The bacterial counts of the background microflora of the minced beef, raw-milk cheese and sprouted 

seed samples were log-transformed prior to calculations. Statistical analyses were performed using 

Statistica version 9 (StatSoft, Tulsa, OK, USA). Fishers’ exact test was used for the comparison of the 

proportions of STEC positive samples obtained by the two methods when the food matrix, the 

inoculated strains and the stress conditions of the strains was taken into account. When comparing the 

proportions of STEC positive minced beef and raw-milk cheese samples obtained by the two methods, 

the McNemar’s Chi Square test was used. The significance level α was set at 0.05.  
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3.3. Results 

3.3.1. Background flora in the tested food samples. 

For minced beef, the background microflora included 3.8 ± 1.1 log cfu g
-1

 aerobic mesophiles, 1.5 ± 

1.5 log cfu g
-1 

Enterobacteriaceae, <1,0 log cfu g
-1 

 E. coli, and 3.4 ± 1.1 log cfu g
-1 

anaerobic 

organisms. For raw-milk cheese, the background microflora included 6.4 ± 0.6 log cfu g
-1

 aerobic 

mesophiles, 6.0 ± 0.7 log cfu g
-1 

Enterobacteriaceae, 6.0 ± 0.7 log cfu g
-1 

coliforms, <1,0 log cfu g
-1

 E. 

coli, 6.8 ± 0.3 log cfu g
-1 

lactic acid bacteria, and <1,0 log cfu g
-1 

 Staphylococcus aureus. For sprouted 

seeds, the background microflora included 7.1 ± 0.4 log cfu g
-1

 aerobic mesophiles, 7.2 ± 0.4 log cfu g
-

1 
Enterobacteriaceae, and <1,0 log cfu g

-1 
 E. coli. All reference samples (blank) were negative for the 

five STEC serogroups tested with the isolation protocol and did not show target bands with the mPCR for 

STEC. 

3.3.2. mPCR detection 

Serogroups O26, O103, O145 and NSF O157 were detected by mPCR in at least 7 of 10 minced beef 

(Table 3.2) and raw-milk cheese (Table 3.3) samples tested. For these serogroups, the target was 

detected in 8 to 10 of the inoculated samples using non-stressed and cold-stressed cells. Many false 

negative results were obtained for detection of serogroups SF O157 and O111. For SF O157, only one 

sample tested positive for raw-milk cheese, but 6 to 7 in minced beef, under non-stressed and cold-

stressed conditions of 10 inoculated samples. For O111, between 0 and 2 positive results were found 

in minced beef, but 7 in raw-milk cheese under non-stressed and cold-stressed conditions of 10 

inoculated samples. Freeze-stressed cells belonging to the five serogroups were detected in only 2 to 

5 of 10 inoculated minced beef samples. For sprouted seeds, no positive samples were found using 

mPCR regardless of the inoculation level or the state (non-stressed or stressed).  

For each inoculated strain (Table 3.1), four mPCR bands were expected: three for the virulence genes 

(stx1 or stx2, eae and ehx) and one for the serogroup. Twenty percent of raw-milk cheese samples 

were positive with at least one band missing (Table 3.4). For minced beef samples, this number was 

significantly lower (11.1%; p < 0.05). This difference was mainly caused by a missing ehx-band in the 

band pattern of strain O145 in 15 of 20 cheese samples tested. Also frequently missing were the 

serogroup and the stx-band for SF O157 (4/30) in minced beef and the serogroup band for O111 

(6/20) in raw-milk cheese. 
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Table 3.2. Recovery of low numbers of non-stressed (8-32 cfu 25 g
-1

), cold-stressed (4-36 cfu 25 g
-1

) and freeze-stressed (10-58 cfu 25 g
-1

) STEC cells from artificially 

inoculated minced beef using mPCR detection and plating on selective agars. 

  mPCR detection  Plating methods 
 Significant difference

a 

mPCR positives with 4 

bands vs plating
d
 

Significant difference 

mPCR positives with at 

least 1 band vs plating
d
 

Serogroup 
With 4 bands 

detected
b
 

With at 

Least 1 band 

detected 
 

1
st

 enrich. 

+ plating 

1
st

 enrich.    

+ 2
nd

 enrich.  

+ plating 

1
st

 enrich.    

+ 2
nd

 enrich.  

+ IMS  + plating 

Combination of 

plating protocols
d
 

 

Non-stressed 

O26 9/10
c
 9/10 6/10 10/10 9/10 10/10 NS NS 

O103 9/10 10/10 8/10 10/10 9/10 10/10 NS NS 

O111 0/10 2/10 2/10 3/10 6/10 6/10 ** NS 

O145 8/10 8/10 4/10 10/10 9/10 10/10 NS NS 

SF O157 5/10 6/10 2/10 2/10 6/10 6/10 NS NS 

NSF O157 8/10 10/10 4/10 6/10 7/10 9/10 NS NS 

Subtotal 39/60 45/60 26/60 41/60 46/60 51/60 ** NS 

Cold-stressed 

O26 9/10 9/10 1/10 10/10 10/10 10/10 NS NS 

O103 8/10 9/10 0/10 10/10 10/10 10/10 NS NS 

O111 0/10 0/10 0/10 3/10 3/10 4/10 * * 

O145 7/10 9/10 0/10 9/10 9/10 9/10 NS NS 

SF O157 6/10 9/10 2/10 2/10 5/10 7/10 NS NS 

NSF O157 9/10 9/10 1/10 4/10 9/10 10/10 NS NS 

Subtotal 39/60 45/60 4/60 38/60 46/60 50/60 * NS 

Freeze-stressed 

O26 2/10 3/10 0/10 5/10 6/10 6/10 NS NS 

O103 3/10 5/10 0/10 9/10 10/10 10/10 ** * 

O111 1/10 2/10 0/10 5/10 7/10 7/10 ** * 

O145 1/10 3/10 0/10 7/10 9/10 9/10 ** ** 

SF O157 1/10 2/10 0/10 0/10 0/10 0/10 NS NS 

NSF O157 3/10 3/10 0/10 2/10 6/10 6/10 NS NS 

Subtotal 11/60 18/60 0/60 28/60 38/60 38/60   ** ** 

Total 89/180 108/180 30/180 107/180 130/180 139/180 *** *** 
a
Significant difference indicated with ***(p < 0.001),  **(0.001 < p < 0.01), *(0.01 < p < 0.05), NS ( p > 0.05). 

b
Serogroup, stx-, eae- and ehx-band. 

c
Number of positive samples 

/ number of samples tested. 
d
Combination of the plating protocols: plating of the first enrichment broth, plating of the enrichment broth and plating of the IMS product of 

the second enrichment broth. Abbreviations: enrich., enrichment; IMS, immunomagnetic separation; mPCR, multiplex PCR; NS, not significant. 
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Table 3.3. Recovery of low numbers of non-stressed (7-19 cfu 25 g
-1

) and cold-stressed (5-16 cfu 25 g
-1

) STEC cells from artificially inoculated raw-milk cheese using mPCR 

detection and plating on selective agars. 

  mPCR detection  Plating methods 
 

Significant difference
a 

mPCR positives with 4 

bands vs plating
d
 

Significant difference
a
 

mPCR positives with at 

least 1 band vs plating
d
 

Serogroup 

With 4 

bands 

detected
b
 

With at 

least 1 

band 

detected 

 1
st

 enrich. 

+ plating 

1
st

 enrich.   

+ 2
nd

 enrich. 

+ plating 

1
st

 enrich. 

 + 2
nd

 enrich.     

+ IMS  + plating 

Combination of 

plating protocols
d
 

 

Non-stressed 

O26 9/10
c
 9/10 8/10 10/10 10/10 10/10 NS NS 

O103 7/10 8/10 6/10 9/10 10/10 10/10 NS NS 

O111 3/10 7/10 3/10 10/10 10/10 10/10 ** NS 

O145 1/10 8/10 3/10 10/10 10/10 10/10 *** NS 

SF O157 1/10 1/10 0/10 1/10 4/10 4/10 NS NS 

NSF O157 8/10 8/10 0/10 9/10 10/10 10/10 NS NS 

Subtotal 29/60 41/60 20/60 49/60 54/60 54/60 *** ** 
  

Cold-stressed 
 

O26 10/10 10/10 6/10 10/10 10/10 10/10 NS NS 

O103 10/10 10/10 4/10 10/10 10/10 10/10 NS NS 

O111 5/10 7/10 2/10 10/10 10/10 10/10 * NS 

O145 0/10 10/10 6/10 10/10 10/10 10/10 *** NS 

SF O157 1/10 1/10 0/10 2/10 4/10 4/10 NS NS 

NSF O157 10/10 10/10 1/10 10/10 10/10 10/10 NS NS 

Subtotal 36/60 48/60 19/60 52/60 54/60 54/10 *** NS 
        

Total 65/120 89/120 39/120 101/120 108/120 108/120 *** ** 
a
Significant difference indicated with ***(p < 0.001), **(0.001 < p < 0.01), *(0.01 < p < 0.05), NS (p > 0.05). 

b
Serogroup, stx-, eae- and ehx-band. 

c
Number of positive samples 

/ number of samples tested. 
d
Combination of the plating protocols: plating of the first enrichment broth, plating of the enrichment broth and plating of the IMS product of 

the second enrichment broth. Abbreviations: enrich., enrichment; IMS, immunomagnetic separation; mPCR, multiplex PCR; NS, not significant. 
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Table 3.4. mPCR positive samples with at least one band missing, from minced beef and raw-milk cheese samples artificially inoculated with STEC.  

 

mPCR positive with at least  

one band missing 
Overview missing bands 

Minced beef 
 

 

O26 1/30
a
   1 × (stx

-
, ehx

-
) 

O103 4/30   1 × (ehx
-
) / 2 × (O103

-
) / 1 × (stx

-
, ehx

-
, O103

-
) 

O111 3/30   2 × (O111
-
) / 1 × (stx

-
, ehx

-
, O111

-
) 

O145 4/30   2 × (O145
-
) / 2 × (ehx

-
) 

SF O157 6/30   2 × (stx
-
) / 2 × (eae

-
, O157

-
) / 1 × (stx

-
, eae

-
, O157

-
) / 1 × (stx

-
, ehx

-
, O157

-
) 

NSF O157 2/30   2 × (eae
-
, stx

-
, ehx

-
) 

Subtotal 20/180 (11.1 %)     
   

Raw-milk cheese  

O26 0/20    - 

O103 1/20   1 × (stx
-
, O103

-
) 

O111 6/20   5 × (O111
-
) / 1 × (eae

-
, stx

-
, O111

-
) 

O145 17/20   15 × (ehx
-
) / 2 × (ehx

-
, O145

-
) 

SF O157 0/20    - 

NSF O157 0/20    - 

Subtotal 24/120 (20.0 %)     
   

Total 44/300 (14.7 %)     
a
Number of positive samples with at least one band missing / number of samples tested. 
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3.3.3. mPCR sensitivity 

To determine mPCR sensitivity, enriched food samples were inoculated with a dilution series of pure 

STEC O157 culture. mPCR produced positive results when minced beef and sprouted seeds 

enrichment broths were inoculated with 5 × 10
4
 cfu ml

-1
 STEC O157, and raw-milk cheese enrichment 

broths with 5 × 10
3
 cfu ml

-1
 STEC O157. 

3.3.4. Isolation 

The first (6 h incubation) and the second (24 h incubation) enrichment broths as well as the solution 

resulting from IMS on the second enrichment broth were plated onto the selective agars for non-

O157 or O157 STEC (Possé et al., 2008b).  Direct plating of the first enrichment broth on the selective 

agars resulted in low recovery, with STEC isolated from not more than 26 and 20 of 60 samples 

tested for minced beef and raw-milk cheese, respectively (Tables 3.2 and 3.3). Direct plating of the 

second enrichment broth gave better results. For serogroups O26, O103 and O145 using non-

stressed and cold-stressed cells in minced beef and raw-milk cheese 9 to 10 positive results were 

obtained of 10 inoculated samples. The inclusion of IMS improved isolation of serogroups O111, NSF 

O157 and SF O157. For STEC NSF O157, when using IMS, STEC were isolated from 7 to 10 of 10 

samples inoculated with non-stressed and cold-stressed cells in minced beef and raw-milk cheese. 

For STEC O111 and SF O157 recovery rates remained low when using IMS. For O111 only 6 and 3 

positive results were obtained of 10 inoculated minced beef samples with respectively non-stressed 

and cold-stressed cells. For SF O157, 6 and 5 positive results were obtained of 10 inoculated minced 

beef samples with respectively non-stressed and cold-stressed cells. For O111, 10 positive results 

were obtained for non-stressed and cold-stressed cells in raw-milk cheese and for SF O157 4 positive 

results were obtained of 10 samples inoculated with for non-stressed and cold-stressed cells. Using 

freeze-stressed cells, recovery rates were low (28/60) using direct plating of the second enrichment 

broth, but increased slightly when using the additional IMS step (38/60). The combination of all 

plating protocols did not result in considerably more positives (Tables 3.2 and 3.3).  

For sprouted seed samples inoculated at a low level, recovery rates were extremely low, with STEC 

isolated from only 3 and 1 of 60 subsamples tested for non-stressed and cold-stressed cells, 

respectively. Even at the increased inoculation level (600 - 2000 cfu 25 g
-1

) STEC were isolated from 

only 5 of 30 subsamples. Selective agars inoculated with enriched sprouted seed samples were 

overgrown by background microflora independent of IMS application (data not shown).  

3.3.5. Comparing recovery rates between methods and stress conditions 

Taking together all recovery results of STEC inoculated in minced beef and raw-milk cheese, 

significantly higher recovery rates were obtained using the isolation method (using combination of 
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plating protocols) than using the mPCR detection method (p < 0.001) regardless if minimally 1 band 

or all bands of the band pattern were detected (Table 3.2, 3.3). Taking together all recovery results of 

STEC inoculated in minced beef, significantly higher recovery rates were obtained using the isolation 

method (using combination of plating protocols) than using the mPCR detection method (p < 0.001) 

regardless if minimally 1 band or all bands of the band pattern were detected (Table 3.2). Taking 

together all recovery results of STEC inoculated in raw-milk cheese (Table 3.3), also significantly 

higher recovery rates were obtained when using the isolation method (using combination of plating 

protocols) compared to the mPCR detection method, both if minimally 1 band was detected 

(p < 0.01) or all bands were detected (p < 0.001).  

Of the minced beef samples, 72.8% showed corresponding results for recovery rates between the 

mPCR detection and the isolation (24h-enrichment and plating of enriched broth and IMS product) 

method: half of the samples (55.0%) were found positive and 17.8 % were found negative for both 

methods (Table 3.5). About a quarter (22.2%) was negative for mPCR detection but positive by 

isolation. Only 5.0% of the samples were positive by mPCR detection but negative by isolation.  

Of the raw-milk cheese samples, 84.2% showed corresponding results for recovery rates between the 

mPCR detection and the isolation (24h-enrichment and plating of enriched broth and IMS product) 

method: about three-quarters of the samples (74.2%) were positive and 10% were negative using 

both methods (Table 3.5). A total of 15.8% was negative using mPCR detection but positive using the 

isolation method. No raw-milk cheese samples were positive using mPCR detection but negative 

using isolation. 

Table 3.5. Recovery results of mPCR detection and plating (combined), for artificially inoculated  minced beef 

(n = 180) and raw-milk cheese (n = 120) samples. 

Food matrix 
 

Minced beef (n = 180)  Raw-milk cheese (n = 120) 

  
mPCR detection 

Method Result  +
a
  -   +

 a
  - 

Plating
c
 

+ 
99

b
 

(55.0 %) 

40  

(22.2 %) 
 

89  

(74.2 %) 

19  

(15.8 %) 

- 
9  

(5.0 %) 

32  

(17.8 %) 
 

0  

(0 %) 

12  

(10 %) 
a
At least one band present. 

b
Number of samples producing a positive or negative mPCR detection result and a 

positive or negative plating result. 
c
Combination of the plating protocols: plating of the first enrichment broth, 

plating of the enrichment broth and plating of the IMS product of the second enrichment broth. n= Number of 

samples tested 
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Recovery rates did not significantly (p > 0.05) differ using cold stressed cells compared to non-

stressed cells (Tables 3.2, 3.3). Using freeze-stressed cells, recovery rates dropped significantly 

compared to non-stressed cells (Table 3.2): for mPCR detection, this dropped from 45 to 18 positives 

(p < 0.001) of 60 subsamples tested, for the isolation method, the number dropped from 51 to 38 

positives (p < 0.01) of 60 subsamples tested.  

3.4. Discussion 

The current study describes the evaluation of an isolation method for STEC in food originally 

described by Possé et al. (2008b). This method aimed to isolate the five most important clinical 

serogroups, i.e., O26, O103, O111, O145 and O157 sorbitol fermenting (SF) and non-sorbitol 

fermenting (NSF), whereas other methods target only two or three serogroups (Hara-Kudo et al., 

2002; Safarikova and Safarik, 2001). In a previous study, where the method was evaluated on a 

smaller number of samples, recovery of ≤ 100 cfu 25 g
-1

 from food was shown (Possé et al., 2008b). 

In the current study, the method was evaluated on a larger number of samples and at lower inocula. 

Furthermore, the method was complemented and compared with an mPCR screening test to rapidly 

predict potential STEC positive/negative samples. By targeting the four most important virulence 

genes (stx1, stx2, eae and ehx) of STEC strains and the somatic antigen-specific genes for five 

clinically important serogroups, a wider spectrum of pathogenic strains was detected as compared to 

previously described PCR-based detection methods (Fratamico et al., 2009). The value of the 

evaluation of the current methods was increased by simulating food preservation conditions during 

the preparation of artificially contaminated samples. This was done by subjecting STEC cells to cold-

stress and freeze-stress treatments. To our knowledge, the combination of an mPCR detection 

method for the four most important virulence genes of STEC and the five main serogroups with an 

isolation method for STEC belonging to these serogroups is unique. Herewith a wide spectrum of 

STEC cells can be detected and isolated from potentially contaminated food samples. 

The mPCR detection and isolation procedure worked well for serogroups O26, O103, O145 and NSF 

O157 under simulated non-stressed and cold-stressed conditions from minced beef and raw-milk 

cheese samples. However, for some other serogroups (O111 and SF O157), other conditions (freezing 

stress, short enrichment), or other matrices (sprouted seeds), the method frequently failed to detect 

and/or isolate the inoculated pathogen. Using the isolation method, recovery rates were higher than 

using the mPCR detection method. Therefore, based on the detection limit for the mPCR method 

(10
4
 cfu ml

-1
), it can be supposed that, for a number of samples STEC growth may have been limited. 

For about 70% of the minced beef samples and 85% of the raw-milk cheese samples, a corresponding 

result was obtained between the detection and the isolation method. 
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Limited outgrowth during enrichment has several possible explanations. First, the short (6 h) 

enrichment time may have been too short for STEC cells to grow out to detectable levels. Second, 

competitive flora could have prevented the outgrowth and/or isolation of the pathogen in some 

samples. For example, low recovery rates were found for sprouted seed samples, which contained 

high numbers of Enterobacteriaceae (1 to 4 log higher than the other two matrices). Similar very low 

recovery rates for sprouted seeds have been described in the literature and were also linked to an 

abundant background microflora (Hara-Kudo et al., 2002). It is possible that a more selective 

enrichment step than used by Possé et al. (2008b) for faecal samples could improve the isolation 

efficiency, if an equilibrium is found that preserves good growth of the target organisms. Third, some 

false negative results could be associated to the simulated stress (cold stress and freezing stress). 

Stress generates sub-lethally injured cells that have a prolonged lag-phase prior to exponential 

growth (Jasson et al., 2007) and may grow to lower numbers in the broth after 24 h enrichment. 

When a short enrichment time is used (6 h), delayed outgrowth causes even more false negative 

results. However, to promote the recovery of stressed cells the enrichment procedure included a 

mild first enrichment step at lower temperature and with less antibiotics prior to the more selective 

second enrichment step. Without this recovery period it is possible that the recovery of stressed cells 

would have been even lower. A fourth possible reason for the limited outgrowth is a less-than-

optimal enrichment broth. Selective components reduce growth of non-target organisms, but may 

also prevent growth of target strains. This could be the case for O111 and SF O157 serogroups. 

Moreover, the addition of the food matrix to the enrichment broth may provoke a supplementary 

stress condition as the food matrix itself may contain inhibitory compounds (lactic acids, pH). This 

may have been the case for serogroup O111 in minced beef and serogroup SF O157 in raw-milk 

cheese. Possibly these serogroups were more sensitive for specific stress factors in one of the two 

matrices. The limited detection of suspected colonies on the selective plate also has several possible 

explanations. First, an abundant growth of background micoflora on the selective agar could have 

overgrown the pathogen in some samples. For example, low recovery rates were found for sprouted 

seed samples, for which isolation plates were overgrown with commensal E. coli. Second, colonies 

belonging to serogroup SF O157 were difficult to recognize and distinguish from commensal E. coli 

that also ferment sorbitol. Third, STEC were isolated from some samples using direct plating, but not 

when IMS was applied. As also reported by Verstraete et al. (2010), limited sensitivity of the 

immunomagnetic beads may have caused the loss of the pathogen during isolation. Finally, the 

limited detection of target genes by mPCR may have been caused by inhibition due to compounds in 

the food matrix or from the DNA extraction process. However, most negative results by mPCR were 

associated to certain serogroups (O111, SF O157) or stress-conditions (freeze stress), which shows 
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that in most cases inhibition could not have been the cause of failure, because then all serogroups 

would have been inhibited to the same extent.  

IMS was conducive for the isolation of freeze-stressed cells and often also for serogroups O111 and 

O157. The latter IMS serogroup-dependent results were in accordance with Safarikova and Safarik 

(2001) for food and Verstraete et al. (2010) for cattle faeces. However, for faeces, the use of O157-

IMS was indispensable for reliable isolation, whereas for food positive samples were often found 

without the use of IMS.  

Some mPCR positive samples were observed missing at least one band of the four expected bands 

(stx1 or stx2, eae, ehx and serogroup band). In the majority of the samples, the stx-band was present. 

In a multiplex reaction, different amplicons are amplified together in one reaction. This creates a 

competition between reaction products. If kinetics differ between amplicons, one or more amplicons 

may dominate (Edwards and Gibbs, 1994). To obtain a more efficient PCR reaction, the amplification 

program or the composition of the reaction mix may be further optimized. Also, optimization of the 

enrichment broth may result in improved mPCR detection by generating more target DNA. In 

practice, we propose that enriched food samples that are positive for at least one band in the mPCR 

should be plated on selective agars in order to isolate any possible STEC contamination. 

In conclusion, we have evaluated an mPCR detection method and an isolation method that enables 

recovery of low numbers (7-58 cfu 25 g
-1

) of stressed and non-stressed STEC serogroups (non-O157 

and SF O157) from artificially inoculated food samples. The mPCR detection method was designed to 

be a rapid predictive screening method, and its effectiveness was compared with the isolation 

method. We were able to detect and isolate the most important serogroups from minced beef and 

raw-milk cheese. Recovery rates of the isolation method were higher than for the mPCR detection 

method. Therefore, before the mPCR detection method is implemented as a screening tool, it would 

be appropriate to optimize it further. For some samples the use of IMS increased the recovery rate of 

the isolation method, especially for freeze-stressed samples and serogroups O111 and SF O157. For 

the recovery from sprouted seed samples and freeze-stressed cells from minced beef samples, the 

method needs further optimization. 
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Abstract 

An isolation method described by Possé et. al. (Fems Microbiology Letters, 2008, 282, 124-131) was 

satisfactory validated in an international ring-trial using artificially contaminated minced beef 

samples. Up to now, no validated method existed for the simultaneous isolation of Shiga toxin 

producing E. coli (STEC) serogroups O26, O103, O111 and O145 in food. Twelve laboratories from five 

European countries participated and received 16 inoculated beef samples contaminated with cold-

stressed cells of the four serogroups O26, O103, O111 and O145 in two levels (ca. 30 and 300 cfu 25 

g
-1

) in duplicate. Besides, they received four non-inoculated samples. The isolation protocol 

comprised a selective enrichment step, a selective isolation step on a non-O157 agar plate 

differentiating the serogroups by colour, followed by confirmation by plating on confirmation agar 

media and agglutination. All laboratories were able to isolate the inoculated serogroups from the 

samples, both for the high and the low inoculation level. Results did not differ whether in-house-

prepared or ready-to-use non-O157 agar plates were used, demonstrating that following the 

instructions, laboratories manage to perform the complete protocol with success. 
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4.1. Introduction 

Shiga toxin producing Escherichia coli (STEC) are a very important emerging group of food-borne 

pathogens, capable of causing the life-threatening complication haemolytic uremic syndrome (HUS). 

The majority of cases worldwide are caused by strains belonging to the serogroup O157, but 

infections caused by other serogroups (non-O157) have increasingly been reported (Bettelheim, 

2007; Ethelberg et al., 2009; Schimmer et al., 2008). According to a European Food Safety Authority 

report, the major serotypes of concern are E. coli O157:H7, O26, O91, O103, O111 and O145. Bovine 

beef is believed to be a major source of food-borne STEC infections for humans. Prevalence data of 

STEC in bovine minced beef were 2.3% in Europe in 2009 (EFSA, 2011). 

A standardized isolation method is available for serogroup O157, based on specific properties of E. 

coli O157 strains, like the inability to ferment sorbitol, and the resistance to bile salts, crystal violet, 

cefixime and tellurite. Currently, for non-O157 STEC no international standard method for isolation is 

available, mainly because of the lack of common phenotypic characteristics. At present, a Working 

Group (CEN TC275/WG6) has drafted and submitted to ISO a real-time PCR-based horizontal method 

for the detection of STEC belonging to O26, O103, O111, O145 and O157, including sorbitol 

fermenting (SF) STEC O157 serogroups in food (EFSA, 2009b). However, positive samples still need 

confirmation by the isolation of the STEC strain, which remains a difficult challenge. For that a non-

selective E. coli medium (TBX; Tryptone-bile-glucuronic medium) was recommended, on which 

colonies at random need to be screened by PCR for the presence of the virulence genes. This is 

labour intensive and colonies harbouring (the combination of) the detected genes are frequently not 

found. However, the Working Group also appointed the use of selective media, such as the non-O157 

agar described by Possé et al. (2008a).  

Our research group focused on the development of a method for the isolation of the 4 clinically 

important non-O157 STEC serogroups belonging to ‘the gang of five’, namely STEC O26, O103, O111 

and O145 (Beutin, 2006) from food and faeces. An enrichment broth, a non-O157 agar and 

confirmation agars for the biochemical confirmation of each of the serogroups was developed for 

these 4 STEC serogroups by Possé et al. (2008b). The non-O157 agar plates are based on a mixture of 

carbohydrate sources and a chromogenic substrate for β-D-galactosidase, whereas the confirmation 

agars contain one specific carbohydrate source each. In a following study, this isolation method was 

evaluated in an intralaboratory study for various food matrices and was found effective to recover 

low numbers (4 - 36 cfu 25 g
-1

) of cold-stressed and non-stressed STEC serogroups (O26, O103, O111, 

and O145) from artificially contaminated minced beef and raw-milk cheese (Verstraete et al., 2011). 

The aim of the present study was to validate the isolation method by an international ring-trial as the 
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next step in the validation procedure. Minced beef samples were artificially contaminated with STEC 

O26, O103, O111 and O145 and analyzed by twelve participating laboratories in Europe. 

4.2. Materials and methods 

4.2.1. Design of the trial 

Twelve European laboratories from five countries (Belgium, the Netherlands, Denmark, France and 

Norway) participated in the ring-trial. All laboratories had experience in the isolation of E. coli O157 

from food matrices. Six weeks before the ring-trial, a workshop with demonstrations was organized 

to inform the participants about the design of the trial and all aspects of the isolation method, with 

special attention to the colony morphology of the different serogroups on the non-O157 agar. At the 

end of the workshop, all laboratory products to prepare enrichment and isolation media were 

provided to the participants to further practice in order to become familiar with the protocol. Two 

weeks before the ring-trial, all laboratories received the laboratory products to prepare all necessary 

media, including the in-house prepared non-O157 agar plates and the final standard operating 

procedure (SOP). For the actual ring-trial, each laboratory received 18 blind coded 25 g minced beef 

samples, from which 16 were inoculated with one of the four STEC serogroups (O26, O103, O111, 

and O145) in two levels (30 and 300 cfu 25 g
-1

) in duplicate and two were non-inoculated samples 

used as blank references. In addition, two non-inoculated samples were provided: one for 

temperature registration (sample T) and one for bacterial counts of background microbiota (sample 

C). A sufficient number of ready-to-use non-O157 agar plates, prepared in laboratory N (Ghent 

University, Department of Veterinary Health and Food Safety), the serological latex test kits for 

serogroups O26, O103, O111, and O145 (Statens Serum Institut, Copenhagen, Denmark) and a 

reporting sheet were sent together with the samples. Sample analysis was aimed to start two days 

after shipment. The reporting sheet with the obtained results was to be returned by all labs. 

Participants were asked to detail all their remarks and the additional information that could possibly 

have influenced their results.  

4.2.2. Preparation of inocula 

Artificial inoculation was performed with STEC strains belonging to serogroup O26 (MB2674), O103 

(MB2653), O111 (MB2678) or O145 (MB2676) originating from human clinical infections in Belgium 

and kindly donated by the Belgian national VTEC reference laboratory. Strains were stored at -80°C 

using Pro-Lab Microbank cryovials (Pro-Lab, Ontario, Canada) according to the manufacturer’s 

instructions and cultured on Tryptone Soy Agar (TSA; Oxoid, Ltd. London, UK) at 37°C for 24 h. From 

each culture plate, one colony was transferred into Tryptone Soy Broth (TSB; Oxoid) and incubated at 
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37°C for 24 h. For stress treatment, five ml of the stationary phase cultures was kept at 4°C for 7 days 

(cold-stress). On the 6
th

 day of cold-stress, the number of E. coli cells was determined by plating ten-

fold serial dilutions made in Buffered Peptone Water (BPW; Oxoid) on TSA in duplicate, and 

incubated at 37°C for 24 h. Based on the enumeration, the appropriate volumes for inoculation were 

calculated. After 7 days of cold-stress, the cultures were ten-fold serially diluted in BPW (Oxoid) and 

used for artificial inoculation of subsamples. At the same time, the diluted cultures were plated on 

TSA (Oxoid) in duplicate and incubated at 37°C for 24 h to estimate the number of inoculated cells.  

4.2.3. Sample inoculation and shipment 

All samples originated from one batch of fresh minced beef, which was purchased from a local 

butcher in Ghent, and was first tested negative for STEC O26, O103, O111, O145, O157 NSF, and 

O157 SF using the isolation method as described by Possé et al. (2008b). Twenty five gram 

subsamples were transferred to stomacher bags with filter. Based on the quantification of the cold-

stressed STEC cultures, appropriate volumes of the 10
-6

 diluted bacterial culture were pipetted into 

the centre of the samples, to obtain contamination levels of 30 cfu 25 g
-1

 and 300 cfu 25 g
-1

 minced 

beef for each single serogroup in duplicate. Packages were composed to provide a complete set of 20 

samples for each laboratory. A sufficient number of ready-to-use non-O157 agar plates and 

serological latex test kits (Statens Serum Institut) were included. Samples were packaged according 

to the European legislation UN2814 with addition of thermo ice-blocks and an insulating packaging to 

obtain a cooled transportation. Sample packages were stored at 4°C for 3 h before shipment.  

4.2.4. Reception of samples and bacterial counts of background microbiota 

At receipt, each laboratory needed to measure the temperature of the sample T using a temperature 

probe. This information together with the date of reception of the samples had to be noted on the 

reporting sheet. Sample C was 1/10 serially diluted using TSB (Oxoid) and homogenized by 

stomaching for two minutes. Numbers of aerobic mesophiles, Enterobacteriaceae and E. coli, were 

determined by plating on Petrifilm Aerobic Count Plates (3M, Maplewood, MN, USA), Petrifilm 

Enterobacteriaceae Counts (3M) and Petrifilm E. coli/Coliform Count plates (3M), and incubated at 

30, 37 and 44°C, respectively, during 18 - 24 h. 

4.2.5. STEC isolation procedure performed by the participating laboratories 

All other samples were 1/10 diluted by adding 225 ml TSB (Oxoid), subsequently homogenized by 

stomaching for two minutes and subjected to the isolation protocol based on Possé et al. (2008b) 

and described in the SOP. The protocol, which is presented in Figure 3.1, included a sample 

enrichment, a consecutive isolation on a non-O157 agar with differentiation of the different 

serogroups by colour (Figure 3.2) and confirmation on confirmation agar plates, followed by serology 
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using agglutination. Briefly, 8 mg l
-1

 novobiocine (Sigma, St. Louis, MO, USA) and 16 mg l
-1

 

vancomycin (Sigma) were added to the TSB enrichment broth. After 6 h of a first enrichment step at 

37°C, 2 mg l
-1

 rifampicin (Sigma), 1.5 g l
-1

 bile salts (Oxoid) and 1.0 mg l
-1

 potassium tellurite (Sigma) 

were added to the first enrichment broth to prepare the second enrichment broth and incubation 

was continued at 42°C for 18 h. Post incubation, 100 µl of the second enrichment broths were spread 

on the non-O157 agar plates using an inoculation loop, with subsequent incubation at 37°C for 24 h. 

Colonies were evaluated based on their general appearance and colour and suspected colonies were 

streaked onto two of four specific confirmation agar plates according to the scheme given in Figure 

3.1. Finally, colonies were confirmed by serology using latex test kits for serogroups O26, O103, O111 

and O145 (Statens Serum Institut). 

 

Figure 4.1. Protocol applied by the participating laboratories of the international ring-trial for the isolation of 

STEC O26, O103, O111, and O145 from minced beef, based on Possé et al. (2008b). Confirmation agar plate no. 

1: containing L-rhamnose; no. 2: containing dulcitol; no. 3: containing D-arabinose; no. 4: containing D-raffinose 
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4.2.6. Statistical analysis 

The ring-trial results were analyzed statistically according to the recommendations of (ISO 16140, 

2003). The diagnostic sensitivity was defined as the percentage of positive samples giving a correct 

positive signal. The diagnostic specificity was defined as the percentage of negative samples giving a 

correct negative signal. Accordance (repeatability of qualitative data) was defined as the percentage 

chance of finding the same result, positive or negative, from two identical samples analyzed in the 

same laboratory under predefined repeatability conditions. Concordance (reproducibility of 

qualitative data) was defined as the percentage chance of finding the same result, positive or 

negative, from two identical samples analyzed in different laboratories under predefined 

reproducibility conditions. These calculations take into account different replication in different 

laboratories by weighing results appropriately.  

The bacterial counts of the background microbiota of the minced beef were log-transformed prior to 

calculations.  

4.3. Results 

4.3.1. Artificial inoculation 

The non-inoculated subsamples were found negative for the four STEC serogroups by all laboratories. 

Inoculation levels are detailed in Table 4.1 and ranged from 25 - 33 cfu 25 g
-1

 for the low level and 

between 264 - 411 cfu 25 g
-1

 for the high level.   

4.3.2. Temperature registration and bacterial counts of background flora at receipt 

Most laboratories received the samples at the same day of shipment (6 labs), 4 labs the next day, and 

only one lab each the second or the third day after shipment. Registered temperatures of the 

samples at receipt varied between 2°C and 9°C. The background microbiota included 5.9 ± 0.2 log cfu 

g
-1

 aerobic mesophiles, 5.0 ± 0.3 log cfu g
-1 

Enterobacteriaceae and < 1.0 log cfu g
-1 

 E. coli. 

4.3.3. Result of the trial 

All inoculated samples were found positive for the corresponding STEC serogroup (Figure 4.2), both 

for the low and the high inoculation level (Table 4.1). As a result 100% sensitivity was reached for the 

ring-trial. On the other hand, all non-inoculated samples were reported negative, leading to a 100% 

specificity of the ring-trial. As a consequence, both accordance and concordance of the ring-trial 

were 100%.  
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Table 4.1. Recovery of low (25 - 33 cfu 25 g
-1

) and high (264 - 411 cfu 25 g
-1

) numbers of cold-stressed STEC 

O26, O103, O111, and O145 from artificially inoculated minced beef by twelve laboratories participating in the 

international ring-trial. 

Laboratory 

Blank reference 

(expected 

negative) 

Inocula (cfu 25 g
-1

) 

STEC O26  STEC O103  STEC O111  STEC O145 

33 411  30 324 
 

25 264  30 312 

C 0/2
a
 2/2

a
 2/2  2/2 2/2 

 
2/2 2/2  2/2 2/2 

D 0/2 2/2 2/2  2/2 2/2 
 

2/2 2/2  2/2 2/2 

E 0/2 2/2 2/2  2/2 2/2 
 

2/2 2/2  2/2 2/2 

F 0/2 2/2 2/2  2/2 2/2 
 

2/2 2/2  2/2 2/2 

G
 

0/2 2/2 2/2  2/2 2/2 
 

2/2 2/2  2/2 2/2 

H 0/2 2/2 2/2  2/2 2/2 
 

2/2 2/2  2/2 2/2 

I 0/2 2/2 2/2  2/2 2/2 
 

2/2 2/2  2/2 2/2 

J 0/2 2/2 2/2  2/2 2/2 
 

2/2 2/2  2/2 2/2 

K 0/2 2/2 2/2  2/2 2/2 
 

2/2 2/2  2/2 2/2 

L 0/2 2/2 2/2  2/2 2/2 
 

2/2 2/2  2/2 2/2 

M 0/2 2/2 2/2  2/2 2/2 
 

2/2 2/2  2/2 2/2 

N 0/2 2/2 2/2  2/2 2/2 
 

2/2 2/2  2/2 2/2 

All laboratories used both in-house-prepared and ready-to-use non-O157 agar plates, except laboratory G 

which used only ready-to-use non-O157 agar plates and laboratory N which used only in-house-prepared non-

O157 agar plates. 
a
Number of samples with the expected result/ number of samples tested 

 

Ten laboratories used both ready-to-use and in-house-prepared non-O157 agar plates, one 

laboratory used only ready-to-use non-O157 agar plates and one only in-house-prepared non-O157 

agar plates. Results did not differ between ready-to-use and in-house-prepared non-O157 agar 

plates.  

Difficulties in the interpretation of the confirmation agar no. 3 containing D-arabinose (Figure 4.1) 

were reported by different laboratories (n = 3). More specific, serogroup O103, which is expected 

negative on the confirmation agar no. 3, and O111, which is expected positive on the confirmation 

agar no. 3, were reported both negative by one laboratory, both positive by one laboratory, and one 

laboratory could not interpret the result of this agar plate for both serogroups. 
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Figure 4.2. Growth of STEC cells and background microbiota on the non

recovery of STEC serogroups O26 (a), O145 (b), O111 (c), and O103 (d) from artificially contaminated minced 

beef in an international ring-trial. STEC O26, O145, O111, and O103 are present as purple, green, blue, and blue

colonies, respectively. The background microflora is not present as single colonies, but overgrown by STEC in 

the confluent zone. 

4.4. Discussion 

All twelve participating laboratories in the international ring

cfu 25 g
-1

) and high (300 cfu 25 g

contaminated into minced beef based on a selective enrichment followed by a selective isolation and 

confirmation on a non-O157 agar and confirmation agar 
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the twelve laboratories used in

demonstrated that the method is applicable throughout different laboratories, including the 

preparation of all media. The current method aimed at isolating the four most important clinical non
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Growth of STEC cells and background microbiota on the non-O157 agar (Possé 

recovery of STEC serogroups O26 (a), O145 (b), O111 (c), and O103 (d) from artificially contaminated minced 

trial. STEC O26, O145, O111, and O103 are present as purple, green, blue, and blue

colonies, respectively. The background microflora is not present as single colonies, but overgrown by STEC in 

All twelve participating laboratories in the international ring-trial successfully isolated both low (30 

) and high (300 cfu 25 g
-1

) levels of cold-stressed STEC O26, O103, O111 and O145 artificially 

contaminated into minced beef based on a selective enrichment followed by a selective isolation and 

O157 agar and confirmation agar plates described by Possé et al

with subsequent serology testing. All non-inoculated samples were reported negative. Eleven out of 

the twelve laboratories used in-house-prepared non-O157 agar plates. Therefore, it was 

demonstrated that the method is applicable throughout different laboratories, including the 

preparation of all media. The current method aimed at isolating the four most important clinical non
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(Possé et al., 2008a) for the 

recovery of STEC serogroups O26 (a), O145 (b), O111 (c), and O103 (d) from artificially contaminated minced 

trial. STEC O26, O145, O111, and O103 are present as purple, green, blue, and blue 

colonies, respectively. The background microflora is not present as single colonies, but overgrown by STEC in 

trial successfully isolated both low (30 

stressed STEC O26, O103, O111 and O145 artificially 

contaminated into minced beef based on a selective enrichment followed by a selective isolation and 

plates described by Possé et al. (2008a), 

inoculated samples were reported negative. Eleven out of 

157 agar plates. Therefore, it was 

demonstrated that the method is applicable throughout different laboratories, including the 

preparation of all media. The current method aimed at isolating the four most important clinical non-
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O157 serogroups (O26, O103, O111, O145) on a single non-O157 agar plate (Possé et al., 2008a; 

Possé et al., 2008b). This is a large improvement as isolation methods previously described target 

only one or two non-O157 STEC serogroups, for instance an isolation method described by Hara-

Kudo et al. (2002), targeted specifically O26, and by Safarikova and Safarik (2001), specifically O26 

and O111. Furthermore, a serogroup indication is provided directly on the plate, by interpretation of 

the colony colours of the isolate on the non-O157 agar and confirmation agar plates. As a result, 

isolation as well as identification is achieved by a classical culture method combined with latex 

agglutination serology, with the advantage of directly obtaining the STEC isolate and the exclusion of 

molecular PCR steps. During the current ring-trial, food preservation conditions were simulated when 

preparing the artificially contaminated samples, in order to validate the method for food analysis. To 

our knowledge, this is the first non-commercial isolation method for non-O157 STEC in food which is 

validated by an international ring-trial.  

The numbers of aerobic mesophiles and Enterobacteriaceae were reported similar for all 

laboratories. Therefore, all laboratory results could be included in the study, notwithstanding the 

excessive duration of the shipment and the sample temperature (up to 9°C) at receipt for two 

laboratories. The only problem of the method reported in the ring-trial was that the confirmation 

agar no. 3 containing D-arabinose was found difficult to interpret. However, serogroups O103 and 

O111, which both produce blue colonies on the non-O157 agar, can be differentiated on the basis of 

agar no. 2 alone, as these serogroups also differ in the ability to ferment dulcitol. As a consequence, 

the confirmation agar no. 3 containing D-arabinose can be eliminated from the protocol. In a 

previous study, low levels (about 10 cfu 25 g
-1

) of cold-stressed STEC O26, O103, O111, and O145 

were successfully isolated from minced beef during an intralaboratory study (Verstraete et al., 

2011a). Similar detection limits were described in the literature for STEC O26, O103, O111, and O145 

isolation from (Hara-Kudo et al., 2002; Perelle et al., 2004; Possé et al., 2008b). Beside its application 

for a wide range of sample matrices, varying from food (Verstraete et al., 2011) to cattle faeces 

(Verstraete et al., 2010), it was now shown that the method is applicable by different laboratories, as 

a result of the presented international ring-trial. 
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Chapter 5 

qPCR quantification of Shiga toxin 

producing E. coli virulence genes stx1, 

stx2 and eae in cattle faeces as a tool to 

predict farm contamination 
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Abstract 

Shiga toxin producing E. coli (STEC) are food-borne pathogens, asymptomatically carried by cattle 

and some are found highly pathogenic to humans. The pathogen is characterized by the presence of 

virulence genes stx1 and/or stx2 (Shiga toxin) and can additionally carry eae (intimin). A quantitative 

real-time PCR (qPCR) was developed to enumerate these genes in cattle faeces. Herewith, the 

positive or negative status of STEC contamination on a farm could be predicted.  

Primer-probe sets were designed to quantify a wide range of variants of stx1, stx2 and eae. By means 

of artificial contamination the assays were proven to detect ≥10
3
 copies eae, stx1 and stx2 (primers-

probe set b) and ≥5 × 10
3
 copies stx2 (primers-probe set a) g

-1
 cattle faeces. Cattle faecal samples 

from six farms were analyzed both by qPCR and classical culture for STEC isolation. The three culture-

positive farms showed a remarkable high prevalence of STEC virulence genes, whereas on culture-

negative farms STEC virulence genes were scarce. Both for the culture-positive and negative farms, 

concentrations were in the range of 10
3
 - 10

6
 copies g

-1
 faeces. 

In conclusion, a sensitive method was established, by which potential STEC positive farms could be 

predicted. Therefore, it may contribute to control the pathogen. 
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5.1. Introduction  

Shiga toxin producing Escherichia coli (STEC) are important food-borne pathogens which can cause 

severe disease, including haemorrhagic colitis (HC) and a life-threatening complication known as 

haemolytic uremic syndrome (HUS) (Beutin et al., 2004; Karmali, 1989). The prominent virulence 

factor of STEC is the phage-encoded Shiga toxin 1 and 2 (stx1 and stx2 genes) which is responsible for 

kidney failure in humans. The adhesin intimin (eae gene) is often present in human pathogenic 

strains, where it mediates intimate attachment to the intestinal epithelial cells and attaching and 

effacing lesions in the intestinal mucosa. Eae is also carried by EPEC (Enteropathogenic E. coli), a 

pathotype of E. coli which can cause diarrhoea in humans. For each of these genes, different 

subtypes were described, differing in DNA and amino acid sequence. For intimin, the allelic 

differentiation mediates host tissue tropisms, whereas for the Shiga toxins it also involves different 

biological activity with a correlation to the clinical manifestations (Persson et al., 2007b; 

Ramachandran et al., 2003). Additionally, virulence factors are transferrable between 

microorganisms, especially those encoded on mobile elements like plasmids and bacteriophages 

(Boerlin, 1999). Human pathogenic STEC strains mainly belong to the serotypes O157:H7, O26:H11, 

O103:H2, O111:H8, and O145:H28 (Bettelheim, 2003), of which serotype O157:H7 is studied most.  

Domestic ruminants, mainly cattle, have been implicated as the principal reservoir of the pathogen 

(Blanco et al., 2004b). Cattle play an important role in the epidemiology of human infections as food 

contaminated with cattle faeces is the prominent contamination source (EFSA, 2011). The ecology of 

STEC on a farm includes the variability at which animals shed STEC, the transmission between 

animals, the survival of STEC in the environment and the re-infection of animals (Robinson et al., 

2004). In order to elucidate contamination routes on the farm and to determine risk factors for 

contamination of the food chain, both prevalence and quantitative data are needed (Fukushima and 

Seki, 2004).  

In order to demonstrate that a farm or an animal is contaminated with STEC, isolation of the viable 

pathogen is needed. Culture methods use different approaches involving biochemical properties of 

the strains or colony hybridisation (Cobbold and Desmarchelier, 2000; Fukushima and Seki, 2004; 

Verstraete et al., 2010) techniques. In general, these methods are labour-intensive, time-consuming 

and not always specific. Quantitative information of STEC cells in cattle faeces is scarce, especially for 

non-O157 serogroups. Reported numbers ranged between <10
2
 - 10

6
 CFU g

-1
 for STEC O157:H7 

(Fegan et al., 2004) and between <10
2
 - 10

8
 CFU g

-1
 for STEC non-O157 in cattle faeces (Fukushima 

and Seki, 2004). Alternatively, DNA-based real-time PCR methods have been described for the 

detection (Fratamico et al., 2000) and quantification (Sekse et al., 2005; Sharma et al., 1999; Sharma, 
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2002) of STEC genetic markers in ruminant faeces. DNA-based methods are fast and specific but do 

not define whether genes are present within a single cell, within different cells, in bacteriophage 

particles or on free DNA molecules. The qPCR assays described so far target specific serogroups or a 

limited subset of stx subtypes. Quantitative information of STEC virulence genes stx1, stx2 and eae, is 

currently not available for cattle faeces. The purpose of the current study was to establish a 

quantitative qPCR method to enumerate STEC virulence gene copies stx1, stx2 and eae in cattle 

faeces, including all variants of the genes which have been implicated in human infection. Second, it 

was investigated whether the presence of these genetic markers on a farm could predict the STEC 

infection status of the farm.  

5.2. Material and methods 

5.2.1. Bacterial isolate 

The bacterial isolates of different species used in this study are listed in Table 5.1. All strains were 

stored at -80°C using Pro-Lab Microbank cryovials (Pro-Lab, Ontario, Canada) according to 

manufacturer’s instructions. Strains were cultured on Tryptone Soy Agar (TSA; Oxoid Ltd., 

Basingstoke, Hampshire, United Kingdom) and incubated either aerobically or anaerobically, as 

appropriate, at 37°C for 24 h, except for Campylobacter isolates that were incubated under 

microaerophilic conditions (at 5% O2, 10% CO2, 85% N2 in an O2/CO2 incubator; Thermo Forma, Ohio, 

USA) at 42°C for 48 h.  

For artificial inoculation of cattle faeces, strains MB3936 (O26 stx1
+
 stx2

+
 eae

+
) and MB4378 (O138 

stx2e
+
) were grown by transferring one colony from TSA into Tryptone Soy Broth (TSB; Oxoid), and 

incubating at 37°C for 24h. Then, the stationary grown culture was ten-fold serially diluted in 

Buffered Peptone Water (BPW; Oxoid). The total number of viable cells was determined on TSA 

inoculated with 0.1 ml of 10
-6

 to 10
-8

 dilutions in duplicate and incubated at 37°C overnight. 

5.2.2. Cattle faecal samples 

5.2.2.1. Sample preparation and DNA extraction 

Sixty cattle faecal samples were taken from ten individual animals at six local farms (beef, milk and 

combined farms). One sample was used for artificial inoculation in order to evaluate the qPCR assays. 

59 samples were analysed as native faecal samples using qPCR and classical culture for STEC 

isolation. For artificial inoculation, 25g-subsamples were diluted tenfold in 225 ml TSB (Oxoid) in a 

filter stomacher bag. After artificial contamination (as described further), subsamples were 

homogenised by stomaching for 2 min. Subsequently, 2.5ml-volumes were concentrated by 

centrifugation (14 000 g, for 5 min) and the pellet (corresponding 0.25 g faeces) was subjected to  
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Table 5.1. Bacterial strains used to test inclusivity (EPEC and STEC strains) and exclusivity (non-pathogenic E. 

coli or non-E. coli strains) of the qPCR assays for stx1, stx2 and eae and the respective results.  

Species or  

bacterial subgroup 
Strain  Serotype 

Virulence genes  qPCR detection 

stx1 stx2 eae  stx1 stx2 eae 

EPEC
a
 MB3885

d
 O157 - - eae γ1  - - + 

MB3886 O157 - - eae γ1  - - + 

STEC
b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MB3892 O91 stx1ab stx2b -  + + - 

MB3900 O175 - stx2 -  - + - 

MB3957 O146 stx1ab, stx1c stx2b -  + + - 

MB3963 O128ab stx1ab, stx1c stx2b -  + + - 

MB3986 O181 stx1ab - -  + - - 

MB4213 no info - Stx2d, 

stx2e, stx2g 

-  - + - 

MB4376 

(EH250) 

O118 - stx2b -  - + - 

MB4377 no info stx1d - -  + - - 

MB4378 (E57) O138 - stx2e -  - + - 

MB4380 no info stx1c stx2b -  + + - 

MB3893 O145 stx1ab - eae γ1  + - + 

MB3920 O157 - stx2 eae γ1  - + + 

MB3936 O26 stx1ab stx2 eae β1  + + + 

MB3938 O145 - stx2d eae γ1  - + + 

MB4033 O111 stx1ab stx2 eae γ2  + + + 

MB4074 O26 stx1ab - eae β1  + - + 

MB4108 O111 stx1ab stx2 eae γ2  + + + 

MB4117 O103 stx1ab - eae ε  + - + 

MB4141 O103 stx1ab stx2d eae ε  + + + 

MB4208 O157 stx1ab stx2c eae γ1  + + + 

MB4379 (HI8) Orough - stx2f eae  - - + 

ETEC
c
 MB1520 - - - -  - - - 

Escherichia coli MB544 

(LMG2092
T
) 

- - - -  - - - 

Shigella dysenteriae MB 4436 

(CIP 57.28) 

- stx1ab - -  + - - 

Citrobacter rodentium MB4471 

(ATCC 51116) 

- - - eae  - - + 

Escherichia albertii MB4434 

(LMG 20972) 

- - - eae  - - + 

Enterobacter aerogenes MB260 - - - -  - - - 

Citrobacter diversus MB423 - - - -  - - - 

Hafnia alvei MB291 - - - -  - - - 

Klebsiella pneumoniae MB263 - - - -  - - - 

Salmonella Dublin MB1145 - - - -  - - - 

Salmonella Typhimurium MB1135 - - - -  - - - 

Serratia proteamaculans MB262 - - - -  - - - 

Shigella boydii MB4435 - - - -  - - - 

Yersinia enterocolitica MB868 - - - -  - - - 

Campylobacter jejuni  MB1263 - - - -  - - - 

Pseudomonas aeruginosa MB289 - - - -  - - - 

Bacillus subtilis MB3611 - - - -  - - - 

Clostridium perfringens MB128 - - - -  - - - 

Enterococcus faecalis MB30 - - - -  - - - 

Listeria monocytogenes MB38 - - - -  - - - 

Staphylococcus aureus MB4038 - - - -  - - - 

Streptococcus 

thermophilus 

MB1654 - - - -  - - - 

a
EPEC, Enteropathogenic Escherichia coli. 

b
STEC, shiga toxin producing Escherichia coli. 

c
ETEC, Enterotoxigenic 

Escherichia coli. 
d
Strains with the MB collection number belong to the proper collection of ILVO-T&V, 

laboratory of Molecular Biology. EPEC and STEC strains were kindly donated by the Belgian national VTEC 

reference laboratory (by D. Piérard). 
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DNA extraction by using the QIAamp DNA Stool Mini Kit (Qiagen Inc) according to manufacturer’s 

instructions. DNA was finally dissolved in a volume of 200 µl of elution buffer. For analysis of the 

native samples 0.25 g of each sample was subjected to DNA extraction by using the QIAamp DNA 

Stool Mini Kit (Qiagen Inc, Valencia, CA, US) according to manufacturer’s instructions. Also, from each 

native faecal sample 25 g was diluted tenfold in 225 ml TSB (Oxoid) in a filter stomacher bag and 

subjected to the classical culture method for STEC isolation (as described further).  

5.2.2.2. Artificial contamination with STEC 

The sample used for artificial contamination was divided into twenty two 25g-subsamples that were 

diluted tenfold in 225 ml TSB (Oxoid) in a filter stomacher bag. Appropriate volumes of diluted 

bacterial cultures were added to obtain sixteen contamination levels of STEC strain MB3936 ranging 

between 5.0 × 10
7
 and 1.6 × 10

2
 CFU g

-1
 faeces and five contamination levels of STEC strain MB4378 

ranging between 1.0 × 10
7
 and 1.0 × 10

3
 CFU g

-1
 faeces. One subsample was not inoculated and used 

as a reference sample (blank).  

5.2.3. Real-time PCR (qPCR) 

5.2.3.1. Preparation of DNA standards 

DNA standards were made for STEC strain MB3936 and for STEC strain MB4378. Isolated DNA was 

serially diluted ten-fold in water and 10
5
 to 10 copies were used as standard in the qPCR. DNA 

isolation was performed according to the method described by Flamm et al. (1984). The 

concentration and purity of the purified DNA was determined by measuring the optical density by 

photo spectroscopy at 260 nm using the Nanodrop
®
 ND-1000 UV-VIS Spectrophotometer (Nanodrop 

Technologies, Wilmington, NC, USA). The number of genomic copies was calculated by the equation 

M = n × 1.093 × 10
-21

g bp
-1

 with M as the mass of one genome and n as the total number of base 

pairs (bp), which is for E. coli strain O157:H7 EDL933 determined to be 5.53 × 10
6
 bp (Perna et al., 

2001).  

5.2.3.2. Primers and probes 

5.2.3.2.1. Evaluation of primers and hydrolysis probes 

Gene sequences of the different variants of stx1, stx2 and eae were downloaded from the 

EMBL/Genbank database using BLAST (based on sequence similarity). Subsequently, the sequences 

were aligned using Kodon software version 3.5 (Applied Maths NV, Sint-Martens-Latem, Belgium). 

The database contained respectively 25, 137 and 82 gene sequences of stx1, stx2 and eae, that were 

grouped into subtypes: stx1a, stx1c and stx1d; stx2a, stx2b, stx2c, stx2d, stx2e, stx2f and stx2g; eae 

α1, eae β1, eae γ1, eae γ2, eae ε, eae ζ and some other variants of eae. Subtypes of stx were 

denominated according to the subtyping nomenclature established at the 7th International 
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Symposium on Shiga Toxin (Verocytotoxin)-Producing Escherichia coli Infections (Buenos Aires, 10 to 

13 May 2009). Different primers-probe combinations for stx1, stx2 and eae from literature (Belanger 

et al., 2002; Bellin et al., 2001; Fitzmaurice et al., 2004; Fratamico et al., 2009; Grys et al., 2009; 

Ibekwe et al., 2002; Iijima et al., 2004; Jinneman et al., 2003; O'Hanlon et al., 2004; Perelle et al., 

2004; Reischl et al., 2002; Sharma et al., 1999; Sharma, 2002) and newly designed primers and 

probes using Primer Express 2.0 (Applied Biosystems, Foster City, CA, US), were aligned to the 

database. The combinations that resulted in the fewest mismatches (≤ 2 in a primer, ≤ 1 in a probe) 

for the above mentioned subtypes (except stx2f) were selected. Occurring mismatching bases were 

replaced by inosine. Selected primersets for stx1 quantification included primerset stx1-F/-R (5’-

gacgcagtctgtigcaagag-3’/5’-cgaaaacgiaaagcttcagctg-3’) which was designed in this study and 

primersets 598-F/1015’-R (5’-agtcgtacggggatgcagataaat-3’/5’-icggicacatagaaggaaactcat-3’) and 598-

F/1015”-R (5’-agtcgtacggggatgcagataaat- 3’/5’-cggicacatagaaggaaactcat-3’) which were both adapted 

from Bellin et al. (2001). Selected primersets for stx2 quantification included primerset stx2-F/-R (5’-

tcaggcaiatacagagagaatttcg-3’/5’-ccggigtcatcgtataiacag-3’) which was designed in this study and 

primersets stx2-F/-Ra and stx2-F/-Rb, which contained the same forward primer and a slightly 

adapted reverse primer stx2-Ra (5’-ccggigtcatcgtatacacag-3’) and stx2-Rb (5’-ccggigtcatcgtataaacag-3’) 

containing only one inosine base instead of two. Beside, primerset Fitz-F/-R (5’-

ggcactgtctgaaactgctcc-3’/5’-tcgccaittatctgacattctg-3’) which was adapted from Fitzmaurice et al. 

(2004) was evaluated for stx2 quantification. Selected primersets for eae quantification included 

primerset eae-F/-R (5’-ggaagccaaagcgcacaa-3’/5’-ggcicgagcigtcactttataa-3’) and primerset eae-F/-R2 

using an adapted reverse primer eae-R2 (5’-cggtcataggcgcgagc-3’) both designed in this study. The 

utility of the selected primers was evaluated in a qPCR assay using SYBR Green fluorescence.  

5.2.3.2.2. Finally selected primers and hydrolysis probes 

The finally selected primers with corresponding hydrolysis probes are listed in Table 5.2. Two 

primersets were needed to enclose all subtypes of stx2, except stx2f without mismatching bases. The 

hydrolysis probes stx1-P and stx2-P carried a minor groove-binding non-fluorescent quencher 

(MGBNFQ) in a combination with a 6-carboxyfluorescin (FAM) fluorescent label (Applied Biosystems). 

Probe eae-P carried a black hole quencher (BHQ-1) and a FAM fluorescent label (Eurogentec, Seraing, 

Belgium). 

5.2.3.3. qPCR using SYBR Green fluorescence 

The utility of the selected primers was evaluated based on the Cq values (threshold cycle) in a qPCR 

using SYBR Green I and DNA standards of strains MB3936 and MB4378. The qPCR was carried out in a 

25 µl volume containing 1 × SYBR Green I Master Mix (Applied Biosystems), primers (final 

concentration 600 nM of each primer; Eurogentec, Seraing, Belgium) and 5 µl of template DNA. The 



98 

 

Table 5.2. Primers and probes used for qPCR quantification of STEC. Corresponding nucleotide positions in 

sequences of indicated EMBL/Genbank accession numbers are given. 

Gene Primer or probe
∂
 Sequence (5’- 3’)

†
 Reference 

Position  

(5’- 3’) 

Accession 

number 

stx1 stx1-F GAC GCA GTC TGT IGC AAG AG this study 516-535 Z36899 

 stx1-R CGA AAA CGI AAA GCT TCA GCT G this study 581-560 Z36899 

 stx1-P
Ф

 ATG TTA CGG TTT GTT ACT GTG this study 538-558 Z36899 

stx2 stx2-F TCA GGC AIA TAC AGA GAG AAT TTC G this study 578-602 AY443044 

 stx2-Ra CCG GIG TCA TCG TAT ACA CAG this study 646-626 AY443044 

 stx2-Rb CCG GIG TCA TCG TAT AAA CAG this study 646-626 AY443044 

 stx2-P
Ф

 CAC TGT CTG AAA CTG CT this study 608-624 AY443044 

eae eae-F GGA AGC CAA AGC GCA CAA this study 1507-1524 AF025311 

 eae-R GGC ICG AGC IGT CAC TTT ATA A this study 1593-1572 AF025311 

 eae-P
§
 TAC CAG GCT ATT TTG CCI GCT TAT GTG C this study 1528-1555 AF025311 

∂
Forward primers with suffix -F; Reverse primers with suffix -R; Probes with suffix -P. 

Ф
Probe tagged with minor 

groove-binding non-fluorescent quencher (MGBNFQ) and 6-carboxyfluorescin (FAM) fluorescent label (Applied 

Biosystems). 
§
Probe tagged with black hole quencher (BHQ-1) and a FAM fluorescent label (Eurogentec). 

 

qPCR was performed on a LightCycler® 480 (Roche Diagnostics) using the LightCycler® 480 software, 

with the following program: activation of the enzyme at 95°C for 10 min, followed by 40 cycles of 

95°C for 15 s and 60°C for 1 min. Finally melting curve analysis of the PCR products was performed by 

completing one additional amplification cycle and gradually increasing the temperature from 60°C to 

95°C. The program was ended after a cooling at 40°C for 30 s. 

5.2.3.4. qPCR using hydrolysis probes 

The three genes were quantified using four qPCR assays in separate wells of the same plate. The 

qPCR assays were carried out in a 25µ-volume containing 1 × TaqMan® Environmental Master Mix 

2.0 (Applied Biosystems), primers and probe designed in this study (final concentration 300 nM of 

each primer and 100 nM probe) and 5 µl template DNA. qPCR was performed with the following 

amplification program: initial activation of the enzyme at 95°C for 5 min followed by 40 cycles of 95°C 

for 15 s and 1 min annealing and elongation at 60°C, and a cooling at 40°C for 30 s.  

5.2.3.5. Standard curves, linearity and efficiency 

DNA standards were used as a template to create standard curves. The amplification efficiency (E) 

was calculated as E = (10
(-1/slope) 

- 1) × 100 % (Knutsson et al., 2002). The linear correlation coefficient 

R
2
 represented the linearity. 
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5.2.3.6. Inclusivity and exclusivity 

Inclusivity, defined as the detection of target strains (ISO 16140, 2003), was tested with 23 E. coli 

strains carrying a wide variation of stx1, stx2 or eae genes, whereas exclusivity, defined as the non-

detection of non-target strains (ISO 16140, 2003), was assessed with 22 non-E. coli and non-

pathogenic E. coli strains (Table 5.1).  

5.2.3.7. Quantification of STEC virulence genes in an artificially contaminated cattle faecal 

sample 

From one cattle faecal sample 16 subsamples were inoculated with different levels of strain MB3936, 

five subsamples with different levels of strain MB4378 and one subsample was not inoculated 

(blank). Stx1, stx2 and eae gene copies were quantified in faecal subsamples inoculated with strain 

MB3936 and in the blank sample. For stx2 primers-probe set a was used. Faecal subsamples 

inoculated with strain MB4378 and the blank sample were analysed using primers-probe set b for 

quantification of gene copies of stx2. To quantify STEC virulence genes in faeces, DNA standards of 

strains MB3936 and MB4378 were used respectively. Based on the observed Cq values, gene copy 

numbers in 1 g faeces were calculated taking into account the dilution factor (× 160). Quantification 

results were compared with theoretically calculated numbers of genes in the sample based on the 

inocula. The quantification limit was defined as the lowest number of organisms that can be 

quantified in the faecal sample (1 g). 

5.2.3.8. Quantification of STEC virulence genes in native faecal samples 

For 59 native cattle faecal samples the qPCR assays for quantification of genes stx1, stx2 and eae 

were carried out. Gene copy numbers in the reaction were calculated based on the DNA standard of 

strain MB3936 for enumeration of stx1, stx2 (using primers-probe set a) and eae and the DNA 

standard of strain MB4378 for enumeration of stx2 (using primers-probe set b). Subsequently, gene 

copy numbers in 1 g faeces were calculated (dilution factor 160). 

5.2.4. Classical culture for isolation of STEC 

Ten-fold diluted and homogenized native cattle faecal samples were subjected to the STEC isolation 

method as described by Possé et al. (2008b). Briefly, 8 mg l
-1

 novobiocine (Sigma, St. Louis, MO, USA), 

16 mg l
-1

 vancomycin (Sigma), 2 mg l
-1

 rifampicin (Sigma), 1.5 g l
-1

 bile salts (Oxoid) and 1.0 mg l
-1

 

potassium tellurite (Sigma) were supplemented to prepare the enrichment broth and incubation was 

performed for 24 h at 42°C. Post incubation, the enrichment broths were spread on a O157 agar 

plate and a non-O157 agar plate. At the same time, immunomagnetic separation (IMS) was carried 

out on 1 ml of the enrichment broth, using Dynabeads (Invitrogen) for serogroups O26, O103 and 

O157 and using Captivate beads (Lab M, Bury, UK) for O111 and O145, followed by plating of the 

resulting solution (100 µL) on the O157 and non-O157 agar plates. Plates were incubated at 37°C for 
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24 h. Colonies were evaluated based on their general appearance and colour. All suspected colonies 

according to the description of Possé et al. (2008a) with a maximum of 10 were evaluated with a 

multiplex PCR for stx1 and stx2 (Botteldoorn et al., 2003). Subsequently, stx- or eae- harbouring 

isolates were subjected to serogroup PCR for O26, O103, O111, O145 and O157 as described by 

Verstraete et al. (Verstraete et al., 2011). 

5.3. Results 

5.3.1. Primer evaluation of qPCR using SYBR Green fluorescence 

The utility of the selected primers was evaluated in qPCR assays using SYBR Green I and DNA 

standards of strains MB3936 and MB4378. For stx1 quantification, Cq values for 10
5
 gene copies were 

lower for the newly designed primers (stx1-F/-R; Cq 23.0) than for the primers adapted from 

literature (598-F/1015’-R; Cq 30.0 and 598-F/1015”-R; 28.3). Also results of the slopes of the standard 

curves showed that the newly designed primer pairs were preferable (slope close to -3.34). For stx2 

also, the newly designed primers gave lower Cq values for 10
5
 copies (stx2-F/-R; Cq 28.0) than the 

primers adapted from literature (Cq 30.9) and slopes were close to -3.34. However, to lower the Cq 

value of the newly designed primerset, one of the two polymorphisms was replaced by the specific 

base leaving only one inosine per primer (stx2-Ra and stx2-Rb). As a consequence, Cq values for 10
5
 

copies dropped drastically (stx2-F/-Ra; Cq 22.3 and stx2-F/-Rb; 22.7) compared to the original primers-

probe set. Thereby, stx2 was quantified using two primers-probe sets a and b. For eae, both newly 

designed primer pairs gave similar low Cq values for 10
5
 copies (eae-F/-R; 23.5 and eae-F/-R2; 23.1) 

and slopes were close to -3.34.  

5.3.2. qPCR using hydrolysis probe: linearity and efficiency 

qPCR assays were performed using the finally selected primers with corresponding probes stx1-F/-P/-

R, stx2-F/-P/-Ra and eae-F/-P/-R together with the DNA standard of strain MB3936, and for primers-

probe set stx2-F/-P-Rb together with the DNA standard of strain MB4378. The lowest number of gene 

copies detected by the qPCR assays was between 1 and 10 copies for stx1, stx2 (primers-probe set b) 

and eae. Positive no-template controls were found for stx2 using primers-probe set a after 36 cycles. 

Consequently, a cut-off value of Cq 36 was introduced. This resulted in a quantification limit between 

10 and 100 copies for stx2 using primers-probe set a. The Cq value of 10
5
 DNA copies of the standard 

curve was for stx1, stx2 (set a), stx2 (set b) and eae 24.3, 22.8, 23.9 and 23.9, respectively. Efficiency 

percentages were 90, 94, 87 and 98%, respectively, and the linear correlation coefficient (R
2
) values 

were 0.9997, 0.9983, 0.9997, 0.9992, respectively. 
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5.3.3. Inclusivity and exclusivity 

Results on inclusivity and exclusivity are listed in Table 5.1. E. coli strains carrying different variants of 

genes stx1, stx2 and eae were quantitatively detected using the qPCR assays, except for one strain 

carrying stx2f, which was not targeted by the qPCR assays. No amplification was noticed for any of 

the non-E. coli strains or non-pathogenic E. coli strain which did not carry Shiga toxin and/or intimin 

genes. For strains Shigella dysenteriae, Citrobacter rodentium and Escherichia albertii, that do carry 

stx1 or eae genes, qPCR resulted in amplification. 

5.3.4. Quantification of STEC cells in an artificially contaminated cattle faeces sample 

The quantification of genes stx1 and eae in faeces did not differ more that 1 log from the 

theoretically calculated number based on the inocula of strain MB3936 for concentrations ≥10
3
 CFU 

g
-1

 (Figure 5.1a). The quantification of gene stx2 in faeces using primers-probe set b did not differ 

more that 1 log from the theoretically calculated number based on the inocula of strain MB4378 for 

concentrations ≥10
3
 CFU g

-1
 (Figure 5.1b). This resulted in a quantification limit of <10

3
 copies stx1, 

eae and stx2 (primers-probe set b) g
-1 

faeces, corresponding to 1 to 10 copies in the reaction when 

taking into account the dilution factor of 160. The quantification of gene stx2 in faeces using primers-

probe set a did not differ more that 1 log from the theoretically calculated number based on the 

inocula of strain MB3936 for concentrations ≥5 × 10
3
 CFU g

-1
 (Figure 5.1a). This resulted in a 

quantification limit of <5 × 10
3
 copies stx2 g

-1 
faeces

 
using primers-probe set a, corresponding to 10 

to 100 copies in the reaction. The reference sample (blank) was found negative for stx1, stx2 and eae. 
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a) 

 

b)

 

Figure 5.1. Quantification of stx1, stx2 and eae genes by qPCR in cattle faecal samples artificially inoculated 

with STEC cells. Artificial inoculation was performed using different dilutions of strain MB3936 in sixteen 

contamination levels (a) and of strain MB4378 in five contamination levels (b). Primers-probe set a was used to 

quantify stx2 gene of strain MB3936 and primers-probe set b to quantify stx2e gene of strain MB4378. 
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5.3.5. Analysis of native cattle faecal samples 

Twelve out of 29 cattle faecal samples originating from three farms (A, B, C) were found culture-

positive for stx- and/or eae-carrying E. coli (Figure 5.2a). Thirteen isolates were found, belonging to 

serogroup O26 (4), serogroup O157 (4) or any other serogroup (5) different from O26, O103, O111, 

O145 and O157. Culture-positive samples were indicated by an asterisk. Faecal samples from the 

culture-positive farms contained numerable copies of gene stx1 in four samples, of gene stx2 in 23 

samples and of gene eae in 12 samples. Concentrations of the gene copies ranged between 5 × 10
2
 - 

5 × 10
6
 copies g

-1
 faeces.  

The 30 cattle faecal samples from the other three farms (D, E, F) were found culture-negative for stx- 

and/or eae-carrying E. coli (Figure 5.2b). Faecal samples from these culture-negative farms contained 

numerable copies of gene stx1 in three samples, of gene stx2 in five samples and of gene eae in two 

samples. Concentrations of the gene copies ranged between 5 × 10
3
 – 2 × 10

5
 copies g

-1
 faeces. 

The subset of virulence genes detected on a farm differed between farms. On farms A, B and F, all 

three genes stx1, stx2 and eae were detected. On farm C stx1 and stx2 were detected. On farm E stx1 

and eae were detected. On farm D only stx2 was detected.  
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Fig 5.2. Quantification of stx1, stx2 and eae genes by qPCR in individual cattle faecal samples (n=59). Primers-probe set a and b were used to quantify all possible stx2 

variants. Samples originated from three culture-positive farms (a; A, B, C) and three culture-negative farms (b; D, E, F). Faecal samples that were found culture-positive, 

were indicated by an asterisk. 

           *                                           *      *      *               *                                 *                                  *               *       *               *               *                         * 
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5.4. Discussion 

The current study describes the development of a qPCR method to enumerate STEC virulence genes 

stx1, stx2 and eae in cattle faeces. All variants of the genes which have been implicated in human 

disease, except stx2f, were included in view of risk assessment for public health. Subtype stx2f was 

genetically too divergent to include in the assay, and it has only rarely been associated with a clinical 

case (Isobe et al., 2004). For subtypes stx2a and stx2c, it was reported that they were found most 

often in HUS cases, stx2d and stx2e less frequently (Persson et al., 2007b) and stx2g so far not, 

despite its cytotoxicity for Vero-cells (Kawano et al., 2008). Yet, they were all targeted in the current 

assay, as they all form a potential risk for human health.  

In view of quantification, a 100% matching of primers to the annealing sites of the target gene is 

necessary to ensure optimal efficiency of the PCR and to exclude quantitative underestimation of the 

target (Werbrouck et al., 2007). It was shown here that most of the primers and probes described in 

the literature for STEC detection or quantification (Belanger et al., 2002; Fratamico et al., 2009; Grys 

et al., 2009; Ibekwe et al., 2002; Iijima et al., 2004; Jinneman et al., 2003; O'Hanlon et al., 2004; 

Perelle et al., 2004; Reischl et al., 2002; Sharma et al., 1999; Sharma, 2002) contained several 

mismatches when aligned to gene sequences of the different variants of stx1, stx2 and eae. This 

implicates that for some gene variants amplification would not be optimal. For primers-probes sets 

that contained few mismatches (≤ 2 in a primer, ≤ 1 in a probe) (Bellin et al., 2001; Fitzmaurice et al., 

2004) inosine bases were build in. Preliminary research demonstrated that primers designed in this 

study were the most efficient, compared to the already published ones, although for stx2 

quantification two primersets were needed. Corresponding probes for stx1 and stx2 contained a 

minor groove-binding tag which heightens the melting temperature (Tm) of the probe by attaching 

to the minor groove of the target DNA and so enabling that the probe can be made shorter. This is 

useful in case conserved regions are limited. Notwithstanding the drawback of positive no-template 

controls for one primer pair (stx2-F/-Ra) and the subsequent cut-off after 36 cycles, a user-friendly 

assay was established quantifying all three genes simultaneously with one common program. 

Twenty two E. coli strains carrying different variants of stx1, stx2 or eae (except stx2f) were 

quantitatively detected. Nineteen non-E. coli and non-pathogenic E. coli strains which did not carry 

the target genes were not amplified by the qPCR assays. However, for Citrobacter rodentium, 

Escherichia albertii and Shigella dysenteriae strains which did carry eae or stx1, a positive signal was 

obtained. However, the risk of obtaining false positive results is estimated small, as C. rodentium is a 

host-restricted mouse pathogen (Luperchio et al., 2000), the presence of E. albertii in cattle is still 
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unknown (Abbott et al., 2003) and S. dysenteriae does not belong to the regular microflora of cattle 

(Sekse et al., 2005). 

Using artificial inoculation of cattle faeces, a detection limit of <10
3
 copies g

-1
 faeces was 

demonstrated for stx1, stx2 (primers set b) and eae. For stx2 quantification using primers set a, a 

detection limit of  <5 × 10
3
 copies g

-1
 faeces was obtained, due to a cut-off after 36 cycles. Taking into 

account the dilution factor of 160, detection limits corresponded to 1 to 10 gene copies in 5 µl 

template for stx1, stx2 (primers set b) and eae and between 10 and 100 copies in 5 µl template for 

stx2 (primers set a). This means that the same high sensitivity was reached for STEC detection in 

cattle faeces as for pure DNA in water. These results also indicate that all STEC DNA was recovered 

from the sample, and that no inhibiting compounds interfered in the real-time PCR reaction. 

Secondly, quantification results did not differ more than 1 log from the theoretically calculated 

number of genes in the sample. 

Compared to classical culture methods, qPCR detection of pathogens is fast, non-labour-intensive 

and has the ability to target the organism regardless of its serogroup or biochemical properties. 

However, isolation of the organism is not achieved by qPCR so it cannot be confirmed whether genes 

are present within one cell. In a study described by Menrath et al. (2010), the ecology of STEC on a 

farm was studied using real-time PCR detection of stx genes in a non-quantitative manner. In the 

current study a qPCR was developed including stx genes as well as eae genes and evaluated on its 

possibility to study the ecology of STEC on a farm. In addition, quantitative data were generated. So 

far, quantitative data of STEC virulence genes stx1, stx2 and eae in cattle faeces are lacking. 

Concentrations of stx1, stx2 and eae measured in the current study were in the range of 10
3
 – 10

6
 

copies g
-1

 faeces, which was in accordance to enumerations of STEC cells in cattle faeces obtained by 

classical culture methods (Fukushima and Seki, 2004). Artificial contamination of cattle faecal 

samples with STEC (stx1
+
/ stx2

+
/ eae

+
) demonstrated that quantification levels of stx1, stx2 and eae 

are equal if genes are present within one organism. As a result, cattle faecal samples representing 

equal levels of stx and eae gene copies potentially harbour STEC (stx
+
/ eae

+
) cells. Conversely, 

unequal levels of stx and eae gene copies indicate that several stx- and eae-carrying organisms are 

present. Many faecal samples from the culture-positive farms contained unequal numbers of stx and 

eae genes, indicating that a complex mixture of stx- and eae-carrying organisms was present. These 

samples could possibly contain EPEC (eae
+
), STEC (stx

+
/eae

+
) or STEC (stx

+
/eae

-
), stx-bacteriophages 

or other species containing eae or stx. Further, it was observed that the subset of genes detected on 

the farm differed between farms, and hence seemed to be farm dependent. Finally, culture-positive 

farms had a remarkably higher prevalence of stx and eae genes, whereas on culture-negative farms 
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these genes were scarce. Consequently, the current qPCR assay may serve as a fast tool to predict 

potential STEC positive farms. However, more research is needed to elucidate these features. 
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Abstract 

In this study, we characterized 272 Shiga toxin producing Escherichia coli (STEC) isolates [O157 

(n = 205), O26 (n = 31), O103 (n = 15), O111 (n = 10), and O145 (n = 11)] for their virulence profile, 

whole genome variations and relationships on different genetic levels. These isolates were taken in 

Belgium between 2000 and 2007 and originated from humans, food, and cattle. Stx genotypes were 

specified by the presence of stx1, stx2, stx2a and/or stx2c as determined by PCR. Isolates of O157 

displayed a wide variation of stx genotypes, heterogeneously distributed among pulsogroups 

(80% similarity). But, concordance was observed of the stx genotype at the pulsosubgroups level 

(90% similarity). Among isolates of O145 a wide variation of stx genotypes was observed, whereas in 

O26, O103, and O111, a single stx genotype, stx1 alone, predominated. The presence of eae was 

conserved among all serogroups evaluated, in contrast to genes encoded on the large plasmid (ehx, 

espP, katP), which occurred in variable combinations in isolates of O26, O103, and O145. HUS-cases 

were significantly associated more to stx2a/stx2c, and less to stx1 alone. Also, isolates of O145 were 

more likely to subvert HUS. Based on epidemiological data, we could confirm outbreak isolates and 

suggest epidemiological relations between some sporadic cases. Undistinguishable pulsotypes were 

found among humans, food, and cattle in different years, but also evolving clones were found which 

showed minor variations in PFGE pattern or virulence profile. In conclusion, the current study 

demonstrated the prominent role of cattle as a reservoir of STEC O157, and the circulation and 

persistence of pathogenic clones in Belgium. 
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6.1. Introduction 

Shiga toxin producing Escherichia coli (STEC) are an important group of food-borne pathogens 

associated with a broad spectrum of human diseases ranging from mild diarrhea to hemorrhagic 

colitis (HC) and hemolytic uremic syndrome (HUS) (Griffin and Tauxe, 1991; Paton et al., 1995; Tarr, 

1995). Worldwide, the most important STEC serotype reported is O157:H7, owing to its association 

with severe disease and many outbreaks. However, some non-O157 strains also pose a substantial 

concern to public health, as they can cause the same clinical complications as O157 and are 

increasingly more common (Johnson et al., 2006; Tarr and Neill, 1996). 

Production of one or more Shiga toxins (Stx1 and/or Stx2) is believed to be the most important 

contributor to HUS development (Karmali et al., 1985). Several subtypes of Stx2 have been identified; 

in particular, Stx2a and Stx2c have been associated with severe human diseases (Persson et al., 

2007b). Stx genes are present in the genomes of temperate, lambdoid bacteriophages, which appear 

to regulate Shiga toxin expression as part of their lytic switch (Bolton and Aird, 1998). Several other 

virulence factors are also involved in the pathogenicity of STEC. The locus of enterocyte effacement 

encodes factors responsible for adherence of the bacterium to the enteric cells, like intimin (Eae) (Yu 

and Kaper, 1992). The large plasmid of STEC encodes for additional virulence factors, such as 

enterohemolysin (Ehx), which acts as a pore-forming cytolysin; the bifunctional catalase-peroxidase 

(KatP) (Brunder et al., 1997); and the serine protease (EspP), which cleaves the human coagulation 

factor V (Brunder et al., 1999). 

The most commonly used molecular biology-based method used in epidemiological research of 

outbreaks and monitoring of the spread of potential pathogens is pulsed-field gel electrophoresis 

(PFGE), owing to its high discriminatory power and reproducibility (Karama and Gyles, 2010). 

Moreover, this method has been standardized for several pathogens such as E. coli O157 to facilitate 

the subtyping of the pathogens among various laboratories (Swaminathan et al., 2001). 

During 2000-2007, about 48 cases of STEC infections per year were reported in Belgium (Table 6.1). 

Nationally, all suspected STEC isolates from humans and food samples are collected and further 

verified by the Belgian national VTEC reference laboratory (Prof. D. Piérard). Despite the long-running 

investigation of STEC occurrence and characteristics in Belgium since 1990, a comprehensive long-

term study on the genetic diversity of STEC isolates, including non-O157 serogroups and isolates 

from different sources, had not yet been done. In the present study, we used genomic virulence 

typing and whole genome genetic variation analysis (PCR and PFGE) to examine the virulence 

potential and relatedness between STEC isolates of serogroups O157, O26, O103, O111, and O145. 

Further, we investigated the correspondence between genetic relatedness and virulence. The genetic 
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typing would reveal the population structure of STEC In Belgium. Linked to the epidemiological data 

this would enable to delineate the Belgian situation and to evaluate it on the international scene. 

Table 6.1. Incidence of human STEC infections associated with serogroups O157, O26, O103, O111, O145 and 

other reported in Belgium between 2000 and 2007.  

Year 2000 2001 2002 2003 2004 2005 2006 2007 Total 

Serogroup          

O157 26 31 28 21 32 27 22 25 212 

O26 3 2 4 9 4 2 7 6 37 

O103 1 2 0 7 0 3 1 2 16 

O111 1 1 1 2 1 1 2 2 11 

O145 1 0 0 1 1 3 4 3 13 

Other 16 11 15 8 10 11 12 11 94 

Subtotal 48 47 48 48 48 47 48 49 383 

6.2. Materials and methods 

6.2.1. Bacterial isolates 

This study included 272 E. coli isolates belonging to serogroups O157 (n = 205), O26 (n = 31), O103 

(n = 15), O111 (n = 10), and O145 (n = 11). Isolates were collected by the Belgian national VTEC 

reference laboratory between 2000 and 2007. The majority of the isolates (n = 181) originated from 

humans suffering from diarrhea, bloody diarrhea, HUS, or asymptomatic infection. Those isolates 

represented various serogroups. The clinical manifestation was reported for 131 of the isolates. 

Other isolates (n = 91) originated from animal sources (2 faecal samples from cattle, 1 faecal sample 

from a dog, and 1 dust sample from a cattle barn) or foods (including cattle carcasses (n = 68), beef, 

minced beef, carpaccio, and raw-milk cheese). All of these food and animal isolates belonged to 

serogroup O157; 81 possessed stx genes. Serogroups were investigated by bacterial agglutination 

using O antisera for O157, O26, O103, O111, and O145 (Statens Serum Institute, Copenhagen, 

Denmark).  

6.2.2. Detection of stx1, stx2, eae, ehx, espP and katP gene sequences using PCR 

The PCR assays for identifying gene sequences were based on literature: for the stx1, stx2, eae, ehx 

gene sequences, we used the primers and conditions reported by (Botteldoorn et al., 2003); for the 

katP, and espP gene sequences, we followed (Nielsen and Andersen, 2003) protocol. For detection of 

the katP and espP genes, we used the primers described by Nielsen and Andersen (2003) and the 

conditions described by Botteldoorn et al. (2003). 



115 

 

6.2.3. Stx2 genotyping 

Isolates that gave a positive result for stx2 were tested for the presence of stx2a and stx2c (Wang et 

al., 2002). Subtypes of stx were denominated according to the subtyping nomenclature established 

at the 7th International Symposium on Shiga Toxin (Verocytotoxin)-Producing Escherichia coli 

Infections (Buenos Aires, 10-13 May 2009). Stx2 genes that differed from stx2a and stx2c were 

considered to be undefined subtypes. 

6.2.4. Pulsed field gel electrophoresis (PFGE) 

PFGE was performed in accordance with the PulseNet-Europe protocol (http://www.pulsenet-

europe.org/docs.htm). Genomic DNA was digested by XbaI (Roch Diagnostics, Mannheim, Germany) 

and analyzed in 1% Seakem Gold agarose gels (Lonza, Rockland, MA) in 0.5 × TBE buffer (45 mM Tris, 

45 mM boric acid, 1 mM EDTA [pH 8]) at 14 °C using the CHEF MAPPER system (Bio-Rad Hemel 

Hempstead, UK). The runtime was 19 h at 6 V cm
-1

, with initial and final switch times of 2.16 and 

54.17 s, respectively. Gels were stained with ethidium bromide, destained in water, and digitally 

captured under UV light. Gel images were visually analyzed with BioNumerics version 6.5 (Applied 

Maths, Sint-Martens-Latem, Belgium) using the XbaI-digested DNA from Salmonella enterica 

Braenderup H9812 as a normalization reference. The similarity between PFGE patterns of the same 

serogroup was calculated using the Dice coefficient (with an optimization of 1.0% and a position 

tolerance of 1.0%), and they were grouped together according to their similarities using UPGMA. 

Pulsotypes were assigned based on the difference in the presence or absence of at least 1 band. 

Pulsogroups and single isolates were delineated on the basis of 80% similarity and pulsosubgroups on 

90% similarity according to the Dice similarity. Multidimensional scaling (MDS) analyses were 

performed using BioNumerics (Applied Maths) software, but this analysis was applied only for the 

human STEC isolates for which the clinical manifestation was reported. 

6.2.5. Statistical analysis 

Odds ratios with 95% confidence interval were calculated for the association between HUS and the 

stx genotype. For comparing the proportions of HUS cases between 2 groups, the Fishers’ exact test 

was used in STATISTICA version 10 software (StatSoft, Tulsa, OK, USA). The significance level α was 

set at 0.05.  

The diversity among isolates of the same serogroup was determined by calculating the Simpson’s 

diversity index with 95% confidence intervals as described by Carriço et al. (2006). This index 

accounts for the number and the size of pulsogroups and single isolates for a certain serogroup. 

Concordance and agreement between the partition of pulsogroups and pulsosubgroups by PFGE 

analysis and the virulence profile determined by PCR typing was calculated using the Adjusted Rand’s 
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index and the Adjusted Wallace index, respectively, with 95% confidence intervals as described by 

Carriço et al. (2006). 

6.3. Results 

6.3.1. Virulence markers 

The stx genotype and the presence of additional virulence genes are listed in Table 6.2. Nine stx 

genotypes were observed among isolates of O157 (Table 6.2). Of these, Stx2a (60/205 isolates, 

29.3%), stx2c (65/205, 31.7%), and stx2a/stx2c (29/205, 14.1%) were the most prominent. Stx 

genotype stx1 was not observed among the O157 isolates, but the combinations stx1/stx2a, 

stx1/stx2c, stx1/stx2a/stx2c, and stx1 combined with an undefined subtype of stx2 were present in 

12, 15, 3, and 1 isolates, respectively. Nine isolates of O157 harbored a single undefined subtype of 

stx2 and 12 were stx negative (from cattle carcasses). Isolates of O145 belonged to 3 stx genotypes, 

of which stx2a was the most prominent (6/11) (Table 6.2, marked in red frame). In the O26, O111 

and O103 isolates, the stx genotype stx1 predominated. Eae was found in all isolates except 1 isolate 

of O103 (related to a case of diarrhea). Many combinations of large plasmid encoded genes (ehx, 

espP, katP) were observed in isolates of O26, O103 and O145 (Table 6.2), whereas in isolates of O111 

and O157 these genes were conserved. 

Based on the calculation of Odds ratios of the isolates with reported clinical manifestations (Table 

6.3), genotype stx2a/stx2c was found to be more likely to cause HUS (Odds ratio >1; p < 0.05), while 

isolates with stx genotype stx1 were less likely to cause HUS (0< Odds ratio <1; p < 0.001). No other 

stx genotypes observed in this study, showed a significant correlation with HUS. 

6.3.2. PFGE patterns and clonal analysis 

Isolates of the serogroup O111 had the highest degree of similarity (74.6%), followed by isolates of 

serogroup O26 (72.1%), O157 (64.0%), O145 (63.8%), and O103 (52.4%) (Table 6.2). The diversity of 

isolates of the same serogroup was determined by means of the Simpson’s diversity index (Table 

6.4). No significant difference between the indices was observed, although O103 and O145 showed 

the highest diversity index. 
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Table 6.2. Genotypic characteristics among STEC O157, O26, O103, O111, and O145 isolates from humans, foods and animals in Belgium between 2000 and 2007. 

Serogroup 

 

No. of 

isolates 

Stx genotype
a
 

 

Additional virulence genes
b
 

 PFGE fingerprinting 

  
Dice 

similarity
c
 

No. of 

pulso-

groups 

No. of 

single 

isolates 

No. of 

pulso-

sub-

groups 

No. of 

pulso-

types 

O157 205 stx2c (65)
b
  eae (205) ehx (205) espP (200) katP (201)  64.0% 9 9 32 166 

 
 stx2a (60)  

    
      

 
 stx2a/stx2c (29)  

    
      

 
 stx1/stx2c (15)  

    
      

 
 stx- (12)  

    
      

 
 stx1/stx2a (11)  

    
      

 
 stx2* (9)   

   
      

 
 stx1/stx2a/stx2c (3)  

    
      

 
 stx1/stx2* (1)  

 

 

  
      

O26 31 stx1 (28)  eae (31) ehx (25) espP (24) katP (25)  72.1% 3 6 5 30 

 
 stx2a (2)  

    
      

 
 stx/stx2a (1)  

 

 

  
      

O103 15 stx1 (14)  eae (14) ehx (15) espP (12) katP (11)  52.4% 3 4 3 15 

 
 stx1/stx2a (1)  

    
      

O111 10 stx1 (6)  eae (10) ehx (10) espP (10) katP (10)  74.6% 2 2 2 9 

 
 stx1/stx2a (4)  

 

 

  
      

O145 11 stx2a (6)  eae (11) ehx (11) espP (9) katP (6)  63.8% 5 0 2 10 

 
 stx1 (4)  

    
      

 
 stx2* (1)  

    
      

Subtotals 272 
 

 
eae (271) 

99% 

ehx (266) 

98% 

espP (256) 

94% 

katP (254) 

93% 
  22 22 44 230 

a
Subtypes of stx were denominated according to the subtyping nomenclature established at the 7th International Symposium on Shiga Toxin (Verocytotoxin)-Producing 

Escherichia coli Infections (Buenos Aires, 10 to 13 May 2009). 
b
Values in parenthesis represent no. of positive isolates / no. of isolates tested. 

c
Within the analyzed isolates 

of the serogroups. *Undefined subtype of stx2 different from stx2a and stx2c. Red frames indicate heterogeneous results. 
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Table 6.3. Odds ratios between different stx genotypes for the development of HUS. 

a
Odds ratio > 1: positive correlation; 0 < Odds ratio < 1: negative correlation. 

b
95% confidence interval. 

c
Significant difference indicated with ***(p < 0.001), *(0.01 < p < 0.05),  and NS (p > 0.05). 

 

Table 6.4. Number of pulsogroups and single isolates determined by PFGE analysis and the Simpson’s diversity 

index for isolates belonging to 5 STEC serogroups in Belgium. 

Serogroup 

Number of pulsogroups  

and single isolates /  

Number of isolates 

Simpson's diversity index (95% CI)
a
 

O157 18/205 67.1 (62.0-72.2) 

O26 9/31 71.2 (57.9-84.5) 

O103 7/15 78.1 (59.0-97.2) 

O111 4/10 64.4 (36.3-92.6) 

O145 5/11 87.3 (82.4-92.2) 
a
95% confidence interval. 

 

 

 

 

Stx genotype 

and value 

No. of patients  
Odds ratios

a
 

(95% CI)
b
 

Significant 

difference
c
 

Total  

(n= 131) 

With HUS  

(n = 48) 

 

stx2a/stx2c   

   No 112 34  2.45 (1.11 – 5.29) * 

   Yes 19 14   

stx1   

   No 97 46  0.15 (0.04 – 0.57) *** 

   Yes 34 2     

stx2a   

   No 89 28  1.51 (0.77 – 2.97) NS 

   Yes 42 20   

stx2c   

   No 117 43  1.02 (0.36 – 2.90) NS 

   Yes 14 5   

stx1/stx2a   

   No 123 44  1.47 (0.45 – 4.84) NS 

   Yes 8 4   

stx1/stx2c   

   No 122 47  0.41 (0.07 – 2.35) NS 

   Yes 9 1   
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Table 6.5. Concordance and agreement between PFGE partition of STEC strains and the virulence profile 

obtained by PCR typing according to Adjusted Rand’s index and the Adjusted Wallace index. 

Serogroup PFGE partition 
  

PCR typing 

  

Adjusted Rand’s index         

(95% CI)
a
  

Adjusted Wallace index          

(95% CI)
a
 

O157 Pulsogroups 0.070 (0.021-0.119) 
 

0.053 (0.000-0.109) 

 
Pulsosubgroups 0.167 (0.109-0.225) 

 
0.584 (0.495-0.673) 

O26 Pulsogroups 0.000 (0.000-0.141) 
 

0.000 (0.000-0.339) 

 
Pulsosubgroups 0.034 (0.000-0.132) 

 
0.254 (0.000-0.780) 

O103 Pulsogroups 0.045 (0.000-0.408) 
 

0.051 (0.000-0.458) 

 
Pulsosubgroups 0.000 (0.000-0.193) 

 
0.000 (0.000-0.590) 

O111 Pulsogroups 0.048 (0.000-0.667) 
 

0.062 (0.000-0.668) 

 
Pulsosubgroups 0.101 (0.000-0.309) 

 
1.000 (1.000-1.000) 

O145 Pulsogroups 0.390 (0.000-1.000) 
 

0.359 (0.000-0.737) 

  Pulsosubgroups 0.000 (0.000-0.013) 
 

0.000 (0.000-0.794) 

 
a
95% confidence interval. Adjusted Rand’s and Adjusted Wallace indices were used to measure concordance 

and agreement between the partition of pulsogroups and pulsosubgroups by PFGE analysis and the virulence 

profile determined by PCR typing, in accordance to Carriço et al. (2006). 

Of the 205 isolates of O157, 160 clustered in 2 pulsogroups (A, D; Figure 6.1). Other pulsogroups 

contained 2 to 12 isolates only, and 9 single isolates were found. Isolates from food or animal origin 

did not cluster together, but were distributed among the different pulsosubgroups. 

Undistinguishable pulsotypes were isolated from human and non-human sources and sometimes 

with many years of difference. The stx genotypes, and therefore also the virulence profile, were 

heterogeneously distributed within pulsogroups but clustered to some extent together in 

pulsosubgroups with some exceptions. This observation is displayed in the Wallace index, which 

indicated that 2 strains of the same pulsogroup have a only 5% chance of presenting the same 

virulence profile, and 2 strains of the same pulsosubgroup have a 58% chance of presenting the same 

virulence profile (Table 6.5). The Rand’s index displayed the same trend. Isolates of the same 

pulsotype had identical virulence profiles, except for 2 isolates with an additional stx2c gene 

compared to the isolate(s) with the same pulsotype: 1 isolate in a cluster 4 pulsotypes from cattle 

carcasses (pulsogroup A), 1 isolate in a cluster of 5 pulsotypes from minced beef and human origin 

(pulsogroup D), but with no reported clinical manifestations. 

Of the 31 O26 isolates, 25 clustered in 3 pulsogroups (Figure 6.2a, A, B, C), and the other 6 isolates 

were single isolates. Virulence profiles were highly heterogeneous within pulsosubgroups (Figure 

6.2a). Two isolates from humans hospitalized within 13 days of one another were associated to the 

same pulsotype (pulsogroup A) and had identical virulence profiles (MB4074, MB4077). 
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Within 2 of the 3 pulsosubgroups of STEC O103, virulence profiles differed in the presence/absence 

of katP (Figure 6.2b). PFGE patterns with only 2 bands of difference (pulsogroup B) were isolated 

from sporadic cases that occurred 2 years apart; the virulence profiles differed in the 

presence/absence of katP.  

Among isolates of serogroup O111, virulence profiles were conserved within the pulsosubgroups 

(Figure 6.2c). This was displayed by a Wallace index of 1 (Table 6.5). Two sporadic cases that occurred 

3 days apart were associated to the same pulsotype (pulsogroup A) with identical virulence profiles. 

Within 2 pulsosubgroups of O145 (in pulsogroups B and E), virulence profiles differed in stx genotype 

or the absence/presence of espP (Figure 6.2d). Two epidemiologically related HUS cases were 

associated to the same pulsotype (pulsogroup E); the virulence profiles differed in the presence or 

absence of espP. Two sporadic HUS cases that occurred 6 months apart were associated to PFGE 

patterns (pulsogroup B) with only 1 band of difference but with a different stx genotype (stx1 or 

stx2a). 

 

 

 

 

 

 

 

 

 

Figure 6.1. (Next page) Dendrogram, PFGE patterns, and epidemiological data of STEC O157 isolates subjected 

to PFGE analysis of XbaI-digested genomic DNA and UPGMA similarity analysis using the Dice coefficient and 

PCR for virulence gene detection. Delineation of pulsogroups (A – I) on the basis of 80% similarity, 

pulsosubgroups on the basis of 90% similarity and pulsotypes on the basis of  one or bands of difference in the 

PFGE pattern.  Pulsosubgroups are indicated with a dotted-line triangle. Red, positive; grey, negative. 
a
Red, 

human; blue, food; grey, animal. 
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A 101 16 73 41% 12% 

 

 

 

 

 

 

 
 

 

 

 

 
B 8 2 8 75% 25% 

 

C 6 1 6 50% 0% 

  

 

 

 

 

 

 

D 59 10 47 71% 22% 

  

 

 

 

  

E 2 0 2 50% 0% 
 

 

F 4 1 4 100% 50% 

 

G 12 1 9 67% 33% 

H 2 0 2 50% 0% 

 
 

 

I 2 1 2 100% 100% 
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eae ehx katP espP food

stx2 stx2c eae ehx katP espP food

stx2 stx2a eae ehx katP espP food

stx2 stx2a eae ehx katP espP human

stx2 stx2a eae ehx katP espP human HUS

stx2 stx2a eae ehx katP espP human

stx2 stx2a eae ehx katP espP human

stx2 stx2a eae ehx katP espP animal

stx2 stx2a eae ehx katP espP animal

stx2 stx2a eae ehx katP espP animal

stx2 stx2a eae ehx katP espP human

stx2 stx2a eae ehx katP espP human HUS

stx2 stx2a eae ehx katP espP human

stx2 stx2a eae ehx katP espP food

stx2 stx2a eae ehx katP espP human HUS

stx2 stx2a eae ehx katP espP human HUS

stx2 stx2a eae ehx katP espP human

stx2 stx2a eae ehx katP espP human HUS
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Figure 6.2. Dendrogram, PFGE patterns, epidemiological data, and virulence profile of human STEC O26 (a), 

O103 (b), O111 (c), and O145 (d) isolates, determined by PFGE analysis of XbaI-digested genomic DNA and 

UPGMA similarity analysis using the Dice coefficient and PCR for virulence gene detection. Delineation of 

pulsogroups on the basis of 80% similarity is indicated with a dotted-line triangle. Outbreak isolates are 

indicated in a solid-line frame. Sporadic cases associated with identical pulsotypes or pulsotypes that differ by 

no more than 2 bands are indicated in a dotted-line frame. 
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c) 

 

d) 

 

Figure 6.2. Continued. 

 

6.3.3. Multidimensional scaling (MDS) 

A 3-D visualization based on MDS of human STEC isolates and their clinical manifestations is 

presented in Figure 6.3. Isolates of the same serogroup clustered together. Isolates with the same 

clinical manifestation did not group together. HUS cases were more associated with O157 and O145, 

whereas diarrhea was more associated with O26 and O103.  
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Figure 6.3. Multidimensional Scaling (MDS) representing results of PFGE analysis of XbaI-digested genomic DNA 

and UPGMA similarity analysis using the Dice coefficient for STEC isolates with reported clinical manifestations 

(indicated with color). 

6.3.4. O157 cases and outbreaks 

Isolates that could be associated with 2 outbreaks and sporadic cases were found within the same 

pulsosubgroup (Figure 6.4a). Two of these O157 STEC isolates were associated with an outbreak in a 

psychiatric institute in Ghent in February 2004. The outbreak involved 4 HUS cases from which no 

STEC could be isolated, but 2 STEC O157 isolates (MB4054 and MB4056) could be isolated from 

contact cases. During the same month of the outbreak, 6 sporadic cases were reported of which the 

isolates showed ≥96% similarity to each other and to the outbreak isolate MB4054. One year later 

(February 2005), 2 siblings developed HUS. These isolates (MB3997, MB3998) showed band patterns 

with 100% PFGE similarity. Isolates of a cattle carcass and sporadic cases that occurred in different 

years were also found within this pulsosubgroup. Virulence profiles differed only in the 

presence/absence of stx2c. 

Five O157 STEC isolates (MB3916 → MB3920) included in this study were associated with a family 

outbreak in June 2006. The family had spent a weekend at a farm, after which 2 children contracted 

bloody diarrhea and 1 subsequently developed HUS. STEC O157 could be isolated from the patients’ 

stools as well as from cattle feces and dust samples from the stables. The 5 isolates were of the same 

pulsotype and were found within a pulsosubgroup of 100% similarity (Figure 6.4b), including isolates 
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from cattle carcasses and sporadic cases in different years. Four days after the family outbreak, 1 

sporadic case was reported. Virulence profiles were identical for all isolates in the pulsosubgroup. 

a) 

 

b) 

 

Figure 6.4. Figure 6.4. Outbreak of STEC O157 in psychiatric institute in February 2004 (a) and family outbreak 

of STEC O157 on a farm in June 2006 (b) found within pulsosubgroups, determined by PFGE analysis of XbaI-

digested genomic DNA and UPGMA similarity analysis using the Dice coefficient. Virulence profiles determined 

by PCR. Epidemiological data are indicated. Outbreak isolates are indicated in a solid-line frame. Sporadic cases 

associated with identical pulsotypes or pulsotypes that differ by no more than 2 bands are indicated in a 

dotted-line frame. 
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6.4. Discussion 

In Belgium, 383 human STEC infections were reported between 2000 and 2007, an average of about 

48 cases per year (Table 6.1). During the same period, 91 E. coli O157 isolates were recovered from 

food and animal sources for monitoring and epidemiological studies. All isolates were verified by the 

Belgian national VTEC reference laboratory. In this study, isolates that belonged to serogroups O157, 

O26, O103, O111, and O145 from the current collection were characterized with the objective of 

determining their virulence potential, the genetic relationship and epidemiological features in 

Belgium. Most studies include only one or a few serogroups (Bastos et al., 2006; Pradel et al., 2001). 

We have defined several levels of genetic relatedness on the basis of PFGE fingerprints ranging from 

pulsogroups (≥80% similarity) to pulsosubgroups (≥90% similarity) and pulsotypes (identical 

fingerprints). 

Serogroup O26 was the most common non-O157 serogroup causing human STEC infections in 

Belgium. This concurs with the incidence of STEC cases in the European Union from 2002 to 2006, 

which ranks the serogroups in decreasing order as follows: O157, O26, O103, O91, O145, O111 and 

others (EFSA, 2007a). For diagnostic reasons, only STEC isolates of serogroup O157 were recovered 

from food and animal sources. However, non-O157 serogroups represent a large subset of STEC in 

cattle (Joris et al., 2011) and are also found in food (Madic et al., 2011). They were not targeted in 

this study, therefore the isolates’ genetic relatedness between human and non-human isolates could 

only be investigated for O157. 

Isolates of O157 displayed a wide variation of stx genotypes. On the level of the pulsogroups, isolates 

of different virulence profiles were heterogeneously distributed. However, at the pulsosubgroup 

level, concordance was demonstrated using statistical tests, which demonstrated that isolates of the 

same pulsosubgroup were more likely to have identical virulence profiles. In isolates of O26, O111 

and O103, stx genotype stx1 predominated, whereas isolates of O145 displayed a heterogeneous 

distribution of stx genotypes, with about half of the isolates harboring genotype stx2a. Similar 

associations between serogroups and these specific stx genotypes have been described before 

(Bastos et al., 2006; Eklund et al., 2001; Morabito et al., 1999; Sonntag et al., 2004). Undefined stx2 

subtypes (divergent from stx2a and stx2c) were observed for a number of O103, O145 and O157 

isolates. These stx2 genes could either belong to subtypes stx2b, stx2d, stx2e, stx2f or stx2g 

according to the subtyping nomenclature established at the 7th International Symposium on Shiga 

Toxin (Verocytotoxin)-Producing Escherichia coli Infections (Buenos Aires, 10-13 May 2009). To 

specify these stx2 subtypes, specific PCRs (Feng et al., 2011) or a restriction fragment length 

polymorphism (RFLP)-PCR assay (Pierard et al., 1998; Tyler et al., 1991) can be used.  
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Isolates of O26, O103 and O145 displayed many different combinations of large plasmid encoded 

genes (ehx, espP, katP), whereas these genes were conserved in isolates of O111 and O157. This was 

in agreement with earlier studies, which reported a great heterogeneity in gene composition of large 

plasmids observed among non-O157 STEC strains (Brunder et al., 1999; Zhang et al., 2000). The 

intimin gene (eae) was found in all isolates of this study, with only 1 exception for 1 O103 isolate. In 

human clinical cases, intimin is involved in pathogenesis. In food and animal isolates, however, the 

presence of eae creates the potential for pathogenicity in humans (Sandhu et al., 1997). Based on the 

virulence profile, this demonstrated that the O157 isolates originating from food and animal sources 

are potential human pathogens. 

We observed a correlation between the virulence profiles and the clinical manifestations of the 

human isolates. Isolates with genotype stx2a/stx2c were more likely to cause HUS. This is in 

agreement with reports of correlation of either stx2a, stx2c, or both with severe human diseases 

(Eklund et al., 2002; Friedrich et al., 2002; Persson et al., 2007b). Isolates harboring stx genotype stx1 

were less likely to cause HUS. This was most prominent among non-O157 isolates which mainly 

represent stx genotype stx1 (75%), but for which HUS cases were largely associated to stx2 (in 9 of 11 

cases) and stx2a in particular (8 of 9 cases). The difference in pathogenicity between Stx1 and Stx2 

has been explained by a difference in biological activity demonstrated in animal models (Paton et al., 

1995). Isolates harboring stx1 were homogeneously distributed among human and non-human 

isolates. The latter observation was in contrast to observations by Bastos et al. (2006) who reported 

that isolates harboring stx1 were exclusively found among animal isolates. Another approach for 

differentiating the more virulent STEC isolates is SNP (single nucleotide polymorphism) typing 

(Manning et al. (2008). In that study, Manning et al. identify a clade 8 group of STEC O157 strains 

which was 7 times more likely to elicit HUS than the other strains. In our study, however, we are not 

able to determine the presence of clade 8 isolates in our collection because PFGE cannot predict 

these hypervirulent variants of STEC O157 and we did not perform SNP typing (Eriksson et al., 2011).  

Despite the correlation between the stx genotype and the clinical manifestation, isolates that 

produced the same clinical manifestation were not seen to be highly genetically related. A 3-D 

visualization based on MDS of PFGE patterns of human isolates, which was also linked to the 

associated clinical manifestation, revealed a heterogeneous distribution of the clinical manifestation. 

Furthermore, isolates of the same pulsotype or pulsosubgroup were associated with different clinical 

manifestations. A possible explanation is that the clinical manifestation depends on patient-related 

factors such as age, gastric acidity, the use of antibiotics, and genetic factors (Karmali et al., 2010). 
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Most of the non-O157 HUS cases were associated with O145 isolates (8 of 11 cases of non-O157 

HUS), all of which except 2 carried stx2a. To the best of our knowledge, the prominent association 

between O145 infection and HUS has not been demonstrated previously. In 2 long-term studies in 

Denmark and Germany, O145 infection was associated to HUS in only 1 case (1 of 18 cases) or in 

about half of the cases (19 of 37 cases), respectively (Ethelberg et al., 2009; Friedrich et al., 2002). 

Epidemiologically related isolates harbored the same pulsotype and virulence profile, except for 2 

isolates of O145 which differed in the presence of espP. Sonntag et al. (2004) stated that isolates 

with different virulence profiles cannot be part of a diffuse outbreak. However, our data support that 

genetic mobility may occur during the course of an outbreak, in agreement with Proctor et al. (2002), 

which may lead to differences in the virulence profile. Epidemiological relations were suggested for 

some sporadic cases based on undistinguishable pulsotypes, identical virulence profiles, a short 

period between cases, and the restricted area (Belgium). However, indistinguishable PFGE patterns 

do not equivocally demonstrate an epidemiological connection between cases (Barrett et al., 2006), 

and although these cases occurred within a short period, infection by means of different routes 

cannot be excluded (Barrett et al., 2006). Therefore, epidemiologic relation can only be suggested 

but not confirmed for sporadic cases. Nevertheless, the same pulsotypes were observed among 

humans, foods, and animals, which confirms the animal reservoir of STEC and food as a possible 

vehicle. The epidemiological persistence of isolates was also demonstrated by observing 

indistinguishable or very similar PFGE patterns during different years. Some virulence profiles were 

identical, but some showed minor variations due to genetic evolution.  

In summary, we have genetically characterized a collection of isolates of STEC O157, O26, O103, 

O111, and O145 originating from humans, foods and animals in Belgium between 2000 and 2007. 

This characterization revealed virulence genetic profiles, whole genome genetic variations and 

relationships between isolates on different levels. Pulsotypes representing pathogenic clones were 

found among humans, foods and animals over a 7-year period.  
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7.1. Introduction 

Shiga toxin producing E. coli (STEC) are one of the most dreaded food-borne pathogens due to their 

severe clinical manifestations, which range from diarrhoea to the life-threatening HUS. Bovine 

animals, which are asymptomatic carriers, are considered the most important reservoir. Infection of 

humans is mostly caused by the consumption of contaminated foodstuffs derived from bovine 

animals, although infections related to raw vegetables, direct animal contact and the environment 

emerge. STEC consist a heterogeneous group of serotypes among which O157:H7 is mostly studied 

and responsible for the highest number of infections and HUS cases. Within the last twenty years, 

infections with non-O157 serogroups have emerged, and have been associated with the same severe 

clinical implications.  

In contrast to STEC O157:H7, no standardised method is available for STEC non-O157, due to the lack 

of common biochemical properties that differentiate them from non-pathogenic E. coli (Nataro and 

Kaper, 1998). As a consequence, detection and isolation of STEC non-O157 in food, animal and 

environmental samples remains a difficult challenge. The lack of an efficient detection and isolation 

method has impeded the epidemiological and ecological research of these pathogens.  

7.2. Detection and isolation... a difficult challenge! 

Different approaches can be used to detect STEC. A first approach is the isolation of the pathogen, 

using classical culture, which has the advantage of obtaining the isolate, but is hampered by the lack 

of specificity. A method for isolation of STEC O26, O103, O111, O145, and O157 (NSF and SF) in 

different matrices (Possé et al., 2008b) was further elaborated for cattle faeces (Chapter 2) and food 

(Chapter 3 and 4) in the course of this thesis. Another approach is the determination of the potential 

presence of the pathogen, based on the detection of specific cell compounds. An effective strategy is 

to combine a PCR detection method with the classical culture of presumptive positive samples in a 

stepwise protocol, as presented in Chapter 3 for food. The different approaches implemented in this 

study in Chapter 2, 3, and 4 are summarised in Figure 7.1, with an indication of the most critical steps 

(red arrows) according to our findings. 

Using artificial contamination of cattle faeces, minced beef, raw-milk cheese, and sprouted seeds, it 

was observed that the effectiveness of the isolation method using the protocol as described by Possé 

et al. (2008b) (without IMS) differed among samples (Chapter 2 and 3). For most samples, including 

non-stressed and cold-stressed STEC O26, O103, O145, and O157 NSF in minced beef and raw-milk 

cheese, a successful recovery was achieved, whereas for some serogroups (O111, O157 SF), matrices 

(sprouted seeds), and stress conditions (freeze-stress) recovery stayed below the expected level. For 
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food, an enrichment period of 24h was necessary to support enough growth, whereas for faeces no 

difference was noticed compared to the 6h-enrichment.  

 

Figure 7.1. The detection and isolation strategies for STEC in cattle faeces and food evaluated in this thesis 

(Chapter 2, 3, and 4). Characteristics of the target organism and the sample matrix should be considered in the 

procedure design. The red arrows indicate the most critical steps according to our findings. Green rods and 

dots display background microbiota. Blue rods and dots display STEC cells. 

For the recovery of STEC O157 from cattle faeces, the use of IMS was necessary to achieve successful 

isolation (Chapter 2). This was in accordance to the findings of Tutenel el al. (2003). IMS beads for the 

other serogroups seemed to have low affinity for some serogroups (O111, O145) (red arrow in Figure 

7.1), which was later explained by loss-making steps in the IMS procedure using pure bacterial 

cultures. Nevertheless, the excellent results for the O157-specific IMS beads prove that IMS remains 

a highly promising technique which should be optimized further for other serogroups. In addition, 

other targets on the cell wall should be looked for, which may be not serogroup-dependent. 
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Moreover, IMS beads may be coated with a combination of antibodies in order to reduce the 

workload when different types of STEC are investigated. Further, the use of bacteriophages or 

bacteriophage components to capture E. coli O157 appeared a promising technique (Anany et al., 

2011; Dwivedi and Jaykus, 2011) and should be elaborated further. This technique is already 

established for Salmonella and Listeria monocytogenes (Kretzer et al., 2007; Sun et al., 2001). Finally, 

the multiplex-PCR detection method produced comparable results as the isolation method, with 

negative results for the same samples. As a result, it was demonstrated that for these problematic 

samples the enrichment step was inadequate to support enough growth of the target organism or to 

reduce the background microbiota (illustrated in Figure 7.1 with rods in the sample and a red arrow 

in the scheme).  

How can we improve detection and isolation? 

A first question that arises is ‘Which group of organisms should we target?’ In view of human health, 

only the clinically most important serogroups can be of interest, which can be determined through a 

good surveillance and the serotyping of all human clinical STEC strains. Herewith, also emerging STEC 

types can be elucidated. In our research the ‘gang of five’ was targeted, as they represent the 

greatest threat for human health today. However, some other serotypes gain importance (O91:H21, 

O121:H19, O104:H4), and shifts in the predominance of serogroups may occur in future. On the 

other hand, if the whole population of STEC needs to be investigated, all types of STEC are of 

interest.  

Secondly, ‘How can we distinguish this group of target organisms?’ When the group of target 

organisms is defined, a large number of target strains needs to be characterized in order to find 

common unique properties, which in addition include strain variation. Genome plasticity and 

heterogeneity of STEC obstructs finding good biomarkers. In our study we observed heterogeneity in 

growth capacity between different serogroups during enrichment (Figure 7.1; Chapter 2 and 3). 

Future investigations of the protocol may indicate if a less stringent enrichment step for minced beef 

and raw-milk cheese can improve growth of all STEC types that are targeted in this method. Anyhow, 

the low level of background microbiota on the isolation plates of these samples indicate that there 

may be still room to decrease selectivity. Additionally, the O157 and non-O157 agar plates should be 

further evaluated if they succeed in differentiating a large collection of STEC O26, O103, O111, O145 

and O157 isolates.  

Thirdly, ‘Which sample matrices should we include? What are their characteristics?’ Remarkably, 

during the past ten years, the range of foodstuffs implicated in outbreaks have extended, including 
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low pH products, like apple ciders and sprouted seeds. Therefore, we included the sprouted seeds in 

our research. Characteristics of the matrix, including the chemical composition and the 

microbiological contents, should be taken into account in order to specifically reduce the typical 

background flora and to minimize the interference of the inhibiting compounds or the acidity. For 

sprouted seeds the enrichment broth may be improved by the addition of buffers (Hara-Kudo et al., 

2002) which could neutralize the acidity of the sample. The isolation of STEC from matrices which 

inherently contain E. coli, like cattle faeces, remains a difficult challenge, as STEC generally does not 

possess additional antibiotic resistances compared to other E. coli (Personal communication, B. 

Possé). 

Fourthly, ‘Are we dealing with stressed cells?’ Due to the processing and preservation of food, STEC 

cells present in food samples may be in a stressed state. In our experiments we used cold-stressed 

and freeze-stressed cells for a reliable evaluation of the method (Chapter 3 and 4). A stressed status 

of the cells may necessitate a prolonged enrichment step, due to an elongated lag-phase of the 

bacterium, and the use of less stringent selective media, due to an increased susceptibility towards 

selective agents (Jasson et al., 2007). In order to improve our protocol for the recovery from frozen 

samples (Chapter 3), future investigations may be focused on increasing the enrichment temperature 

to 41.5°C. This temperature approaches more the optimal growth temperature of STEC (41.2°C; 

(Gonthier et al., 2001)) and in addition may reduce the growth of competing microbiota. 

Finally, it is important to ask: ‘Which detection limit should we aim for?’ Detection and isolation 

methods for STEC in cattle faeces should reach a low detection limit, below 100 cells in 25 g faeces, in 

order to isolate STEC from low-shedding animals (Dodd et al., 2010). In view of food safety, a very 

low detection limit, below 10 cells in 25 g of food should be reached in correspondence to the low 

infection dose of the pathogen. Inocula used in our study corresponded to these levels (Chapter 2, 3, 

and 4). 

7.3. ‘An attempt’ to quantify human pathogenic STEC in cattle 

Human pathogenic STEC are generally characterized by the presence of eae, whereas in other STEC 

strains eae is less common (Karmali et al., 2003). The original aim of Chapter 5 was to quantify 

human pathogenic STEC in cattle faeces. Therefore, we used the latter distinction between potential 

pathogenic (stx
+
/eae

+
) and non-pathogenic or less-pathogenic STEC strains (stx

+
 alone) as a basis. 

Quantitative data of the shedding of cattle is interesting as some animals shed higher levels of STEC, 

named ‘supershedders’, and form an increased risk in the dissemination of STEC. Identification of 

these animals was initially aimed. We used the quantitative real-time PCR technique in order to 
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overcome the lack of specificity of classical culture methods for STEC. Moreover, quantification using 

classical culture is only semi-quantitative when based on MPN (most probable number). 

... An overabundance of STEC virulence genes! 

When we screened farms that were expected to harbour STEC, we found the remarkable presence of 

stx and/or eae in almost all animals tested (Chapter 5). In contrast, using the isolation method 

described in Chapter 2, STEC (stx
+
/eae

+
 or stx

+ 
alone) and EPEC (eae

+
) could be isolated from a few 

animals only, with no correspondence with the qPCR detected virulence genes. The unequal levels of 

stx1, stx2 and eae within a sample, and the irregular combination of the genes among the samples, 

suggested the presence of high levels of STEC and EPEC in the cattle faeces. This is in accordance with 

published studies, which found both STEC and EPEC within one farm or even within one animal 

(Blanco et al., 2005; Hornitzky et al., 2005). Although the actual origin of the genes cannot be 

determined, we assume that the contribution of other stx- and eae-sources, including stx-phages, 

other species, and dead organisms would be minimal. Stx-phages, for instance, were found in 

concentrations up to 10
4
 copies g

-1
 cattle faeces in our laboratory (unpublished results) and in the 

literature (Immamovic et al., 2010). As a consequence, stx-phages would represent only a small 

fraction of the more than 10
6
 copies of stx found in our samples. A disadvantage of a DNA-based 

detection method directly on the sample, is that it cannot determine whether genes are present 

within the same cell or not. Due to the interference of high levels of putative STEC (stx
+
) and EPEC 

(eae
+
) in the faeces, the detection of the actual STEC of interest (stx

+
/eae

+
) would have been masked 

by an overabundance of “other” stx and eae genes. In conclusion, animals shedding high levels of 

human pathogenic STEC could not be identified using the qPCR method developed in this thesis.  

Did we choose the right markers? 

Stx and eae may be not 100% appropriate markers for human pathogenic STEC. Firstly, as described 

above, the requirement of a combination of virulence markers within one cell seems practically not 

feasible using DNA-based detection methods. Secondly, eae is no absolute marker for human 

pathogenicity, as some eae-negative strains have been implicated in severe human disease (Blanco 

et al., 2003). These strains include STEC O91:H21 and O113:H21 which harbour saa instead of eae 

(Paton et al., 2001), STEC strains which harbour the mucus-activatable stx2d and lack eae 

(Bielaszewska et al., 2006), and strains of EAHEC O104:H4 which harbour colonization factors intrinsic 

to EAEC instead of eae (Struelens et al., 2011) (see Paragraph 1.2.1). On the other hand, some bovine 

eae-harbouring serotypes have never been associated with human disease (Karmali et al., 2003). 

However, using stx and eae markers, most HUS-related strains are targeted.  
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Could we use other markers? 

The serotype may serve as an indicator for human pathogenic STEC, as a close association with 

pathogenicity is observed (Karmali et al., 2003). Serotypes O157:H7, O157:H-O26:H11, O103:H2, 

O111:H-, O145:H-, and O121:H19 are considered as the most important human pathogenic types. 

The serogroup only (O-group) would serve as a sufficient marker instead of the full serotype (O:H 

type) as the screening of a wide range of sources revealed that isolates of these O-groups inherently 

carried the H-types mentioned above (Bettelheim, 2003). However, another problem arises: these 

serotypes also exist as EPEC cells (Vaz et al., 2006). As a consequence, a qPCR method targeting 

these serogroups will overestimate the amount of human pathogenic STEC, due to the simultaneous 

presence of EPEC which belong to the same serotype. 

Further investigation of the virulence of STEC is needed to find unique markers which distinguish 

human pathogenic from non-pathogenic strains. Putative factors include colonization factors, and 

toxins, and factors which mediate gene expression of the latter (Lowe et al., 2009). Intensive 

research has been performed, but so far, no clear markers for human pathogenicity were found 

(Bugarel et al., 2010; Coombes et al., 2008; Girardeau et al., 2005). 

In conclusion, isolation of the pathogen by means of classical culture remains the only reliable 

method for detection and quantification of STEC. As no specific isolation method exists which 

encloses any type of STEC, only a highly labour-intensive method, involving the screening of colonies 

from general E. coli medium, can be used (Fukushima and Seki, 2004). 

qPCR as a tool to identify high-risk farms 

On the farm level, however, the qPCR method seemed to distinguish STEC culture-positive from 

culture-negative farms based on the abundance of stx and eae genes (Chapter 5). What’s behind this 

feature cannot be explained at this moment. Isolation and typing of the strains is necessary to get 

more insights in this epidemiology and may be part of future investigations. 

Other applications of the qPCR assay 

It can be investigated whether the application of the qPCR assay can be extended towards the 

screening of farm environments, the compliance of HACCP guidelines in slaughterhouses and in the 

food processing industry. The quantitative aspect of the method is of added value, as it can 

determine the possible contamination level. Dead organisms will also be detected and included in 

the calculation of the contamination level, but, if appropriate, they can be eliminated from the 

analysis using PMA (propidium monoazide) in the reaction mix (Nocker and Camper, 2009). Similar 

studies were presented using qPCR quantification of a combination of stx1, stx2, eae and O157 
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genetic markers in the lamb food chain (Osés et al., 2010), in apple juice and beef meat (Hsu et al., 

2005), dairy wastewater (Spano et al., 2005), human stool (Hsu et al., 2005), and sheep faeces (Sekse 

et al., 2005). However, as demonstrated in chapter 1, many of the screening methods described in 

the literature do not target all different variants of these genes, and as a result will underestimate 

the contamination load of the representative organisms. As the qPCR assay described in this thesis 

does target the different variants of stx1, stx2 and eae, it may be used on a larger scale in view of pig 

edema disease (stx2e), herds of sheep and goats (stx1c and stx2b), populations of pigeons (stx2f), 

and other animals (Martin and Beutin, 2011).  

7.4. All STEC... but which one is pathogenic? 

Genetic typing of STEC strains of serogroups O157, O26, O103, O111, and O145 from humans, food 

and animals isolated in Belgium between 2000 and 2007 revealed a wide variation of pulsotypes and 

virulence profiles, described in Chapter 6. Within the group of clinical isolates, isolates which 

harboured stx1 were less likely to cause HUS, whereas isolates which harboured the stx genotype 

stx2/stx2c were significantly more likely to cause HUS. This was in agreement with other studies 

reported in literature (Friedrich et al., 2002). Isolates of serogroup O145 were significantly associated 

to HUS cases, which was not observed before (Sonntag et al., 2004). 

The classical image: transmission of STEC O157 from cattle to humans 

The O157 isolates investigated in Chapter 6 originated from different sources (humans, food and 

animals). Undistinguishable pulsotypes were found in humans, in food products derived from cattle, 

and in cattle faeces. Herewith, it was demonstrated that cattle play a prominent role as a major 

reservoir of STEC O157, and that foods represent an important vehicle towards human 

contamination (Blanco et al., 2004b). Causal relationships between food products and clinical cases 

could not be determined, as epidemiological data on such events were not provided, which are 

necessary to make such an assumption (Barrett et al., 2006).  

All kinds of non-O157 STEC... 

The characterization of STEC strains, described in Chapter 6, included isolates of O157, O26, O103, 

O111, and O145, as they constitute the major proportion of clinical isolates in Belgium, with O157 

predominating (Chapter 6). Concerning the virulence of STEC, a paradigm exists. Humans are 

exposed to STEC non-O157 considerably more often than to STEC O157 (Mora et al., 2007). However, 

the incidence of STEC O157 is higher than that of STEC non-O157 (Blanco et al., 2003). The virulence 

of STEC is only partially unravelled (Bolton, 2011), which makes that to date it is not yet possible to 

define completely human pathogenic STEC. Karmali et al. (2003) proposed a classification system 
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which sorts STEC serotypes into 5 seropathotypes (A to E), depending on the association with severe 

disease and with sporadic disease or outbreaks (Figure 7.2). The concept of seropathotypes is useful 

in the investigation of bacterial factors that contribute to disease and transmissibility. However, it 

does not incorporate new types of STEC which can suddenly gain importance, such as the strain of 

O104:H4 involved in the outbreak in Germany (Struelens et al., 2011). Additionally, it does not 

consider the horizontal gene transfer of STEC virulence genes, which makes that serotypes and 

virulence factors are not 100% associated. 

 

Figure 7.2 Distribution of STEC serotypes into seropathotypes, depending in the association with human 

infection, severity of disease, sporadic infestions or outbreaks (Adapted from Karmali et al. (2003)). 

All kinds of sources... 

In our research we focused on cattle as a reservoir of STEC; the detection and isolation protocol was 

optimized for cattle faeces (Chapter 2), a qPCR detection method was developed for cattle farms 

(Chapter 5), and the animals and food isolates characterized were of bovine origin (Chapter 6). 

However, reservoirs of STEC O157 and STEC non-O157 were found among animals other than cattle. 

In sheep and goats, the prevalence of STEC was found even higher than in cattle (Beutin et al., 1993), 

but most serotypes were not human-related and eae was generally absent. Therefore, most strains 

of sheep and goats were estimated less toxic to humans (Blanco et al., 2003; Rey et al., 2003). On the 

other hand, wild ruminants, and wild non-ruminant mammals were suggested to be reservoirs of 

human pathogenic STEC (Sanchez et al., 2009; Sanchez et al., 2010). These wild animals, including the 

more coincidental spreaders of STEC (rabbits, birds, rodents), play an important role in the 

transmission of STEC (Caprioli et al., 2005; Dell'Omo et al., 1998) and form a considerable threat 

towards crop contamination. The latter event was assumed to have caused the large outbreak 

involving baby spinach in the US (Grant et al., 2008). On the serotype-level, a distinction can be made 
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Incidence high, HUS, outbreaks common 
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between the host-restricted serotypes (seropathotype E), and the non-host-restricted serotypes 

which include the human pathogenic strains which are more transmissible between species (Beutin, 

2006). However, investigations of STEC in the animal reservoir are mainly focused on cattle, and data 

on STEC in other animals are scarce. 

How can we get the full picture? 

The collection of animal and food O157 isolates characterized in Chapter 6 was not representative for 

the population of O157 isolates in these sources, as they arose from a few sampling events only. As a 

result, no reliable comparison between the two populations could be made. Additionally, more 

animal sources should be included and, importantly, also STEC non-O157 should be included in 

future investigations to elucidate the dissemination of the wide range of STEC non-O157 in animal 

hosts, humans and in the environment.  

A glimpse of complexity... heterogeneity among STEC O157 ! 

Apart from the difference in virulence between STEC serotypes, differences in pathogenic properties 

within the group of STEC O157:H7 have been detected. In our study, we applied PFGE as a typing 

technique and it enabled us to implicate cattle as a major reservoir of human pathogenic STEC O157 

strains. In the mean while, other typing methods have become available which can discriminate the 

human pathogenic from the resident animal O157 strains (Kim et al., 1999; Zhang et al., 2007). Three 

lineages were distinguished of which Lineage I and lineage I/II strains are commonly associated with 

human disease, while lineage II strains are overrepresented in the bovine reservoir (Figure 7.3) (Lee 

et al., 2011). By performing the latter genotyping method on our collection of O157 isolates, more 

insight may be gained in the virulence potential of our strains. In a next level, another more extensive 

typing method (based on SNPs) may be applied, to differentiate the hypervirulent (clade 8) isolates 

among the clinical strains (Manning et al., 2008).  
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Figure 7.3. Hypothetical model of association between genotypes and origins of Shiga toxin producing 

Escherichia coli O157 (Adapted from Lee et al. (2011)). LSPA6 (lineage specific polymorphism assay) typing is 

based upon the amplicon size of PCR products of 6 loci (Hartzell et al., 2011). 

7.5. ...In conclusion 

The goal of this doctoral thesis was to develop and evaluate diagnostic techniques for STEC in food 

and cattle faeces and to get more insight in the group of STEC related to human disease in Belgium. 

In general, the lack of biochemical markers which differentiate STEC from other E. coli and the 

heterogeneity within the group of STEC still impede the development of good diagnostics. The 

detection and isolation method for STEC O26, O103, O111, O145, and O157 which was evaluated in 

our study, was found effective, but still needs some further improvement. The virulence of STEC is 

not fully understood yet, which makes that human pathogenic STEC cannot equivocally be 

distinguished from strains which are less pathogenic to humans. In accordance, we ‘failed’ to identify 

cattle which shed the human pathogenic types. But, on the other hand, we were able to set up a 

possible tool to identify high risk cattle farms that are potentially contaminated with STEC. In general, 

one can conclude that more research is needed to elucidate the virulence of STEC. This may aid in the 

development of diagnostics with higher specificity. Second, this may contribute to the establishment 

of effective strategies to control the pathogen, starting at the farm level. 

 

  

Bovine reservoir 

of E. coli O157 
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Shiga toxin producing E. coli (STEC) are zoonotic pathogens able to cause severe disease in humans. 

The consumption of contaminated foodstuffs of bovine origin is a major cause of human infection. In 

contrast to STEC O157:H7, which are usually non-sorbitol fermenting (NSF), no standardized method 

is available yet for the detection and isolation of STEC belonging to other serogroups due to the lack 

of common characteristics. The absence of an efficient detection and isolation method has hampered 

the epidemiological and ecological research of these pathogens. In addition, virulence is not fully 

understood yet, which makes it difficult to identify human pathogenic strains among the animal and 

food isolates. 

In the literature review (Chapter 1), the prominent virulence factors of STEC were described, 

including the Shiga toxins (Stx), which are encoded on a prophage, and the LEE encoded proteins, of 

which intimine and tir play a prominent role in the intimate attachment to host cells. Further, the 

pathogenesis was elaborated, including the putative role of the different virulence factors and the 

association with the clinical manifestations. The presence of STEC in cattle and possible routes of 

transmission were discussed. Further, methods for detection and isolation were presented, including 

different strategies for the isolation of the pathogen, the detection without the isolation, and 

standard protocols which are available. Finally, typing methods were described which are commonly 

used to subtype STEC strains. 

A method has been established in our research group for the isolation of STEC O26, O103, O111, 

O145, and O157 (NSF and SF) from different matrices (Possé et al., 2008b). The current protocol 

included a sample enrichment, an isolation on a non-O157 agar and an O157 selective agar medium, 

followed by the confirmation of the 4 non-O157 serogroups on confirmation agar media. This 

method was further elaborated in order to improve the recovery from cattle faeces, to extend and 

evaluate the method combined with a mPCR detection method for food, and to validate the method 

for minced beef by an international ring-trial. 

By means of artificially contaminated cattle faecal samples with STEC O26, O103, O111, O145, O157 

NSF, O157 SF in two levels (20-90 cfu/25g and 200-900 cfu/25g), recovery rates of the isolation 

method were evaluated, and compared when using a shortened enrichment period and when 

including an IMS step (Chapter 2). The 6-hour enrichment instead of 24-hour had no significant effect 

on the recovery rate, only for serotype O145 a positive trend was observed. Recovery rates were 

influenced by the inoculated serotype and the inoculation level. Using IMS (Dynabeads® or Captivate
TM

 

beads), recovery of serotype O157 (NSF and SF) was significantly improved, whereas for O26, O103, 

O111, and O145 no significant effect was observed. Results of IMS performed on pure suspensions of 
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STEC strains, explained these serotype-depended findings in faeces; loss-making steps in the IMS 

procedure of some beads and the influence of the type of bead were shown.  

The isolation method and a mPCR detection method were tested on minced beef, raw-milk cheese 

and sprouted seed samples artificially contaminated with non-stressed, cold-stressed or freeze-

stressed STEC O26, O103, O111, O145, O157 NSF, and O157 SF (Chapter 3). Comparable recovery 

rates were obtained for both methods. Successful mPCR detection and isolation was obtained for 

non-stressed and cold-stressed STEC cells in minced beef and raw-milk cheese samples, except for 

serogroups O111 and SF O157. For freeze-stressed cells and sprouted seed samples, false negative 

results were often found. Isolation was better after 24h-enrichment compared to 6h-enrichment. 

IMS improved in some cases the isolation. This was the case for non-stressed and cold-stressed cells 

of serogroups O111 and O157 in minced beef and raw-milk cheese, and for freeze-stressed cells of all 

tested serogroups in minced beef. 

In an international ring-trial, the method described by Possé et al. (2008b) was validated for minced 

beef artificially contaminated with STEC O26, O103, O111, and O145 (Chapter 4). Up to now, no 

validated method existed for the simultaneous isolation of Shiga toxin producing E. coli (STEC) of 

these serogroups from food. Twelve laboratories from five European countries participated in the 

ring-trial. Sixteen inoculated beef samples contaminated with cold-stressed cells of the four 

serogroups O26, O103, O111 and O145 in two levels (ca. 30 and 300 cfu 25 g
-1

) were received in 

duplicate. Additionally, they received 4 non-inoculated samples of which 2 served as blanc references 

and 2 for bacterial count of background microflora and temperature measurement. All laboratories 

were able to isolate the inoculated serogroups from the samples, both for the high and the low 

inoculation level. Results did not differ whether in-house-prepared or ready-to-use non-O157 agar 

plates were used. The outcome of the international ring-trial demonstrating that, following the 

instructions, laboratories manage to perform the complete protocol with success. 

In Chapter 5 a quantitative real-time PCR (qPCR) was developed to enumerate STEC virulence genes, 

stx1, stx2 and eae in cattle faeces. Primer-probe sets were designed to quantify a wide range of 

variants of these genes. The quantification limit of the assay was shown to be <3.0 – 3.7 log g
-1

 in 

artificially contaminated faeces. Cattle faecal samples from six farms were analyzed using the qPCR 

method and in parallel a classical culture method for the isolation of STEC was applied on all samples. 

At the animal level, no correspondance was found between the virulence genes of the isolates and 

the virulence genes detected using qPCR. However, correspondence was found at the farm level, as 

culture-positive farms had a remarkable high prevalence of STEC virulence genes whereas on the 

culture-negative farms STEC virulence genes were scarce. Both for the culture-positive as for the 
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culture-negative farms, concentrations were in the range of 10
3
 - 10

6
 copies g

-1
 faeces. In conclusion, 

a sensitive method was established, by which high-risk farms that are potentially STEC positive could 

be predicted.  

In Chapter 6, we characterized 272 STEC isolates [O157 (n = 205), O26 (n = 31), O103 (n = 15), O111 

(n = 10), and O145 (n = 11)] for their virulence profile, whole genome variations and relationships on 

different genetic levels. These isolates were isolated in Belgium between 2000 and 2007 and 

originated from humans, food, and cattle. Stx genotypes were specified by the presence of stx1, stx2, 

stx2a and/or stx2c as determined by PCR. Isolates of O157 displayed a wide variation of stx 

genotypes, heterogeneously distributed among pulsogroups (80% similarity), but with a certain 

concordance at the pulsosubgroups level (90% similarity). Among isolates of O145 a wide variation of 

stx genotypes was observed, whereas in O26, O103, and O111, a single stx genotype, stx1 alone, 

predominated. The presence of eae was conserved among all serogroups evaluated, whereas genes 

encoded on the large plasmid (ehx, espP, katP) occurred in variable combinations in isolates of O26, 

O103, and O145. HUS-cases were significantly associated with stx2a/stx2c, and significantly less with 

stx1 alone. Also, isolates of O145 were more likely to subvert HUS. Based on epidemiological data, 

we could confirm outbreak isolates and suggest epidemiological relations between some sporadic 

cases. Undistinguishable pulsotypes were found among humans, food, and cattle in different years. 

In addition, evolving clones were found which showed minor variations in PFGE pattern or virulence 

profile. In conclusion, the current study demonstrated the prominent role of cattle as a reservoir of 

STEC O157, and demonstrated the circulation and persistence of pathogenic clones in Belgium. 

In Chapter 7, results obtained within the scope of this doctoral thesis were critically evaluated and 

future perspectives were formulated. 

In general, the work described in this thesis offered more insight in diagnostics for STEC detection 

and isolation, and revealed that a great heterogeneity exists among (potentially) human pathogenic 

isolates. In summary, the evaluation of a method for the detection and isolation of STEC O26, O103, 

O111, O145, and O157 in faeces and food pointed to a generally good effectiveness, but also some 

points to be improved were identified. Further, a qPCR method was developed to identify high risk 

farms, presumptively contaminated with STEC. Finally, isolates from human clinical, food and animal 

origin were genotyped which revealed more insight in the virulence and the relatedness among STEC 

strains circulating in Belgium. However, further research is necessary in order to fully understand the 

virulence of STEC. This knowledge is needed for the development of more suitable diagnostics and 

for the formulation of good strategies in the controlling of the pathogen. 
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Shiga toxine producerende E. coli (STEC) zijn zoonotische bacteriën die ernstige ziekte kunnen 

veroorzaken bij de mens. De consumptie van besmette voedingsproducten afkomstig van runderen, 

vormen een belangrijke infectiebron voor de mens. In tegenstelling tot STEC O157:H7, die vaak niet 

sorbitol-fermenterend zijn (NSF), zijn voor STEC die behoren tot andere serogroepen geen 

gestandaardiseerde detectie- en isolatiemethoden voorhanden. Dit vanwege de afwezigheid van 

gemeenschappelijke karakteristieken. Overigens heeft het gebrek aan een efficiënte detectie- en 

isolatiemethode het epidemiologisch en het ecologisch onderzoek van deze pathogenen belemmerd. 

De virulentie van STEC is bovendien nog niet volledig opgehelderd waardoor het herkennen van de 

ziekteverwekkende capaciteit van voedings- en dierlijke isolaten bemoeilijkt wordt. 

In het literatuuroverzicht (Hoofdstuk 1), worden de voornaamste virulentiefactoren van STEC 

beschreven. Dit zijn ondermeer de Shiga toxines (Stx), die gecodeerd worden op een profaag, en 

proteïnen van de LEE locus, waarbij intimine en tir een belangrijke rol spelen in de aanhechting aan 

de gastheercel. Vervolgens wordt de pathogenese besproken, inclusief de mogelijke rol van de 

verschillende virulentiefactoren en de klinische manifestaties in de patiënt. Daarnaast worden de 

aanwezigheid van STEC bij runderen en mogelijke transmissieroutes voorgesteld. Verder worden 

verscheidene detectie- en isolatiemethoden voor deze pathogenen toegelicht. Deze kunnen zowel 

gericht zijn op het isoleren van de pathogen als op het detecteren van de pathogen zonder isolatie. 

Enkele standaard protocols worden eveneens voorgesteld. Tot slot worden typeringsmethoden 

beschreven die doorgaans gebruikt worden voor het fijntyperen van STEC. 

Een isolatiemethode voor STEC O26, O103, O111, O145, NSF O157 en sorbitol-fermenterende (SF) 

O157 in verschillende matrices werd ontwikkeld in onze onderzoeksgroep door Possé et al. (2008b). 

Dit protocol bestaat uit een selectieve aanrijking van het staal, gevolgd door een isolatie op een non-

O157 en een O157 selectief agarmedium, en de bevestiging van de 4 non-O157 serogroepen op 

bevestingsmedia. De methode werd verder uitgewerkt om de isolatie uit rundermest te verbeteren. 

Daarnaast werd het protocol op voedingsstalen verder uitgebreid met een mPCR detectiemethode. 

Tot slot werd de methode gevalideerd voor gehakt in een internationaal ringonderzoek. 

Met behulp van artificiële contaminatie in 2 niveaus (20-90 kve 25 g
-1

 and 200-900 kve 25 g
-1

) van 

rundermeststalen met STEC O26, O103, O111, O145, O157 NSF en O157 SF werd de gevoeligheid van 

de isolatiemethode geëvalueerd en beoordeeld indien de aanrijkingsperiode ingekort werd en een 

IMS stap toegepast werd (Hoofdstuk 2). Een aanrijkingsperiode van 6 uur in plaats van 24 uur had 

geen significant effect op de opbrengst van de methode, enkel voor serogroep O145 werd een 

positieve trend waargenomen. De gevoeligheid werd wel beïnvloed door de geïnoculeerde serogroep 

en het niveau van het inoculum. Door de toepassing van IMS (Dynabeads® or Captivate
TM

 beads) werd 
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STEC O157 (NSF and SF) gevoeliger opgespoord, terwijl voor serogroepen O26, O103, O111, en O145 

geen significant effect waargenomen werd. De resultaten waarbij IMS werd uitgevoerd op zuivere 

culturen verklaarden deze serogroep-afhankelijke bevindingen; verliesmakende stappen in de IMS 

procedure van sommige serogroup-specifieke beads en een invloed van het merk van de bead 

werden aangetoond.  

De isolatiemethode en een mPCR detectiemethode werden geëvalueerd voor gehakt, rauwmelkse 

kaas en gekiemde zaden artificieel gecontamineerd met niet gestresseerde, koude gestresseerde of 

diepvries gestresseerde cellen van STEC O26, O103, O111, O145, O157 NSF en O157 SF 

(Hoofdstuk 3). Vergelijkbare gevoeligheden en opbrengsten werden bekomen voor beide methoden. 

Een succesvolle mPCR detectie en isolatie werd bekomen voor de niet gestresseerde en koude 

gestresseerde STEC cellen in gehakt en rauwmelkse kaas, uitgezonderd voor O111 en SF O157. Voor 

diepvries gestresseerde cellen en voor gekiemde zaden werden vaak negatieve resultaten bekomen. 

Algemeen werd een betere isolatie waargenomen na een aanrijkingsperiode van 24 uur in 

vergelijking met 6 uur. De toepassing van IMS zorgde voor een gevoeligere isolatie in enkele gevallen. 

Dit was het geval voor niet gestresseerde en koude gestresseerde cellen van de serogroepen O111 

en O157 in gehakt en in rauwmelkse kaas, en voor diepvries gestresseerde cellen van alle geteste 

serogroepen in gehakt. 

In een internationaal ringonderzoek werd de methode die beschreven werd door Possé et al. (2008b) 

gevalideerd voor gehakt artificieel gecontamineerd met cellen van STEC O26, O103, O111 en O145 

(Hoofdstuk 4). Tot op heden werd nog geen valideerde methode beschreven voor de gelijktijdige 

isolatie van STEC behorende tot deze serogroepen uit voeding. Twaalf laboratoria uit 5 Europese 

landen namen deel aan het ringonderzoek en ontvingen 16 geïnoculeerde gehaktstalen 

gecontamineerd met koude gestresseerde cellen behorende tot de 4 serogroepen O26, O103, O111 

en O145. De stalen werden in duplicaat geïnoculeerd in 2 niveaus (ca. 30 and 300 kve 25 g
-1

). 

Daarnaast werden 4 niet geïnoculeerde gehaktstalen aangeboden waarvan 2 dienst deden als blanco 

teststalen en 2 om de begeleidende flora en de temperatuur van de stalen te bepalen. Alle 

laboratoria slaagden erin om de geïnoculeerde serogroepen uit de stalen te isoleren, zowel voor de 

hoge als voor de lage inocula. Zowel met de zelf bereide en de kant-en-klare non-O157 

isolatiebodems werden goede resultaten bekomen. De resultaten van het ringonderzoek toonden 

aan dat de laboratoria, met behulp van de nodige instructies, erin slaagden om het gehele protocol 

succesvol uit te voeren. 

In Hoofdstuk 5 werd een kwantitatieve real-time PCR (qPCR) ontwikkeld voor het kwantificeren van 

STEC virulentie genen, stx1, stx2 en eae in rundermest. Aan de hand van deze methode kon de  
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positieve of negatieve status van STEC contaminatie op een hoeve voorspeld worden. De 

kwantificeringslimiet van de methode werd geschat op <3.0 – 3.7 log g
-1

 aan de hand van artificieel 

gecontamineerde mest. Meststalen van 6 rundveehoeves werden geanalyseerd met de qPCR 

methode en in parallel onderworpen aan een klassieke cultuur methode voor de isolatie van STEC. 

Op dierniveau werd geen overeenkomst waargenomen tussen de virulentiegenen van de isolaten en 

de virulentiegenen gedetecteerd met qPCR. Op hoeveniveau daarentegen, werd wel een 

overeenkomst waargenomen; Op cultuur-positieve hoeves werd een hoge prevalentie aan STEC 

virulentiegenen waargenomen, terwijl op de cultuur-negatieve hoeves de virulentiegenen schaars 

waren. Op zowel cultuur-positieve als op cultuur-negatieve hoeves varieerden de concentraties van 

stx1, stx2 en eae tussen 10
3
 - 10

6
 kopijen per g mest. Als conclusie konden we stellen dat de 

ontwikkelde methode een gevoelige methode is, die in staat is om potentieel met STEC besmette 

hoeves te identificeren.  

In Hoofdstuk 6 werd de karakterisatie van 272 STEC isolaten [O157 (n = 205), O26 (n = 31), O103 

(n = 15), O111 (n = 10), en O145 (n = 11)] uitgevoerd, door het bepalen van virulentieprofielen met 

PCR, en het bestuderen van genoom variaties en verwantschappen op verschillende genetische 

niveaus met pulsed field gelelektroforese (PFGE). De isolaten werden geïsoleerd in België tussen 

2000 en 2007 en waren afkomstig van mensen, voeding en runderen. Het Stx genotype werd 

samengesteld uit stx1, stx2, stx2a en/of stx2c. Isolaten van O157 vertoonden een brede variatie aan 

stx genotypes, die heterogeen verdeeld voorkwamen over de pulsogroepen (80% similariteit), maar 

wel overeenkomst vertoonden met de pulsosubgroepen (90% similarity). O145 isolaten vertoonden 

een brede variatie aan stx genotypes, terwijl isolaten van O26, O103 en O111 gedomineerd werden 

door slechts één stx genotype, namelijk stx1. Eae was geconserveerd aanwezig in alle serogroepen, in 

tegenstelling tot genen van het grote plasmide (ehx, espP, katP) die in variabele combinaties 

voorkwamen in isolaten van O26, O103 en O145. HUS-gevallen waren significant meer geassocieerd 

met stx2a/stx2c, en significant minder geassocieerd met stx1 alleen. Ook isolaten van O145 werden 

significant vaker geassocieerd met HUS. Met behulp van epidemiologische data konden 

uitbraakisolaten bevestigd worden en epidemiologische relaties tussen sommige sporadische 

gevallen gesuggereerd worden. Niet-onderscheidbare pulsotypes werden teruggevonden in zowel 

mensen, voeding als runderen, met soms enkele jaren verschil. Daarnaast werden evoluerende 

klonen teruggevonden met minieme verschillen in het PFGE patroon of het virulentieprofiel. Ter 

conclusie, de prominente rol van runderen als reservoir voor STEC O157 werd bevestigd en de 

circulatie en de persistentie van pathogene klonen in België werd aangetoond. 

In Hoofdstuk 7 werden de resultaten die voorgesteld werden in deze thesis kritisch geëvalueerd, en 

werden toekomstperspectieven geformuleerd.  
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Algemeen heeft het onderzoek in deze thesis bijgedragen tot het verkrijgen van meer inzichten in de 

diagnostiek van STEC en in de verscheidenheid van (potentieel) humaan pathogene STEC stammen in 

België. Samengevat, wees de evaluatie van een detectie- en isolatiemethode voor STEC O26, O103, 

O111, O145, en O157 in rundermest en voeding op een algemene voldoende effectiviteit, maar 

kwamen punten voor verbetering naar voor. Verder werd een qPCR methode ontwikkeld voor de 

identificatie van risicovolle hoeves, die potentieel besmet zijn met STEC. Tot slot werden isolaten van 

zowel humane, voedings-, als dierlijke afkomst getypeerd, wat meer inzichten bood in de virulentie 

en de verwantschappen tussen STEC stammen aanwezig in België. Toch is verder onderzoek 

noodzakelijk om de virulentie van STEC verder te ontrafelen. Deze kennis is nodig, enerzijds om 

betere diagnostiek voor STEC te ontwikkelen, en anderzijds om effectieve strategieën om de 

pathogeen te onderdrukken te formuleren. 
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