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CHAPTER 1 
 

REVIEW OF THE EPIDEMIOLOGY OF ESCHERICHIA COLI 

O157: H7 AND NON-O157 SEROTYPES IN SMALL 

RUMINANTS 

 

1.1. Introduction 

In the United States, STEC-associated foodborne illnesses represent an annual economic 

burden of approximately $280 million and 1,700 quality-adjusted life year (QALY) losses 

(Hoffman et al., 2012). Escherichia coli (E. coli) O157:H7, causes an estimated 63,000 illnesses, 

2100 hospitalizations, and 20 deaths annually (Scallan et al., 2011b). Five to ten percent of E. coli 

O157: H7 infections progress to the severe and potentially fatal hemolytic uremic syndrome 

(HUS), especially in children less than 5 years of age (Gould, 2009b; Thorpe, 2004). Hemolytic 

uremic syndrome is the leading cause of acute renal failure in children, and mortality is between 

3% and 5% (Gould, 2009a; Scheiring et al., 2008). 

Although E. coli O157 remains the most studied STEC in North America, non-O157 STECs 

(O26, O45, O103, O111, O121, and O145) are increasingly being recognized as significant 

foodborne pathogens (Brooks et al., 2005). Approximately 113,000 illnesses and 270 

hospitalizations occur annually due to non-O157 STEC (Hoffman et al., 2012). According to Crim et 

al. (2014), the incidence of STEC O157 (0.92 per 100,000) has declined and incidence of STEC 

non-O157 (1.42 per 100,000) has increased in comparison with 2011-2013. Because of its public 

health significance, in 2012 the United States Department of Agriculture Food Safety and 

Inspection Service (USDA-FSIS) began routine testing for six additional STECs including O26, 

O45, O103, O111, O121, and O145 in domestic and imported beef (Almanza, 2012). Even though 

cattle are thought to be the main reservoirs of STEC, other ruminants (i.e. sheep and goats) are 

also known to carry non-O157 and O157:H7 STEC serotypes.  However, in the U.S., information 



2 
 

regarding the significance of STEC in food safety has largely focused on cattle, and the role of 

small ruminants has not been widely studied. 

The U.S. lamb and mutton industry has fluctuated over the decades with a general 

decreasing trend in sheep and lamb inventories with 50% of U.S. consumer supply originating in 

Australia and New Zealand (Changes in the Sheep Industry in the United States, 2008; Jones, 

2004; NASS, 2014).  In contrast, demand for goat meat has increased in southeastern U.S. 

markets and has resulted in an increase in number of goat carcass inspections in U.S. packing 

plants from 107 million in 1984 to 779 million in 2010 (USDA-FSIS, 2011).  Sheep and goat meat 

consumption is low compared with beef, pork, and poultry in the U.S.  Still, there exists a niche 

market constituted by ethnic and religious groups, and the halal meat industry has grown in the 

past decade (Jones, 2004; Montossi et al., 2013). Moreover, this niche market has many channels, 

both traditional and direct farm-to-consumer, which are difficult to document (Jones, 2004). 

With the expected increase in global meat consumption, the small ruminant industry not only 

needs to improve its efficiency and production to compete with mainstream meats, but also 

evaluate the risk of STEC contamination of small ruminant meat products (Jacob et al., 2013a; 

Montossi et al., 2013).   

There are many gaps in our knowledge of the foodborne zoonotic potential of STEC from 

sheep meat and milk products due to the fact that relatively few outbreaks associated with sheep 

retail products occur in comparison with cattle products.  Currently, the greatest risk of zoonotic 

transmission from sheep and goats is in petting zoo settings and state fairs where humans and 

carrier animals come in close contact.  These risks have been quantified in many studies 

(Chapman et al., 2000; Griffin et al., 2012; Heuvelink et al., 2002; McMillan et al., 2007) and are 

discussed in later sections.   

The objective of this review is to describe the epidemiology of STEC in the context of U.S. 

small ruminant production systems.  
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1.2. Pathogenic Escherichia coli 

 Escherichia coli is a motile, gram negative, rod-shaped bacterium in the family 

Enterobacteriaceae (Nataro et al., 1998). It is a common commensal flora of humans and animals.  

However, some pathogenic E. coli cause a wide range of illnesses that can be classified broadly as 

gastrointestinal and extra-intestinal.  Pathogenic E. coli share a common pattern of mucosal 

colonization, evasion of host defenses, multiplication, and host cell damage ultimately leading to 

illness (Nataro et al., 1998).  Gastroenteritis-causing E. coli are called diarrheagenic E. coli (DEC).  

Broadly, DEC pathogenesis occurs via three mechanisms: (i) enterotoxin production, (ii) invasion 

of host cell, and (iii) intimate adherence with host membrane  (Levine, 1987; Nataro et al., 1998).  

The pathogenic groups that are well characterized are enterotoxigenic E. coli (ETEC), 

enteropathogenic E. coli (EPEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC), 

diffusely adherent E. coli (DAEC), and Shiga-toxin producing E. coli (STEC).  These have been 

reviewed in detail in other sources (Jafari et al., 2012; Jensen et al., 2014; Kaper et al., 2004; 

Nataro et al., 1998; Qadri et al., 2005) and will be described briefly below. 

1.2.1. Enterotoxigenic Escherichia coli (ETEC) 

ETEC colonize the small intestinal loop and produce enterotoxins that lead to diarrhea or 

cholera-like disease in people of all ages.  ETEC-associated infections are common in areas with 

poor sanitation and inadequate water supply.  Transmission of ETEC is mainly through 

contaminated water and is a common cause of travelers’ and weanling diarrhea in children in 

many developing countries (Jafari et al., 2012; Nataro et al., 1998). 

ETEC use strain-specific proteinaceous fimbriae to attach to small bowel mucosal 

enterocytes of different hosts (Jafari et al., 2012; Kaper et al., 2004). In humans, ETEC adhere to 

the enterocytes using colonization factors (CFs) or coli surface (CS) antigens which are species-

specific (Qadri et al., 2005).  Upon adherence, they produce heat-labile (LT) and/or heat-stable 

(ST) enterotoxins.  LT and ST toxins are encoded by genes present on a plasmid and cause 

stimulation of chloride secretion from secretory crypt cells causing osmotic diarrhea.  Clinically, 

this produces non-bloody, non-mucous, watery diarrhea (Jafari et al., 2012).  Serological tests and 



4 
 

immunoassays can be used detect toxin production and CFs, respectively (Jafari et al., 2012).  

Multiplex PCR methods to detect CFs have greater sensitivity and enable quicker detection than 

serology (Rodas et al., 2009). 

1.2.2. Enteropathogenic Escherichia coli (EPEC) 

EPEC are common intestinal pathogens in developing countries, affecting children less 

than 2 years old.  However, they also cause sporadic illness in the U.S. (Jafari et al., 2012).  

EPEC pathogenesis includes distinctive histological attaching/effacing (AE) lesions and 

localized adherence (LA) patterns on the mucosal surface of enterocyte microvilli.  AE lesions 

are micro ulcers at the site of EPEC attachment and their formation is mediated by a protein, 

intimin, encoded by the eae gene.  LA adherence is mediated by a bfp gene that encodes a bundle 

forming pilus (BFP).  The bfp gene is located on a 60 MDa plasmid called the E. coli adherence 

factor (EAF) (Jafari et al., 2012; Nataro et al., 1998).  Formation of AE lesions and concurrent 

ion transport imbalance causes a loss of absorptive ability of the microvilli leading to secretory 

and malabsorptive diarrhea (Nataro et al., 1998).  EPEC classification is based on detection of 

the eae gene using molecular techniques.  Multiplex PCR is used to differentiate various EPEC 

serotypes based on the presence of eae and bfp genes (Jafari et al., 2012; Nataro et al., 1998). 

1.2.3. Enteroinvasive Escherichia coli (EIEC) 

EIEC are genetically and pathogenically comparable to Shigella species.  Pathogenesis 

involves invasion of host tissue mediated by a large invasive plasmid (pINV).  Some additional 

genes conferring virulence are carried on the chromosome.  Invasion of intestinal epithelial cells 

leads to watery diarrhea that may progress to bloody, mucous stools (Jafari et al., 2012; Levine, 

1987).  Diagnosis is performed using conventional, multiplex or real-time PCR to distinguish 

EIEC from Shigella species as well as various EIEC serotypes (Jafari et al., 2012). 

1.2.4. Enteroaggregative Escherichia coli (EAEC) 

EAEC are the second most common bacterial cause of travelers’ diarrhea in the world 

after ETEC.  They cause acute or persistent diarrheal illness in young children (Jafari et al., 

2012). Some EAEC strains have also been associated with urinary tract infections.  Humans are 
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considered reservoirs, and transmission is through the fecal-oral route and via contaminated 

water (Jensen et al., 2014). 

In contrast to EPEC, EAEC demonstrate an aggregative adherence (AA) pattern that 

has a stacked-brick pattern forming a thick, mucus biofilm.  EAEC use aggregative adherence 

fimbriae (AAF) that are encoded on the pAA plasmid by fis and yafK genes.  pAA also carries an 

aap gene which encodes for dispersin, a protein that facilitates the movement of bacteria across 

the surface of the cells for aggregative adherence on nearby cells.  Upon adherence, plasmid and 

chromosomal encoded cytotoxins are secreted which deform and exfoliate mucosal epithelial 

cells.  This leads to secretory diarrhea and mucoid stools (Jensen et al., 2014).  Adherence 

assays and PCR that identify virulence genes are used to classify EAEC (Jafari et al., 2012; 

Nataro et al., 1998). Serotyping is less preferred due to large strain diversity and is mainly 

useful in outbreak investigations (Jensen et al., 2014). 

1.2.5. Diffusely adherent Escherichia coli (DAEC) 

DAEC demonstrate a diffuse adherence (DA) pattern that is another variant of EPEC.  

They are associated with persistent watery diarrhea in children under five years of age as well as 

recurring urinary tract infections (Jafari et al., 2012).  DAEC adhere to host tissue using either 

surface fimbriae or an outer membrane protein, both of which facilitate the formation of the DA 

phenotype.  Adherence assays that detect the DA phenotype are used to identify DAEC.  PCR 

methods that detect the fimbrial adhesins are also used to characterize DAEC strains (Jafari et 

al., 2012; Nataro et al., 1998). 

1.2.6. Shiga-toxin producing Escherichia coli (STEC) 

E. coli that produce phage-encoded enterotoxins called Shiga toxins are collectively 

known as STEC.  They produce both enteric and renal disease in humans.  E. coli O157 and 

several non-O157 STEC can cause mild, watery diarrhea which can progress to hemorrhagic 

colitis, life-threatening hemolytic uremic syndrome (HUS), or death (Brooks et al., 2005; 

Johnson et al., 2006).  A subset of STEC which cause bloody diarrhea are termed 

“enterohemorrhagic E. coli” or EHEC.  EHEC possess factors which adhere to the host cells’ 
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membrane-signaling pathways, leading to diarrhea (Nataro et al., 1998).  STEC pathogenicity is 

complex and is primarily dependent on virulence factors such as Shiga toxins, enterohemolysin, 

intimin, and inflammatory-cytokine inducing lipopolysaccharide (encoded by O sidechains) 

(Jafari et al., 2012; Kaper et al., 2004).  

STEC serotypes have been isolated from healthy meat-producing animals that are 

usually asymptomatic carriers (Beutin et al., 1993; Chapman et al., 1997; Djordjevic et al., 2001; 

Mora et al., 2005).  Zoonotic transmission occurs via foodborne and environmental routes.  

Foodborne transmission occurs from consumption of undercooked or raw food products that are 

contaminated with STEC, such as meat, milk, cheese, cider, fruits, and vegetables (Johnson et 

al., 2009).  Environmental transmission includes direct contact with positive carrier animals or 

feces positive for STEC.  STEC can be diagnosed using routine microbiological techniques such 

as culture media, immunoassays, and PCR (Jafari et al., 2012).  

1.3. Shiga toxin-producing E. coli—Background 

In the 1980s, two case reports were published describing human gastrointestinal illness, 

from which E. coli O157:H7 bacteria were isolated, demonstrating E. coli O157:H7 infection as a 

cause of hemorrhagic colitis (HC) and hemolytic uremic syndrome (HUS) (Karmali et al., 1983a; 

Karmali et al., 1983b; Wells et al., 1983).  These seminal reports described the isolation of a rare 

E. coli serotype from the affected individuals (Wells et al., 1983) and demonstrated that this 

serotype was able to produce cytotoxins (Karmali et al., 1983a). Consequently, the importance of 

Escherichia coli as an emerging pathogen which caused intestinal and renal disease in humans 

was recognized.  To date, over 250 STEC serotypes have been discovered, over 100 of which are 

associated with sporadic or epidemic diarrheal illness (Johnson et al., 2006).  Of these, E. coli 

O157:H7 and the most common pathogenic non-O157 STEC (i.e. O26, O45, O103, O111, O121 

and O145) serogroups will be the subject of detailed discussion in the following sections. 

1.3.1. Determinants of Virulence 

Pathogenicity of STEC is a function of virulence factors that are encoded on either (i) 

virulence-related plasmids or (ii) chromosomal pathogenicity islands (PAI) that contain clusters 
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of virulence traits.  Some individual virulence traits, however, are transposon-encoded (heat-

stable toxins, ST) or phage-encoded (shiga toxin, Stx) (Nataro et al., 1998).  

1.3.1.1 Shiga Toxins 

Shiga toxins (stx) are cytotoxins encoded by genes present on a bacteriophage.  They are 

the major virulence factors of STEC.  The stx family consists of two immunologically non-cross-

reactive groups called stx1 and stx2.  Stx1 is highly conserved, while stx2 shows greater sequence 

variation, some of which are Stx2c, Stx2v, Stx2vhb, Stx2e, and others.  A single STEC serotype can 

express just one or several combinations of stx1 and stx2 (Kudva et al., 1996; Nataro et al., 1998).  

Presence of stx2 is more often associated with development of HC and HUS as compared to stx1  

(Boerlin, 1999). 

1.3.1.2. Hemolysins (hlyA) 

Hemolysins are cytotoxins denoted as ehx or hly depending on whether they are 

associated with intestinal (ehx) or extraintestinal E. coli infections (hly).  Secretion of 

hemolysins is often associated with stx production.  Hemolysins belong to the RTX (repeats-

in-toxin) family of pore-forming cytotoxins.  They are categorized into (i) broad-acting 

hemolysins that lyse erythrocytes and other nucleated cells depending on the species, and (ii) 

narrow-acting leukotoxins that lyse leukocytes (Bauer et al., 1996; Wieler et al., 1996).  The 

gene encoding hemolysins is carried on a highly conserved plasmid, pO157.  Lysis of 

erythrocytes yields heme and hemoglobin which releases iron and enhances the growth of E. 

coli O157:H7 (Nataro et al., 1998). 

1.3.1.3. Intimin (eae) 

The outer membrane protein (OMP), intimin, is encoded by the eae gene that is 

carried by the locus of enterocyte effacement (LEE) Pathogenicity Island.  Intimin, an 

adhesion, facilitates formation of histopathological AE lesions by interacting with Tir 

(translocated intimin receptor) (Knutton et al., 1989; Lim et al., 2010). Initial adherence of 

STEC to enterocytes may be also facilitated by other non-LEE factors, such as pO157-

encoded fimbriae, and could be involved in AE lesion formation (Lim et al., 2010; Rendon et 
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al., 2007).  Presence of LEE is strongly associated with disease as LEE-positive STEC 

serotypes more commonly associated with HUS as well as outbreaks than LEE-negative 

serotypes (Boerlin, 1999; Karmali et al., 2003; Lim et al., 2010).  

1.3.1.4. O157-antigen (rfbE) 

The rfbE gene is responsible for the production of the lipopolysaccharide (LPS) O side 

chain on the cell surface of E. coli O157:H7.  It is a highly conserved gene specific to the E. coli 

O157:H7 serotype (Fortin et al., 2001; Yu et al., 2006a).  LPS of other general E. coli and other 

gram-negative bacteria are known to elicit a cytokine cascade by binding to Toll-like receptor 4 

(TLR4) on host cell surfaces which leads to sepsis and death (Kaper et al., 2004).  However, the 

exact mechanism of complement system activation and subsequent endothelial damage seen in 

HUS patients has yet to be investigated (Noris et al., 2012). 

1.3.1.5. Flagellin (FliC) 

FliC, or flagellin is a protein that composes the E. coli flagellum which facilitates 

colonization and invasion of the intestinal mucosa, but is not directly involved in bacterial 

adhesion (Duan et al., 2013; Haiko et al., 2013).  E. coli expressing fliC are classified into H-

serotypes.  However, flagellin is expressed by many bacteria and its pathogenesis involves 

binding to TLR5, activating interleukin 8 (IL-8) expression, and consequently triggering an 

inflammatory response (Hayashi et al., 2001). 

1.3.2. Epidemiology 

1.3.2.1. Prevalence of STEC in sheep and goats 

In the U.S., there is limited information on prevalence of E. coli O157 and STEC non-O157 

shed by sheep and goats compared to cattle.  This could be explained by the fact that the interest 

in small ruminants as reservoirs of STEC pathogenic to humans has only recently emerged.  

Although environmental exposure to sheep and goat feces contaminated with STEC is a common 

cause of human illness outbreaks (Keen et al., 2006), their potential threat to food safety remains 
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underestimated.  Existing prevalence estimates are also varied due to differences in sensitivity of 

sampling and testing techniques (Ferens et al., 2011).   

The STEC serotypes isolated from small ruminants are largely distinct from those in 

cattle possibly due to animal-host specificity for some STEC serotypes (Urdahl et al., 2003). 

Shedding of multiple STEC strains  by individual animals has been demonstrated both in goats 

(Jacob et al., 2013b) and in sheep (Kudva et al., 1997a).  Some studies have detected higher 

prevalence of non-O157 STEC than O157 STEC in sheep (Blanco et al., 2003; Pinaka et al., 

2013) .  Non-O157 STEC serogroups isolated from sheep and goat feces belong to a wide range 

of O:H serogroups (Blanco et al., 2003; Kudva et al., 1997a; Novotna et al., 2005; Orden et al., 

2008).  Using biochemical tests and serology, Kudva et al. (1997a) found that the STEC in 

ovine and feces predominantly belonged to O91 (23%) and O5 (17%) serogroups, and similar 

results were reported in other studies using serology (Beutin et al., 1993) and PCR (Blanco et 

al., 2003).  A prevalence study in sheep and goat herds in Jordan reported a spectrum of STEC 

non-O157 serogroups with O128, O15 and O78 predominating among young goats (Novotna et 

al., 2005). In Spain, the predominant serotypes were found to be O33, O76, O126, O146, and 

O166 (Orden et al., 2008).   

Prevalence studies worldwide have varied in their choice of isolation techniques which 

could explain the variability of estimates.  In Germany, two separate studies reported STEC 

prevalence of 66.6% and 88% in sheep without the use of immunomagnetic bead separation 

(IMS) but with the use of enrichment media such as Luria-Bertani agar, Endo agar, and blood-

agar (Beutin et al., 1993; Beutin et al., 1997).  In contrast, protocols using enrichment coupled 

with IMS, yielded a 2.2% prevalence in slaughtered U.K. sheep in U.K. (Chapman et al., 1997), 

and a 6.5% prevalence in pasture-fed Scottish sheep (Ogden et al., 2005).  Similarly in goat 

prevalence studies, serotyping and PCR yielded 57.5% of farm goats in Brazil as STEC-positive 

(Oliveira et al., 2008), while prevalence of STEC-positive goats in Vietnam farms was 31.5% 

despite using enrichment and PCR (Vu-Khac et al., 2008).  Prevalence of STEC has been found to 

be higher in goats than in sheep in some studies whereas other studies found the opposite trend 

(Table 1).  



10 
 

TABLE 1.  COMPARISON OF STEC PREVALENCE IN SHEEP AND GOATS 

Reference Prevalence in 
sheep (%) 

Prevalence 
in goats 

(%) 

Type of 
sample 

Diagnostic Test Used 

Beutin et al., 
1993 

67 56 Rectal swabs Enrichment, Vero cell toxicity 
test, colony blot DNA 
hybridization 
 

Novotna et al., 
2005 

35 60 Rectal swabs Enrichment, IMS, antigen 
agglutination, virulence genes 
PCR, Random Amplified 
Polymorphic DNA (RAPD) 
for E. coli O157:H7 
 

Mersha et al., 
2010 

8 6.6 Feces, rectal 
swabs, carcasses 

Enrichment, IMS, IMVIC 
test, latex agglutination 
 

Akanbi et al., 
2011 

6.3 2.5 Hides, feces Selective enrichment, IMS, 
slide agglutination, virulence 
gene PCR 
 

 

  Studies that have evaluated small ruminant meat processing plants have also found 

evidence of both E. coli O157:H7 and non-O157 STEC in hides and carcasses.  For example, 

Jacob et al. (2013a) reported E. coli O157:H7 in the feces (11%), hides (2.7%), and carcasses 

(2.7%) of U.S. meat goats at slaughter.  In another study evaluating non-O157 STEC 

prevalence in the feces of U.S. meat goats, reported prevalences were reported for the six 

serogroups which were O26 (6.4%), O103 (4.4%), O111 (4.1%), O45 (3.4%), O145 (3%), and 

O121 (1.4%) (Jacob et al., 2013b). Kalchayanand et al. (2006) found PCR evidence of non-

O157 STEC in U.S. lamb processing plants in pelts (86.2%), preevisceration carcasses (78.6%), 

and “postintervention” lamb carcasses that had been subject to antibiotic treatment (81.6%).   

E. coli have been isolated from various small ruminant retail products calling into 

question current decontamination and packaging protocols.  Doyle et al. (1987) isolated E. coli 

O157 from 2% of 205 retail lamb samples.  E. coli O157 has been isolated from milk samples 

from healthy goats (13.7%) and sheep (10.1%) (Rey et al., 2006), and from cheese made from 

raw ovine milk (2.4%) (Caro et al., 2007).  A prevalence study by Caro et al. (2007) on randomly 

selected raw ewe’s milk cheeses from 30 cheese factories in Spain found that only 2.4% of 270 

samples tested positive for STEC.  Of the three STEC samples, two were isolated in cheese 

ripened for 2.5 months, and one was isolated from cheese ripened for 12 months.  All STEC 
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samples were positive for stx1, demonstrating that hard raw milk cheeses may serve as a 

potential vehicle for transmission of STEC-mediated diseases in humans (Caro et al., 2007; 

Honish et al., 2005).  

STEC isolates from sheep and goats have been tested for presence of stx1, stx2, eae, and 

ehxA display variable virulence gene profiles (Kudva et al., 1997a; Martin et al., 2011; Orden et 

al., 2008; Oses et al., 2010).  There is a high prevalence of STEC isolates expressing Shiga toxin 

strains stx1c and stx2d (Vu-Khac et al., 2008).  These genes, both individually and in 

combination, are significantly associated (P <0.001) with meat and milk products from sheep 

and goats (Martin et al., 2011).  This highlights the importance of small ruminants as a 

significant source of human illness. 

1.3.2.2. Colonization and transmission in sheep and goats 

Sheep and goats are natural, asymptomatic reservoirs of STEC as they carry these 

organisms in their lower gastrointestinal tract (Grauke et al., 2002) and shed them in their feces 

(Blanco et al., 2003; Cornick, 2000; Kudva et al., 1996; Mersha et al., 2010).  Carriage of STEC 

is usually transient with a seasonal peak in prevalence between the months of June and 

September.  The magnitude of colonization and shedding as well as duration of shedding show 

individual variability (Blanco et al., 2003; Cornick, 2000).   

Fecal contamination of farm and feedlot environments contributes to persistence of STEC 

in carrier animals.  Studies in both large and small ruminants have shown that persistence of 

STEC at the farm-level can be attributed to individual animals (eg. super shedders) (Matthews et 

al., 2006a), bacterial virulence profiles (Cornick, 2002), environmental factors (eg. feed, water, 

mechanical vectors) (Ferens et al., 2011), and management practices (eg. farm biosecurity) 

(Chase-Topping et al., 2007).  The role of mechanical vectors such as house flies should not be 

ruled out in farm settings since they have been shown to harbor E. coli O157 for up to 3 days  

(Kobayashi et al., 1999) To the author’s knowledge, the risk of environmental contamination and 

management practices in horizontal transmission amongst sheep and goats has not be quantified.   
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The effect of diet change and feed withdrawal on shedding and transmission of STEC has 

great potential for reducing STEC prevalence at the initial farm level of the small ruminant food 

chain.  A positive association between high fiber diets and increased colonization and persistence 

of E. coli O157 has been reported in both cattle and sheep (Jacob et al., 2008; Kudva et al., 1995; 

Kudva et al., 1997b; Paddock et al., 2013).  The exact mechanism for this association is not known, 

however, existing hypotheses implicate an increase in pH and decrease in volatile fatty acid (VFA) 

concentration of the ruminant hindgut in providing an optimum growing environment or directly 

stimulating growth of E. coli O157 (Kudva et al., 1995; Kudva et al., 1997b).  There is evidence that 

the virulence factor, intimin (eae), facilitates colonization of E. coli O157:H7 in adult cattle and 

sheep since an intimin-deficient E. coli O157:H7 mutant was shed for a shorter period (up to 15 

days post inoculation) than the wild-type E. coli O157:H7 (>30 days post inoculation) (Cornick, 

2002). A similar study on goats, however, did not demonstrate a significant difference between 

duration of excretion or excreted numbers in intimin-positive and intimin-deficient STEC strains 

(La Ragione et al., 2005).  

The super-shedder or persistent shedder phenomenon, especially relating to E. coli O157, 

has been studied extensively in cattle but not in sheep, although sheep have been seen to shed at 

levels equaling or higher than that observed in cattle (Ogden et al., 2005).  Super-shedders may 

potentially contribute to increased flock-level prevalence by contributing to greater number of the 

bacteria in the environment (Matthews et al., 2006b). Thus, control of STEC shedding in super-

shedders may be one of the most effective ways to control persistence of STEC in carrier animals 

as has been demonstrated in cattle (Matthews et al., 2006a). The generally accepted definition of 

super-shedding of E. coli O157 in cattle is 104 CFU per gram of feces or greater (Chase-Topping et 

al., 2008) and this definition has been used to define high shedders of all STEC in other 

ruminants (Menrath et al., 2010). Studies have demonstrated that sheep carry more non-O157 

STEC serotypes (Blanco et al., 2003), and these serotypes are also largely distinct from those 

isolated in cattle (Beutin et al., 1997; Djordjevic et al., 2004).  In this context, it may be prudent to 

analyze shedding patterns in sheep to tailor the thresholds of high shedders to sheep, and further 

define super-shedding for E. coli O157 and non-O157 STEC.   
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1.3.2.3. Prevalence of STEC-associated illness in humans 

The most commonly isolated STEC in human illness cases is E. coli O157 in many 

countries such as the U.S., Canada U.K., Scotland, and Ireland (Vally et al., 2012).  In North 

America, E. coli O157:H7 accounts for 20-50% of all STEC-related illnesses.  The other half is 

accounted for by non-O157 STEC.  Prevalences for non-O157 STEC strains vary based on study 

design and isolation techniques and could be underestimated in the U.S.  Another challenge is 

that non-O157 STEC-associated illness is clinically indistinguishable from O157-associated 

illness, and non-O157 diagnostic testing is limited to a few reference laboratories in the 

country.  Other barriers to accurate prevalence estimation include seasonality, delayed 

detection, and lack of cost-effective, rapid diagnostic tests (Brooks et al., 2005; Johnson et al., 

2006).   

From 1982 to 2002, 350 E. coli O157-associated outbreaks were reported in the U.S., 

mainly between May and November.  Of these, 52% were foodborne, followed by unknown 

causes (21%), person-to-person (14%), recreational/drinking water (9%), animal contact (3%), 

and laboratory-related transmission (0.3%).  Ground beef and other beef products were 

implicated in 47% of foodborne outbreaks, and 4% of outbreaks were traced to raw milk and 

raw milk products such as cheese and butter.  A total of 354 HUS (range 1-55 cases) cases were 

reported from the outbreaks.  HUS rate was significantly different based on transmission route 

(P<0.001) and was highest among recreational water outbreaks (10.7), followed by person-to-

person (6.8), animal contact (5.6) occurring at various settings (Table 2), and foodborne (3.5) 

outbreaks (Rangel et al., 2005).  

TABLE 2.  OUTBREAKS DUE TO ANIMAL CONTACT IN THE U.S. (1982 AND 2002) 

Location of outbreak Number of outbreaks 

Farms 5 

County fairs 2 

Petting zoos 2 

Barn dance 1 

Camp 1 

Total number of outbreaks 11 
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In 2007, incidence of O157 (1.19 per 100,000 people) and non-O157 STEC (0.59 per 

100,000) infections in the U.S. was higher than the incidence of STEC infections (0.6 per 

100,000 people) in the European Union (EU) that same year (Martin et al., 2011).  In contrast 

to North America, non-O157 STEC serotypes are the predominant etiology implicated in 

foodborne etiology within STEC in Australia (Kalchayanand et al., 2012). The most common 

vehicle of STEC illness in the U.S. is contaminated food (85% of cases)(Mead et al., 1999).  

Similarly, dairy and meat products are found to be most commonly vehicles of illness in the EU 

(Martin et al., 2011).  The incidence of STEC illnesses reported in the European Union in 2013 

was 1.59 cases per 100,000 people.  The most commonly reported serotypes were E. coli O157 

and O26 (The European Union summary report on trends and sources of zoonoses, zoonotic 

agents and food-borne outbreaks in 2013, 2015).  In 2008, Scotland had a high incidence of E. 

coli O157 at 4.3 cases per 100,000 per year compared with the rest of the U.K. where incidence 

was reported to be 1.9 cases per 100,000 per year.  Cattle are recognized as the primary source 

of human E. coli O157 illness in Scotland (Pearce et al., 2009; Vally et al., 2012).  STEC 

incidence in Ireland in 2013 was relatively high (15.3 cases per 100,000) compared to the rest 

of the EU, and similarly high incidence was reported in Germany in 2011 due to a large 

enteroaggregative STEC 104:H4 outbreak epidemiologically linked with consumption of 

sprouts (Buchholz et al., 2011).  Incidence was highest in the 0-4 age group (80 cases per 

100,000).  Non-O157 STEC cases peaked in the early summer months, whereas E. coli O157 

cases peaked in late summer.  In 2013, Ireland reported person-to-person contact as the most 

common STEC transmission route reported in 48% of STEC outbreaks, followed by 

animal/environmental contact (10.4%), and waterborne transmission (8.3%).  The first case of 

raw milk cheese was implicated in STEC outbreak in the same year.  Predominant serogroups 

associated in outbreaks were O26 (43 out of 96), and O157 (29 out of 96) (Verotoxigenic E.coli, 

2013).  

Between 2000 and 2010, the incidence rate of human STEC illness in Australia ranged 

between 0.2 and 0.6 cases per 100,000 people per year.  Sixteen percent of these illnesses were 

reported in children under 5 years with a higher incidence of 0.9 cases per 100,000 per year, 
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and an HUS incidence of 0.49 cases per 100,00 per year.  Of the cases that were linked to a 

known serotype, 58% were linked with O157 strains and 42% were linked with non-O157 

strains, such as O111 (13.7%), O26 (11.1%), O113 (3.6%), O55 (1.3%), and O86 (1%).  Less than 

1% of cases were attributed to 26 other non-O157 strains.  The distribution of STEC and HUS 

show a seasonal pattern with a larger proportion of cases reported in the summer months of 

December to February (Vally et al., 2012). 

1.3.2.4. Zoonotic transmission and human risk factors for developing STEC-

associated illness 

The risk of developing STEC-associated illness  is associated with consumption of 

contaminated or undercooked meat (Chapman, 2000; Kalchayanand et al., 2006), raw milk and 

associated products such as cheese (Caro et al., 2007; Espie et al., 2006; Rey et al., 2006) or 

through direct contact with animal carriers in petting zoos (DebRoy et al., 2006; Heuvelink et al., 

2002), state fairs (Griffin et al., 2012), or inner-city farms (Schilling et al., 2012). Children under 

5 years of age and older adults are at highest risk for developing post-diarrheal HUS and TTP, 

respectively.  Documented dietary risk factors include eating undercooked hamburger, eating at 

a fast-food restaurant, drinking unchlorinated well water, and having a household member with 

diarrhea (Slutsker et al., 1998). Further, E. coli O157:H7 has been reported to resist conventional 

refrigeration temperatures and pH treatments employed for ripening and storage of cheeses.  

Thus, even at minimally contaminated milk has the potential to produce contaminated cheese 

(Rey et al., 2006). 

Non-dietary risk factors include person-to-person transmission via the fecal-oral route 

can also occur in crowded settings such as day care centers (Samadpour et al., 1993) and nursing 

homes (Carter et al., 1987).  Measures of effect assessing risk associated with dietary and non-

dietary risk factors are limited to outbreak scenarios however a few studies have measured high-

risk behaviors in particular settings like petting zoos.  For example, McMillan et al. (2007) 

assessed high-risk behaviors among the attendees of six petting zoos in Tennessee in a non-

outbreak scenario. Behaviors such as failure to use hand sanitizers after contact with animals, 
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hand-to-face contact, and eating or drinking in the animal area were measured.  In this study, 

only 38% of attendees used a hand sanitizer after petting animals, and children <13 years old 

were significantly more likely than adults to have contact with animals (Risk Ratio, RR = 1.41; 

95% Confidence Interval, CI, 1.30-1.52).  Interestingly, two studies demonstrated a significant 

association between presence of E. coli O157:H7 in the feces of sheep (odds ratio, OR = 8.4, P = 

0.019) and goats (OR = 5.2, P<0.01) and the carcasses of the same animal being positive for E. 

coli O157:H7 (Jacob et al., 2013a; Mersha et al., 2010).  It is important to note that in the Mersha 

study found no significant association between presence of E. coli O157:H7 in fecal samples from 

carcasses that were washed (P>0.05).  Although not an end-all solution, but perhaps a simple 

step such as proper washing of carcasses could help mitigate the effects of STEC-contamination 

in meat processing plants. 

 

1.3.2.5. Outbreaks associated with sheep and goat products  

The greatest risk of zoonotic transmission from small ruminants is in the setting of 

petting zoos, inner city farms and state fairs where humans and carrier animals come in close 

contact (Chapman et al., 2000; Griffin et al., 2012; Heuvelink et al., 2002; McMillan et al., 2007; 

Schilling et al., 2012).  A case study by (Chapman et al., 2000) describes cases of E. coli O157 

related illness in two children associated with a visit to an inner city open farm.  This case study 

highlights the risk of acquiring zoonotic disease during visits to zoos or open farms that is highest 

among young children due to a low infective dose of E. coli O157.  In the U.S., between 2002 and 

2014, several outbreaks of E. coli O157:H7 related to exposure to petting zoo animals (sheep, 

goats, pigs, llamas, camels, and poultry) were investigated.  Human illnesses were linked to 

inadvertent contact with animal manure, although no particular breed was implicated (Griese et 

al., 2011; MacFarquar et al., 2013; Report, 2009).  In 1999, a case-control study investigating an 

E. coli O157:H7 outbreak in Canada implicated contact with sheep and goats at a petting zoo 

(Warshawsky et al., 2002). These outbreaks highlight E. coli O157 as an environmental pathogen 

in addition to being a foodborne pathogen.  It is necessary that environmental zoonotic risk 

assessment is appropriately communicated to people.  Control measures in these settings require 
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an approach that involves education regarding appropriate decontamination practices (eg. hand 

washing or using hand sanitizers immediately after touching animals) as well as diligent records 

of animal health and movement (Heuvelink et al., 2007).   

A number of STEC outbreaks have been linked to contact with sheep, goats, and their 

edible products.  For example, food products such as homemade cheese and raw goat’s milk have 

also been implicated in human STEC illnesses (Bielaszewska et al., 1997; Blanco et al., 2003; 

Cornick, 2000; Espie et al., 2006).  Four cases of HUS reported in the Czech Republic were traced 

to non-pasteurized goat milk (Novotna et al., 2005).  Most cheese-related outbreaks have been 

associated with soft cheese since aging requirements for hard cheese are typically effective in 

eliminating pathogens that may be present in raw milk.  However, there was an outbreak of E. coli 

O157:H7 associated with consumption of raw milk hard Gouda cheese (Honish et al., 2005).   

1.3.3. Clinical consideration 

STEC-associated human illness has three clinical manifestations, namely hemorrhagic 

colitis, hemolytic uremic syndrome, and thrombotic thrombocytopenic purpura.  The infective 

dose can be as few as 100 organisms, and the incubation period of STEC ranges from 1 to 8 days 

(Kaplan et al., 1998). 

1.3.3.1. Hemorrhagic Colitis (HC) 

Signs for HC (or Ischemic colitis) include abdominal cramps and watery diarrhea, 

followed by a hemorrhagic stools (Karmali, 1989; Wells et al., 1983).  Bloody diarrhea occurs more 

commonly with E. coli O157 than with non-O157 serotypes (Cleary, 2004).  Although illness is self-

limiting, individuals that develop related complications such as colonic perforation and sepsis, or 

those that develop HUS, require hospitalization.  Approximately 6% of cases of HC progress to 

HUS.  Illness is more severe in young children, 5% to 10% of whom develop HUS (Cleary, 2004; 

Grauke et al., 2002). 

1.3.3.2. Hemolytic Uremic Syndrome (HUS) 

HUS is characterized by a triad of symptoms of acute renal failure, thrombocytopenia 

(decreased platelet count) and microangiopathic (fragmented erythrocytes) hemolytic anemia 
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(Karmali, 1989; Nataro et al., 1998).  At present, there is no way to predict which patients will 

develop HUS, though children between 6 months and 48 months of age and elderly are at 

highest risk of developing HUS.  Further, overall risk of developing HUS may be low (5%-10%) 

but the risk of HUS in outbreak scenarios can vary (Cleary, 2004).  

1.3.3.3. Thrombotic Thrombocytopenic Purpura (TTP) 

TTP is characterized by microvascular thrombosis leading to thrombocytopenia, 

microangiopathic hemolysis, neurologic and renal dysfunction, and fever (Furlan et al., 2001).  

Formation of platelet thrombi containing von Willebrand factor (vWF) on damaged endothelial 

cells leads to systemic microvascular thrombosis.  TTP is pathologically indistinguishable from 

HUS but usually occurs in adults.  Clinically, however, TTP includes neurologic dysfunction 

which is not seen in HUS patients (Noris et al., 2012; Ruggenenti et al., 2001).  

1.3.4. Mechanisms of disease 

Formation of AE lesions leads to non-bloody diarrhea but presence of shiga toxin is 

required for the development of bloody diarrhea (Jafari et al., 2012). Presence of stx2 is more 

frequently associated with increased risk for developing HUS (Brooks et al., 2005; Lim et al., 

2010; Lu et al., 2014).  However, expression of stx alone is not enough to cause disease (Boerlin, 

1999).  Extra-chromosomal factors that facilitate adherence to human enterocytes contribute to 

STEC virulence (Welinder-Olsson et al., 2005). For example, presence of K99 and F107 fimbrial 

adhesins are associated with virulent STEC serotypes shed by animals (Kudva et al., 1997a).  Post 

adherence, STEC disease symptoms are a manifestation of (i) disruption of host cells’ membrane-

signaling pathways and (ii) hyper-activation of the immune complement system.  

1.3.4.1. Disruption of host cell membrane-signaling pathways  

The stx1 and stx2 bind to specific glycolipid receptors, termed globotriaosylceramide 

(Gb3), present on the host cell surface.  The main cell surface receptor for stx is Gb3, but stx2 

also binds to Gb4.  After binding, the entire toxin is endocytosed and a part of it then binds to the 

28S rRNA, leading to inhibition of protein synthesis in the host cell.  Ultimately, this causes cell 

death of both renal endothelial and intestinal epithelial cells since both types of cells contain 
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Gb3/Gb4 receptors.  Diarrhea is a consequence of fluid accumulation (edema) in intestinal cells 

since stx cause selective kill more absorptive villus cells, as compared with secretory crypt cells, 

because these cells have a higher concentration of Gb3 receptors (Nataro et al., 1998). 

1.3.4.2. Hyper-activation of the immune complement system 

Complement regulators prevent inappropriate activation of the immune complement 

system, thus maintaining homeostasis and defense against foreign organisms.  STEC-induced 

disease symptoms occur when the complement system is overridden by Shiga toxins, leading 

to inflammation and endothelial cell damage.  This predisposes the endothelium to 

microvascular thrombi (Noris et al., 2012). 

1.3. 5. Laboratory methods for identifying and typing STEC 

E. coli O157 and non-O157 STEC can be isolated from fecal samples, food and 

environmental samples.  Commonly used isolation and differentiation methods, including 

traditional microbiological techniques and molecular assays are described in brief in the 

following section.  

1.3.5.1. Enrichment and isolation 

Isolation of E. coli O157:H7 from foods can be first enriched in a selective EHEC 

Enrichment Broth (EEB), and for non-O157 STEC the universal pre-enrichment broth (UPB) 

can be used (Feng et al., 2011; Kanki et al., 2011). E. coli O157:H7 from animal fecal samples 

are typically enriched using Gram Negative (GN) broth or MacConkey (MAC) (APHL). STEC 

other than E. coli O157 can be enriched using trypticase-soy broth (TSB), brain heart 

infusion (BHI) broth, EHEC enrichment broth (EEB), or E. coli broth (Feng et al., 2011; 

Paddock et al., 2014). Samples are then plated on selective and differential media such as 

sorbitol MacConkey agar (SMAC) that is infused with cefixime and potassium tellurite (CT-

SMAC).  A majority of E. coli O157:H7 are negative for the β- glucuronidase enzyme and hence 

cannot ferment sorbitol.  When plated on CT-SMAC plates they appear as colorless or grey 

colonies after 24 hours of incubation.  In contrast, non-O157 STEC appear as pink colonies 

(Jacob et al., 2014; Paddock et al., 2014; Woodward et al., 2002).  CT-SMAC can also be 
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supplemented with 4-methylumbelliferyl-beta-D-glucuronide (MUG) which is converted by 

non-O157 STEC into 4-methylumbelliferone which fluoresces under ultraviolet (UV) light.  In 

contrast, E. coli O157 appear as pale, non-fluorescent colonies under UV light (Ferens et al., 

2011).  Chromogenic agars, such as rainbow agar, can be used to differentiate between E. coli 

O157 and other STEC serogroups since the colonies of the former display a unique black color 

on this agar as opposed to the latter that appear blue or purple (Woodward et al., 2002).  To 

concentrate STEC in foods such as raw meat or feces, where high levels of competing 

microflora are present, IMS, which binds to the O antigen, can be used.  Final IMS bead 

suspensions can be used for molecular characterization of STEC using PCR (Feng et al., 2011; 

Jacob et al., 2014).  

1.3.5.2. Biochemical assays 

After enrichment, samples can be tested for indole production because 99% of E. coli 

strains will return a positive result (Nataro et al., 1998).  Colonies suspected to be E. coli O157:H7 

may be confirmed using biochemical assays, such as tube agglutination, which tests for the 

presence of O157 and H7 flagella antigens (Feng et al., 2011).  

1.3.5.3. Phenotypic Assays 

STEC produce characteristic histopathological AE lesions on the intestinal mucosa at the 

site of bacterial adherence.  AE lesions are composed of actin microfilaments and can be readily 

visualized using fluorescence staining (FAS) and light microscopy (Knutton et al., 1989).  

1.3.5.4. Serotyping 

STEC serotypes are determined based on their O (somatic lipopolysaccharide), H 

(flagellar), and K (capsular) surface antigen proteins (Nataro et al., 1998).  Several tests 

including enzyme-linked immunosorbent assay (ELISA), slide agglutination with monoclonal or 

latex antisera, immunoblotting or Vero cell assay are used to detect the presence of Shiga toxin 

(Woodward et al., 2002).  Serotyping can be tedious and expensive as it is performed in a few 

reference laboratories in the country (Nataro et al., 1998). 
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1.3.5.5. Phage typing and Pulse-field gel electrophoresis (PFGE) 

Phages are first isolated and purified by plating and incubation on TSB or trypticase-soy 

agar (TSA) with a filtration membrane that screens for bacteriophages.  They are then titrated in 

selective broths such as TSB or Difco phage broth, and then further purified and propagated to 

achieve high titers of phages.  These are then characterized using heat inactivation and lytic 

studies, and PFGE of the DNA that is extracted from the phages (Ahmed et al., 1987; Khakria et 

al., 1990).  Further subtyping of STEC phages as well as plasmid analysis is done using PFGE.  

The extracted DNA is electrophoresed through agarose gel, then stained with ethidium bromide, 

and photographed using UV illumination (Ahmed et al., 1987).  Both methods are useful in 

tracing back to fecal, food or environmental sources in outbreak investigations, epidemics, as 

well as for surveillance (Ahmed et al., 1987; Woodward et al., 2002). 

1.3.5.6. Molecular typing 

1.3.5.6.1. Nucleic acid probes 

Probes may be either oligonucleotides (eg.  DNA sequence of a target gene) or 

polynucleotides (eg.  DNA fragments that encode a particular phenotype).  DNA probes that 

detect virulence genes or toxins are used to characterize STEC.  DNA probes are more commonly 

used to characterize EPEC, EIEC, and ETEC (Chapman et al., 1997; Feng, 1993; Nataro et al., 

1998).  One advantage of this technique is that E. coli colonies need not be first isolated from 

stool samples, however presence of a greater variety of bacterial flora decreases the overall 

sensitivity of this test (Nataro et al., 1998). 

1.3.5.6.2. Polymerase Chain Reaction (PCR) 

Recent molecular-based detection and quantification methods for E. coli O157 in feces 

have allowed rapid and accurate detection as compared to traditional culture-based detection 

methods.  Detection and quantification of STEC serotypes is performed using either multiplex 

conventional PCR or multiplex real-time PCR (mqPCR) that target virulence genes eaeA, hlyA, 

stx1, and stx2 genes (Jacob et al., 2014; Son et al., 2014).  PCR is a very sensitive test for 
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detecting target genes, especially when STEC enrichment and concentration with IMS is 

performed prior to the procedure.  PCR assays that detect a combination of virulence genes may 

have overall decreased specificity if they do not require a primer pair for each target gene (Bai et 

al., 2010b; Yu et al., 2006c).  Yu et al. (2006b) developed a real-time (RT) PCR that uses a 

fluorescence-quencher probe that targets the rfbE gene.  Since this gene is highly conserved in 

and specific for the O157 strain, this assay provides a more specific detection of E. coli O157. 

Multiplex PCR assays have been developed for some common non-O157 STEC 

including O26, O45, O103, O111, O121, and O145 (Bai et al., 2012; Paddock et al., 2012).  Since 

the ability to ferment sorbitol and lactose is shared by non-STEC E. coli, samples are often first 

subject to PCR to isolate the samples that produce STEC-specific virulence genes and then 

subject to culture to obtain positive non-O157 STEC isolates.  This method has been shown to be 

a more effective isolation technique than the IMS/SMAC combination (Feng et al., 2011; 

Paddock et al., 2014).  Early detection of STEC is vital for improved prognosis and treatment 

efficacy in patients.  Rapid diagnosis allows for prompt implementation of control and 

preventative measures in outbreak scenarios.   

1.3.6. Treatment 

Treatment of HC is supportive, and includes fluid therapy and a bland diet.  Currently, 

there is no way to prevent progression to HUS (Cleary, 2004). The use of antidiarrheal or 

antimotility agents have been associated with an increased risk for developing HUS (Ethelberg et 

al., 2004) although this association remains highly contested.  Certain antibiotics, such as 

macrolide and quinolones, can cause increased expression and dispersion of Shiga toxins 

(Walterspiel et al., 1992; Zhang et al., 2000).  A case-control study by Slutsker et al. (1998) 

antimicrobial use within 3 days after onset of diarrhea was associated with increased risk for 

developing HUS among children younger than 13 years (Relative Risk, RR = 11.5, 95% CI, 1.4-

91.8, P = 0.2).  However, this relationship could be confounded by the fact that patients who show 

more severe symptoms may be more likely to get antibiotic treatment  
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Treatment of TTP patients involves plasma therapy to restore transient deficiency in a 

vWF cleaving protease to prevent platelet thrombi.  A recent drug therapy with an anti C5 

humanized monoclonal antibody, eculizumab, in patients with STEC-associated HUS or TTP has 

been shown to normalize platelet count and improved renal function (Cleary, 2004; Ruggenenti 

et al., 2001).  Thus, complement inhibitors have great therapeutic potential in these patients.   

1.3.7. Antibiotic resistance 

Therapeutic and non-therapeutic use of antimicrobials in human and veterinary 

medicine have contributed to the emergence of antimicrobial resistant bacteria (Aarestrup et 

al., 1999; Levy, 2001; Schroeder et al., 2002) and this constitutes a serious global health 

problem.  However, a majority (85%) of E. coli O157:H7 do not show antimicrobial resistance 

patterns, but they have decreased since 2004 when 95% of isolates were susceptible to common 

antimicrobials (CDC, 2015).  Since many antibiotics, such as penicillin, aminoglycosides, 

sulfonamides, and quinolones, are commonly used in both human and veterinary medicine 

(Teuber, 2001), there is an increased clinical risk to humans due to increases likelihood of 

treatment failures, and subsequent hospitalization and even death (Angulo et al., 2004).  

Many E. coli O157:H7 and STEC non-O157 strains demonstrate resistance to one or 

more common antimicrobials such as ampicillin, streptomycin, chloramphenicol, 

sulfamethoxazole, tetracycline, and enrofloxacin (Mora et al., 2005; Novotna et al., 2005; Ojo 

et al., 2010; Teuber, 2001; Zhao et al., 2001).  Antibiotic-resistant strains of STEC, including 

multi-drug resistant (MDR) strains, have been reported in food animals, and are found in 

intensively managed sheep and goat herds (Novotna et al., 2005; Ojo et al., 2010).  A study by 

Mora et al. (2005) suggests that there may be an association between drug resistance to 

multiple antibiotics and presence of virulence genes eae and stx1 in non-O157 STEC.  This 

finding is supported by Solomakos et al. (2009) who tested raw milk samples from bovine, 

ovine, and caprine sources and measured antibiotic resistance of STEC isolates to nine 

commonly used antimicrobials.  A multiple antibiotic resistance (MAR) index was defined as 

the ratio of the number of antibiotics to which an isolate was resistant to the number of 

antibiotics to which the isolate was tested against.  The study found that stx-positive isolates 
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had a significantly higher MAR index (0.67) as compared with stx-negative isolates (0.44, P = 

0.0001).  Zhao et al. (2001) observed that O157 and several non-O157 STEC possessed class 1 

integrons that encode genes for antimicrobial resistance which are transmissible between 

strains via conjugation.   

Non-therapeutic use of antibiotics in food animals, including small ruminants, for 

improving growth have been correlated with development of resistance to those antibiotics in 

E. coli (Hummel et al., 1986; Scott et al., 2012). Studies have also documented the E. coli 

resistance-mediating plasmids that were transferred between animals, from animals to 

humans(Hunter et al., 1994), and between humans (Chaslus-Dancla et al., 1985). 

Furthermore, studies have shown that antibiotic resistance genes can be transmitted from one 

bacterial species to another as evidenced between E. coli and Salmonella typhimurium in 

calves in the U.K. (Hunter et al., 1992).  For all these reasons, antimicrobial resistance 

development pose a grave threat to human health. 

1.3.8. Vaccines 

Some preliminary studies regarding vaccine efficacy in cattle have demonstrated 

decrease fecal shedding and carrier status.  Several stages of STEC pathogenesis are being 

targeted to produce vaccines.  These include inactivated or recombinant toxins, LPS O-antigen, 

bacterin, flagellin, and other surface protein-based vaccines, such as type III secreted protein 

of E. coli O157 (TTSP), siderophore receptor and porin protein vaccine (VAC) (Cull et al., 2012; 

Haiko et al., 2013; Lu et al., 2014; Thomas et al., 2013; Vogstad et al., 2013).  For example, 

Vogstad et al. (2013) reported reducing fecal shedding and hide contamination and found 

reduction in fecal shedding by 45% compared to unvaccinated cattle when using a three-dose 

regimen of type III secreted protein (TTSP) vaccine (Vogstad et al., 2014).  An oral vaccine 

consisting of E. coli O157:H7 bacterial ghosts (BGs), which contain only the outer gram-

negative morphological surface, were shown to reduce the amount and duration of fecal 

shedding in experimentally inoculated calves.  This vaccine showed protective effects through 

the systemic route by its ability to induce antibody production in the intestinal mucosa (Vilte et 

al., 2012). 
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Several studies have been conducted in cattle and research on small ruminants is still 

fairly limited.  Their generalizability to small ruminants is limited because these are very 

specific to certain serogroups, and most studies were conducted under heterogeneous 

conditions.  However, Lu et al. (2014) developed a vaccine that targets a surface polysaccharide, 

PNAG that is produced by many STEC strains.  This broad-spectrum vaccine is a synthetic 

nonamer conjugated with the Shiga toxin and may provide protection against STEC in many 

species.  To the author’s knowledge, only two studies in small ruminants have been conducted 

to date.  One study in goats used a tetravalent recombinant vaccine four virulence factors in 

EHEC O157:H7 (H7-HCP-Tir-Intimin) and reported decreased intestinal colonization and 

shedding in vaccinated goats in comparison with unvaccinated goats after five days (Zhang et 

al., 2014). Another preliminary 2015 study found no significant difference between E. coli 

O157:H7 shedding patterns in goats that were vaccinated with a three-dose regimen of an SRP 

vaccine in comparison with unvaccinated goats (Swift et al., Forthcoming).  

1.4. Conclusions 

 In 2009, the Healthy People 2010 target for E. coli O157 infection rate of <1.0 case per 

100,000 population was achieved.  Since then, the incidence of E. coli O157 has declined.  

However, the incidence of STEC non-O157 serotypes has shown an increasing trend in the past few 

years (Crim et al., 2014).  Thus continued improvement for prevention of STEC-associated 

illnesses should remain a priority in food safety.  Lessons learned from prior outbreaks have led 

to improvements in hygiene systems and food safety regulations.  Still, sporadically preventable 

cases of foodborne human morbidity and mortality occur in the developed world.  This is, in part, 

due to improvements in diagnosis and surveillance of STEC serotypes.  

STEC originating from sheep and goats represent an important risk to humans as 

environmental pathogens because of petting zoo outbreaks so it follows that they may pose a 

similar, if not greater risk, as foodborne pathogens.  In the U.S., small ruminant meat and 

milk products are becoming increasingly popular choices in growing ethnic, and religious 

niche consumer markets (Changes in the Sheep Industry in the United States, 2008). There 

are several gaps in our understanding of STEC ecology and microbiological safety in small 
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ruminant production systems in the U.S.  The large diversity of O: H serotypes and virulence 

profiles of STEC isolates in sheep and goats warrants further investigation into small 

ruminant-associated STEC as important human pathogens.   

The complex pathogenicity and ecology of STEC serotypes requires the adoption of 

multidimensional intervention strategies for control and prevention of STEC-related illnesses in 

humans.  Simultaneous application of control measures at every stage of the “farm-to-table” 

system and diagnostic and treatment protocols that minimize risk of illness in humans is 

required.  More importantly, risk analysis of contamination at critical stages of food production, 

from the farm to retail markets should be complemented by appropriate risk communication to 

producers and consumers.   
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CHAPTER 2 

 

PREVALENCE OF SHIGA-TOXIGENIC ESCHERICHIA COLI 

(STEC) SEROTYPES IN PRE-HARVEST SHEEP IN 

MISSOURI 

 

2.1. Abstract 

The epidemiology of foodborne pathogens in poultry, swine, and beef production systems 

in the United States has been studied extensively.  However, there is a paucity of information on 

the epidemiological characteristics of foodborne bacteria, specifically, Escherichia coli associated 

with small ruminant food systems.  This poses an important problem in food safety and public 

health, given the increasing popularity of small ruminant meat and milk products in U.S. 

consumer circuits. 

The goal of our study was to quantify the apparent prevalence of and identify virulence 

genes common to Shiga toxin-producing E. coli (STEC) in sheep raised in Missouri.  Five hundred 

fecal swabs from sheep originating from 63 unique flocks delivered to a sale barn auction were 

collected and evaluated using standard microbiological techniques for detection of STEC.  The 

number of sheep tested per flock ranged between 1 and 24 and samples were collected over 9 

weeks from September to November 2014.  In total, 88 (17.6%) sheep had PCR evidence of at 

least one STEC, as defined by the presence of an STEC O-side chain, the presence of at least one 

stx gene, and eae.  None of the samples were culture positive for E. coli O157:H7.  

In summary, this investigation found that a majority of potential STEC shed by Missouri 

sheep belonged to the non-O157 serogroups (16.4%), with highest prevalence for O145 (6.8%) and 

O26 (6.2%) side chains.  Twenty (4%) out of 500 fecal swabs had multiple STEC serotypes.  There 

is a need for further epidemiological studies to facilitate the development of effective 

improvements in food safety strategies in the small ruminant industry. 
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2.2. Introduction 

Foodborne diseases are a major cause of morbidity and mortality in the United States 

(U.S.).  Approximately 9.4 million foodborne illnesses are reported in the U.S each year resulting 

in 55,961 hospitalizations, and 1,351 deaths (Scallan et al., 2011a). Most of these illnesses are 

caused by at least one of 31 major known foodborne pathogens including Salmonella spp., 

Campylobacter spp., and Shiga toxin-producing Escherichia coli (STEC) (Scallan et al., 2011a).   

The spectrum of STEC-associated human gastrointestinal illness ranges from mild, 

watery diarrhea to hemorrhagic colitis, life-threatening hemolytic uremic syndrome (HUS), or 

death (Johnson et al., 2006).  Among STEC, E. coli O157:H7 is the most commonly implicated 

foodborne pathogen in human diarrheal illnesses in the U.S. (Armstrong et al., 1996; Brooks et 

al., 2005).  However, the importance of non-O157 STEC is growing, as is the burden of non-O157 

STEC-associated illnesses in the U.S. (Brooks et al., 2005; Johnson et al., 2006).  In the U.S., 

non-O157 STEC-associated illnesses remain underreported and underdiagnosed.  This may be 

because non-O157 STEC infections are clinically identical to E. coli O157:H7 infections, 

confirmation of cases through culture is difficult, and there are limited number of diagnostic 

laboratories that are equipped to perform specific, time-consuming and expensive tests for non-

O157 STEC serotypes (Johnson et al., 2006). 

Domestic ruminants, such as cattle, sheep, and goats, are principal reservoirs of STEC 

serotypes, although carriage by animals is usually asymptomatic, and seasonal or transient with 

peak prevalence in the summer (Blanco et al., 2003; Caprioli et al., 2005; Cornick, 2000).  Until 

recently, research of E. coli O157:H7 epidemiology in food animal production systems in the U.S. 

has largely overlooked non-O157 serotypes.  However, some countries have observed that 

intestinal prevalence of non-O157 STEC serotypes are higher than E. coli O157, especially in sheep 

(Blanco et al., 2003; Oporto et al., 2007; Pinaka et al., 2013).  Furthermore, sheep shed STEC 

serotypes that are not commonly isolated from cattle (Beutin et al., 1997; Djordjevic et al., 2004).  

The virulence profiles of O157- and non-O157 STEC isolated from sheep are varied, but STEC 

isolates commonly express variants of stx2, of which stx2d variants are predominant (Martin et al., 

2011; Ramachandran et al., 2001).  Presence of stx2 toxins in an isolate is more strongly 
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associated with more severe human illness than presence of stx1, and stx2d variants have also been 

isolated from ill humans (Boerlin, 1999; Ramachandran et al., 2001).  Although sheep retail 

products are rarely implicated in outbreaks in the U.S., this clear association between STEC in 

sheep and human illness highlights sheep as important reservoirs of STEC pathogenic to humans.  

The most common vehicle for transmission of STEC is fecal-contaminated or 

undercooked meat, unpasteurized dairy products, vegetables or water contaminated with feces 

from an affected animal reservoir (Blanco et al., 2003).  The recto-anal junction and feces are 

optimal sources for recovering STEC, however, swabs of hides, carcasses, and gastrointestinal 

contents have been used to recover STEC in prevalence estimation studies (Hutchinson et al., 

2011; Jacob et al., 2013a).  STEC have been isolated from healthy sheep and sheep milk and meat 

products.  Lamb products have also been implicated in human STEC illness worldwide (Cornick, 

2000; Djordjevic et al., 2004; Kudva et al., 1997a; Martin et al., 2011).  To date, there is limited 

information on the prevalence and virulence profiles of STEC-associated with small ruminant 

food systems in the U.S.  The varying prevalence estimates of STEC serotypes in sheep may reflect 

the inconsistencies in sensitivities of different laboratory tests, and variations in population 

demographics, choice of tested samples, and geographical locations (Brooks et al., 2005; Johnson 

et al., 2006; La Ragione et al., 2009).  This poses an important problem in food safety and public 

health, given the rising demand for small ruminant meat and milk products in alternative, ethnic, 

and religious niche markets in the U.S. (Changes in the Sheep Industry in the United States, 

2008). 

The objective of our study was to quantify the apparent prevalence of STEC and identify 

common O side chains and virulence genes in STEC serotypes in pre-harvest sheep raised in 

Missouri in order to determine whether sheep represent a source of STEC serotypes that may 

pose a food-safety risk to humans. 
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2.3. Materials and methods 

2.3.1. Study design and animals 

Flock and animal prevalence of STEC serotypes shed by sheep in Missouri was 

determined using a cross-sectional study.  Recto-anal swabs (n = 500) from healthy sheep 

originating in 63 unique flocks delivered to a sale barn auction in Missouri were collected between 

September and November 2014.  The sheep to be tested from each flock were randomly selected 

on the sample collection day with no preference for breed, age and sex.  The number of sheep 

tested per flock was calculated based on probability proportional to size of the flock at the sale 

barn.  Thus, for flocks with a 100 sheep or more, 10% were randomly selected for sampling.  For 

flocks with <10 sheep, 100% of the sheep were tested.  For flocks with >10 and <50 sheep, 50% 

samples were tested, and for flocks with >50 and <100 sheep, 25% samples were tested. 

2.3.2. Collection of recto-anal mucosal (RAM) swabs  

Two RAM swabs were collected from each animal using the method described by 

(Williams et al., 2014) with minor modifications. RAM swabs were obtained using sterile cotton-

tipped swabs.  Each RAM swab was placed into modified Stuart’s transport medium (BactiSwab 

NPB, Thermo Scientific, Lenexa, KS) for transportation on ice, overnight to North Carolina State 

University.  All samples were processed for STEC within 30 hours of collection.  

2.3.3. Laboratory procedures  

2.3.3.1. Isolation of E. coli O157 from rectal swabs 

The first collected RAM swabs were transferred into 9 ml of enrichment broth called 

Gram Negative (GN) broth that was supplemented with cefixime (0.5 mg/liter), cefsulodin (10 

mg/liter), and vancomycin (GNCCV; 8 mg/liter), vortexed, and incubated for 5.5 h at 37° C.  Next, 

immunomagnetic bead separation (IMS; Dynabeads; Invitrogen Corp., Carlsbad, CA) was 

performed on 1 ml of enrichment, using 20 µL Dynabeads® anti-E. coli O157. 

Half of the bead suspensions (50µl) were then plated onto sorbitol MacConkey agar with 

cefixime (0.5 mg/liter) and potassium tellurite (2.5 mg/liter; CT-SMAC) and incubated overnight 
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at 37° C.  Any sorbitol-negative colonies were streaked onto blood agar plates (Remel, Lenexa, 

KS) and further incubated at 37° C overnight.  Colonies from these plates were tested for indole 

production and latex agglutination for the O157 antigen (Oxoid, Remel).  Sorbitol-negative 

colonies were further characterized by multiplex PCR assay for the rfbE (O157), eae (intimin), 

stx1 (Shiga toxin 1), stx2 (Shiga toxin 2), fliC (flagellar protein), and hlyA (hemolysin) genes 

(Jacob et al., 2013a).  A GNccv enrichment containing a known E. coli O157:H7 (ATCC 43894) 

inoculum was used as a positive control.  

2.3.3.2. Multiplex PCR of STEC strains from rectal swabs 

The second RAM swab was enriched in 9 ml of Escherichia coli (EC) broth for 6 h at 37° 

C.  Two milliliters of the enrichment was subject to DNA extraction using a commercial kit 

(MoBio PowerFecal® DNA Isolation Kit, Carlsbud, CA).  A  multiplex PCR amplification of  STEC 

serogroup sidechains O26, O45, O103, O111, O121, O145, and O157, consisted of 2 µl of primer 

mix, 10 µl of power mix (BioRad iQ multiplex powermix; BioRad), 7 µl of dH2O, and 2 µl DNA 

template.  The PCR program was as follows: 94 °C denaturation for 5 min, 40 cycles of 94 °C 

denaturation for 30 s, 65 °C annealing for 30 s, 68 °C extension for 75 s, and a final step of 68 °C 

extension for 7 min (Bai et al., 2012).  The same PCR assay used to confirm E. coli O157:H7 

isolates was also used to confirm the presence of stx1, stx2, and eae in these samples.  Products 

were visualized using a QIAxcel system (QIAgen, Valencia, CA) with 15 bp and 3 kb alignment 

markers.  Samples were declared positive when the positive control amplified and the sample 

products were of expected size and density.  The positive control strains included O26:H11 

(BAA2196), O45:H2 (BAA2193), O103:H11 (BAA2215), O111 (BAA2440), O121:H19 (BAA2219), 

and O145 (BAA2192).  

2.3.4. Data analysis 

2.3.4.1. Case definitions 

A culture-positive E. coli O157 sample was defined as one that was sorbitol-negative on 

CT-SMAC plates, positive for indole production and latex agglutination for the O157 antigen.  A 

PCR-positive STEC sample was defined by the presence of one or more STEC O-sidechains, the 
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presence of at least one stx gene, and eae.  A flock was declared positive for STEC if one or more 

sheep tested positive for at least one STEC serotype.  

2.3.4.2. Calculation of apparent prevalence 

The primary outcome of interest from this study was the apparent prevalence of STEC in 

sheep at the animal, between-flock, and within-flock levels.  Animal-level prevalence was 

calculated by dividing total positive STEC by total number of sheep tested in all flocks, within-

flock prevalence for each of the 63 herds was calculated by dividing the number of positive sheep 

by the number of sheep sampled in each flock, and between-flock prevalence was calculated by 

dividing total number of positive flocks by the total number of flocks tested.  Descriptive statistics 

(mean, median, range) and prevalence estimates with 95% confidence intervals (CI) were 

calculated using the Microsoft Excel program (Redmond, WA) and a commercial statistical 

software, STATA 13 (StataCorp LP, College Station, TX, USA). 

2.4. Results  

2.4.1. Detection of E. coli O157 using enrichment and culture 

None of the samples were culture positive for E. coli O157.  

2.4.2. Apparent prevalence of O157 and non-O157 STEC by PCR   

The number of sheep tested per flock ranged between 1 and 24 (Mean ± SD = 7.94 ± 5).  

The most common breeds represented were Katahdin, Columbia, and Hampshire.  Our study 

found PCR evidence of at least one STEC in 17.6% (95% CI = 14.2 to 20.9) of sheep.  Thirty three 

out of 63 flocks were positive for at least one STEC.  The animal-level and flock-level prevalence 

for E. coli O157 and non-O157 STEC are listed in Table 3.  Within-flock STEC prevalence ranged 

from 0% to 80% (Median = 8.3%)  (Figure 1).  
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TABLE 3.  APPARENT ESTIMATES FOR ANIMAL, WITHIN-FLOCK, AND BETWEEN-FLOCK 

PREVALENCE DERIVED FROM 500 SHEEP IN 63 FLOCKS. 

 

 

 

FIGURE 1.  WITHIN-FLOCK PREVALENCE OF STEC-POSITIVE SAMPLES RANGED FROM O% TO 

80%. 

 

2.4.3. Apparent prevalence of O sidechains 

Multiple O sidechains were detected in 20 (4%) of the 500 samples (Table 4).  The O side 

chains with highest animal level prevalence were O145 (6.8%) and O26 (6.2%), and their 

respective between-herd prevalence estimates were each 23.8% (15 of 63).  
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TABLE 4.  ANIMAL-LEVEL PREVALENCE OF O SIDE CHAINS 

 

 

 

 

 

 

 

 

 

2.4.4. Prevalence of virulence genes 

Of the 500 samples tested, stx1 alone was detected in 10% (50), stx2 alone was detected in 

8.2% (41), and a combination of stx1 and stx2 was detected in 68.4% (342) of the samples.  

Additional virulence genes (fliC, hylA, rfbE) were also detected in some of the tested samples 

(Table 5).  

TABLE 5.  ANIMAL-LEVEL PREVALENCE OF VIRULENCE GENES 

Virulence gene Total positive 
(n=500) 

Animal-level 
Prevalence (%) 

stx1 only 50 10 

stx2 only 41 8.2 

stx1 and stx2 342 68.4 

eae 175 35 

fliC 187 37.4 

rfbE 34 6.8 

hlyA 465 93 

 

2.5. Discussion 

Animal-level prevalence of all STEC (17.6%) in our study was within the range of those 

reported in other studies.  A study of sheep in Switzerland found PCR evidence of STEC in 29.9% 

of slaughtered sheep (Zweifel et al., 2004).  In Germany, two separate studies in sheep reported 

STEC prevalence of 66.6% and 88% (Beutin et al., 1993; Beutin et al., 1997), whereas a more 

recent study reported a lower STEC prevalence (32%) (Zschock et al., 2000). Lower prevalence 

O sidechain Number of O 
sidechains 

detected in 500 
samples 

Animal-level 
prevalence (%) 

O26 31 6.2 

O45 4 0.8 

O103 10 2 

O111 11 2.2 

O121 4 0.8 

O145 34 6.8 

O157 19 3.8 
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was reported in slaughtered sheep in the U.K., ranging between 0.7% and 2.2% (Chapman et al., 

1997; Milnes et al., 2008).  

Our investigation found that a majority of the STEC shed in Missouri sheep belonged to 

the non-O157 serogroups (16.4%) compared with E. coli O157 (3.8%), and this trend is consistent 

with observations in other studies (Blanco et al., 2003; Pinaka et al., 2013).  Animal-level 

prevalence of E. coli O157 in our study was within the range of estimates reported in other 

studies.  A prevalence study in Turkey isolated E. coli O157 in 4% of sheep RAM swabs using IMS 

(Gencay, 2014).  Another study of 50 Australian sheep conducted by McPherson et al. (2015) 

between October 2013 and January 2014 found E. coli O157 prevalence in 12.5% of sheep using 

RAM swabs only. A study in Greece found PCR evidence of E. coli O157 and non-O157 STEC in 

1.9% and 8.3% sheep, respectively.   

Flock-level prevalence have been reported in a few studies.  Between-flock prevalence of 

E. coli O157 (15.8%) in our study was within the range of estimates found in sheep flocks in Spain 

(8.7%) (Oporto et al., 2007) and Scotland (40%) (Ogden et al., 2005).  Between-flock prevalence 

of non-O157 STEC (52.4%) was closer to the Oporto study estimate of 50.8%.  

Oporto et al. (2007) reported within-flock prevalence of E. coli O157:H7 shedding ranging 

between 2% and 20.8% which was lower compared with our findings (between 0 and 80%).  

However, in contrast to our approach described previously, the within-flock prevalence in the 

Oporto study was calculated from herds identified as positive for E. coli O157:H7 and non-O157 

STEC.  Thus, it is important to note that prevalence estimates are highly dependent on the study’s 

case definitions and are not strictly comparable. 

The fecal apparent prevalence estimates reported this study are likely overestimates of 

the true prevalence since we cannot be certain that the O sidechains and virulence genes (eae and 

stx) represent the same organism using molecular techniques.  Additionally, we did not calculate 

initial concentration (CFU/g) of STEC in the samples, and hence could not rule out the presence 

of supper-shedders among tested sheep.  A flock was declared positive if even one animal had 

evidence of STEC with no concurrent evaluation of the presence of high shedding animals, and 
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hence between-flock prevalence estimates may also be overestimated.  In cattle, high shedders 

have been demonstrated to influence high transmission of E. coli O157 (Matthews et al., 2006a) 

in the herd, so it is possible that this might occur in sheep populations although it has not yet 

been studied.   

In this study, the median was used for representing within-flock prevalence instead of the 

mean because this distribution was skewed.  The chosen method of sample collection for this 

study was RAM swabs since preferential colonization of o157 on recto-anal mucosal junction has 

been studied in cattle by Naylor et al. (2003) and this colonization pattern has been associated 

with presence of virulence factors such as intimin and pO157 in both cattle and sheep (Cornick, 

2002; Sheng et al., 2006).    

The multiplex PCR used in this study has been validated for detecting E. coli O157 and 

non-O157 serotypes in cattle feces (Bai et al., 2010a). However, there is currently no validated 

screening test for detecting STEC in sheep.  This limits the reliability of our prevalence estimates 

since we were not able to measure true prevalence after adjusting for test sensitivity.  We included 

IMS in our protocol as it has been demonstrated to improve sensitivity in detecting E. coli 

O157:H7 through direct culture (Heuvelink et al., 1998).  Sensitivity of IMS is also dependent on 

initial concentration (CFU/g) of the organism of interest (LeJeune et al., 2006) and we did not 

quantify this in our study.  

RAM swabs were collected from sheep with no control for potential confounding factors 

such as age, sex, breed, diet, prior antibiotic treatment, and environmental factors such as pen 

contamination.  These factors may have led to either underestimate or overestimate the 

prevalence values in our study.  Although a few studies have evaluated age-dependent STEC 

colonization and persistence in sheep (Djordjevic et al., 2004; Gencay, 2014) as well as in 

particular breeds of sheep (McPherson et al., 2015) there is no known correlation between breeds 

or season with shedding (Gencay, 2014; Kudva et al., 1996).  The location from where samples 

were collected had weekly movement of different species (cattle, goats, sheep, pigs, horses, and 
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poultry) that arrived from various neighboring sources, and there was no known evaluation of 

environmental contamination in the pens.   

Seasonal variation in STEC carriage and transient shedding patterns in sheep have been 

demonstrated, with a peak prevalence in summer months, and culture-positive animals in the 

summer becoming culture-negative in winter months (Kudva et al., 1996, 1997a) and this could 

explain why none of our samples yielded culture positive E. coli O157.  The Chapman study 

mentioned above also isolated most of their positive samples (17 out of 22) between June and 

September (Chapman et al., 1997).  In contrast, Gencay (2014) found no change in fecal 

prevalence between summer (14%) and winter months (14%).  Seasonality could also be a 

reflection of the diets that animals are fed in winter and summer months.  Kudva et al. (1997a) 

demonstrated that animals that were culture-positive for E. coli O157:H7 grazed on high-fiber 

sagebrush and bunchgrass between June and August.  High-fiber diets have been shown to 

increase susceptibility to E. coli O157 colonization in ruminants (Jacob et al., 2008; Kudva et al., 

1997b).  Associations between type of feed and season, both individually and in concert, and 

colonization and persistence in non-O157 STEC have not been investigated in sheep populations.  

Although rfbEO157 is specific for E. coli O157, the other virulence genes (stx1, stx2, eae, 

fliC, and hlyA) are expressed by many STEC serotypes.  The virulence genes that were detected 

were obtained from a “mixed” sample from each sheep and cannot be traced to a particular STEC.  

The rfbE gene can be used to further characterize the species of E. coli O157 that are obtained by 

culture.  Since we did not obtain any culture-positive isolates, we did not include this and other 

virulence genes (fliC, and hlyA) in our case definition.  

To our knowledge, this is the first study to evaluate the prevalence of STEC shed by sheep 

in Missouri.  The potential for contamination in sheep production systems is widely 

acknowledged but, to date, risk assessment of STEC contamination and its significance in food 

safety has not been statistically evaluated in the U.S.  Furthermore, there is limited information 

regarding pre-harvest sources of STEC serotypes and persistence in sheep flocks in the U.S.  
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Improved understanding of STEC ecology in sheep populations will facilitate the development of 

effective improvements in pre-harvest control of STEC contamination.   

  



39 
 

CHAPTER 3 
 

SUMMARY AND FUTURE DIRECTIONS  

 

The goal of our study was to quantify the apparent prevalence of and identify virulence 

genes common to Shiga toxin-producing E. coli (STEC) in sheep raised in Missouri.  To our 

knowledge, this is the first study to evaluate the prevalence of STEC in Missouri sheep.  

Prevalence studies are valuable first steps in understanding host-bacterial interactions, and our 

study adds to the body of literature regarding foodborne pathogens in sheep.  Non-O157 STEC 

serotypes were more commonly detected in anal-rectal fecal swabs collected from sheep at 

auction.  Animal-level and flock-level prevalence of all STEC in our study was within the range of 

those reported in other studies.  However, comparison with other studies should be interpreted 

keeping in mind the variability of study design, animal demographics, and microbiological 

detection. 

The apparent prevalence estimates reported in this study are likely overestimates of the 

true prevalence since we cannot be certain that the O sidechains and virulence genes (eae and stx) 

represent the same organism using molecular techniques.  Moreover, there is currently no 

validated screening test for detecting STEC in sheep.  This limits the reliability of our prevalence 

estimates since we were not able to measure true prevalence after adjusting for test sensitivity.  A 

herd was declared positive if even one animal had evidence of STEC with no concurrent 

evaluation of the presence of high shedding animals, and hence between-herd prevalence 

estimates may also be overestimated.   

RAM swabs were collected from sheep with no control for potential confounding factors 

such as individual variation in shedding (due to age, sex, breed, shedding status), diet, prior 

antibiotic treatment, and environmental factors.  The location from where samples were collected 

had weekly movement of different species (cattle, goats, sheep, pigs, horses, and poultry) that 

arrived from various neighboring sources, and there was no known evaluation of environmental 
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contamination in the pens.  These factors may have led to either underestimate or overestimate 

the prevalence values in our study.  STEC shedding in sheep may exhibit seasonality with a peak 

in the summer months.  This could explain why none of our samples yielded culture positive E. 

coli O157.   

The great variety of foodborne and environmental sources of human STEC-associated 

illness coupled with the limited options for treatment necessitate aggressive control of STEC 

transmission in animal populations.  Animal auction sites provide a vantage point from where 

efficacy of farm-level STEC control as well as contamination risk in the meat processing plant can 

be evaluated simultaneously.  The future direction in keeping with our preliminary investigation 

can involve a longitudinal design spanning a minimum of one year to study seasonal patterns in 

STEC shedding.  Sample collection in the form of RAM swabs and feces will allow comparison of 

sensitivities of the two samples as reported in a very recent study where sheep RAM swabs yielded 

greater sensitivity (67%) compared with fecal samples (57%) in detection of E. coli O157 

(McPherson et al., 2015). IMS techniques have low sensitivity in detecting E. coli O157 in samples 

with less than 102 CFU/g (Ogden et al., 2005).  Thus, quantifying initial concentration of bacteria 

in the feces will strengthen the accuracy of prevalence estimates.  This will additionally enable us 

to identify the presence of super shedders in sheep which can be used to tailor the definition of 

STEC-positive animals and herds to sheep.  As mentioned above, calibration of microbiological 

and molecular screening tests for E. coli O157 and non-O157 STEC in sheep is necessary, as true 

prevalence estimates can be interpreted and accurately compared with studies conducted 

elsewhere.  Lastly, sample collection should include parameters such as age, breed, and sex, 

information regarding management practices from the herd of origin, as well as feed composition 

and withdrawal.  These potential confounders can be used to investigate previously reported 

effects on STEC shedding in ruminants.  
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