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THESIS SUMMARY 

Shiga toxin-producing Escherichia coli (STEC) is a zoonotic foodborne pathogen frequently 

associated with enteric disease in humans characterized by mild watery to bloody diarrhoea 

and severe life threating complications including haemorrhagic colitis (HC) and the 

haemolytic uremic syndrome (HUS) which can lead to renal failure. Ruminants including 

cattle, sheep and goats are the primary STEC reservoirs and sources of STEC for humans. 

STEC is usually transmitted to humans through consumption of contaminated foods of animal 

origin including meat, dairy products, water and vegetables. More than 1000 STEC serotypes 

have been isolated from animals, humans, the environment, and food products, while at least 

400 have been linked to human diseases. 

In South Africa, current data on the occurrence and characteristics of STEC in animals are 

scanty, although human STEC disease and outbreaks have been previously reported. 

Furthermore, reports on the serotypes and virulence characteristic of STEC isolates from 

animals remain very limited. Therefore, the main objectives of this study were to (i) investigate 

the occurrence of STEC in goats raised on communal rangeland in South Africa and (ii) 

characterise STEC by serotype, and virulence profiles. Microbiological culture and 

polymerase chain reaction (PCR) were used for isolation and detection of STEC in a total of 

289 goat faecal samples. The faecal samples were obtained from four goat herds reared on 

communal rangelands in South Africa. Furthermore, PCR was used to characterise 628 goat 

STEC isolates by serotype (O and H antigens) and genes encoding important virulence 

factors or markers including Shiga toxins (stx1, stx2), intimin (eaeA) and hemolysin (hlyA). 

STEC was detected in 80.2% (232/289) of faecal samples. Within herds, STEC was found in 

75.3% (116/154) of goats in herd A; 90.6% (39/43) in herd B; 78.8% (41/52) in herd C and 

90% (36/40) in herd D. At least 99.0% (622/628) of STEC isolates were serotyped by PCR, 
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which revealed 34 somatic (O) groups and 17 flagellar H types which corresponded to a total 

of 63 distinct O:H serotypes. The 63 serotypes included 21.3% (134/628) of isolates which 

belonged to four of the major seven STEC serogroups including O157:H7, 2.7% (8/289; 

30/628); O157:H8 0.3% (1/289, 1/628); O157:H29, 0.3% (1/289; 1/628); O103:H8, 7.6% 

(22/289; 98/628), O103:H56, 0.3% (1/289; 1/628) O26:H2, 0.3% (1/289; 1/628) and O111:H8, 

0.3% (1/289; 2/628). Serotypes associated with the four of the major seven STEC were 

recovered from 12.1% (35/289) goats. The remaining 59 serotypes were non-O157 STEC. 

The distribution of virulence genes among the 628 STEC isolates was as follows: 60.6% 

(381/628) of isolates carried stx1, 72.7% (457/628) possessed stx2, and 33.4% (210/628) 

were positive for both stx1 and stx2 concomitantly. The eaeA and hlyA genes were detected 

in 22.1% (139/628) and 78.0% (490/628) of isolates, respectively.  

This study showed a high (80.2 %) occurrence of STEC in goats grazing on communal 

rangeland in South Africa. The stx2 gene was more frequent that stx1 among goat STEC 

isolates while both stx1 and stx2 were concurrently observed in one third of isolates. Most of 

the goat STEC isolates lacked eaeA. The eaeA was observed in serotypes belonging to the 

major STEC serogroups such as STEC O157:H7, O26:H2, O111:H8 and O103:H8 which are 

commonly recovered from human patients and have been associated with outbreaks of 

foodborne disease in human in several countries, worldwide. In addition, eaeA was present 

in a few non-O157/non-top 7 isolates including O71:H14, O108:H25 and O163:H8 isolates 

which have never been reported in humans or implicated in human disease or outbreaks.  

In conclusion, the findings of this study suggest that goats on communal rangeland in South 

Africa are a reservoir and potential source of STEC serotypes that have been previously 

implicated in mild to severe human disease, worldwide. To the best of our knowledge, this is 

the first study on the presence and characteristics of STEC from goats in South Africa. Further 
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studies that compare human STEC with goat isolates will be needed to fully understand the 

role played by goat isolates in the transmission and occurrence of STEC disease in humans 

in South Africa.  
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1.0 CHAPTER I 

GENERAL INTRODUCTION 

Shiga toxin-producing Escherichia coli (STEC) also known as verotoxin-producing 

Escherichia coli (VTEC) has been associated with foodborne disease characterised by mild 

to bloody diarrhoea and severe complications including haemorrhagic colitis (HC) and the 

haemolytic uremic syndrome (HUS) in 5–10% infections in humans. HUS is a leading cause 

of acute kidney failure in humans worldwide, particularly in children and the elderly (Nataro 

and Kaper 1998; Karmali 2004; Tarr et al. 2005; Germinario et al. 2016). Ruminants including 

cattle mainly, and to a lesser extent sheep and goats are the major animal reservoirs and 

sources of STEC disease for humans (Hussein and Bollinger 2005; Hussein and Sakuma 

2005; La Ragione et al. 2009; McCarthy et al. 2021). Undercooked food of animal origin, 

especially ground beef, unpasteurised milk, as well as contaminated water and vegetables 

are sources of STEC (EFSA, 2020). 

STEC emerged for the first time as a human pathogen in 1982 when two outbreaks of 

foodborne disease in Oregon and Michigan, United States, were traced back to consumption 

of undercooked patties containing ground meat which was contaminated with E. coli 

serotype, O157:H7 (Riley et al. 1983). The outbreak affected 47 people who manifested 

painful abdominal cramps, watery and/or bloody diarrhoea.  

The first case of STEC in South Africa was reported in 1990 in a surgical patient with 

haemorrhagic colitis which was associated with E. coli O157:H7 (Browning et al. 1990). Later, 

in 1992, a large outbreak of STEC O157:H7 was reported in Eswatini (formerly called 

Swaziland) and South Africa (Isaäcson et al. 1993). This outbreak resulted in 40,912 medical 

visits for diarrhoea, in persons over the age of five and was ascribed to consumption of water 

which had been contaminated with dead cattle carcases that carried STEC O157 (Isaäcson 
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et al. 1993; Armstrong et al. 1996; Effler et al. 2001). However, since the first outbreak of 

STEC disease in humans in 1992, only a few studies have been reported on the occurrence 

and characteristics STEC isolates from animals and humans in South Africa (Ateba and 

Bezuidenhout 2008; Smith et al. 2011; Iwu et al. 2016; Mainga et al. 2018; Karama et al. 

2019b). 

Goats are considered a reservoir of STEC, and consumption of goat-derived food products 

has been implicated in human STEC disease (Beutin et al. 1995; Islam et al. 2008; Oliveira 

et al. 2008; Orden et al. 2008; La Ragione et al. 2009; Schilling et al. 2012; Jacob et al. 

2013a; Jacob et al. 2013b). Furthermore, goat-derived food products contaminated with 

STEC O157 have been incriminated in human STEC disease (Bielaszewska et al. 1997; 

Steen et al. 2001; McIntyre et al. 2002). In addition, contact with goats on farms, animal fairs 

and petting zoos has been associated with STEC disease in humans (Persad and LeJeune 

2014; Conrad et al. 2017; Isler et al. 2021; Nichols et al. 2021).  

The main virulence factors of STEC are two Shiga toxins (Stx1 and Stx2). Stx1 and Stx2-

encoding genes (stx1 and stx2) are carried on lysogenic bacteriophages in the chromosome 

of STEC (Scotland et al. 1983; O'Brien et al. 1984; Strockbine et al. 1988). In addition, STEC 

possess a number of stx1 and stx2 variants which play different roles in virulence and human 

disease severity (Boerlin et al. 1999; Scheutz et al. 2012). Intimin (eaeA) is another major 

virulence factor of STEC (Jerse et al. 1990; McKee and O'Brien 1996). Intimin is encoded on 

the locus of enterocyte effacement (LEE) in E. coli. Intimin is responsible for intimate 

adherence of STEC to intestinal epithelial cells and formation of attaching and effacing (A/E) 

lesions that are typical in STEC disease (Pai et al. 1986). Furthermore, STEC carry a number 

of plasmid-encoded virulence markers such as hemolysin (hlyA) (Brunder et al. 1999). 

Furthermore, several pathogenicity islands encoded genes have been shown to play 
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important roles in STEC virulence and disease pathogenesis (Karmali et al. 2003; Schmidt 

and Hensel 2004; Coombes et al. 2008). 

In South Africa, there is paucity of research on the epidemiology and molecular risk 

assessment of STEC from livestock and humans. Previously, the few studies which have 

investigated STEC occurrence in livestock in three of the nine provinces of South Africa have 

reported the presence of STEC in cattle and/or beef and pigs only (beef and pork) (Ateba 

and Bezuidenhout 2008; Ateba and Mbewe 2011; Mainga et al. 2018). However, goats have 

never been screened for STEC or evaluated for the risk they may pose as a reservoir and 

source of STEC for humans. Furthermore, in most of the above-cited studies, the presence 

of STEC was confirmed without further serotyping or virulence characterisation of recovered 

STEC isolates, to fully understand the molecular epidemiology of STEC. In addition, the few 

studies on STEC in South Africa, have mostly investigated the presence of STEC on 

commercial livestock and neglected the role played by food animals on communal rangeland 

in food safety or as potential sources of foodborne pathogens for humans.  

Communal livestock farming is one of the world oldest farming systems. According to the 

Department of Agriculture, Fisheries and Forestry there were around 3 million communal 

farmers in South Africa (DAFF 2013). Current estimates show that the goat population in 

South Africa is approximately 7.0 million (Meissner et al. 2013) of which 65% are owned by 

communal farmers (DALRRD 2020). Goats are ranked second to cattle as an important 

livestock species (Rumosa Gwaze et al. 2009). Communal goat farms are mostly owned by 

black rural small scale/smallholder subsistence non-commercial farmers who raise 

indigenous and crossbreed goats on tribal communal rangelands.  

In south Africa, communal goats are kept for production of meat for home consumption, milk, 

manure, and skins (Haenlein and Ramirez 2007) and barter trade mainly (Morand-Fehr et al. 
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2004). However, a sizeable number of goats on communal land end up being sold and 

slaughtered in commercial abattoirs that produce meat for the country. Communal farmers 

sell goats occasionally when they are cash strapped, during festive seasons and traditional 

ceremonies, and for religious purposes, in contrast to commercial farmers who invest in goat 

farming as a primary or secondary business enterprise (Mahanjana and Cronjé 2000).  

Aim and Objectives 

The overall aim of this study was to determine the occurrence and virulence characteristics 

of STEC in livestock, with specific emphasis on goats raised on communal rangelands in 

South Africa.  

Specific objectives were to:  

i. Determine the occurrence of STEC in goats grazing on communal rangeland in 

Gauteng, South Africa.  

ii. Characterise goat STEC isolates by serotype and virulence genes profiles.  

The ultimate goal is to contribute to STEC surveillance and risk assessment in South Africa.   
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2.0 CHAPTER II 

 LITERATURE REVIEW 

2.1 Background 

Shiga toxin-producing Escherichia coli (STEC) also known as Verotoxin-producing 

Escherichia coli (VTEC) causes enteric disease characterised by mild to severe bloody 

diarrhoea in humans and complications including hemorrhagic colitis (HC) and the hemolytic 

uremic syndrome (HUS), a leading cause of acute kidney failure, worldwide. Small ruminants 

including sheep and goats are also reservoirs of STEC but to a lesser extent compared to 

cattle (Hussein and Bollinger 2005; La Ragione et al. 2009; McCarthy et al. 2021). Foodborne 

STEC is mainly transmitted to humans through consumption of undercooked foods of animal 

origin including undercooked meat and dairy products mainly, and via contaminated water 

and vegetables (Hussein and Sakuma 2005; EFSA 2011; Beutin and Martin 2012; Feng and 

Reddy 2013; Feng 2014; EFSA 2020; Tack et al. 2021). Contact with domestic animals is 

also considered an important risk factor for disease transmission to humans (Persad and 

LeJeune 2014; Nichols et al. 2021). 

Majowicz et al. (2014) have estimated that STEC is globally responsible for 2,801,000 acute 

infections annually in humans. STEC has been reported in animals and humans in various 

parts of the world including Southern Africa (Browning et al. 1990; Isaäcson et al. 1993; 

Armstrong et al. 1996; Müller et al. 2001; Ateba and Bezuidenhout 2008; Smith et al. 2011; 

Mainga et al. 2018; Karama et al. 2019b; Karama et al. 2019a). STEC emerged for the first 

time as an important pathogen and public health concern in 1982 when two human outbreaks 

were traced to consumption of undercooked ground meat in the United States (Riley et al. 

1983). The largest outbreak of STEC disease was reported in Germany in 2011 (Frank et al. 

2011). This outbreak which affected more than 4,000 people, with 50 deaths and 800 HUS 

cases (∼25%) was ascribed to a hybrid STEC O104:H4 strain which had combined 
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characteristics of STEC (capacity to produce Shiga toxin) and was an enteroaggregative E. 

coli (EAEC) (Frank et al. 2011). The STEC O104:H4 strain had additional virulence traits and 

antimicrobial resistance patterns (Frank et al. 2011). While current information on STEC is 

readily available in several countries where active surveillance of the disease is implemented, 

data on the association of STEC with human disease in South Africa remains limited or may 

be underestimated due to underreporting because of lack of active disease monitoring at 

national and provincial levels. 

Only a few studies have reported on the occurrence and characteristics of STEC in livestock 

(cattle and pigs) in different provinces of South Africa: Gauteng (Mainga et al. 2018; Karama 

et al. 2019a) North West (Ateba and Bezuidenhout 2008) and Eastern Cape (Iwu et al. 2016). 

However, most of these reports have only investigated the presence of STEC in cattle (beef) 

and pigs and/or products thereof (beef and pork) (Ateba and Bezuidenhout 2008; Ateba and 

Mbewe 2011; Mainga et al. 2018). Furthermore, in most of these studies the presence of 

STEC was confirmed by PCR without further serotyping and virulotyping of STEC isolates. 

2.2 STEC serotypes and virulence 

More than 1000 STEC serotypes and thousands of genetic variants have been incriminated 

in human disease worldwide (WHO 1998; Bettelheim 2007; EFSA 2013; Bettelheim and 

Goldwater 2014; Beutin and Fach 2014). However, most human infections are commonly 

associated with STEC O157:H7 and a number of non-O157 STEC serotypes that belong to 

six serogroups, which are commonly termed “top 6” STEC: O26 (O26:H7; O26:H11), O45 

(O45:H2, O45:HNT), O103 (O103:H2, O103:H21), O111(O111: NM, O111:H8), O121 

(O121:H19) and O145 (O145:H28, O145:H34). Together with STEC O157 (O157:H7, 

O157:NM) and top 6 STEC are colloquially termed the “Big 7/Top 7” STEC. In the United 

States, non-O157:H7 STEC may account for up to 80% of all STEC infections (Brooks et al. 
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2005; Hughes et al. 2006; EFSA 2013) while the most recent EFSA report concluded that 

any STEC serotype can cause mild to severe illness in humans (EFSA 2020).  

The main STEC virulence factors are two antigenically distinct Shiga toxins (Stx) including 

Stx1 and Stx2 and their subtypes (O'Brien et al. 1983; Scotland et al. 1983; Strockbine et al. 

1988; Scheutz et al. 2012). The genes encoding Shiga toxins (stx1 and stx2) are located on 

lysogenic (temperate) bacteriophages in STEC genomes (O'Brien et al. 1984; Huang et al. 

1987). The following stx1 and stx2 encoding subtypes have been identified: stx1a, stx1c, 

stx1d, stx1e, stx2a, stx2b, stx2c, stx2d, stx2e, stx2f and stx2g (Scheutz et al. 2012), stx2h 

(Bai et al. 2018), stx2j (EFSA 2020), stx2i (Lacher et al. 2016), stx2k (Yang et al. 2020), stx2l 

(EFSA 2020), stx2m (Bai et al. 2021). The stx1a and stx2a subtypes encode prototypic Stx1 

and Stx2 (Scheutz et al. 2012; Melton-Celsa 2014). 

Another important STEC virulence factor is intimin encoded by the eaeA (E. coli attachment 

effacement) (Jerse et al. 1990; Yu and Kaper 1992; McDaniel et al. 1995; McKee and O'Brien 

1996; McDaniel and Kaper 1997). The eaeA gene is located on the locus of enterocyte 

effacement (LEE) which also carries a type three secretion system required for intestinal 

STEC colonization (Yu and Kaper 1992; Donnenberg et al. 1993; Tzipori et al. 1995). Intimin 

is responsible for intestinal attachment and effacement lesions, typical in STEC disease 

(Tzipori et al. 1995; Nataro and Kaper 1998). Intimin is commonly found in Big 7 STEC 

serotypes which are, frequently implicated in severe human disease including bloody 

diarrhoea, HC and HUS (Brooks et al. 2005; Karama et al. 2019b). However, several non-

top 7 STEC which are eaeA-negative (STEC O113:H21, O91:H21/H–, O128:H2/H–) have also 

been incriminated in hemorrhagic colitis and HUS, showing that these STEC may have 

alternative adhesins other than eaeA (Karmali et al. 1983; Paton et al. 1999; Mellmann et al. 

2009; Newton et al. 2009; Käppeli et al. 2011; EFSA 2020). In contrast, some STEC strains 
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which are eaeA-positive have been associated with mild disease (diarrhoea). Therefore, 

possession of eaeA by an STEC strain may not be essential marker for severe disease 

causation but just an indicator of a higher likelihood of an STEC strain to cause severe 

disease (EFSA, 2020). 

STEC possess additional virulence markers which are plasmid-encoded and are located on 

a major STEC plasmid (pO157) in STEC O157:H7 including hemolysin (hlyA) (Schmidt et al. 

1995), catalase peroxidase (katP) (Brunder et al. 1996), serine protease (espP) (Brunder et 

al. 1999) and a type two secretion system (etpD) (Schmidt et al. 1995; Brunder et al. 1997). 

Other plasmid-encoded virulence factors include a subtilase cytotoxin (subA) (Paton et al. 

2004) and the STEC autoagglutinating adhesin (saa) (Paton et al. 2001). The subtilase 

cytotoxin has been reported in various STEC serotypes from humans, cattle, sheep, goats, 

and wild animals (Khaitan et al. 2007; Wolfson et al. 2009; Buvens et al. 2010; Irino et al. 

2010; Orden et al. 2011; Sánchez et al. 2012; Hoang Minh et al. 2015; Karama et al. 2019b; 

Karama et al. 2019a). The saa gene is mostly found in eaeA-negative STEC isolates of 

human and animal origin (Jenkins et al. 2003; Karama et al. 2019b). Possession of saa by 

an STEC strain was associated with severe enteritis and systemic disease in humans (Paton 

et al. 2001; Paton et al. 2004). 

Several functions have been ascribed to plasmid-encoded virulence proteins in the host 

including pore formation (HlyA), erythrocyte lysis and mucosal haemorrhage in host 

enterocytes (HlyA) (Schmidt et al. 1995); secretion of exoproteins (EtpD) (Schmidt et al. 

1997), cleavage of coagulation factor V and immunosuppression in the host (EspP) (Brunder 

et al. 1997); and reduction of oxidative stress in host cells (KatP) (Brunder et al. 1996). 

Additional functions are: enhanced adhesion and colonization to enterocytes (Saa) (Paton et 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



9 
 

al. 2001; Paton et al. 2004), and cytotoxicity (SubA) (Paton et al. 2004; Paton and Paton 

2010).  

Whole genome sequencing of two STEC strains which were incriminated in large outbreaks 

of human disease in the USA and Japan (E. coli O157:H7, EDL 933 and the Sakai strains) 

revealed at least 177 extra-clusters of large genomic DNA fragments in comparison to the 

Escherichia coli K-12 strain (Riley et al. 1983; Blattner et al. 1997; Michino et al. 1999; 

Hayashi et al. 2001; Perna et al. 2001). The genomic segments in EDL933 and Sakai strains 

had the characteristics of horizontally transferred DNA and were called “pathogenicity 

islands” (PAI). This was in reference to a term which was first used by Hacker et al. (1990) 

to describe similar DNA sequences encoding fimbrial adhesins and hemolysin virulence 

genes in E. coli isolates from human patients with urinary tract, sepsis and neonatal 

meningitis infections. Later, PAIs of EDL933 were designated O-islands (Perna et al. 2001). 

Several (PAIs) (OIs) in the EDL 933 strain including OI-1, OI-43, OI-48, OI-115, OI-122, OI-

140, OI-141, and OI-154 carry recognised virulence-associated genes (Karmali et al. 2003; 

Ju et al. 2013; Cadona et al. 2018). For example, OI-122-encodes marker genes which share 

significant similarity with recognised virulence genes in Salmonella enterica serovar 

Typhimurium virulence gene (pagC/Z4321) (Pulkkinen and Miller 1991), Shigella flexneri 

enterotoxin 2 (she2T) (sen/Z4326) (Nataro et al. 1995) and the EHEC factor for adherence 

(efa1/Z4332) (Nicholls et al. 2000), also termed lymphocyte inhibition factor (lifA) (Klapproth 

et al. 2000). OI-48 encodes an integrase, a phage, the tellurite resistance (ter), the IrgA 

homologue adhesion (iha) and urease (ureC) genes (Perna et al. 2001).  

PAI-associated genes have been reported in human and animal STEC isolates (Karama et 

al. 2009; Buvens and Piérard 2012; Karama and Gyles 2013; Cadona et al. 2018; Karama et 

al. 2019b; Karama et al. 2019a). Possession of a number of marker genes on OI-122 (Z4321, 
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Z4326, Z4332 and Z4333) and OI-43/48 (ter, iha, ureC) has been used for seropathotype 

classification of STEC (Karmali et al. 2003; Wickham et al. 2006; Konczy et al. 2008; EFSA 

2013;2020). Seropathotype classification ranks STEC into high to low risk seropathotypes (A 

to E) based on the presence or absence of marker genes on OI-122 (Karmali et al. 2003). In 

addition, STEC serotypes are classified based on association with different degrees of STEC 

disease ranging from mild to severe illness and frequency in sporadic disease or outbreaks 

and/or HUS (Karmali et al. 2003). Seropathotype A include the most virulent and frequent 

STEC strains in human disease outbreaks and severe illness including STEC O157:H7 and 

O157:NM. Seropathotype B consists of serotypes which are infrequently implicated in severe 

disease and outbreaks compared to seropathotype A strains: O26:H11, O103:H2, O111:NM, 

O121:H19 and O145:NM (Bosilevac and Koohmaraie 2011; EFSA 2013; EFSA 2020). 

Seropathotype C comprises STEC serotypes which are uncommon in outbreaks but 

associated with severe disease: O5: NM, O91:H21, O104:H21, O113:H21, O121: NM, and 

O165:H25. Seropathotype D are serotypes which are rare in outbreaks and have never been 

incriminated in severe disease while seropathotype E are STEC serotypes which have never 

been implicated in human disease (Karmali et al. 2003). However, the European Food Safety 

Agency (EFSA) recently suggested that it was practically impossible to define a pathogenic 

STEC strain absolutely or predict which virulence factors determine STEC that are 

pathogenic for humans (EFSA 2013;2020). EFSA concluded that all STEC are pathogenic 

and able to cause diarrhoea in humans and based on which stx subtype a STEC strain 

carries, and depending on the presence or absence of eaeA, all STEC have the potential to 

cause severe disease in humans (EFSA 2020). 

In addition to PAI-associated virulence genes, differences between non-pathogenic E. coli 

and STEC are based on the presence of several non-LEE encoded (nle) genes located on 
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bacteriophages or bacteriophage-like elements that are integrated in the genomes of STEC 

strains (Blattner et al. 1997; Hayashi et al. 2001; Asadulghani et al. 2009).  

Non-LEE encoded (nle) effector genes contribute to STEC virulence (Gruenheid et al. 2004; 

Wong et al. 2011; Stevens and Frankel 2014) and several nle genes have been used as 

virulence markers for molecular risk assessment or STEC characterisation (Coombes et al. 

2008). STEC that produce non-LEE effector proteins have a higher potential of causing HUS 

and disease outbreaks in humans (Coombes et al. 2008; Mellies and Lorenzen 2014). The 

following non-LEE-encoded genes have been found in STEC isolates from animals and 

humans: nleA, nleB, nleC, nleE, nleF, nleG2-1, nleG2-3, nleG5-2, nleG6-2, nleG9, nleH1-1 

and nleH1-2 (Gruenheid et al. 2004; Coombes et al. 2008; Bugarel et al. 2010; Bugarel et al. 

2011; Karama and Gyles 2013; Mellies and Lorenzen 2014; Cadona et al. 2018; Karama et 

al. 2019b; Karama et al. 2019a).  

The function of Nles in STEC has been demonstrated in a number of studies or inferred from 

their homologs in related bacteria (Gruenheid et al. 2004; Mundy et al. 2004; Wong et al. 

2011). During infection, non-LEE effector proteins are delivered into the host cell and can be 

used by bacteria to subvert or inhibit various cell functions, thereby facilitating STEC 

multiplication, colonization, and disease causation in the host (Dean and Kenny 2009; 

Vossenkämper et al. 2011; Wong et al. 2011). NLEs have been associated with inhibition, 

disruption, and/or subversion of cellular functions in host cells by exporting proteins from the 

endoplasmic reticulum (EspI/NleA). Additional functions include apoptosis (NleH and NleD), 

disturbance of inflammatory signalling pathways (NleB, NleC, NleE and NleH) and inhibition 

of phagocytosis (EspJ and NleH). Furthermore, inhibition of pro-inflammatory signalling 

(NleB, NleC, NleD, and NleE), induction of membrane ruffling and lamellipodia formation after 

activating Cdc42 and Rac1 (EspT), disruption of microtubule formation (EspG2), stress fiber 
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formation (EspM), cell death modulation and prevention of cell detachment (NleD and Cif) 

have been associated with NLEs (Dean and Kenny 2009; Vossenkämper et al. 2011; Wong 

et al. 2011; Stevens and Frankel 2014). 

2.3 Epidemiology and characteristics of Goat STEC  

2.3.1 Goats as STEC reservoirs 

Historically, most studies have focussed on the role of cattle and sheep in the epidemiology 

of STEC. However, some studies have shown that goats are a reservoir and a potential 

source of STEC for humans (La Ragione et al. 2009). STEC transmission after consumption 

of goats-derived food products has also been documented (Bielaszewska et al. 1997; Espié 

et al. 2006; Rahimi et al. 2012). Direct contact with goats on petting farms has also been 

associated with STEC disease in humans (Heuvelink et al. 2002; LeJeune and Davis 2004; 

Laughlin et al. 2016; Schlager et al. 2018; Isler et al. 2021; Nichols et al. 2021). 

The prevalence of STEC in goats varies greatly in different countries, ranging from 7-100% 

(Mainil 1999; Vu-Khac and Cornick 2008). STEC was recovered from kids, healthy and 

diarrheic goats on farms, during slaughter, goat meat, milk and cheese (Table 1). Similar to 

cattle, STEC shedding in goats may be associated with age and season, with younger 

animals shedding less STEC in comparison to older animals (Cortés et al. 2005; Orden et al. 

2008). STEC transmission routes in goats and cattle are similar. However, unlike cattle, 

STEC colonisation of the recto-anal junction has not been demonstrated in goats (La Ragione 

et al. 2005). Furthermore, like cattle, goats are mainly asymptomatic carriers of STEC (Beutin 

et al. 1993; Orden et al. 2003; Cortés et al. 2005; Wani et al. 2006; Oliveira et al. 2008; Vu-

Khac and Cornick 2008; Mahanti et al. 2015; Conrad et al. 2017). 

Although goat-derived products have been implicated in foodborne STEC disease, reports 

on the association of human disease with foods of goat origin are less frequent. Human 
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infection has been associated with drinking unpasteurised milk and eating cheese made from 

contaminated milk (Bielaszewska et al. 1997; McIntyre et al. 2002; Espié et al. 2006). Pepin 

et al., (1997) observed that human foodborne infections were less frequently associated with 

goat products in resource-poor countries where goats are raised under extensive conditions 

and slaughter hygiene may not be very strict, because goat meat is thoroughly boiled before 

consumption (Pépin et al. 1997).  

2.3.2 Goat STEC serotypes and virulence characteristics  

Similar to cattle, goats carry various STEC serogroups/serotypes (Table 1). Furthermore, 

goats are a reservoir of Big 7 STEC serogroups including O26, O45, O103, O111, O121, 

O145 and O157 (Vu-Khac and Cornick 2008; Schilling et al. 2012; Momtaz et al. 2013; Jacob 

et al. 2013a; Jacob et al. 2013b). In addition, serogroups such as O91, O113 and O128 which 

are also frequent in human disease in some countries, but less so compared to Big 7 STEC, 

have been detected in goat faeces or food products (Orden et al. 2003; Cortés et al. 2005; 

Schilling et al. 2012). Furthermore, various non-O157 STEC serogroups/serotypes including 

O5, O7, O15, O18, O21, O76 and O146 were frequent in goats (Table 1) (Beutin et al. 1993; 

Orden et al. 2003; Cortés et al. 2005; Wani et al. 2006; Oliveira et al. 2008; Mahanti et al. 

2015).  

Goat STEC isolates carry common STEC virulence-associated genes (stx1, stx2, eaeA and 

hlyA). In most studies, stx1 was more frequent than stx2 in goat STEC isolates (Table 1) 

(Zschöck et al. 2000; Orden et al. 2003; Wani et al. 2006; Schilling et al. 2012; Momtaz et al. 

2013; Ndegwa et al. 2020). The eaeA gene was less frequent in goat STEC isolates (Orden 

et al. 2003; Wani et al. 2006; Oliveira et al. 2008; Vu-Khac and Cornick 2008; Ndegwa et al. 

2020). The lower frequency of stx2 and eaeA among goat STEC isolates may suggest that 

these isolates are most probably less virulent for humans, as possession of stx2 and eaeA is 
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usually a predictor of higher virulence in STEC (Ostroff et al. 1989; Boerlin et al. 1999; 

Donohue-Rolfe et al. 2000; Friedrich et al. 2002; Ethelberg et al. 2004; Persson et al. 2007). 

The few studies which subtyped Shiga toxin-encoding genes reported that stx2c and stx2d 

were frequent subtypes among goats STEC isolates (Oliveira et al. 2008; Vu-Khac and 

Cornick 2008; Mahanti et al. 2015; Jajarmi et al. 2018). 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



15 
 

Table 1: Occurrence, serotypes, virulence genes of goat STEC or goat-derived food products in different countries 

 
Country Source Occurrence rate Serogroup/serotypes Major 

Virulence  
genes 
 

 
Additional virulence 
genes 

References 

Germany 
 

Dairy goats 
 

56.1% 05:H-, 082:H8, 
087:H21 

stx1, stx2,    (Beutin et al. 
1993) 

75.3%  stx1, stx2, 
eaeA, hlyA,  

  (Zschöck et al. 
2000) 

89.3%  O113:H4, O91:H14, 
O157:H8, ONT:H19, 
ONT:H8, O145:H6, 
O103:H34, O145: NT, 
O157:H4, O157:H10, 
O7:H37, ONT:H4, 
O26:H19, ONT:H21,  

stx hlyA, 
eaeA 

stx1c, 
stx2b 

saa, katP, 
espA, espB, 
espC, espF, 
espI, espJ, 
espP, nleB, 
nleC, iha, ireA, 
astA, IpfA, pic, 
toxB, hlyE, 
K88 

(Schilling et al. 
2012) 

Switzerland Petting zoo 88%      (Isler et al. 2021) 

Spain 
 

Healthy goat kids, 
replacement, and 
adults 

47.7% Overall 
75.2% Adults 
35.8% Replacement 
2.5% Goat kids 
 

O5:H-, O5:H21, 
O7:H21, O64:H21, 
O76:H19, O91:H14, 
O110:H19, O126:H8, 
O128:H-, O128:H2, 
O145:H21, O146:H-, 
O146:H21, O166:H28, 
O174: HNT, 
O175:H38, ONT:H-, 
ONT:H2, ONT:H4, 
ONT:H19, ONT:H21, 
ONT:H28, ONT: HNT, 

stx1, stx2, 
ehxA 

 saa (Cortés et al. 
2005) 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



16 
 

Healthy kids and 
adults’ Diarrhoeic 
kids 

16.2% Healthy goats 
(4.3% kids and 23.3% 
adults) 
5.9% diarrhoeic kids 

O5:H-, O18:H28, O21: 
HNT, O58:H21, O76: 
HNT, O81:H-, 
O81:H21, O81:H38, 
O128:H-, O128:H2, 
O128:H19, O146:H21, 
O156:H25, O166:H28, 
O173:H8, O174:H8, 
ONT:H-, ONT:H4, 
ONT:H21 

vt1, vt2, 
eaeA, hlyA 

  (Orden et al. 
2003) 
 

Brazil Healthy goats 57.5% O174:H8, O146:H21, 
O5:H-, O113:H21, 
O43:H2, O15:H27, 
O87:H16, O146:H-, 
O17:HNT, O174:H-, 
O141:H14, O7:H21, 
O174:H21, O36:HNT, 
ONT:H21, ONT:25, 
OR:H8, OR:H16, 
ONT:H-, OR:HNT 

stx1, stx2, 
eaeA, ehxA 

stx1c, 
stx2d 

saa, iha (Oliveira et al. 
2008) 

Vietman Healthy adults 31.5% O157, O26, O145 stx1, stx2, 
eaeA, hlyA 

stx1c, 
stx2c, 
stx2d, 
stx2dact
,  

saa (Vu-Khac and 
Cornick 2008) 

Bangladesh 
 

Slaughter goats 82.2% O157, O32:H25    (Islam et al. 2008) 

Black Bengal 
goats 

6.2%  stx1, stx2, 
eaeA, hlyA 

  (Gupta et al. 
2016) 

Czech 
Republic 

2-6 months 
(chronic 
diarrhoea) 
2-8 weeks 
(occasional 
diarrhoea  

59.5% Overall 
65.5% (2-6 months) 
50% (2-8 weeks) 

 O15, O78, O128, 
O128:K85, K85, OX,  

stx1 hlyA, 
stx2, hlyA 

  (Novotna et al. 
2005) 
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India 
 

Healthy 
nonmigratory and 
migratory goats 
(2%) 

16.4%  O3, O4, O5, O6, O8, 
O9, O14, O15, O18, 
O21, O22, O23, O25, 
O26, O33, O35, O37, 
O38, O44, O49, O51, 
O52, O53, O60, O66, 
O69, O73, O75, O76, 
O78, O80, O81, O82, 
O83, O87, O88, O91, 
O98, O99, O101, 
O102, O104, O112, 
O113, O115, O117, 
O120, O127, O131, 
O133, O136, O145, 
O148, O156, O157, 
O158, O160, O166, 
O168, O172 

stx1, stx2, 
eaeA, hlyA 

  (Wani et al. 2006) 

Healthy goats 14.7% O2, O5, O20, O21, 
O22, O25, O41, O44, 
O45, O60, O71, O76, 
O84, O85, O87, O91, 
O103, O112, O113, 
O120, O156, O158 

stx1, stx2, 
eaeA, hlyA 

stx1c 
stx2d 
stx2c  

saa (Mahanti et al. 
2015) 

Iran 
 

Goat meat and 
faecal sample 

 O113 stx1, stx2, 
eaeA 

stx1a, 
stx1c 
stx2a 
stx2b 
stx2c 
stx2d 

 (Jajarmi et al. 
2018) 

 Healthy goats 23.9% O113, O91, O5, stx1, stx2 
eaeA, hlyA 

 saa, subAB, 
estA, Z2098, 
Z2099 

(Zaheri et al. 
2020) 

Goat meat 21.9% O157, O26, O103, 
O111, O45, O91, 
O113,  

stx1, stx2, 
eaeA, hlyA 

  (Momtaz et al. 
2013)  

Egypt Healthy, milk and 
bedding goats’ 
samples 

31.1% O11:H2, O124 stx1, stx2, 
eaeA, hlyA 

  (Elsayed et al. 
2018) 
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United 
States of 
America  

Healthy goat 
kids(pre-weaned) 
Adults  

56% 
Higher STEC in kids 
(66%) than adults 
(28%) 

O26, O103, O146  stx1, stx2, 
eaeA, hlyA 

  (Ndegwa et al. 
2020) 

Meat goats at 
slaughter 

27.5% O26, O45, O103, 
O111, O121, O145 

stx1, stx2, 
,eaeA 

  (Jacob et al. 
2013b) 

Nigeria Goats and Goat 
meat 

7.5% O157, O111, O128, stx1, stx2, 
eaeA, hlyA 

  (Ojo et al. 2010) 

European 
Union 

Goats 0-11.8%     (EFSA 2013) 

Ethiopia Goats 30.2% O157:H7 stx1, stx2, 
eaeA 

  (Mersha et al. 
2010) 

United 
States of 
America 

Goats, humans 
and environment 

 O5, O103, O157     (Nichols et al. 
2021) 

United 
States of 
America 

Goats, humans 
and environment 

 O157    (Laughlin et al. 
2016) 

Greece Raw goat milk 0.43% O157 stx1, stx2, 
eaeA, hlyA,  
 

  (Solomakos et al. 
2009) 

Ethiopia Goat meat 2% (E. coli O157:H7) 
 

O157:H7    (Hiko et al. 2008) 

England UK Goats 8.9% VTEC O157 
 

O157    (Pritchard et al. 
2009) 

Serbia Goats 73.8%  
 

O128    (Čobeljić et al. 
2005) 

Spain Goat Milk and 
Cheese 

6.85% (milk) 
0% (cheese) 

O157:H7, O27:H18, 
O91:H28, O76:H19, 
ONT:H21 

stx1,stx2, 
eaeA, 
ehxA 
 

  (Rey et al. 2006) 
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USA Goats 1.8% STEC O157:H7 O157:H7 stx2, eaeA   (Keen et al. 2006) 

USA Goats 10.1%  stx1, eaeA, 
stx2 

  (DebRoy and 
Roberts 2006) 

Spain Healthy goats  O5:H2, O5:H21, 
O7:H21, O18:H21, 
O18:H28, O58:H21, 
O64:H21, O76:H19, 
O76: HNT, O81:H2, 
O81:H21, O87:H38, 
O88:H8, O91:H14, 
O119:H19, O126:H8, 
O128:H2, O128:H19, 
O145:H21, O146:H21, 
O156:H25, O166:H28, 
O173:H8, O174:H8 

   (Horcajo et al. 
2010) 

Switzerland  Semihard and soft 
cheese made 
from goat milk 

 O15:H16, ONT:H9 stx2 stx2g  (Stephan et al. 
2008) 

Switzerland Goat milk 16% O5:H-, O76:H19, 
O91:H?, O113:H4, 
O174:H8 

stx1, stx2, 
hlyA 

stx2c, 
stx2d 

 (Muehlherr et al. 
2003) 

Spain Bulk tank goats 
milk samples and 
goat farm 
environment 

 O157, O157:H7, 
O5:HNM, O146:H21, 
O106:H16, O166:H28, 
ONT:H4, ONT:H21  

stx1, stx2, 
eaeA 

  (Álvarez-Suárez 
et al. 2015; 
Álvarez-Suárez et 
al. 2016) 

Greece  Goat feces  O157:H7 stx2   (Dontorou et al. 
2004) 

Germany, 
Switzerland, 
and France 

Goat milk and 
cheese 

 O128:H2, O146:H21, 
O91:H14, O178:H19, 
O76:H19 

 Stx1c, 
stx2b 

 (Martin and 
Beutin 2011)  

United 
States of 
America 

Goat feaces  O174:H8, ONT:H8, 
O161:H36, O76:H19, 
O5:H19, O75:H8, 
O39:H8, O81:H36 

stx1, stx2, 
ehxA 

Stx1c, 
stx2d 

saa (Ishii et al. 2007) 
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Switzerland Semihard and soft 
cheese made 
from goat milk 

 O8:H20, O116:H28, 
ONT:H19, O15:H16 

stx2 stx2e, 
stx2g 

 (Zweifel et al. 
2010) 
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2.4 STEC O:H Serotyping 

2.4.1 Phenotypic serotyping methods  

2.4.1.1 Traditional O:H serotyping  

Traditional (conventional) serotyping of STEC involves agglutinating specific antisera against 

somatic (O) and flagellar (H) surface antigens in target isolates to differentiate E. coli into 

serotypes (Ørskov and Ørskov 1984). The technique was first proposed by Kauffman in 1946 

(Kauffmann 1947) after discovering that E. coli strains which were associated with neonatal 

diarrhoeal outbreaks expressed somatic (O), flagellar (H) and capsular (K) antigens (Ørskov 

and Ørskov 1984; Ewing 1986).  

The O-antigen is determined by repeat units (10-25) of oligosaccharides (O unit) sugar 

residues which form part of the E. coli outer membrane lipopolysaccharide (LPS). O sugar 

residues vary structurally in arrangement and linkage at the molecular level and variation in 

their molecular structure is the basis for O serogrouping of E. coli (Guinée et al. 1972; Ørskov 

and Ørskov 1984; Ewing 1986; MacLean et al. 2010). Currently, there are more than 188 

Escherichia coli O serogroups which have been discovered (Iguchi et al. 2015a; EFSA 2020; 

Iguchi et al. 2020). The World Health Organization Collaborating Centre for Reference and 

Research on Escherichia and Klebsiella, Statens Serum Institut (SSI) in Denmark 

(http://www.ssi.dk/English.aspx) recognises 188 Escherichia coli O serogroups which are 

designated from O1 to O188. In this designation, O31, O47, O67, O72, O94 and O122 have 

been omitted while O18, O28 and O112 are duplicates (O18ab/O18ac, O28ab/O28ac, and 

O112ab/O112ac) (http://www.ssi.dk/English.aspx). 

Somatic O antigen detection involves agglutinating boiled cultures to O antiserum (Guinée et 

al. 1972; Orskov et al. 1977). Boiling is carried out to eliminate heat-labile surface antigens 

which may be sharing epitopes. However, some O antisera may cross-react with surface 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

http://www.ssi.dk/English.aspx
http://www.ssi.dk/English.aspx


22 
 

antigens of Salmonella and Shigella or other E. coli O groups. Furthermore, some E. coli 

strains may not react with any known O antisera because they lack an outer membrane 

(“rough”). In addition, variation in antisera avidity or specificity due to noncompliance to good 

manufacturing practices or non-uniform serum production or storage conditions can lead to 

false positive/negative or ambiguous O typing results (DebRoy et al. 2011a). E. coli strains 

that cannot be O serogrouped are designated "O nontypable" (ONT) or O untypable (OUNT) 

while rough E. coli or strains which cross-react with various sera are called "O Rough"(Ørskov 

and Ørskov 1984; Ewing 1986) . 

Flagellar H serotyping involves agglutinating H antigens of motile isolates with H-specific 

antiserum (Ørskov and Ørskov 1992). Currently, there are 53 recognised H antigens, 

numbered 1-56. However, H13, H22 and H50 have been omitted (Ørskov et al. 1975; Ørskov 

and Ørskov 1984; Scheutz et al. 2004). Flagellar or H antigens are flagellin molecules which 

make up the surface of the flagellar filament, a single structural protein with four major 

domains including D0 and D1 which constitute the flagellar inner and outer tube, respectively, 

while D2 and D3 are surface components of the flagellar filament (Samatey et al. 2001). E. 

coli D0 and D1 domains are conserved whereas D2 and D3 are usually hypervariable forming 

the basis of H-antigen diversity and classification (Samatey et al. 2001). 

(http://www.ssi.dk/English.aspx).  

Traditional H-antigen serotyping is performed in tubes or microtiter plates by subculturing E. 

coli in semi-solid motility agar to detect and select motile strains. Once motile strains are 

detected, well-flagellated formalin-killed cultures are reacted against different H antisera to 

identify the H type (Ørskov and Ørskov 1984; Ewing 1986). Traditional flagellar H typing is 

time-consuming compared to O typing, as E. coli flagella must first be induced and expressed 

in vitro through multiple passages of bacteria in tubes for a number of days or weeks. Non-
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motile (NM) flagellated E. coli that are positive for H antigen are described as NM and strains 

for which the H antigen cannot be identified are termed H-non typable (HNT) (Ørskov and 

Ørskov 1984; Ewing 1986). 

Specific combination of O and H antigens determine the “serotype” of an E. coli isolate. 

Although conventional O:H serotyping remains the “gold standard” for differentiating E. coli, 

the method presents a number of difficulties and challenges including the generation and 

maintenance, use of numerous antisera and cultures of standard reference E. coli strains. In 

addition, serotyping is costly, cumbersome, tedious, requires specialist resources and 

expertise which are only available in a few specialized reference laboratories around the 

world. 

2.4.1.2. Mass spectrometry based STEC H typing  

In the last decade, matrix assisted laser desorption ionization-time of flight mass 

spectrometry (MALDI-TOF MS) has emerged as a powerful, reliable simple, rapid, robust and 

cost-effective technique for identification of clinically relevant bacteria to genus and species 

level in diagnostic laboratories around the world (Kallow et al. 2010; Clark et al. 2013). 

Mass spectrometry involves measurement of the ratio of the mass to charge (m/z) of chemical 

compounds which have been ionized into charged molecules. MALDI-TOF analysis involves 

preparing a sample by mixing or coating it with a solution of an organic compound which is 

energy-absorbent termed a matrix. The matrix dries, crystallizes and entraps the sample 

within by co-crystallization. A laser beam is used to ionise the sample automatically. Singly 

protonated ions from analytes are generated in the sample after desorption and ionization 

with the laser beam. When protonated ions accelerate at fixed potential, they separate from 

each other based on their mass-to-charge ratio (m/z). Charged analytes are usually detected 
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and measured by different types of mass analyzers including quadrupole time of flight (TOF) 

or ion trap mass analyzers, etc.  

Figure 1: Flagella filament cross section view (Lu and Swartz 2016) 

 

TOF analyzers are commonly used in microbiological applications. In MALDI-TOF analysis, 

the m/z ratio of an ion is determined by measuring the time required for it to travel along 

(length) the flight tube. Some TOF analyzers have an ion mirror incorporated at the rear end 

of the flight tube, to reflect ions back through the flight tube to a detector. Thus, the ion mirror 

not only increases the length of the flight tube but corrects minor energy differences between 
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ions (Yates 1998). TOF information generates a characteristic spectrum also termed peptide 

mass fingerprint (PMF) for different analytes in the sample. 

For Identification of bacteria by MALDI-TOF MS, the PMF of an unknown bacterium is 

compared to a standard PMF in a database or by matching the protein mass of the unknown 

bacteria of interest to a PMF which has been deposited in the proteome database. For 

bacteria identification, ribosomal proteins (mass range m/z of 2–20 kDa) which represent 

about 60-70% dry weight of a bacterial cell and some housekeeping proteins are used for 

generating standard PMF for bacterial identification at the species level, in the database 

(Fagerquist et al. 2010; Murray 2012). 

Different mass spectrometry-based approaches have been investigated and expanded to E. 

coli H-antigen/flagellar typing and compared to traditional H typing and/or whole genome 

sequencing serotype identification (Cheng et al. 2013; Cheng et al. 2014; Chui et al. 2015; 

Cheng et al. 2016b; Cheng et al. 2016a). Cheng et al. (2013), developed a membrane 

filtration and liquid chromatography-tandem mass spectrometry (LCMS/MS) protocol for H 

typing using flagellar which were extracted from 53 reference E. coli strains and 41 clinical 

isolates whose H types were known. When the PMF of the flagellar extracts were searched 

against the flagella antigens data base, there was 100% concordance between the identified 

H type by LCMS/MS and traditional H typing. It was also possible to determine the H types 

of nontypable isolates by traditional H typing. Cheng et al. (2013) concluded that LC-MS/MS 

was faster, relatively cost-effective with high specificity (Cheng et al. 2013). 

Chui et al. (2015) designed a MALDI-TOF-based peptide mass fingerprinting approach for H 

typing using 61 reference E. coli strains which represented all the 53 H types. The protocol 

was tested on 85 clinical E. coli isolates and compared to traditional serotyping while WGS 

was used for resolving results that were discordant between MALDI-TOF and traditional 
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serotyping (Chui et al. 2015). With the MALDI-TOF protocol, it was possible to determine the 

H types of the 53 reference E. coli strains at 88.2% (75/85) agreement with traditional H 

serotyping (Chui et al. 2015). When the remaining 10 clinical isolates for which there was 

discordance between MALDI-TOF and conventional H serotyping were resolved by WGS, six 

agreed with MALDI-TOF and four were concordant with traditional H typing (Chui et al. 2015). 

The MALDI-TOF protocol was found to be a fast and cost-effective E. coli H-typing approach.  

A combined mass spectrometry H typing (MS-H)-WGS O-serogrouping protocol for 

identification of flagellar antigens and toxins was proposed (Cheng et al. 2016b). The protocol 

was tested on 60 clinical E. coli and 43 additional isolates which comprised NM, HNT or ONT 

isolates or strains which had showed MS-H results which were inconsistent with traditional 

serotyping. WGS revealed that MS-H was more accurate than traditional serotyping (Cheng 

et al. 2016b). Furthermore, it was possible to identify the O antigen in 94.6% of isolates by 

WGS-O-serogrouping using the wzx and wzy with wzm and wzt gene pair combinations. A 

78.6% O identification rate was obtained when both gene pairs were used separately (Cheng 

et al. 2016b). In addition, it was observed that 98.2% of the isolates carried toxin genes (stx1 

and stx2) and different virulence factors which agreed at 100% with traditional serotyping 

showing that the combined H typing (MS-H) with WGS O-serogrouping-toxin typing 

(phenotyping and genotyping) approach was a reliable E. coli serotyping and virulence gene 

characterisation method (Cheng et al. 2016b).  

Although mass spectrometry-based flagella H typing has been found to be rapid, accurate 

and reliable, the high cost for purchasing different mass spectrometers/analyzers and 

reagents for carrying out MALDI-TOF reactions remains cost-prohibitive worldwide, 

particularly in developing countries. Furthermore, accessing adequate spectra databases for 
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analysis of mass spectrometry results can be challenging while the use of inadequate peptide 

spectra repositories can result in incorrect H type identification. 

2.4.2. Molecular O:H Serotyping  

To circumvent challenges associated with phenotypic O:H serotyping, molecular methods 

have been developed in the last two decades, as an alternative (Table 2). Most molecular 

serotyping protocols have used the Polymerase Chain Reaction (PCR) while other protocols 

have combined PCR with restriction fragment length polymorphism (PCR-RFLP) to classify 

E. coli into distinct serotypes (Coimbra et al. 2000; DebRoy et al. 2011a; Iguchi et al. 2015b). 

Furthermore, a number of microarray and whole genome sequencing-based platforms have 

also been developed to serotype E. coli (Ballmer et al. 2007; Lacher et al. 2016; Patel et al. 

2016; Elder et al. 2020). 

Table 2: Summary of molecular protocols for O:H serotyping 

 

Target genes O serogroups 
and H-types  

Method References 

fliC H7 PCR (Gannon et al. 
1997) 

gnd 147 O serogroups rfb-RFLP (Coimbra et al. 
2000) 

fliC 48 H-types H typing RFLP (Machado et al. 
2000) 

wzx and wzy O121 PCR (Fratamico et al. 
2003) 

wzx, wzy, rfbE, 
wbgN, ihp1, fliC 

Top 8 serogroup 
and H7 

5’-nuclease PCR 
assay 

(Perelle et al. 
2004) 

wzx-wzy, fliC O26 and H11 
(O:H) 

mPCR (Durso et al. 2005) 

wzx and wzy  O103 Conventional and 
real time PCR 

(Fratamico et al. 
2005) 

wzx, wzy, fliC, 
flkA, flmA (H54), 
wbdU, wbdA, 
wbdH, wbdM, rfbU 
(O157), rfbE, 
isla29, sil-inv, sil-1, 
sil-2 

24 O serogroups 
and 47 H types 

Oligonucleotide 
Microarray 

(Ballmer et al. 
2007) 
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wzx Top 6 serogroups 
(without O45) 

mPCR (Monday et al. 
2007) 

wzx, wzy O117, O126 and 
O146 

Sequencing (Liu et al. 2007) 

wzx,  wzy O118 and O151 PCR assay (Liu et al. 2008) 

wzx and wzy  O145 Conventional PCR 
and real time PCR 

(Fratamico et al. 
2009) 

gnd O107 and O117 Sequencing (Wang et al. 2009) 

rfbE and fliC Top 7 serogroups 
and H7 

mPCR (Bai et al. 2010; 
Bai et al. 2012) 

CRISPR loci for 
O157, O26, O45, 
O103, O111, 
O121, O145 and 
O157 

Top 7 serotypes CRISPR-directed 
real-time PCR  

(Delannoy et al. 
2012) 

wzx, wbqE, rfbE Top7 serogroups mPCR (Paddock et al. 
2012) 

 Top 7 serogroups Microbead-based 
Immunoassay 

(Clotilde et al. 
2013) 

 13 serogroups Luminex 
microbead-based 
Immunoassay 

(Lin et al. 2013) 

wzx, wzy Top 7 serogroups mPCR (Conrad et al. 
2014) 

 11 serogroups 13-plex PCR 
suspension assay 

(Feng et al. 2015) 

wzx, wzy, wzm, or 
wzt, orf469, rfbE 

162 O serogroups mPCR (Iguchi et al. 
2015b) 

wzx, wzy and 
rmlA/C (O62/O68) 

O62/O68, O131, 
O140, O142 and 
O163. 

PCR (Liu et al. 2015) 

wzx, wbqE, wbq Top 6 serogroups Immunomagnetic 
separation 

(Noll et al. 2015a) 

wzx 21 serogroups PCR (Sánchez et al. 
2015) 

wzy, fliC 14 O serogroups 
and 14 H-types 
(O:H) 

PCR (Singh et al. 2015) 

wzx,  wzy , glyc 33 novel O 
genotypes  

mPCR (Iguchi et al. 2016; 
Iguchi et al. 2020) 

wzx, wbqE, wbqF, 
rfbE, fliC 

Top 7 serogroups 
and H7 

Real time PCR  (Shridhar et al. 
2016) 

 Top 7 BAX® System 
real-time PCR  

(Wasilenko et al. 
2014) 

wzx, wbqE, wbqF, 
rfbE 

Top 8 serogroups MOL-PCR Assay (Woods et al. 
2016) 

fliC 51 H types mPCR (Banjo et al. 2018) 

Antibodies 11 Serogroups surface plasmon 
resonance imaging 

(Nakano et al. 
2018) 
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wzx, wzy, gnd, 
wzm, orf469, 
wbdC 

137 non-top-7 
serogroups 

mPCR (Ludwig et al. 
2020) 

 

2.4.2.1 E. coli serogrouping by PCR  

Most PCR-based protocols for E. coli serogrouping identify genes involved in O-antigen gene 

cluster biosynthesis (O-AGC) and translocation to delineate E. coli into different O serogroups 

(types (Iguchi et al. 2015b, DebRoy et al. 2018; Ludwig et al. 2020). Genes encoding O-

antigen gene cluster biosynthesis (O-AGC) and O antigen translocation are generally variable 

with numerous polymorphisms among the clusters. Most genes used for serogrouping are 

those involved in nucleotide oligosaccharide synthesis, genes encoding for synthetases, 

epimerase and other proteins which are variable in their DNA sequences. However, in most 

O-AGC, two genes, encoding the O-antigen flippase (wzx) and the O-antigen polymerase 

(wzy) are unique and have been used in most PCR based E. coli serogrouping protocols (Liu 

et al. 1996; Samuel and Reeves 2003). The O antigen flippase unit (wzx) is required for O-

polysaccharide transfer (Liu et al. 1996), the O-antigen polymerase (wzy) is involved in O-

antigen translocation (Samuel and Reeves 2003). Other genes including those encoding the 

O-antigen ABC transporter permease (wzm) (Kido et al. 1995) and the ABC transporter ATP-

binding (wzt) (Samuel and Reeves 2003) have also been used as serogrouping markers. 

Furthermore, PCR primers for amplifying the wbqF and wbqE genes which encode putative 

acetyltransferase and glycosyltransferase proteins have been also targeted for E. coli O 

serogroup delineation (Fratamico et al. 2003; Fratamico et al. 2005; Bai et al. 2012). 

Additional genes encoding a perosamine synthetase (rfbE), 6-phosphogluconate 

dehydrogenase (gnd), (Nasoff et al. 1984), a mannosyltransferase (wbdC and orf469). PCR 

primers for amplifying an insertion sequence (rmlA/C) located between genes involved in 

glucose-1-phosphate (rmlA) and dTDP-4-dehydrorhamnose 3,5-epimerase (rmlC) 
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biosynthesis of dTDP-L-rhamnose were used to identify the O62/68 serogroup (Liu et al. 

2015; DebRoy et al. 2016; DebRoy et al. 2018), methyl and transferase genes were targeted 

to amplify O89/O101/O162 and the wbrX was for detecting O52 (DebRoy et al. 2018). 

A number of multiplex PCR (mPCR) assays for serogrouping the major seven STEC including 

O157, O145, O26, O103, O121, O111 and O45 are currently available (Fratamico et al. 2003; 

Perelle et al. 2004; Durso et al. 2005; Fratamico et al. 2005; Monday et al. 2007; Fratamico 

et al. 2009; DebRoy et al. 2011b; Fratamico 2011; Fratamico et al. 2011; Madic et al. 2011; 

Anklam et al. 2012; Bai et al. 2012; Paddock et al. 2012; Conrad et al. 2014; Iguchi et al. 

2015a; Noll et al. 2015a; Singh et al. 2015; Shridhar et al. 2016). Later, more PCR protocols 

have been developed to identify E. coli serogroups beyond non-big 7 STEC (DebRoy et al. 

2011a; Paddock et al. 2012; Iguchi et al. 2015b; Iguchi et al. 2015a; Iguchi et al. 2016; Ludwig 

et al. 2020). Differences in content and sizes of genes encoding O-AGCs now form the basis 

of E. coli O-groups molecular serotyping (DebRoy et al. 2011a; Iguchi et al. 2015a; DebRoy 

et al. 2016; Ludwig et al. 2020). 

While most of the above-mentioned PCR protocols were developed for detecting top 7 

serogroups, Singh et al. (2015) designed mPCR protocols that to detect the seven major 

STEC and nine additional non-O157 STEC serogroups. Furthermore, Sanchez et al. (2015) 

developed three mPCR assays for distinguishing 21 major STEC including top 7 and a 

number of clinically relevant serogroups. 

However, the most comprehensive PCR serotyping protocols for O serogrouping were 

developed and validated by Iguchi et al. (2015) and Ludwig et al. (2020). The Iguchi et al. 

(2015) protocol was able to delineate 147 serogroups using  more than 20 multiplex PCR 

protocols (mPCR), each able to detect six to nine O serogroups (Iguchi et al. 2015a; Iguchi 

et al. 2016; Iguchi et al. 2020). Furthermore, Iguchi et al. (2016) were designed additional 
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primers to serogroup untypable and/or serologically indistinguishable E. coli isolates (O-

serogroup untypable (ONT/OUT). The protocol  resulted in the discovery of up to 14 novel O 

genotypes based on the amplification of O-AGCs encoding polymerase and 

glycosyltransferase genes sequences (Iguchi et al. 2016; Iguchi et al. 2020; Nguyen et al. 

2021).  

Ludwig et al. (2020) PCR platform was developed and validated on 460 STEC isolates. The 

protocol uses 14 mPCR assays, each including 7-12 pairs of primers and can delineate 137 

STEC serogroups commonly found in cattle (Ludwig et al. 2020). Both the Iguchi et al. (2015) 

and Ludwig et al. (2020) protocols use and share previously published primers and also have 

included newly designed primers. 

Most of the above-mentioned PCR were developed and validated using standard E. coli O-

reference strains, which are available at the World Health Organisation Collaborating Center 

for Reference and Research on Escherichia and Klebsiella based at Statens Serum Institut. 

To check the specificity of the PCR serogrouping protocols, some studies have used 

previously O-serogrouped field and clinical isolates or strains obtained from E. coli  collections 

in different reference laboratories. Furthermore, field isolates that belong to the 

Enterobacteriaceae family or other bacterial species have been used to test the specificity of 

the serogrouping PCR protocols: Citrobacter freundii, Enterobacter cloacae, Hafnia alvei, 

Klebsiella pneumoniae, Salmonella enterica subsp. Anatum, Arizona, Choleraesuis, and 

Typhimurium, Shigella flexneri, Shigella boydii, Serratia marcescens, Yersinia enterocolitica, 

Enterococcus aerogenes, Enterococcus. faecalis, Lactococcus lactis, Listeria 

monocytogenes, Proteus vulgaris, Pseudomonas aeruginosa, Staphylococus aureus and 

Streptococcus pyrogenes (DebRoy et al. 2018). However, a number of O-AGC target genes 

are genetically homologous and may cross react with closely related O antigens encoding 
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sequences on PCR (Wang et al. 2009; Iguchi et al. 2015b). Cross reactions on PCR were 

reported for serogroups O117/O107 (Wang et al. 2009) and O129/O135, O118/O151 (Liu et 

al. 2008). Furthermore, Iguchi et al., 2015a reported that STEC serogroups O13 was 

genetically identical (100%) but serologically different from O17, O44, O73, O77 and O106 

whereas O50 was genetically identical to O13, O129 and O135 but serologically different 

from O129 and O135.   

2.4.2.2 E. coli flagellar H typing by PCR 

A number of PCR-based flagellar (H antigen) serotyping methods for E.coli H-type 

identification have been described (Gannon et al. 1997; Singh et al. 2015; Banjo et al. 2018).  

PCR flagellar typing differentiates E. coli and assigns isolates to various H-types based on 

polymorphisms in E. coli flagella-associated genes (fliC) sequences (Gannon et al. 1997; Bai 

et al. 2010; Singh et al. 2015; Banjo et al. 2018). Singh et al. (2015) developed three multiplex 

PCR (mPCR) protocols for detecting the 14 most common E. coli H antigens (Singh et al. 

2015). Furthermore, Banjo et al. (2018) developed a 10 multiplex PCR scheme, comprising 

51 pairs of primers for complete typing of all the 53 H-types. The Banjo et al. (2018) protocol 

was tested on H-type reference strains and 362 E. coli isolates. The method was found to be 

highly specific and accurate in distinguishing H-types. We have used both the Singh et al. 

(2015) and  Banjo et al. (2018) protocols in our laboratory and have found them to be reliable 

and accurate in differentiating E. coli H-types. Currently, the main limitation of PCR H typing 

is that the technique cannot distinguish motile from nonmotile E. coli strains.  

2.4.2.3. E. coli O serotyping by PCR-RFLP  

A PCR-RFLP protocol for O serogrouping was developed by Coimbra et al. (2000) based on 

identifying restriction fragment length polymorphisms among E. coli in the rfb gene cluster 

portion of the O-polysaccharide. The RFLP protocol involves restriction digestion of the PCR 
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amplicon by the MboII restriction enzyme (Coimbra et al. 2000). Restriction digestion of the 

PCR amplicon resulted in a number of banding profiles that were used to distinguish E. coli 

O serogroups by gel electrophoresis. According to Coimbra et al. (2000), this PCR-RFLP 

protocol can delineate all (100%) E. coli serogroups. O-serogroups of clinical isolates were 

delineated including some rough or non-agglutinating strains. However, up to 13 O-serogroup 

banding profiles were shared by two or more O-serogroups (Coimbra et al. 2000).  

2.4.2.4. PCR-RFLP E. coli H serotyping 

Machado et al. (2000) and Prager et al. (2003) developed two PCR-RFLP protocols to 

delineate different H types using 182 and 220 E. coli isolates, respectively. Both protocol 

amplified the fliC gene using previously published primers (Fields et al. 1997; Machado et al. 

2000) and digested the PCR amplicon with HhaI (Machado et al. 2000) and RsaI and CfoI 

(Prager et al. 2003). Machado et al. (2000) were able to classify the 182 isolates into 48 

flagellar types of which 39 were typed unambiguously while more than one flagellar type was 

observed for the remaining nine H types. The Prager et al. (2003) protocol, assigned the 220 

E. coli isolates to different flagellar types accurately except the H4, H17, H53, and H54 which 

did not show a fliC amplicon. There were also a few “overlaps and/or mismatches” which 

revealed more than one fliC type or conversely corresponded to more than one H type (Pager 

et al. 2003). These overlaps were ascribed to polymorphisms in the fliC gene sequence 

and/or flagellar phase variation. Moreover, it was possible to assign HNT and NM isolates to 

specific H types using the PCR-RFLP fliC protocol. 

2.4.2.5. DNA microarray-based E. coli O:H serotyping  

In addition to PCR and PCR-RFLP protocols, DNA microarray-based platforms for detecting 

O-AGC sequences have been developed for serogrouping STEC (Liu and Fratamico 2006; 

Ballmer et al. 2007; Bugarel et al. 2010; Geue et al. 2014). Microarray essays have also been 
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exploited for molecular STEC serotyping (O:H) and virulotyping concomitantly (Liu and 

Fratamico 2006; Bugarel et al. 2010; Geue et al. 2014; Matussek et al. 2017). Microarray 

technology involves immobilizing target E. coli DNA fragments (probe) within a sample of 

interest onto a silicon, glass or plastic chip surface and hybridizing it with DNA sequences 

labelled with a fluorescent dye. Complementary DNA fragments attach to target DNA spots 

on the chip. A fluorescent scanner is used to determine the intensity of the fluorescent dye 

after washing off the excess and unattached DNA fragments (Liu and Fratamico 2006; Lacher 

et al. 2014; Matussek et al. 2017).  

Ballmer et al. (2007) designed and validated an arrayTube-based assay which was able to 

detect 24 O groups and 47 H-types correctly with high specificity and sensitivity. Furthermore, 

the assay identified nonmotile or nontypable E. coli unequivocally (Ballmer et al. 2007). An 

upgrade of the Ballmer et al. (2007) assay was able to identify 70 O antigen serogroups 

(Geue et al. 2014). The arrayStrip assay which allowed high throughput with full automation. 

When the  protocol was validated on 180 reference E. coli isolates belonging to 70 O 

serogroups, there was a high degree of agreement between the microarray protocol and 

traditional E. coli serotyping and DNA-based serotyping (Geue et al. 2014).  

In addition, a microarray-based platform for serotyping (O:H) and virulotyping E. coli was 

developed by the Food and Drug Administration (FDA-ECID, USA) to  type E. coli isolates 

from various foods and predict their public health importance (Lacher et al. 2016; Patel et al. 

2016). The microarray assay was designed based on wzx, wzy and wzm O alleles and tested 

on 103 O serogroups and the 53 recognised flagellin alleles (Patel et al. 2016). The array 

was able to identify 68 STEC O:H serotypes with high precision (Patel et al. 2016). A better 

resolution was obtained for H-nontypable or non-motile E.coli, and the procedure could be 

combined with virulotyping and single nucleotide polymorphism (SNP) resolution (Patel et al. 
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2016). The FDA-ECID array-based protocol for O:H serotyping was validated on 54 reference 

E. coli strains and found to be 94% accurate in comparison to reference data for External 

Quality Assurance(Patel et al. 2018). A 96% reproducibility was obtained when O types were 

performed in four additional laboratories (Patel et al. 2018). The protocol was  was 96% 

reproducible and 100% accurate for H typing (Patel et al. 2018).  

2.4.2.6. E. coli serotyping by whole genome sequencing  

With the availability of more E. coli whole genome sequences (WGS) and advanced 

bioinformatics platforms to analyse genomes, public health laboratories are increasingly 

adopting whole genome sequencing (NGS) technologies to serotype E. coli. Currently, 

bioinformatics pipelines for in silico analysis of WGS data are being adopted by various 

laboratories around the world to predict E. coli serotypes. Platforms such as SRST2 (Short 

Read Sequence Typing 2) (Ingle et al. 2016), SerotypeFinder (Joensen et al. 2014), EToKi 

EBEis (EnteroBase Escherichia in silico serotyping module from EnteroBase Tool Kit), 

Ectyper and the Bionumerics commercial software are being used to analyse assembled 

genomes or raw sequence reads as standalone programs or on webservers (Inouye et al. 

2014; Joensen et al. 2015; Bessonov et al. 2021; Zhang et al. 2021). Most of these 

bioinformatic tools can be accessed at the Center for Genomic Epidemiology, which is hosted 

by Denmark Technical University, (https://www.genomicepidemiology.org). 

When the above-mentioned four pipelines were compared for their capacity to predict 

serotypes based on the sequences of 185 E. coli isolates that had been serotyped by 

traditional serotyping, a high concordance of 98-100 % for O-antigens and 92-97 % for H-

antigens serotyping was obtained, with the ECTyper and SerotypeFinder results consistently 

agreeing with traditional serotyping (Bessonov et al. 2021). When the benchmarking 

assessment was extended to a collection of 6954 E. coli genomes that are publicly available, 
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to assess the performance of these bioinformatic tools on a more diverse dataset, ECTyper 

and SerotypeFinder had the highest concordance (Bessonov et al. 2021). In addition, when 

a serotyping validation analysis was carried out to compare Bionumerics, Ectyper and 

traditional serotyping on 164 E. coli genomes, a 91.1% and 98.2% serotype prediction 

accuracy was obtained, respectively with a 1.2% discordance between both pipelines 

(Christianson et al. 2018). The SerotypeFinder software predicts E. coli O-serogroups and H-

types by searching for E. coli sequences encoding somatic O antigens (wzx, wzy, wzm, and 

wzt) and flagellin H antigens (fliC, flkA, fllA, flmA and flnA) and the search (O:H) can be 

combined with the SRST2 platform (Joensen et al. 2015; Ingle et al. 2016). The SRST2 

platform facilitates rapid and accurate in silico E. coli serotype identification by directly 

searching for short reads that have been deposited in a curated database consisting of 

already known O:H serotypes. Moreover, the use of the SRST2 software has the main 

advantage of circumventing the need for de novo genome assembly which can be costly to 

many laboratories.  

Currently NGS technologies coupled with sophisticated bioinformatics tools have been 

adopted as a standard, viable and cost-effective E. coli O:H serotyping approach in the United 

Sates and the United Kingdom (Dallman et al. 2015; Jenkins 2015; Jenkins et al. 2019; Ribot 

et al. 2019). A number of platforms and software for analysing sequence types combined in 

one single tool (plug-in) to identify O:H serotype, virulence and antimicrobial resistance genes 

in silico have been developed. Holmes et al. (2018) validated the use of WGS on a panel of 

previously characterised 150 STEC isolates at the Scottish Escherichia coli O157/STEC 

Reference Laboratory (SERL) (O:H/MLST/eae/Shiga toxin [stx]/SNP) using Public Health 

England (PHE) data (SnapperDB) and bioinformatics platforms. There was a high correlation 

of 93% to 100%, between data generated from the Scottish STEC isolates when WGS and 

results obtained by the PHE pipeline and BioNumerics and the two national laboratories 
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which were compared, showing that it was possible to standardize data among different 

laboratories. using the different platforms (Holmes et al. 2018). Lindsey et al. (2016) validated 

the use of a single workflow approach by integrating data from the Center for Genomic 

Epidemiology in a single plug-in to serotype STEC in combination with virulence, and 

antimicrobial resistance profiling using WGS and in silico sequence analysis. When this 

approach was tested on 228 E. coli genomes STEC, they obtained 96.1% and 96.5 % 

predictive rates for O and H serogrouping respectively, in comparison to traditional serotyping 

(Lindsey et al. 2016). Similarly, when this scheme was tested on 59 E. coli genomes, it was 

95% and 100% concordant with traditional serotyping for O and H, respectively (Lindsey et 

al. 2016). 

E. coli WGS serotyping is rapid and can be cost-effective and is able to serotype “O and H 

nontypable strains (O rough and nonmotile) and can be useful for the discovery of new 

serogroups (Jenkins 2015). In silico WGS serotype identification precludes the need for a 

large amount of expensive and resource-intensive antiserum and associated quality control 

issues. However, although WGS/in silico serotyping is considered reliable, rapid, and 

compatible with conventional serotyping, the widespread implementation of the method in 

many public health laboratories around the world will remain limited due the expense involved 

in acquiring high-cost infrastructure and equipment, and the need for expertise in genomics 

and bioinformatic.  
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3.0 CHAPTER III  

Occurrence, serotypes and virulence characteristics of Shiga toxin-producing 

Escherichia coli isolates from goats on communal rangeland in South Africa 

Chapter was published in Toxins 2022, 14(5), 353; 
https://doi.org/10.3390/toxins14050353  (Appendix 1) 

 
3.1. Abstract 

Shiga-toxin-producing Escherichia coli is a foodborne pathogen commonly associated with 

human disease characterized by mild or bloody diarrhoea hemorrhagic colitis and hemolytic 

uremic syndrome. This study investigated the occurrence of STEC in fecal samples of 289 

goats in South Africa using microbiological culture and PCR. Furthermore, 628 goat STEC 

isolates were characterized by serotype (O:H) and major virulence factors by PCR. STEC 

was found in 80.2% (232/289) of goat fecal samples. Serotyping of 628 STEC isolates 

revealed 63 distinct serotypes including four of the major top seven STEC serogroups which 

were detected in 12.1% (35/289) of goats: O157:H7, 2.7% (8/289); O157:H8, 0.3%, (1/289); 

O157:H29, 0.3% (1/289); O103:H8, 7.6% (22/289); O103:H56, 0.3% (1/289); O26:H2, 0.3% 

(1/289); O111:H8, 0.3% (1/289) and 59 non-O157 STEC serotypes. Twenty-four of the sixty-

three serotypes were previously associated with human disease. Virulence genes were 

distributed as follows: stx1, 60.6% (381/628); stx2, 72.7% (457/628); eaeA, 22.1% (139/628) 

and hlyA, 78.0% (490/628). Both stx1 and stx2 were found in 33.4% (210/628) of isolates. In 

conclusion, goats in South Africa are a reservoir and potential source of diverse STEC 

serotypes that are potentially virulent for humans. Further molecular characterization will be 

needed to fully assess the virulence potential of goat STEC isolates and their capacity to 

cause disease in humans. 

Keywords: goats; STEC; serotypes; virulence; South Africa 
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Key Contribution: This research is a contribution towards STEC surveillance and improves 

our understanding of the epidemiology and virulence characteristics of goat STEC in South 

Africa. 

3.2. Introduction  

Shiga toxin-producing E. coli (STEC) is a foodborne pathogen commonly associated with 

enteric disease in humans characterized by mild watery or bloody diarrhoea, haemorrhagic 

colitis (HC) and the haemolytic uremic syndrome (HUS) as a complication in 5-10% of 

humans. According to the Foodborne Disease Burden Epidemiology Reference Group 

(FERG), STEC was responsible for around 2.5 million of new cases of human disease, of 

which 1.2 million may have been foodborne, with 3 330 HUS cases and 269 deaths, which 

corresponded to 27 000 Disability-Adjusted Life Years in 2010 (DALYs) (Kirk et al. 2015). 

Domestic ruminants including cattle, sheep, and goats are the main reservoirs of STEC 

(Hussein 2007; La Ragione et al. 2009; Persad and Lejeune 2015; McCarthy et al. 2021). 

Ingestion of contaminated meat, dairy products, vegetables, and water is a risk factor for 

acquiring STEC infection in humans (Isaäcson et al. 1993; Hussein 2007; Lynch et al. 2009). 

Furthermore, contact with animals carrying STEC has also been associated with disease in 

humans (Schlager et al. 2018; Nichols et al. 2021). 

More than 1000 different serotypes of Shiga toxin-producing Escherichia coli (STEC) have 

been described in humans, animals and the environment (EFSA 2013; Beutin and Fach 2014; 

Bettelheim and Goldwater 2019). STEC O157:H7 was the first serotype to be associated with 

a human disease outbreak and remains the most frequent strain in human illness (Riley et al. 

1983). However, numerous non-O157 STEC serotypes have also been linked to outbreaks 

and severe disease in humans including HUS (Brooks et al. 2005; Hughes et al. 2006; EFSA 

2013; Beutin and Fach 2014; Bettelheim and Goldwater 2019). STEC O26, O45, O103, 
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O111, O121 and O145 are the six most frequently incriminated non-O157 serogroups in 

human disease (Brooks et al. 2005; Hughes et al. 2006). Together with STEC O157, these 

“top 6” non-O157 serogroups are the major seven STEC serogroups, also colloquially termed 

“Big 7 or Top 7” STEC. Furthermore, according to the Centers for Disease Control and 

Prevention (CDC), at least 13 serotypes associated with top 6 serogroups including O26:H11 

or nonmotile (NM); O45:H2 or NM; O103:H2, H11, H25; or NM; O111:H8 or NM; O121:H19 

or H7; and O145: NM may be responsible for up to 80% of cases of human STEC disease in 

the United States (Brooks et al. 2005). In South Africa, serotypes O26:H11, O111:H8, 

O157:H7 and O107/O117:H7 were frequently implicated in disease between 2006–2013 

(Karama et al. 2019b). 

Bacteriophages-encoded Shiga toxins (stx1 and stx2) and a number of stx subtypes are 

considered the major STEC virulence factors (Scotland et al. 1983; O'Brien et al. 1984; 

Strockbine et al. 1988; Scheutz et al. 2012). Identification of STEC is based on detection of 

one or more Shiga toxin-encoding genes (stx1 and stx2) (Scotland et al. 1983; O'Brien et al. 

1984; Strockbine et al. 1988). STEC that carry stx2 are more frequently associated with 

severe disease including HUS in comparison to strains that possess stx2 alone or both stx1 

and stx2 concomitantly (Ostroff et al. 1989; Boerlin et al. 1999; Donohue-Rolfe et al. 2000; 

Ethelberg et al. 2004; Persson et al. 2007).  

Intimin (eaeA) is an additional important STEC virulence factor (Jerse et al. 1990; McKee and 

O'Brien 1996). The gene encoding intimin is located on a 35 Kb pathogenicity island in E. coli 

O157:H7 termed the locus of enterocyte effacement (LEE) (McDaniel et al. 1995; McDaniel 

and Kaper 1997). Intimin is responsible for intimate adherence of STEC to intestinal epithelial 

cells and formation of typical attaching and effacing (A/E) lesions in the intestine 

characterized by actin-rich pedestals and loss of brush border microvilli under bound bacteria 
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(Pai et al. 1986). Furthermore, STEC possess plasmid-encoded virulence markers including 

a hemolysin (hlyA) and additional virulence-associated genes which are located on 

pathogenicity-islands (Schmidt et al. 1995; Schmidt and Karch 1996; Karmali et al. 2003; 

Schmidt and Hensel 2004; Coombes et al. 2008).  

Current reports on the occurrence and characteristics of STEC in animals and humans in 

South Africa are scanty. Furthermore, the few studies that have reported on the occurrence 

of STEC in South Africa have largely investigated the presence of STEC in cattle populations 

(Ateba and Mbewe 2014; Mainga et al. 2018; Karama et al. 2019a) while studies on the 

prevalence of STEC in other ruminants including goats are lacking. Therefore, the main 

objectives of this study were (1) to determine the occurrence of STEC in goats raised on 

communal rangeland in South Africa and (2) characterize STEC by serotype (O:H) and major 

virulence factors (stx1, stx2, eaeA, and hlyA). The overall goal is to contribute to STEC 

monitoring and surveillance in South Africa.  

3.3 Materials and methods 

3.3.1 Study population and sample collection 

Goat fecal samples (N=289) were obtained from four goat herds. The goat herds were located 

on different communal rangelands in Gauteng province, South Africa. The herds were 

designated using alphabetical letters: Herd A (n = 154), Herd B (n = 43), Herd C (n = 52) and 

Herd D (n = 40). Each herd was visited once. Refer to Figure 2 for a map of the Gauteng 

province, South Africa showing the locations of the different herds (A, B, C and D) from which 

goat fecal samples were obtained. Fresh fecal samples were collected by rectal palpation, 

using a new nitrile examination glove per animal. Samples were placed in sterile specimen 

containers and transported in a cooler box on ice to the laboratory where they were stored at 

4°C until further processing. Ethical clearance for conducting this research was obtained from 
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the Research Ethics and Animal Ethics Committees of the Faculty of Veterinary Science, 

University of Pretoria, under approval number REC110-21.  

3.3.2 STEC culture 

Each fecal sample (5g) was enriched at a 1:10 ratio in EC broth (CM0990, Oxoid, 

Basingstoke, United Kingdom) supplemented with Novobiocin (N1628, Sigma-Aldrich, St. 

Louis, MO) at 37 °C for 18-24 h. A 100 µl aliquot of the overnight enrichment was spread on 

Drigalski Lactose agar (CM0531, Oxoid, Basingstoke, United Kingdom) and CHROMagar 

STEC base ST162(B) containing supplement ST162(S) (CHROMagar, Paris, France, 

http://www.CHROMagar.com).  

3.3.3 DNA extraction and STEC screening 

All Drigalski Lactose and CHROMagar STEC agar petri dishes showing bacterial growth were 

screened for STEC by PCR (Paton and Paton 1998). Briefly, a loopful of bacterial colony 

sweep was collected from each Drigalski Lactose agar and CHROMagar STEC plate showing 

growth and suspended in 1ml of FA Buffer (223143, Becton Dickinson and Company, Sparks, 

MD, USA) (Mainga et al. 2018). 

The suspension was homogenised and washed by vortexing, then centrifuged for 5 min. After 

centrifugation, the supernatant was discarded, and the pellet was re-suspended in FA buffer. 

After the second wash and centrifugation rounds, the pellet was re-suspended in 500 µl of 

sterile water, mixed and boiled at 100°C for 25 min. The boiled preparation was thawed on 

ice and stored at −20°C for further processing (Mainga et al. 2018). A multiplex PCR (mPCR) 

protocol was used to screen the DNA template for stx1, stx2, eaeA and hlyA using previously 

described cycling parameters and primers (Paton and Paton 1998). Briefly, each 25 µl PCR 

reaction mixture contained 2.5 μl of 10X Thermopol reaction buffer, 2.0 μl of 2.5 mM dNTPs  
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Figure 2: A map of the Gauteng province, South Africa showing the locations of the 

different herds (A, B, C and D) from which goat fecal samples were obtained 

 

(deoxynucleotide triphosphate),0.25 μl of 100 mM MgCl2, 0.6 μl of each primer (10 μM stock 

solution concentration), 1 U of Taq DNA Polymerase, and 5 μl of DNA template. DNA from 

Escherichia coli O157:H7 strain EDL933 (ATCC 43895) and sterile water were used as 

positive and negative PCR controls, respectively. All PCR reagents were purchased from 

New England BioLabs (NEB, Ipswich, MA, USA) except for the primers which were supplied 

by Inqaba Biotec (Pretoria, South Africa). 

3.3.4 STEC Isolation and Identification 

For STEC isolation and identification, colony sweeps were collected from Drigalski Lactose 

agar and CHROMagar plates which were positive for stx1 and/or stx2 on PCR and streaked 
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onto Drigalski Lactose agar and CHROMagar STEC to obtain single colonies. Five single 

colonies were purified from each plate and multiplied individually on Luria Bertani agar 

(REF244520, Difco Becton and Dickson & Company). Once again, DNA was extracted from 

purified colonies by the boiling method (Mainga et al. 2018). DNA from each purified colony 

was screened for stx1, stx2 , eaeA and hlyA by PCR (Paton and Paton 1998) to verify and 

confirm the STEC status of each pure colony. Colonies which were positive for stx1 and /or 

stx2 were preserved at -80°C in a bacterial freezing mixture (Mainga et al. 2018) for further 

O:H serotyping. 

3.3.5 STEC Serotyping  

All confirmed STEC pure single colonies were serotyped (O:H) by PCR using previously 

described primers and cycling conditions (Iguchi et al. 2015; Banjo et al. 2018; Iguchi et al. 

2020). STEC strains which were previously serotyped by traditional serotyping at the National 

Microbiology Laboratory, Public Health Agency of Canada, Guelph, Ontario, Canada, and the 

Laboratorio de Referencia de Escherichia coli (LREC), Facultad de Veterinaria, Universidad 

de Santiago de Compostela, Lugo, Spain and a number of E. coli O:H types in our collection 

(unpublished) were also used as positive controls in PCR serotyping assays. Furthermore, 

the following STEC isolates which were provided by the European Union Reference 

Laboratory for Escherichia coli, Istituto Superiore di Sanità, Rome Italy, were used as positive 

controls for serotyping the major seven STEC serogroups: STEC-C210-03 (O157), STEC-

ED476 (STEC O111), STEC-C1178-04 (STEC O145), STEC-C125-06 (STEC O103) and 

STEC-ED745 (O26). 

3.4 Results 

3.4.1 STEC Occurrence  

A total 289 fecal samples were collected from four goat herds on communal rangeland (Herd 

A, B, C, and D) in the Gauteng province of South Africa and screened for STEC. PCR 
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revealed that 80.2% (232/289) of goat fecal samples were positive for STEC. STEC was 

detected in 75.3% (116/154) of goats in herd A; 90.6% (39/43) in herd B; 78.8% (41/52) in 

herd C and 90% (36/40) in herd D (Table 3 and Figure 3).  

Table 3: Occurrence of STEC serotypes in the four goat herds (A, B, C and D) 

 

  Herds  
Herd Occurrence  
 

O Serogroups 
(N=34) 

Serotypes 
(N=63) 

Isolates (N= 
628) 

Number 
of Goats  
(N=289) 

 

 

 

 

A  

 

 

 

 

 

 

 

 

 

 

 

 

 

(75.3%) 116/154 

O3 (58)   

 

 

 

O8 (29) 

 

 

 

O22 (3) 

O26 (1) 

O43 (50) 

 

O49 (1) 

O54 (2) 

 

O64 (1) 

O71 (3) 

 

O76 (39) 

 

O3:H2 

O3:H11 

O3:H19 

O3:H21 

O8:H14 

O8:H19 

O8:H21 

O8:H49 

O22:H8 

O26:H2 

O43:H2 

O43:H8 

O49:H11 

O54:H16 

O54:H19 

O64:H18 

O71:H1/12 

O71:H14 

O76:H2 

O76:H19 

1 

1 

1 

55 

1 

8 

5 

15 

3 

1 

49 

1 

1 

1 

1 

1 

2 

1 

1 

38 

1 

1 

1 

14 

1 

2 

1 

3 

1 

1 

12 

1 

1 

1 

1 

1 

1 

1 

1 

9 
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O103 (99) 

 

O108 (13) 

 

O111 (2) 

O113 (7) 

O146 (7) 

O157 (30) 

 

O163 (1) 

O175 (2) 

 

O185 (4) 

OgN8 (4) 

OgN13 (11) 

 

 

OgSB9 (7) 

 

OgX18 (2) 

OgX25 (15) 

ONT (6) 

 

 

 

 

O103:H8 

O103:H56 

O108:H19 

O108:H25 

O111:H8 

O113:H8 

O146:H21 

O157:H7 

O157:H8 

O163:H2 

O175:H7 

O175:H19 

O185:H8 

OgN8:H7 

OgN13:H19 

OgN13:H10 

OgN13:HNT 

OgSB9:H2 

OgSB9:H19 

OgX18:H2 

OgX25:H8 

ONT:H18 

ONT:H19 

ONT:H26 

ONT:HNT 

 

98 

1 

1 

12 

2 

7 

7 

29 

1 

1 

1 

1 

4 

4 

9 

1 

1 

1 

6 

2 

15 

1 

1 

1 

3 

22 

1 

1 

3 

1 

3 

2 

7 

1 

1 

1 

1 

3 

1 

1 

1 

1 

1 

2 

1 

3 

1 

1 

1 

2 
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B 

 

 

 

 

 

 

 

(90.6%) 39/43   

 

O5 (3)  

 

O6 (14) 

 

 

O7 (1) 

O8 (3) 

 

 

O75 (37) 

O76 (8) 

 

O79 (1) 

O125 (1) 

O132 (1) 

O159 (1) 

O163 (1) 

O176 (5) 

OgSB9 (6) 

 

OgX18 (1) 

OgX25 (2) 

 

 

 O5:H19 

 

O6:H8 

O6:H21 

O6:H49 

O7:H7 

O8:H7 

O8:H8 

O8:H14 

O75:H8 

O76:H19 

O76:49 

O79:H8 

O125:H19 

O132:H8 

O159:H49 

O163:H8 

O176:H4 

OgSB9:H19 

OgSB9:H21 

OgX18:H21 

OgX25:H8 

 

 

3 

 

1 

1 

12 

1 

1 

2 

2 

37 

7 

1 

1 

1 

1 

1 

1 

5 

5 

1 

1 

2 

 

1 

 

1 

1 

6 

1 

1 

2 

2 

9 

4 

1 

1 

1 

1 

1 

1 

1 

2 

1 

1 

1 

 

 

 

 

 

 

O43 (25)  

 

O76 (4) 

O43:H2 

O43:H8 

O76:H19 

24 

1 

4 

7 

1 

3 
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C 

 

 

 

(78.8%) 41/52 

O113 (1) 

O146 (11) 

O157 (2) 

 

O174 (12) 

O175 (1) 

OgX18 (9) 

 

O113:H8 

O146:H21 

O157:H7 

O157:H29 

O174:H8 

O175:H21 

OgX18:H2 

 

1 

11 

1 

1 

12 

1 

9 

 

1 

3 

1 

1 

4 

1 

2 

 

 

 

 

D 

 

 

 

 

(90%) 36/40 

O3 (39) 

O8 (6) 

 

O76 (1) 

O146 (13) 

O159 (1) 

O174 (4) 

OgX18 (15) 

O3:H21 

O8:H2 

O8:H19 

O76:H19 

O146:H21 

O159:H2 

O174:H8 

OgX18:H2 

39 

1 

5 

1 

13 

1 

4 

15 

9 

1 

1 

1 

2 

1 

1 

4 

 

 

 

 

3.4.2 STEC O:H serotypes 

At least 99% (622/628) of isolates were O:H serotypable by PCR. PCR serogrouping revealed 

34 O groups and 17 H types with a total of 63 O:H distinct serotypes. Six isolates were O-

untypable (ONT) (Figure 4 and Table 3) and three H-untypable (HNT) (Figure 5 and Table 

3). The highest number of STEC serotypes was recovered from Herd A, 41 serotypes; 

followed by Herd B, 21 serotypes; Herd C, 10 serotypes; and Herd D, 8 serotypes. STEC 

O76:H19 was recovered from all herds: STEC O146:H21 and OgX18:H2 were recovered 
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from Herd A, C, and D. STEC O8:H14, OgSB9:H19 and OgX25:H8 were found in Herd A and 

B. STEC O43:H2, O43:H8, O113:H8 and O157:H7 were recovered from Herd A and C. STEC 

O3:H21 and O8:H19 were recovered from Herd A and D.  

 

Figure 3: STEC occurrence within goat herds 

 

 

 

Among the 34 O serogroups, 18 were associated with a single H type (O5:H19, O7:H7, 

O22:H8, O26:H2, O49:H11, O64:H18, O75:H8, O79:H8, O111:H8, O113:H8, O125:H19, 

O132:H8, O146:H21, O174:H8, O176:H4, O185:H8, ON8:H7, OX25:H8), and 16 O groups 

(O3, O6, O8, O43, O54, O71, O76, O103, O108, O157, O159, O163, O175, ON13, OSB9 

and OX18) were associated with more than one H type.  

The distribution of different STEC serotypes per goat herd is shown in Table 3. The following 

17 H types were detected: H1/12, H2, H4, H7, H8, H10, H11, H14, H16, H18, H19, H21, H25, 

H26, H29, H49 and H56 (Figure 5 and Table 4). 
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Among the 63 O:H distinct serotypes, 55.5%, (35/63) were each represented by a single 

isolate while the remaining 44.4% (28/63) were represented by more than one isolate (Table 

3). O:H serotype combinations can be found in Table 4. 

The six most frequent goat STEC serotypes were: O3:H21, 7.9% (23/289); O103:H8, 7.6% 

(22/289); O43:H2, 6.5% (19/289); O76:H19, 5.8% (17/289); O75:H8, 3.1%, (9/289); 

O157:H7, 2.7% (8/289). Big 7 STEC serotypes were recovered from 11.0% (32/289) of goats. 

Table 4: Association between O group and H-type(s) among goat STEC isolates 

 

O- Group Associated H- type 

O3 H2 (1), H11 (1), H19 (1), H21 (94) 

O5  H19 (3) 

O6 H8 (1), H21 (1), H49 (12) 

O7 H7 (1) 

O8 H2 (1), H7 (1), H8(2), H14 (3), H19d (13), H21d (5), H49 (15) 

O22 H8 (3) 

O26 H2 (1)  

O43 H2 (73), H8 (2) 

O49 H11 (1) 

O54 H16 (1), H19 (1) 

O64 H18 (1) 

O71 H1/12 (2), H14 (1) 

O75 H8 (37) 

O76 H2 (1), H19 (50), H49 (1) 

O79 H8 (1) 

O103 H8 (98), H56 (1) 

O108 H19 (1), H25 (12) 

O111 H8 (2) 

O113 H8 (8) 

O125 H19 (1) 

O132 H8 (1) 

O146 H21 (31) 

O157 H7 (30), H8 (1), H29 (1) 

O159 H2 (1), H49 (1) 

O163 H2 (1), H8 (1) 

O174 H8 (16) 

O175 H7 (1), H19 (1), H21 (1) 

O176 H4 (5) 

O185 H8 (4) 

ON8 H7 (4) 

ON13 H10 (1), H19 (9), H- (1) 

OSB9 H2 (1), H19 (11), H21(1) 

OX18 H2 (26), H21 (1) 

OX25 H8 (17) 
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a) The numbers in parentheses represent the number of goat isolates  

b)  Serotypes in bold have been associated with human disease 

(Diarrhoea, Blood diarrhoea, hemorrhagic colitis, Hemolytic Uremic Syndrome) previously (reviewed 
by (Bettelheim and Goldwater 2019). 

 

Big 7 STEC serotypes were distributed as follows among goats: O157:H7, 2.7% (8/289); 

O103:H8, 7.6% (22/289); O26:H2, 0.3% (1/289); O111:H8, 0.3% (1/289); O103:H56, 0.3% 

(1/289); O157:H8, 0.3% (1/289); O157:H29, 0.3% (1/289). 

 

Figure 4: Distribution of STEC O serogroups 

 

 

 

 

 

 

 

 

Figure 5: Distribution of STEC H-types 
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3.4.3 STEC virulence characteristics  

The distribution of four STEC virulence genes among the 628 STEC isolates was as follows: 

stx1, 60.6% (381/628); stx2, 72.7% (457/628); eaeA, 22.1% (139/628); hlyA, 78.0% 

(490/628). Both stx1 and stx2 were found concomitantly in 33.4% (210/628) of isolates (Table 

5). The following major gene combinations were observed: stx1 stx2 hlyA, 26.9%, (169/628); 

stx2 eaeA hlyA 20.3%, (128/628) and stx1 hlyA 20.0%, (126/628). STEC characteristics are 

depicted in Table 5.  

Table 5. Goat STEC major virulence factors and gene combinations 

 

Serotype No of 

isolates 

stx1 stx2 eaeA hlyA Gene combination 

O3:H2 1 + - - + stx1, hlyA 

O3:H11 1 + + - - stx1, stx2 

O3:H19 1 + + - + stx1, stx2, hlyA 

O3:H21 38 + - - + stx1, hlyA 

O3:H21 39 + + - + stx1, stx2, hlyA 

194

134
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92

37 29
12 5 4 3 2 2 2 1 1 1 1 1
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O3:H21 8 + - - - stx1 

O3:H21 8 + + - - stx1, stx2 

O3:H21 1 - + - - stx2 

O5:H19 3 + + - + stx1, stx2, hlyA 

O6:H8 1 + + - + stx1, stx2, hlyA 

O6:H21 1 - + - - stx2, hlyA 

O6:H49 12 - + - - stx2 

O7:H7 1 + + - + stx1, stx2, hlyA 

O8:H2 1 + + - + stx1, stx2, hlyA 

O8:H7 1 - + - - stx2 

O8:H8 2 + + - + stx1, stx2, hlyA 

O8:H14 1 + + - + stx1, stx2, hlyA 

O8:H14 2 - + - - stx2 

O8:H19 5 + + - - stx1, stx2 

O8:H19 3 + + - + stx1, stx2, hlyA 

O8:H19 5 - + - - stx2 

O8:H21 5 - + - - stx2 

O8:H49 10 - + - + stx2, hlyA 

O8:H49 5 - + - - stx2 

O22:H8 3 - + - - stx2 

O26:H2 1 + - + + stx1, eaeA, hlyA 

O43:H2 15 + + - - stx1, stx2 

O43:H2 8 + + - + stx1, stx2, hlyA 

O43:H2 18 - + - - stx2 
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O43:H2 29 + - - + stx1, hlyA 

O43:H2 3 - + - + stx2, hlyA 

O43:H8 1 + + - + stx1, stx2, hlyA 

O43:H8 1 + - - + stx1, hlyA 

O49:H11 1 + - - + stx1, hlyA 

O54:H16 1 + + - - stx1, stx2 

O54:H19 1 + + - - stx1, stx2 

O64:H18 1 + - - + stx1, hlyA 

O71:H1/12 2 - + - + stx2, hlyA 

O71:H14 1 - + + + stx2, eaeA, hlyA 

O75:H8 33 + + - + stx1, stx2, hlyA 

O75:H8 1 + - - - stx1 

O75:H8 3 + + - - stx1, stx2 

O76:H2 1 + - - + stx1, hlyA 

O76:H19 36 + - - + stx1, hlyA 

O76:H19 8 + - - - stx1 

O76:H19 3 - + - - stx2 

O76:H19 1 - + - + stx2, hlyA 

O76:H19 2 + + - + stx1, stx2, hlyA 

O76:H49 1 + + - + stx1, stx2, hlyA 

O79:H8 1 + + - + stx1, stx2, hlyA 

O103:H8 96 - + + + stx2, eaeA, hlyA 

O103:H8 1 + - + + stx1, eaeA, hlyA 

O103:H8 1 + - - + stx1, hlyA 
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O103:H56 1 + - - + stx1, hlyA 

O108:H19 1 + - - - stx1  

O108:H25 4 + - - - stx1  

O108:H25 4 + - + + stx1, eaeA, hlyA 

O108:H25 2 + - + - stx1, eaeA, 

O108:H25 2 + - - + stx1, hlyA 

O111:H8 2 + - + + stx1, eaeA, hlyA 

O113:H8 7 - + - + stx2, hlyA 

O113:H8 1 + + - + stx1, stx2, hlyA 

O125:H19 1 + + - - stx1, stx2 

O132:H8 1 + - - - stx1  

O146:H21 16 - + - + stx2, hlyA 

O146:H21 10 + + - + stx1, stx2, hlyA 

O146:H21 5 + - - - stx1 

O157:H7 30 - + + + stx2, eaeA, hlyA 

O157:H8 1 - + + + stx2, eaeA, hlyA 

O157:H29 1 - + - - stx2 

O159:H2 1 + + - + stx1, stx2, hlyA 

O159:H49 1 + + - + stx1, stx2, hlyA 

O163:H2 1 + - - - stx1  

O163:H8 1 + - + + stx1, eaeA, hlyA 

O174:H8 13 + + - + stx1, stx2, hlyA 

O174:H8 3 + - - + stx1, hlyA 

O175:H7 1 + + - + stx1, stx2, hlyA 
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O175:H19 1 + - - + stx1, hlyA 

O175:H21 1 + + - + stx1, stx2, hlyA 

O176:H4 5 + + - + stx1, stx2, hlyA 

O185:H8 2 + + - - stx1, stx2 

O185:H8 2 + + - + stx1, stx2, hlyA 

OgN8:H7 4 - + - - stx2 

OgN13:H10 1 + - - - stx1  

OgN13:H19 8 - + - + stx2, hlyA 

OgN13:H19 1 - + - - stx2 

OgN13:H- 1 + - - - stx1  

OgSB9:H2 1 + + - + stx1, stx2, hlyA 

OgSB9:H19 10 + + - + stx1, stx2, hlyA 

OgSB9:H19 1 + - - - stx1 

OgSB9:H21 1 + + - + stx1, stx2, hlyA 

OgX18:H2 2 + + - - stx1, stx2 

OgX18:H2 24 + + - + stx1, stx2, hlyA 

OgX18:H21 1 + - - - stx1  

OgX25:H8 10 - + - + stx2, hlyA 

OgX25:H8 7 + - - + stx1, hlyA 

ONT:H18 1 + - - + stx1, hlyA 

ONT:H19 1 + - - + stx1, hlyA 

ONT:H26 1 + + - - stx1, stx2,  

ONT:H- 2 + - - + stx1, hlyA 

ONT:H- 1 + + - - stx1, stx2 
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TOTAL 628 381 457 139 490 
 

% Positive   60.6 72.7 22.1 78.0  

 

The eaeA gene was observed in 22.1%, (139/628) of isolates which corresponded to 12.8% 

(37/289) of goats which were eaeA positive. Of the 139 isolates that were eaeA positive, 131 

belonged to five of the major 7 serogroups including O157:H7 (30/628 isolates, 8/289 goats), 

O157:H8 (1/628 isolates, 1/289 goats), O103:H8 (97/628 isolates, 22/289 goats), O26:H2 

(1/628 isolate, 1/289 goats) and O111:H8 (2/628 isolates, 1/289 goats). In addition, 8 isolates 

(1.2%) which were non-Big 7 STEC serotypes possessed eaeA: O71:H14 (1/628 isolate, 

1/289 goats), O108:H25 (6/628 isolates, 2/289 goats), O163:H8 (1/628 isolate, 1/289 goats) 

were also eaeA-positive (1.2%, 8/628). Most of the eaeA positive isolates, 92.0% (128/139) 

had the stx2eaeA genotype (O71:H14, O103:H8, 157:H7, O157:H8) while the remaining 

7.9% (11/139) isolates (O26:H2, O163:H8, O103:H8, O108:H25 and O111:H8) were 

stx1eaeA positive.  

3.5 Discussion 

Previous reports from different countries have shown that goats are a reservoir of STEC 

(Zschöck et al. 2000; Cortés et al. 2005; Oliveira et al. 2008; Vu-Khac and Cornick 2008; La 

Ragione et al. 2009). Furthermore, contact with goats and ingestion of food products of goat 

origin have been associated with STEC disease in humans (Bielaszewska et al. 1997; La 

Ragione et al. 2009). However, published reports on the occurrence and characteristics of 

STEC in goats are few in comparison to cattle and sheep. Furthermore, reports on the 

occurrence of STEC in goats in South Africa are non-existent. This study investigated the 

occurrence of STEC and characterized STEC isolates in four separate goat herds in South 

Africa. The overall occurrence of STEC in the goat populations surveyed was 80.2% 

(232/289). The occurrence of STEC in this study was very high in comparison to similar 
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studies in Germany (Beutin et al. 1993; Zschöck et al. 2000), Brazil (57.5%) (Oliveira et al. 

2008), Spain (47.7%) (Orden et al. 2003; Cortés et al. 2005), Vietnam (31.5%) (Vu-Khac and 

Cornick 2008) and Bangladesh (11.8%) (Islam et al. 2008) which reported STEC detection 

rates ranging from 11.8% to 75.3% in goats. Other reports have found STEC occurrence 

rates ranging from 23.9% to 89.3% in different countries; but these studies were conducted 

on far smaller goat sample populations (≤46) to warrant a valid comparison with the present 

study (Čobeljić et al. 2005; Novotna et al. 2005; Schilling et al. 2012; Isler et al. 2021). 

The within-herd occurrence of STEC ranged from 75.3% (116/154) to 90.6% (39/43) which 

was significantly higher in comparison to similar studies in Brazil (46.7%-73.3%) (Oliveira et 

al. 2008) and Vietnam (15%-65%) (Vu-Khac and Cornick 2008). Moreover, all the four goat 

herds were positive for STEC, in agreement with similar reports elsewhere (Zschöck et al. 

2000; Oliveira et al. 2008; Vu-Khac and Cornick 2008). However, the number of goat samples 

which were tested per herd in this study was “significantly” higher compared to the reports 

from Brazil (106) Vietnam (205) and Germany (93) which may explain why the within-herd 

STEC occurrence in this study was also higher. The higher occurrence of STEC in goats in 

this study may be ascribed to higher shedding of STEC in the goat population studied, 

variations in geographic locations, age (kids vs adults), goat diet (grazing or browsing versus 

concentrate), and management practices. Furthermore, the use of a suitable enrichment 

broth and two selective and sensitive STEC culture and isolation media may have increased 

STEC recovery (Pradel et al. 2000; Gouali et al. 2013; Wylie et al. 2013; Stromberg et al. 

2015; Verhaegen et al. 2016; Fan et al. 2019).  

In the present study, 99.0% of goat STEC isolates were serotypable by PCR. A total of 63 

serotypes (34 O and 17 H groups) were recovered from goats. The number of serotypes 

detected in this study was very high compared to previous studies (Orden et al. 2003; Cortés 
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et al. 2005; Oliveira et al. 2008). The recovery of a very high number of serotypes may also 

be ascribed to the high shedding of STEC in the goat populations tested. Furthermore, the 

use of a sensitive, specific, accurate and reliable PCR protocol for O:H serotyping may have 

led to the identification of more serotypes than usually found with traditional serotyping (Iguchi 

et al. 2015; Banjo et al. 2018; Iguchi et al. 2020). Furthermore, PCR O:H serotyping has the 

advantage of detecting O-untypable (OUNT) and H-nontypable and/or non-motile (HNT/NM) 

E. coli isolates that carry genes encoding O:H antigens but cannot be expressed. In this 

study, we were able to validate the Iguchi et al., (2015), Iguchi et al. (2020) and Banjo et al. 

(2018) E. coli PCR serotyping (O:H) protocols which were highly discriminatory and 

unambiguously serotyped the large number of goats STEC isolates tested in this study (Iguchi 

et al. 2015; Banjo et al. 2018; Iguchi et al. 2020). To our knowledge, this is the most extensive 

serotyping of goat STEC isolates, worldwide. 

Among the 63 serotypes, only 4 serotypes belonged to the major seven STEC serogroups. 

STEC O103:H8 (15.6%) was the most frequent Big seven STEC among goats, followed by 

STEC O157:H7 (4.7%), O111:H8 and STEC O26:H2. Overall, the major seven STEC 

serotypes accounted for 21.3% of all isolates which were serotyped, in contrast to most 

similar studies which never recovered major seven STEC from goats (Beutin et al. 1993; 

Bielaszewska et al. 1997; Orden et al. 2003; Cortés et al. 2005; Keen et al. 2006; Oliveira et 

al. 2008; Mersha et al. 2010). However, Schilling et al. (2012) found a higher proportion of 

top 7 STEC, although the recovered serotypes were those which have never been reported 

in human disease, in contrast to our results which showed that most of the top seven 

serotypes we recovered were previously incriminated in human disease outbreaks except for 

STEC O157:H29, O103:H8 and O103:H56.  
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Previously, STEC O157:H7 has been incriminated in foodborne disease after consumption 

of raw goat milk and home-made cheese made from raw milk (Bielaszewska et al. 1997; 

McIntyre et al. 2002; Espié et al. 2006). Furthermore, STEC O157 and STEC O103 have 

been incriminated in human disease after contact with goats in the USA (Nichols et al. 2021) 

while sources other than goats have been frequently associated STEC O157:H7, O111:H8 

and O26:H2 with human disease worldwide including South Africa (Karama et al. 2019b). 

According to the STEC seropathotype classification, STEC O157:H7 is considered a 

seropathotype A strain, frequently incriminated in outbreaks and severe human disease while 

O111:H8 and O26:H2 are moderately implicated in outbreaks and less frequent in severe 

human disease, in comparison to STEC O157:H7 (Karmali et al. 2003). However, in this study 

most major seven STEC isolates were classified as STEC O103:H8. Previously, STEC 

O103:H8 was isolated from healthy goats and calves in China and Argentina respectively 

(Fernández et al. 2012; Bai et al. 2016). In addition, only one study has reported the recovery 

of STEC O103:H8 from patients and asymptomatic food handlers in Japan (Baba et al. 2019). 

However, the study from Japan by Baba et al (2019) never specified whether the STEC 

O103:H8 isolate was from patients or asymptomatic food handlers (Baba et al. 2019). 

Therefore, although O103:H8 is classified as a major STEC (serogroup), its importance as a 

human pathogen remains unclear as there are no reports until now, which have unequivocally 

associated this STEC serotype with human disease.  

The remaining 59 serotypes were non-O157, of which 24 have been previously incriminated 

in mild to severe human disease worldwide including South Africa, Europe, North America 

and Asia (Hong et al. 2009; EFSA 2013; Beutin and Fach 2014; Bettelheim and Goldwater 

2019; Karama et al. 2019b). The recovery of STEC serotypes which have been associated 

with mild to severe human disease is evidence that goats are a reservoir and a potential 

source of these highly pathogenic STEC strains in South Africa. 
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Highly diverse and farm specific STEC serotypes were observed in individual goat herds 

except for STEC O76:H19 which was the serotype shared among the four goat herds 

surveyed while STEC O146:H21 and OgX18:H2 were recorded in three herds. Overall, the 

highly diverse and farm specific serotypes are most likely a reflection of the fact that the four 

herds were situated in geographically separate and distant areas from each other to allow 

isolate interchange between herds. 

Regarding the virulence characteristics of the STEC isolates under study, stx2 was more 

frequent that stx1 among goat STEC in contrast to similar studies which have shown that stx1 

is predominant among goat STEC isolates (Zschöck et al. 2000; Orden et al. 2003; Cortés et 

al. 2005; Novotna et al. 2005; Wani et al. 2006; Vu-Khac and Cornick 2008; Horcajo et al. 

2010; Mahanti et al. 2015; Jajarmi et al. 2018). However, our findings agree with a study by 

Oliveira et al. (2008) which reported that stx2 was more prevalent in goat STEC isolates. 

Reports on clinical STEC have suggested that stx2 positive isolates are more virulent and 

frequently incriminated in severe human disease including hemorrhagic colitis and hemolytic 

uremic syndrome in comparison to STEC isolates carrying stx1 or both stx1 and stx2 (Ostroff 

et al. 1989; Boerlin et al. 1999; Donohue-Rolfe et al. 2000; Ethelberg et al. 2004; Persson et 

al. 2007). 

The hlyA gene was present in 78.0% (490/628) of goat STEC isolates, consistent with 

previous reports which have shown similar rates in goat STEC elsewhere (Beutin et al. 1993; 

Zschöck et al. 2000; Cortés et al. 2005) . However, lower rates of hlyA ranging from 35%-

60.9% have also been reported (Orden et al. 2003; Oliveira et al. 2008; Vu-Khac and Cornick 

2008). The hlyA gene encodes a pore-forming hemolysin which lyses human erythrocytes 

with subsequent release of iron from heme, a chemical needed for STEC growth and survival 

in the intestine. Previously, the presence and expression of hlyA has been associated with 
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severe STEC disease in humans including HC and HUS (Schmidt and Karch 1996). However, 

STEC that were hlyA negative have also been incriminated in severe disease including 

bloody diarrhoea, HC and HUS, thereby suggesting that the pathogenic role of hlyA in STEC 

remains uncertain (Ethelberg et al. 2004). 

Most of the goat STEC were eaeA negative except for top seven STEC (22.1%) including 

O157:H7, O26:H2, O111:H8 and O103:H8 and a few (0.7%) non-O157/non-top seven 

isolates: O71:H14, O108:H25 and O163:H8, in agreement with previous studies which have 

shown that eaeA is not common among goat STEC (Zschöck et al. 2000; Orden et al. 2003; 

Oliveira et al. 2008). The presence of eaeA in goat top seven STEC isolates is of clinical 

significance as eaeA is considered an important STEC adhesin and marker of high virulence 

and potential to cause severe disease (HC and HUS) in humans (EFSA 2020), especially 

when accompanied with stx2 (Ethelberg et al. 2004). However, in some cases, eaeA-negative 

serotypes (O91:H21 and O113:H21) STEC have also been associated with severe disease 

thereby suggesting that other virulence or unknown host factors may influence disease 

severity (Karmali et al. 1985; Paton et al. 1999; EFSA 2020). The absence of eaeA may 

indicate that goat STEC are less virulent and may also explain why goat STEC are rarely 

incriminated in human disease worldwide. Of particular interest were eaeA positive goat 

isolates which belonged to serotypes O103:H8, O71:H14, O108:H25 and O163:H8 but have 

never been associated with human disease or outbreaks. These isolates will be worth 

monitoring closely as possession of eaeA may be indicative of higher virulence potential and 

likelihood to cause severe disease in humans. 

3.6 Conclusions 

Historically, studies on the presence of STEC in goats are very few compared to cattle which 

are considered the main STEC reservoir. This study is the first report on the presence of 
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STEC in goats in South Africa. The findings of this study show that goats carry a diverse 

range of STEC serotypes, some of which have been previously incriminated in mild to severe 

enteric disease in humans. Collectively, these findings suggest that goats grazing on 

communal rangeland in South Africa are a reservoir and potential source of STEC for humans 

in South Africa. Further molecular characterization of goat STEC isolates will be needed in 

the future to fully assess the virulence potential of goat STEC and capacity to cause disease 

in humans. In addition, studies that compare STEC isolates from goats and humans will be 

necessary to fully understand the role played by goats as a source of STEC human disease 

in South Africa. Data from this study will be useful for understanding the epidemiology of 

STEC in animals and formulating policies aimed at preventing and controlling zoonotic or 

foodborne diseases along the food chain.  
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4.0 CHAPTER IV 

General Discussion 

Shiga toxin-producing E. coli emerged in 1982 in the United States as an enteric foodborne 

pathogen characterised by diarrhoea, haemorrhagic colitis and the hemolytic uremic 

syndrome, a common cause of kidney failure in 5-10% of diseased humans. Domestic 

ruminants including goats are considered reservoirs of STEC in different parts of the world 

(Gyles 2007). However, current studies on the epidemiology and virulence characteristics of 

goat STEC in South Africa are lacking. In this study, 289 faecal samples were collected from 

goats and screened for STEC. Furthermore, 628 goat STEC isolates were characterised by 

serotype and virulence genes including stx1, stx2, eaeA and hlyA, to assess the potential of 

goat STEC to cause disease in humans. 

The findings of this study revealed that STEC was present in 80.2% of goats surveyed. The 

in-herd occurrence of STEC ranged from 75.3%-90.6%. This occurrence rate was higher 

compared to similar studies which have previously searched for STEC in goat populations 

(Beutin et al. 1993; Zschöck et al. 2000; Orden et al. 2003; Cortés et al. 2005; Islam et al. 

2008; Oliveira et al. 2008; Vu-Khac and Cornick 2008). The high occurrence rate of STEC in 

goats may be ascribed to differences in methods used to isolate and identify STEC, 

geographic locations, and variations in the age of animals surveyed and management 

practices.  

Furthermore, the 628 goat isolates which were serotyped belonged to 63 different serotypes 

which corresponded to a total of 34 somatic O serogroups and 17 flagellar H types. Among 

the 63 serotypes, 24 have been previously linked to human disease worldwide, including four 

which were “Big 7” STEC (EFSA 2013; Beutin and Fach 2014; Bettelheim and Goldwater 

2019). However, Big 7 STEC were less frequent in this study in comparison to other non-
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O157/non-Big 7 STEC, in agreement with previous reports which have suggested that Big 7 

STEC are uncommon in goats (Bielaszewska et al. 1997; Keen et al. 2006; Mersha et al. 

2010). Big seven serotypes included O157:H7, O157:H8, O157:H29, O26:H2, O111:H8, 

O103:H8 O103:H56. Big 7 STEC serotypes such as O157:H7, O26:H2 and O111:H8 are 

commonly incriminated in severe human illness worldwide including South Africa (Brooks et 

al. 2005; Johnson et al. 2006; Karama et al. 2019).  

In addition, it was possible to serotype 99% (622/628) of goat STEC isolates by PCR (Iguchi 

et al. 2015; Iguchi et al. 2016; Banjo et al. 2018; Iguchi et al. 2020), suggesting that the PCR 

serotyping platforms used in this study were reliable and accurate in identifying STEC 

serotypes. To the author’s knowledge, this is the first study which has serotyped the largest 

collection of goat STEC isolates worldwide.  

Virulence gene profiling showed that more goat STEC isolates possessed stx2 than stx1 

genes, consistent with a study conducted in Brazil (Oliveira et al. 2008). However, most 

studies have reported a higher prevalence of stx1 than stx2 among goat isolates (Zschöck et 

al. 2000; Orden et al. 2003; Cortés et al. 2005; Wani et al. 2006; Vu-Khac and Cornick 2008; 

Horcajo et al. 2010). Most STEC isolates in the present study lacked eaeA, agreeing with 

most studies which have shown that goat STEC isolates lack eaeA (Zschöck et al. 2000; 

Orden et al. 2003; Oliveira et al. 2008). The eaeA gene was mainly found in Big 7 STEC 

serotypes including O157:H7, O157:H8, O26:H2, O111:H8 and O103:H8 which are common 

in human disease (except O103:H8) and a few non-Big 7 STEC isolates such as O71:H14, 

O108:H25 and O163:H8 which have never been linked to human disease. The lack of eaeA 

suggests that goat STEC may be less virulent and therefore only capable of causing mild 

disease. In addition, the importance of Big 7 STEC such as O157:H29 (eaeA-negative); 

O103:H8 (eaeA-positive) and O103:H56 (eaeA-negative) remains unclear because these 

serotypes have never been implicated in human disease. However, we suggest that the 
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presence of STEC O103:H8 isolates in goats which carried eaeA and were mostly stx2 

positive will be worth monitoring because eaeA together with stx2 is indicative of high 

virulence potential for humans (EFSA 2020).  

4.1 Conclusions 

This study provides preliminary data on the presence of STEC in goats in South Africa. To 

the author’s knowledge, this is the first study reporting on occurrence and characteristics of 

STEC isolates from goats on communal rangeland in South Africa. The findings of this study 

showed a high occurrence of STEC which suggests that goats grazing on communal 

rangeland are a reservoir and may be a source of disease for humans in South Africa. 

Furthermore, sixty-three distinct STEC serotypes were identified including major STEC 

O157:H7, O26:H2 and O111:H8 which are among the seven major serotypes commonly 

implicated in human disease worldwide including South Africa. Most STEC isolates 

possessed stx1, stx2, hlyA but lacked eaeA, an important virulence factor in human disease. 

This study is an important contribution to STEC monitoring and surveillance in South Africa.  

4.2 Recommendations 

Further studies on STEC will be needed to characterise the goat STEC isolates in detail and 

fully evaluate their potential to cause disease in humans. In addition, molecular risk 

assessment studies comparing goat and human STEC isolates will be necessary to assess 

to what extent goats raised on communal rangelands may be a source of STEC disease for 

humans in South Africa. Data from this study will be useful for formulating policies aimed at 

preventing and controlling foodborne pathogens including STEC along the food chain. 
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