
 
 
 
 
 
 
 
 
 

Influence of Diagnostic Methods in Determining the Prevalence of the Top 6 
Non-O157 Shiga Toxin-Producing Escherichia coli in Beef Processing 

 
 

By 
Mohammad Melebari 

 
 
 

A Thesis 
Presented to 

The University of Guelph 
 
 

In partial fulfilment of requirements 
for the degree of 

Doctor in Philosophy 
In 

Food Science 
 
 
 
 

Guelph, Ontario, Canada 
©Mohammad Melebari, July 2019 



II  

 

                                                                     ABSTRACT 
 
 
 
INFLUENCE OF DIAGNOSTIC METHODS IN DETERMINING THE PREVALENCE OF 

THE TOP 6 NON-O157 SHIGA TOXIN-PRODUCING ESCHERICHIA COLI IN BEEF 
PROCESSING 

 
 
 

Mido Melebari                 Advisor: Keith Warriner 

University of Guelph, 2019 
 
 
There have been increasing numbers of clinical infections and Haemolytic Uremic Syndrome cases 

caused by the Top 6 serotypes of non-O157 Shiga Toxin producing Escherichia coli. The following 

research project is a comparative study looking at three Real Time PCR diagnostic platforms to 

detect the Top 6 non-O157 Shiga Toxin producing Escherichia coli associated with hides, manure, 

contact surfaces and carcasses. Confirmation studies were performed by a combination of 

immunological (immunoblot), mass spectrometry (VITEK® MS system) and culture-based methods. 

Samples from hide (n=170), kill floor (n=48), carcass (n=50) and manure (n=60) were enriched then 

plated onto Chromoagar and screened using the three RT-PCR platforms (GDS, BAX and Pall 

GeneDisc® Cycler). The presumptive positive results of the Top 6 were 97.0%, 53.4%, 86.6% and 

87.5% by Chromoagar, GDS, BAX system and Pall GeneDisc® Cycler, respectively. Serotype O103 

was the most prevalent serotype detected by the Pall GeneDisc® Cycler and BAX systems and was 

present in 69.5% and 74.7% of samples, respectively. The least frequent serotype was O111 and was 

present in only around 20% of samples by the Pall GeneDisc® Cycler and BAX systems. Cultural-

based methods did not recover any of the Top 6 from PCR positive cultures. The explanations for 

the disagreement between culture methods and the RT-PCR were suggested to be due to the presence 
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of virulence factors in different cells, the low quantities of the targeted factors in the samples and 

also the transient retention of stx. The study demonstrated that strains with the full complementary 

of virulence factors, eae and stx1/stx2, had higher chances of recovering when cultures were stored 

for 14 days at 4°C. From the studies performed there was no evidence of s tx prophage replication 

nor inhibition of growth by background microflora. Yet, it was demonstrated that the presence of 

virulent phage in enrichment broth at MOI’s >1 could inhibit the growth of the target STEC. The 

significance of the work is to highlight the challenges of using RT-PCR when screening for the Top 

6 non-O157 STEC in environmental, manure and hide samples. 
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CHAPTER 1: Introduction and Literature Review 
1.1 Introduction: 

 
Foodborne outbreak cases are estimated to be around 4 million cases in Canada and 48 

million cases in the United States (CDC, 2016; CFIA, 2017). Although Shiga Toxin producing 

Escherichia coli (STEC) account for a small proportion of reported cases, the high virulence 

of this bacterial group makes them a significant food safety issue (Brooks et al., 2005). In 

recent years, reported cases of Haemolytic Uremic Syndrome (HUS) have increased, often 

caused by six serotypes of non-O157 STEC that have been designated as the Top 6 

(Kalchayanand et al., 2011; Valilis et al, 2018), and highlighting that E. coli O157:H7 should 

not be the only foodborne STEC serotype of concern. As a result, significant attention has 

been given to developing methods focused on the detection non-O157 STEC. Culture-based 

methods are used for confirmation purposes, however there are significant issues with false 

negative results, causing challenges in the diagnostics of the Top 6 non-O157 STEC in the food 

industry, because unlike O157:H7 which can ferment sorbitol, the Top 6 STEC do not have a 

unique or special phenotypic marker. Additionally, molecular methods are used in the detections 

of non-O157 STEC, which revolve around the detection of the O antigen and virulence factors 

such as stx1, stx2 and eae. The following research project focused on performing a comparative 

study of various Real Time-PCR diagnostic platforms for detecting the Top 6 non-O157 

STEC. Confirmation studies were attempted by using culture-based methods and multiplex PCR 

to recover STEC colonies from RT-PCR-positive samples. Finally, selected factors that may 

negatively impact the culture techniques used in the confirmation studies were investigated. This 

first chapter will provide information on food pathogens and their virulence factors, and describe 

the different methods of STEC detection, and the factors that may affect them.
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1.2 Foodborne Pathogens 
 

Foodborne pathogens cause millions of incidents of chronic illnesses (Scott 2003). 

Globally, E. coli itself causes over 1.4 billion diarrheal cases in children, of age less than 3 years 

old, which leads to over 3 million deaths annually (Heredia and García 2018). Foodborne illnesses 

are considered to be a serious concern since foods have a complex nature. Such complexities 

include a variety of pathogenic microorganisms that cause different kinds of serious human illness 

(Gormley, et al., 2011). There is a vast array of foods that act as vehicles for human illness, in 

addition to a number of contributing factors that affect growth, contamination, and persistence of 

the pathogenic microorganisms through the food chain (Gormley, et al., 2011). 

 
During the year of 2016, more than 830 foodborne disease outbreaks were reported in US, 

which led to more than 14,250 illnesses, 875 hospitalizations, and 17 deaths (CDC 2016a). In the 

USA in 2016, the most common single etiologic agent, which caused 322 reported outbreaks, was 

Norovirus, followed by Salmonella, which caused 135 reported outbreaks, and then STEC, which 

caused 27 reported outbreaks (CDC, 2016b). 

 
1.3 Pathogenic E. coli: 

 
E. coli is the most recognized species of the genus Escherichia, named after it’s discoverer, 

Theodor Escherich, who first reported E. coli in 1884 (Mainil 2013). E. coli is known to be lactose 

fermenting, indole positive, citrate negative, Vogus-Proskauer negative, H2S non producers and 

producers of lysine decarboxylase (Rivas et al, 2015). DNA hybridization data suggests that 

Escherichia and Shigella are closely related. (Meng and Schroeder 2009). General serotyping 

follows the Kauffman classification scheme, as there are around 180 O-(somatic) polysaccharide 
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antigens), 80 K-antigens (capsular antigens), and 60 H-(flagellar) antigens (Meng and Schroeder 

2009; Rivas et al. 2015; Stenutz, Weintraub, and Widmalm 2006). 

 
There are seven major pathotypes of E. coli that cause intestinal infections. 

 
 

1.3.1 Enteropathogenic E. coli 
 
 

Enteropathogenic E. coli (EPEC) comprise numerous that are diarrheagenic in nature, after 

small intestine colonisation, causing watery and/or bloody diarrhea. Plasmid coded surface 

adhesins known as pili or fimbriae bind to specific receptors on the brush border of the intestine, 

of host tissues (Torres, Zhou, and Kaper 2005). The formation of attaching and effacing (A/E) 

lesions on the surface of enteric epithelial cells is one characteristic feature of EPEC infection 

(Meng and Schroeder 2009). The effacement occurs beneath the attached pathogen, which 

damages the microvilli of the cell, leading to diarrhea in the host. The locus of enterocyte 

effacement (LEE) refers to where the genes, required for the formation of A/E lesions, are located, 

on a 35-kb pathogenicity island (Meng and Schroeder 2009). 

 
1.3.2 Enterotoxigenic E. coli 

 
 

Enterotoxigenic E. coli (ETEC) are also diarrheagenic in nature and are acquired from 

food and water that has become contaminated with fecal material. They are prominent causal 

organisms of diarrhea in Europe and United States. These strains are very prominent in the 

human population. Most people are asymptomatic due to the host specificity of ETEC and the 

immunity gained from past exposure(s) of ETEC (Meng and Schroeder 2009; Sun and Kim 

2017). ETEC is main cause of traveller’s diarrhea, which affects tourists travelling to the 

countries which have poor hygiene and sanitation systems (CDC 2017). Sometimes ETEC- 
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mediated watery diarrhea can resemble the mild diarrhea of cholera, an infection caused by 
 

Vibrio cholerae. 
 
 

1.3.3 Enteroinvasive E. coli (EIEC) 
 
 

According to genetic and phenotypic properties, EIEC are more related to Shigella than to 

other E. coli (Chattaway et al. 2017). EIEC are facultative intracellular pathogens and are major 

causal organism of shigellosis or bacillus dysentery. Shigella, formerly known as Bacillus 

dysenteriae, which infected around 91,000 people in Japan in 18??, leading to more than 407,400 

deaths, with a mortality rate of more than 20% (Croxen et al. 2013; Thompson 2015). Kiyoshi 

Shiga was the first to report the bacterial causal organism of the epidemic in 1897 and about 50 

years later Shigella related EIEC was discovered. EIEC resembles Shigella in biochemical, 

pathogenic and genetic properties, it is known to be non-motile, a lactose non fermenter and 

negative for lysine decarboxylase (Croxen et al. 2013). Do EIEC and Shigella differ in virulence 

or disease severity? 

 
Like other E. coli strains, EIEC can only penetrate and multiply within host epithelial cells, 

as its intracellular in nature. It can cause watery invasive inflammatory colitis and watery diarrhea. 

The infections mostly symptomatic which distinguishes EIEC from other E. coli pathogenic types 

(Garcia-Aljaro et al, 2017). Outbreaks occur from hygiene/sanitary related issues, where fecal 

contaminated water/food occurs, but incidents are very low in developed countries (Rivas et al. 

2015). 
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1.3.4 Enteroaggregative E. coli: 
 
 

Enteroaggregative E. coli (EAEC) are among the most prevalent pathogens globally. The 

first reported case of EAEC diarrheal disease occurred in 1987, in Chile, as pediatric diarrhea 

(Jensen et al. 2014). In following years, a number of cases of EAEC associated persistent pediatric 

diarrhea were reported (Boisen, Krogfelt, and Nataro 2013). 

 
The pathogenesis of EAEC has not been fully understood, but a number of putative 

virulence factors have been annotated to date. Mucosal adhesions, such as AAF (aggregative 

adherence fimbriae), can induce mucosal surface associated inflammatory responses. AggR, a 

transcription inducer, can induce the expression of AAF adhesions, which in turn can induce the 

expression of other cryptic secreted proteins. Histopathology of EAEC includes serine protease 

transporter toxin induced exofoliation of enterocytes. Current evidence suggest multiple virulence 

factors contribute to the pathogenesis of EAEC (Boisen, Krogfelt, and Nataro 2013). 

 
1.3.5 Diffusely Adherent E. coli: 

 
 

Diffusely Adherent E. coli (DAEC) includes diarrheagenic strains of E. coli which attach 

to host cells but do not follow the traditional patterns of A/E or localized adherence. DAEC are now 

considered to be in a unique group, because the adherence is distinct from other pathotypes. 

However, due to classification and identification constraints, epidemiological data is needed for 

the designation of DAEC as a different pathotype of enteric E. coli pathogen. Classification of 

DAEC was classically based on the diffuse adherence of bacterial cells to HEP-2 epithelial cells 

(Servin 2014). In Brazil, 2005, 112 DAEC isolates were recovered from patients and controls, 45 

serotypes were identified, 19 of which were limited to diarrheal patients (Croxen et al. 2013). 
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1.3.6 Adherent invasive E. coli: 
 
 

Adherent invasive E. coli (AIEC) is often associated with chronic inflammatory conditions, 

and is therefore considered a pathobiont. It is isolated in high prevalence from the intestinal mucosa 

of Crohn’s disease (CD) patients, in comparison to healthy subjects. Adherence and invasion to 

intestinal epithelial cells is must for AIEC pathotype. AIEC also showed intracellular survival, as 

well as replication, in macrophages (Zhang et al. 2015). The AIEC pathotype does not produce the 

virulence factors that are commonly found in other types of pathogenic enteric E. coli. To date, the 

genetic mechanisms for the invasive pathogenesis and proinflammatory nature of AIEC are yet to 

be fully understood. Presently, phenotypic identification of virulence like factors is possible but 

newer genetic studies showed some important unique genetic markers which can be further 

explored for the identification of AIEC in the near future (Croxen et al. 2013). 

 
1.3.7 Shiga toxin -producing E. coli: 

 
 

STEC are diarrheagenic zoonotic pathogens which are usually associated with 

contaminated food and water. The presence of the Shiga toxin genes (stx1 or stx2), originally gained 

from a lambdoid bacteriophage, denotes an E. coli as an STEC, also known as Verocytotoxin- 

producing Escherichia coli (VTEC) (Saeedi et al. 2017). Notwithstanding there being over 250 

STEC serotypes recognized, only a subset of these serotypes is considered to be pathogenic and 

linked to illness in humans. STEC causing human infections range widely in virulence, some 

causing only sub-clinical infection, while more virulent STEC, often referred to as 

Enterohemorrhagic E. coli (EHEC), can cause severe illness including bloody diarrhea, 

haemorrhagic colitis and HUS (Croxen et al., 2013; Karmali et al, 2010). 
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E. coli O157:H7 (STEC O157) is the most common serotype linked to outbreaks and 

sporadic food- and water-borne STEC illness (Chalmers et al, 2000). Increased awareness of non- 

O157 STEC in human infections prompted the interest of various clinical, diagnostic, surveillance 

and investigational agencies (Johnson et al., 2014). In Canada, recent studies have shown that non- 

O157 STEC strains are responsible for 40-50% of STEC infections. Among the numerous STEC 

serotypes isolated from humans, four to six are most prominent in serious illness, and include O26, 

O111, O103, O121, O45 and O145. (Johnson et al., 2014). Healthy cattle and ruminants are the 

main animal reservoirs for STEC, and carry them in their gastrointestinal tract and shed them in 

manure (up to 108 CFU/g). (Brooks et al. 2005; Johnson et al. 2014; Karmali, Gannon, and 

Sargeant 2010). 

 
1.4 Virulence Factors in EHEC: 

1.4.1 A/E (Attaching and effacing) lesions: 
 
 

A/E lesions are produced by number of STEC (Vieira et al. 2001). A/E lesions are a result 

of intimate attachment, and are induced by numerous virulence factors and mediate pathogen 

binding to the gut mucosa of the host (Figure 1) (Cepeda-Molero et al. 2017). These lesions are 

characterized by intimate attachment, F-actin accumulation and effacement of microvilli (Figure 

1). A/E lesions are induced by virulence factors encoded on the Locus of Enterocyte Effacement 

(LEE locus) and other loci, and are known to be cytotoxic, cytoskeleton reorganizers that mediate 

electrolyte imbalance leading to diarrhea (Navarro-Garcia et al. 2012). The genes of the LEE 

locus are including espA, espB and espD genes, a type III secretion system, the intimin-encoding 

gene eae and tir, encoding the translocated intimin receptor, Tir. The organization of A/E in the 

E. coli is known to be conserved in most of the pathogenic strains. Various studies also showed 
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that non-LEE effector genes are also required along with LEE genes for successful establishment 

of adherence, intimate attachment and the A/E lesions (Cepeda-Molero et al., 2017). 

 
1.4.2 Type II and III secretion system: 

 
 

Type II and III secretion systems are necessary for protein export from E. coli, especially 

proteins involved in A/E lesion (Jarvis et al., 1995). The gene clusters have been putatively 

annotated for their location, structure and function. The Type II secretion system mediates 

transport of proteins and toxins to extracellular spaces by using 12-15 genes containing T2SS 

operon (von Tils et al. 2012). The type II secretion system spans the inner and outer membrane 

of bacterial cell and secretes number of virulence factors (Figure 1) (Patrick 2010). The Type III 

secretion system, a complex of 20 proteins is encoded by espA, B, D genes to form A/E lesions 

along with the esc/sep genes which form anchor proteins for infectisomes within the inner and 

outer membrane of bacterial cells. The infectisome acts as an adhesion molecule between 

enterocyte and bacterial cell through which Type 3 effector molecules are translocated into the 

enterocyte. The EPEC LEE contains 41 ORF encoding for adhesions, type III secretion system, 

chaperons and transcriptional receptors. espA, espB, and espD have major role in virulence of 

EPEC strains and connects bacterial cells to host by forming a needle complex (Badea et al. 

2009). 

 
1.4.3 Shiga toxins: 

 
 

Stx are key virulence factors that define E. coli as STEC. They are secreted extracellular 

proteins produced by STEC cells in the intestinal lumen and adhering to the intestinal epithelium, 

and result in HUS and bloody diarrhea (Hunt 2010). Stx1 and Stx2, the two majors antigenic Stx 
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types, are further classified into three Stx1 subtypes (Stx1a, Stx1b and Stx1c), and seven subtypes 

of Stx2 (a-g). Shiga toxins consists of two subunits: A and B, with the A subunit able to cause 

inhibition of protein synthesis once inside the host cells (Gill and O. Gill 2010). Stx binds by the 

B subunit to surface receptors of endothelial cells, the A subunit cleaves adenine from 28S rRNA, 

leading to arrest of protein synthesis and ultimately host cell death (Lee et al., 2010). STEC cells 

can survive in macrophages and have the ability to cross the intestinal epithelium by M cells. 

This transfer can mediate Stx release and transport though the blood to reach and affect various 

organs of the host (Etienne-Mesmin et al., 2011). Shiga toxin is encoded by genes of a lysogenic 

prophage acquired by phage transmission and secreted during phage-mediated lysis of STEC 

cells (Neely et al., 1998). Some antibiotics (like fluoroquinolones) enhance the production of 

Stx2 from STEC O157 strains without cell lysis (Zhang et al., 2000). 
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Figure 1- EPEC and EHEC form characteristic A/E lesions by attaching to the efface microvilli and intestinal epithelium. The 
existence of bundle-forming pili helps EPEC to form microcolonies which result in a localized adherence pattern” source 

(Croxen et.,2013) 
 
 
 
 
 
 
 
 
 

1.4.4 E. coli O157:H7: 
 

E. coli O157:H7, which belongs to the virulent EHEC sub-group within the broader STEC 

group, is considered to be the most common serotype linked and related to cattle and beef (Figure 

2) (Koochakzadeh et al. 2014). Cattle have been recognized and known as a main source of E. coli 

O157:H7 infection in humans, with a rate of 1 in 4 animals shedding the pathogen in their feces at 

slaughterhouses (Sanchez et al. 2002). Numerous comparative and epidemiological reports suggest 

that E. coli O157:H7 may have evolved from another strain, which is non-toxigenic and a less 

virulent strain: E. coli O55:H7 (Figure 3). E. coli O157:H7 has developed after four subsequent 

activities; gaining the stx2 containing bacteriophage, pO157 and the rfb region, stx1- containing  

bacteriophage,  and  finally  losing  the  ability  to  ferment  D-sorbitol  and  beta- 
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glucuronidase (GUD). (Figure 3) (Lim, Yoon, and Hovde 2010). In 1982, E. coli O157:H7 was 

acknowledged to be a public health concern and a pathogen after the investigation of the 

hemorrhagic colitis (HC) outbreak in the U.S. This outbreak was caused by the consumption of 

under-cooked ground beef sold by McDonald’s restaurant chain in Michigan and Oregon. STEC 

O157:H7 has been categorized as an adulterant in beef since 1994 (Croxen, 2013). 

 
 
 
 
 
 
 
 
 
 

 
Figure 2 - O157:H7 is sub-group of EHEC within the broader STEC group. Figure 2 - O157:H7 is sub-group of EHEC within 

the broader STEC group. 
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Figure 3 - “Step-wise model of E. coli O157:H7 evolution. In the first step, anatypical EPEC- like O55:H7 SOR+ GUD+ strain 
carrying the LEE pathogenicity island acquired Stx2 phage through transduction of a toxin-converting bacteriophage. In the next 
step EHEC virulence plasmid was gained and an antigenic shift occurred from O55 to O157. Subsequently, O157:H7 acquired 
Stx1 phage and lost the SOR fermentation and GUD activities, resulting in the current O157:H7 GUD- SOR- strain containing 

Stx1, Stx2, and the EHEC plasmid.” 
 

Source: (Vanaja, Jandhyala, Mallick, Leong, & Balasubramanian, 2013) 
 
 
 
 

1.4.5 Top 6 non-O157 STEC: 
 

During the last two decades, reports have indicated that O157:H7 has been associated with 

food outbreaks and HUS cases. Also, some non-O157 STEC have been found to be responsible 

for several outbreaks and cases of HUS, but less commonly than O157:H7. In some countries, the 

incidence of non-O157 STEC infections can reach to up to 50% (Balamurugan et al. 2017; Karmali 

2005; Reiland et al. 2014) . Epidemiological data from the USA points to the six most common 



13  

serogroups linked to non-O157 cases: O145 (5%), O45 (7%), O121 (8%), O103 (12%), O111 

(16%), and O26 (22%). Non-O157 STEC infections were most common during the summer season 

and in young people (middle age, 12 years; interquartile range, 3–37 years) (Brooks et al., 2005, 

Balamurugan et al, 2017). Due to their emerging presence in the food supply and implications in 

human disease, countries such as the US and Argentina have established microbiological standards 

for non-O157 STEC detection (Brusa et al. 2017). In the United States, as of September 2011, the 

Food Safety and Inspection Service (FSIS) declared STEC O103, O111, O26, O45, O121, and 

O145 adulterants in raw beef products (USDA 2017). Recently, the Argentinean Food Code 

included the screening for O26, O103, O111, O145 and O121 serogroups in ground beef, 

vegetables, sausages, ready-to-eat food. Other countries have applied the zero tolerance policy for 

all STEC in beef (Brusa et al. 2017). 

Culture-based methods are considered to be problematic in the detection of the Top 6 

STEC, because unlike O157:H7 which can ferment sorbitol, the Top 6 STEC do not have unique 

or special phenotypic markers. Consequently, detection of non-O157 STEC relies on the 

combination of serogroup genes and virulence genes. Also, there are over 200 STEC serotypes but 

not all are pathogenic as not all of the STEC harbor the complete set virulence factors that cause 

serious disease. (Bai et al. 2016; Noll et al. 2015). 

Differential media, such as Modified MacConkey Agar, Rainbow® Agar O157 and CHROMagar 

STECTM, are based on a chromogenic compound to detect β-galactosidase action and one or more 

fermentative sugars combined with or without selective agents (novobiocin, tellurite, etc.) and 

have been reported to detect some non-O157 STEC (Noll et al. 2015; Verhaegen et al. 2015). 
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1.4.6 Stx-phage characteristics: 
 
 

Stx-phages are known to be members of the lambdoid bacteriophage family, which contain 

dsDNA as its genomic material and have the same morphological features: an icosahedral head 

with tail (Smith et al. 2007). Phages of lambdoid and lambda family possess a large genome of 

48.5 kb which can control and direct phage biology (Rajagopala, Casjens, and Uetz 2011). Most 

of the characterized Stx-phages are known to be larger, in some cases the difference is more than 

50% when compared to lambda family’s phage genome (Allison Heather E 2007). Limited studies 

have been performed to determine the functional annotation of this extra genome, but it is 

hypothesized that they may carry important genes such as lom and bor, which assist in bacterial 

lysogeny in the animal host. Stx-phages contain a significantly larger genome as signature tagged 

mutagenesis experiments showed that Stx-prophage can affect the colonization of E. coli O26 and 

O157:H7 strains in experimental bovine infection models (Allison Heather E 2007). 

 
1.5 Outbreaks: 

 
E. coli O157:H7 and the Top 6 non-O157 STEC have been associated with severe disease 

in humans and involved in many outbreaks (Table 1) (Karmali et al. 2003). Several recent 

outbreaks have been connected to contaminated food consumption (CDC 2016b). In 2010, an 

outbreak was reported at a child care facility, where there was shedding identified for up to four 

weeks (Croxen et al. 2013). Another large outbreak of E. coli O157:H7 in the USA in 2006, by 

contaminated spinach, resulted in the infection of 199 people and there were three deaths reported 

and 199 people were infected (CDC 2006). Other beef product outbreaks were also reported in the 

US and in Denmark in 2009 and 2007, respectively (Table 1). In 2008, 341 people were sick in 

Oklahoma which was reported as the largest O111 outbreak in U.S. In Norway, 2006, O103:H25 



15  

caused a foodborne outbreak and resulted in a high incidence of HUS. Moreover, in 2002, 

O157:NM caused an outbreak in Germany which had more than 10% case-fatality rate. In the same 

year, Scotland was hit with another outbreak in which 44% of patients had HUS. Whereas these 

were only a few outbreak incidences and their sources, several other outbreaks occured in addition 

to these annually, emphasizing the deadly effects that STEC can have on human health. 
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Table 1 – A brief list of reported outbreaks that linked to Shiga-toxin producing E. coli outbreaks associated with food at 
different locations (Rivas et al., 2015) 

 
 
 
 

 
Country 

 
Year 

 
Serotype 

 
Food 

Source 

 
hospitalizations 

 
HUS 

 
Deaths 

 
No. of 
cases 

USA 2013 O121 Frozen food 
product 9 2 0 35 

USA 2013 O157 Ready-to- 
eat salads 7 2 0 33 

UK 2013 O157 Watercress 7 0 0 19 

 
USA 

 
2012 

 
O157 

Organic 
spinach and 
spring mix 

blend 

 
13 

 
0 

 
0 

 
33 

USA 2012 O157:H7 Raw clover 
sprouts 7 0 0 29 

France, 
Germany, 

USA 

 
2011 

 
O26 

 
Fenugreek 

sprouts 

 
– 

 
908 

 
50 

 
4075 

USA 2011 O104 Romaine 
lettuce 34 3 0 58 

USA 2010 O157:H7 Cheese 15 1 0 38 

USA 2009 O157:H7 Beef 12 2 0 17 

USA 2009 O157:H7 Beef 19 5 2 26 

Netherlands 2008– 
2009 O157:H7 Steak tartare 7 0 0 20 

UK 2011 O157 Vegetables 
and soil 74 4 1 250 

Canada 2012 O157:H7 Pork 7 0 0 29 

 
USA 

 
2009 

 
O157:H7 

Ready-to- 
bake cookie 

dough 

 
35 

 
10 

 
0 

 
77 

Denmark 2007 O26:H11 Beef 
sausage – – – 20 

USA 2006 O157:H7 Fresh 
spinach 102 31 3 199 
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1.6 Sources of O157:H7 and Top 6 STEC and Prevalence in cattle: 
 

Cattle can be considered the main carriers of STEC strains implicated in human disease 

(Karmali et al, 2010), but it can also it can be associated with other animals such as sheep and 

goats (Wilson, Clarke & Renwick, 1996; Kasper et al., 2010). In cattle (dairy or beef farms), the 

prevalence can be between 1.7 – 71% of manure samples screened testing positive (Kasper, 

Doyle & Archer 2010) (Table 2) 

 
There are differences between the prevalence rate of the non-O157 STEC in cattle although 

only 12–17% of the non-O157 STEC have been isolated from cases of serious illness, given the 

majority lack the essential virulence factors (Hussein & Bollinger, 2005a; Hussein, Coronado & 

Dumas, 2005b). 

 
The shedding of non-O157 STEC differs from season to season, much like O157 STEC. 

Prevalence is elevated in spring through fall, and decreases in winter months (Barkocy-Gallagher 

et al. 2003). Most of the cattle acquire non-O157 STEC from contact with infected animals or 

indirectly via consumption of fecal contaminated feed and water (Liu et al., 2007). A study was 

performed to determine the carriage of non-O157 STEC through beef processing (Koohmaraie et 

al., 2005). The study had 3 sampling stages: 1) sampling cattle at pre-harvest, 2) pre-evisceration 

and 3) the end of the slaughter process. The carriage of O157 STEC and non-O157 STEC up to 

pre-evisceration was around 45% with the latter being more commonly encountered. The 

prevalence of non-O157 STEC were reduced from 53.9% to 8.3% by post-evisceration 

interventions that included steam vacuuming, trimming, steam pasteurization and organic acid 

wash. The study concluded that non-O157 STEC are highly prevalent and diverse in cattle and can 

be transferred via carcasses. The carriage of non-O157 STEC can be reduced by interventions 
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applied during the slaughter process with those remaining generally being of low virulence. There 

was insufficient data to conclude that high virulence could be correlated to low resistance to the 

applied interventions (Koohmaraie et al., 2005). Table 2 shows surveillance studies in the US of 

non-O157 STEC associated with different kinds of meat products (Kasper et al., 2010). 

 
 
 

Table 2 – Prevalence of STEC in different kinds of animals based on PCR method (Duffy, 2008), and the corresponding 
prevalence rates of nonO157 STEC in different products (Kasper et al., 2010) 

 
Animal % contaminated with Product % contaminated with 

 STEC  non-O157 STEC 

Cattle 71% Whole cattle carcasses 1.7–58% 

Sheep 56% Ground beef 2.4–30% 

Goat 40% Retail beef cuts 11.4–49.6% 

Lamb 59%   
 
 
 
 
 
 

1.7 Prevalence in beef: 
 

The prevalence of non-O157 STEC in beef in several countries varied between countries 

and studies (Table 3), likely due in part to the different methods used, although in general it is clear 

that the prevalence of non-O157 STEC is greater compared to O157 STEC. 

 
The prevalence of non-O157 STEC in Canadian beef in early studies appears to be at least 

equal to, or possibly greater than that of O157 STEC (Gill and Gill, 2010). The prevalence of all 

STEC in Ontario ground beef have ranged from 9-40%, with most being >20% (Karmali, 2010; 

Johnson et al., 1996, Atalla, Johnson, McEwen, Usborne & Gyles, 2000; Gill and Gill, 2010). In 

most of these studies O157 and the Top 6 non-O157 STEC were each present at rates of 2% or less. 
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Testing more than 390 ground beef samples from Calgary and Winnipeg in 1989–1990, there was 

8 O157 and 18 non-O157 STEC isolates recovered (Gill and Gill, 2010). Also, recent FoodNet 

Canada surveillance of STEC in retail ground beef in Canada using a sensitive method for isolation 

of all STEC has indicated low prevalence of O157 STEC (<0.1%) and non-O157 STEC (2%) in 

2012- 2015 (Pollari et al. 2017). In a more recent trial performed in an Ontario slaughter line, the 

prevalence of all STEC (including O157 STEC) in cattle entering the line was 10.2% (Karama et 

al. 2008). Among the isolates non-O157 STEC, 24 serotypes were identified with 8% harboring the 

attachment protein intimin (eae), although it noted that 79% produced the virulent form of the shiga 

toxin, Stx2 (Mead et al., 1999). 

 
 
 

Table 3 - The relative prevalence of non-O157 STEC in different meat products between different studies at different countries. 
 

Country % of Non-O157 Product Study 

New Zealand 10% Ground beef Bosilevac et al. 2007 
United States 30% Ground beef Bosilevac et al. 2007 

Australia 30% Ground beef Bosilevac et al. 2007 

Uruguay 30% Ground beef Bosilevac et al. 2007 

France 15% Ground meat Perelle et al., 2007 

Japan 20% Beef Hara-Kudu et al., 2008 

Germany 1% Horse meat Pichner et al., 2005 

India 29% Buffalo meat Hazarika et al., 2004 
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1.8 Detection methods: 
 

Several and different detection methods were used and developed to detect the Top 6 

non-O157 STEC (Stanford et al, 2018). For instance, the molecular methods such as real-time 

PCR and multiplex PCR can detect the prevalence of the genes within the O antigen gene group 

particular for each serogroup in addition to other virulence genes such as stx, eae and hly (Li, Liu 

and Wang, 2017; Anglès d’Auriac and Sirevåg, 2018). BAX system, Pall GeneDisc® Cycler and 

GDS system are three real time PCR systems that approved by Association of Official Analytical 

Chemists (AOAC) as molecular diagnostic platforms to detect Top 6 non-O157 STEC (Bannon, 

2016). 

 
Moreover, immunological methods are used to detect the Top 6 non-O157 STEC, 

agglutination tests, such as Abraxis non-O157 STEC Latex Agglutination Test (LAT) Kits, are 

considered to be one of the immunological tests to identify each serotype of the Top 6 non-O157 

STEC (Wasilenko et al, 2014). When the coated polystyrene particles are introduced to samples 

that includes any of the Top 6 non-O157 serotype, the existing bacteria can bind to the antibody, 

which will cause the mixture to be agglutinated (Medina et al, 2012). Immunoblotting method was 

used successfully in different studies to isolate STEC colonies from mixed culture (Johnson et al, 

2014). The bacterial colonies can grow on the membrane filter which is on the top of the Stx 

capture membrane on the selected agar plate. The produced Stx during the bacterial growth bounds 

on the capture membrane under each grown STEC colony that grown on the top membrane filter. 

Immunostaining the capture membrane for Stx exposes marked spots that lead to the location of 

each grown STEC colony on the top membrane filter (Attala et al, 2000; Johnson et al, 2014). 
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Positive results from PCR are higher compared to those based on serological assay (Sermswan et 

al, 2000; Temelli et al, 2012). For instance, PCR methods give an estimation of 20-30% of the 

prevalence of STEC in the tested samples although only a small (less than 5%) proportion would 

prove toxigenic (Kasper et al., 2010). These differences in some cases might be caused by a non- 

functional stx gene in some non-O157 STEC serotypes; the production of stx is at low levels or 

virulent genes are presented in different cells (Feng, Jinneman, Scheutz & Monday, 2011; Zhang, 

Bielaszewska, Friedrich, Kuczius & Karch, 2005; Kehl, 2002). 

 
Selective agars such as CT-SMAC and chromogenic media such as Petrifilm can readily 

be used to identify O157:H7 due to its glucuronidase-negative, sorbitol-negative phenotype, in 

addition to resistance to other antimicrobials such as tellurite. STEC O157:H7 is unique amongst 

STEC in being sorbitol-negative, as other STECs and most E. coli can metabolize this sugar 

alcohol and also express glucuronidase (Yang et al. 2004). In contrast, most non-O157 STEC, 

which ferment sorbitol and express glucuronidase, appear as typical commensal E. coli and cannot 

be differentiated from generic E. coli when plated onto CT-SMAC or chromogenic E coli/coliform 

Petri-films (Gill and Gill, 2010; Mathusa et al., 2010). 

 
Some of the selective media that is currently being used to detect O157:H7 was developed 

and modified to be used for non-O157 STEC. For instance, Sorbitol-MacConkey (SMAC) 

supplemented with rhamnose instead of sorbitol is a selective and differential agar for STEC O26 

due to its inability to ferment rhamnose (Wang et al., 2013). Similar to E. coli O157:H7, O111 

O26, and O145 are resistance to tellurite. Tellurite-containing media have been used for selective 

culturing because of the high-level tellurite resistance observed by these three serogroups (Wang 

et al., 2013). Also, there are several commercially available chromogenic agars (Table 4) for the 
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isolation of non-O157 STEC, e.g., CHROMagar STEC (CHROMagar Microbiology, Paris, 

France), and modified Rainbow agar (supplemented with 0.05 mg/L cefixime, 0.15 mg/L 

potassium tellurite, and 5 mg/L sodium novobiocin) (RB O157; Biolog, Inc., Hayward, CA). 

Moreover, selective enrichment media such as modified tryptone soy broth (mTSB) (TSB+1.5g/L 

of bile salts) is available to suppress the growth of gram-positive bacteria (Vimont, Muller & 

Rozand, 2006). 

 
Table 4 - The principle of some developed media to detect different STEC serotypes 

 
 

Media Description 

Rainbow Agar O157 Detection of O157/some non-O157 
STEC by B-glucuronidase and β- 
galactosidase activity and modified by 
adding 0.05 mg/L cefixime, 5 mg/L 
novobiocin and 0.15 mg/L potassium 
tellurite. 

Sorbitol-MacConkey Detection of O157:H7 STEC by lack of 
sorbitol fermentation. 

CHROMagar STEC Detection of O157/some non-O157 
STEC by chromogenic substrates 
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1.8.1 Principle of the Pall GeneDisc® Cycler Cycler assay: 
 

The Pall GeneDisc® Cycler is a disposable plastic reaction disc, and it is topped with 

engraved 36 reaction microchambers loaded with desiccated PCR primers and fluorescence- 

labeled gene probes for real-time (RT) PCR detection and quantification of targeted genes (stx1, 

stx2, eae, and ehxA) (Diagram 1). There are two types of disks to be used, first one is with 6 sectors 

(for detection of stx1, stx2 and eae) and the second with 12 sectors (champers) (for detection of 

the Top 6 O-antigen genes. The chambers allow parallel examination of different samples (Beutin, 

Jahn, and Fach 2009). The Software is provided with the instrument for operating various types of 

tests and it is programmed to the GeneDisc® Cycler. During testing 45 amplification cycles are 

applied in around 55 min and the results are documented and can be shown in real time on the 

instrument screen. Reaction curves and other features of the real-time PCRs can be analyzed and 

printed as tables with MS Excel (Microsoft) and can be saved via the USB port. The results are 

presented in the text as cycle threshold (CT) values which provides the PCR cycle that displays a 

significant rise of the fluorescence signal over the background. (Beutin, Jahn, and Fach 2009). 

The GeneDisc® RT PCR was assessed for detection of the stx1, stx2, eae, and ehxA genes 

with a second GeneDisc® assay targeting STEC serogroup of O26, O45, O91, O103, O111, O113, 

O121, O145, and O157. The results showed that the ability of GeneDisc® to detect the different 

STEC serogroups in all ground beef samples that inoculated at various levels (up to 20 CFU/25g) 

and enriched in TSB or buffered peptone water (BPW) was similar. (Fratamico et al. 2012). Beutin 

et al (2009) studied the effect of low levels of STEC serotypes in the presence of E. coli K-12 as a 

background in the samples. Up to 3 CFU/ml of O145:H28, O26:H11, O111:H8, O103:H2, and 

O157:H7 were mixed with approximately 105 K-12 strain. Results show that Pall GeneDisc® 

Cycler was able to detect all STEC strains successfully (Beutin, Jahn, and Fach 2009). 
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Diagram 1: Workflow diagram showing main steps of Pall GeneDisc® Cycler procedure and showing the two kinds of tests 
disks, the left one which has 6 samples channels is to detect stx and eae genes. The right side disk which has 12 samples chan 

needs completion 
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1.8.2 Assurance GDS System: 
 

The Genetic Detection System (GDS) for the Top 6 non-O157 STEC is an automated RT- 

PCR nucleic acid amplification system for the detection of the stx1 and stx2 genes, preceded by an 

immunomagnetic separation (IMS) step to capture bacteria in the test sample that have the O- 

serogroups antigens of the Top 6 non-O157 STEC: O111, O121, O26, O103,O145, and O45. 

(Diagram 2). The system has options for including detection of STEC O157 and the eae gene that 

encodes intimin. 

Bosilevac, (2013) investigated the sensitivity of GDS by testing beef trim samples 

inoculated with low levels of Top 6 STEC strains (1-3 CFU/sample). Results showed that GDS 

can detect low levels of inoculated Top 6 STEC. 

Sensitivity and specificity of the Assurance GDS were tested by BioControl Systems in 

ground beef samples, Inc (2018). Sixty-five Top 6- inoculated test portions and 15 uninoculated 

test portions were each added to mEHEC broth media and incubated overnight at 40-43oC, then 

the enriched samples were analyzed with Assurance GDS. There was only 1 false positive (2.8% 

False Positive Rate) and no false negative (0% False Negative Rate); samples enriched for 10 h 

were positive for eae and stx (Top 6) The overall sensitivity of the Assurance GDS method after 

10 h of enrichment was 100% and the specificity was 97.2%. When the enrichment step was 

extended to 18 hours the overall sensitivity and specificity of the GDS method were both 100 % 

(BioControl Systems 2018). Another study by Margot, et al (2013) was done by testing single 

colonies from more than 15 STEC serotypes to detect stx1 and stx2 subtypes by GDS and different 

other real-time PCR systems. The Assurance GDS system wasn’t be able to detect stx2b, but it 

could detect stx2b and other stx1 and stx2 subtypes after reducing the template amount in the second 

round. GDS system didn’t detect stx2f even after the second round (Margot, et al 2013). 
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Diagram 2 - Workflow diagram showing steps and the basic ?? Something missing here of the GDS system 
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1.8.3 BAX System: 
 

The BAX System is another rapid real time PCR platform to detect the Top 6 non-O157 

STEC serotypes (DuPont 2005) (Diagram 3). The BAX STEC Suite for the Top 6 non-O157 STEC 

comprises two steps after sample enrichment: first, the enrichments are screened for stx and eae 

genes. Samples positive for stx and eae together are then tested in two separate RT PCR panels for 

the wzx genes of the O antigens of the Top 6 non-O157 STEC serogroups. It uses a patented probe 

consisting of TAQman primers that include a fluorescent dye on one oligonucleotide and a 

quencher on the other. During a typical PCR application, which includes a series of timed heating 

and cooling cycles, polymerase, primers, and nucleotides work together to amplify the targeted 

DNA fragments in the tested sample. If the targeted sequence is not present, no detectable 

amplification takes place ( Burns et al., 2011) . Fluorescent detection is used in the automated 

BAX System to analyze the PCR products and identify the existence of the targeted organism. 
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Diagram 3 - The followed steps of the BAX system method. It has two main steps, first one is detection the stx and eae genes, if 
the result is positive, a second step is applied to identify the top six non-O157 STEC in the sample. Both first and second rounds 

take 55 minutes. 
 
 
 
 
 

In a study was done by Rotundo et al., (2018), BAX was capable to identify the specific 

STEC serogroups in mung bean sprouts and ground beef, which are foods connected to outbreaks, 

when they inoculated at levels of around 10 CFU/25g or 325g. Therefore, Rotundo et al., (2018) 

recommended that the BAX can possibly be used by regulatory agencies and food industries to 

detect the Top 6 non-O157 STEC in food (Rotundo et al, 2018). 

 
1.8.4 Discrepancies between screening PCR tests and cultural confirmation of STEC 

 
 

Several studies have been completed on the detection of non-O157 STEC, comparing 

different types of methods such as RT-PCR and culture-based methods. These studies indicated 

that when comparing RT-PCR and culture-based methods, the results are variable, indicating 
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limitations in the culture-based methods (Wang et al. 2013). Generally, positive results by PCR 

methods are higher than positive results by culture based methods (Verhaegen et al. 2015, Noll et 

al. 2015, Wang et al. 2013, Brooks et al. 2005, Monaghan et al. 2011, Kaspar & Doyle 2010, Jacob 

et al, 2014, Bosilevac & Koohmaraie 2011) 

 
Monaghan et al, 2011 collected samples from bovine fecal and farm soil and compared 

between PCR and culture-based methods for detection of STEC. Bovine fecal samples were 40% 

positive by PCR and 1.9% by culture method, while the farm soil samples gave 27% of positive 

results by the PCR and 0.7% by the culture method. Monaghan et al, 2011 suggested that the 

noticeable variance between the molecular and cultural based methods was linked to the 

sensitivities of these two methods (Monaghan et al. 2011). Brooks et al, 2005 also mentioned that 

combining immunological methods with culture methods will present more positive results of 

STEC (Brooks et al. 2005). Verhaegen et al. (2015) studied and compared six different 

chromogenic agar media to isolate Top 6 non-O157 STEC and other non-O157 serotypes from 

human patients and Belgian food samples, it was suggested that using one agar medium led to false 

negative results. As a result, they suggested to use more than one method, or more than one media 

such as CHROMagar STEC and chromIDTM EHEC or Modified MacConcckey agar, to avoid the 

false negatives (Verhaegen et al. 2015) 

 
Researchers have suggested causes of the issues observed in the differences in the results 

obtained by PCR and culture-based methods. One possibility is that the combination of virulence 

genes are not carried within one bacterial cell. For example, the detected positive sample has one 

of the non-STEC strains such as O26 or O45 which carry stx1 or stx2 only, in addition to another 

strain which has eae only without stx genes (Wasilenko et al. 2014). Jacob et al. (2014) suggested 
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that, in the cases of BAX and GeneDisc® Cycler systems, the failure to distinguish between the 

dead and live cells may result to an overestimation of the Top 6 non-O157 serotypes prevalence 

(Jacob et al. 2014) 

 
From the previous studies, it is obvious that there is a gap between the molecular and 

culture-based methods for presumptive positive samples of of the Top 6 non-O157 serotypes. 

Additional confirmation by applying culture-based method is mandatory. As a result, developing 

culture methods to assist and simplify the isolation of the Top 6 non-O157 serotypes from high 

level background microflora is needed. Focus should be prioritized on improving selectivity, IMS, 

immunoblotting and differential media (Wang et al. 2013) 

 
1.9 Selected factors affecting the detection methods of STEC : 

1.9.1 Effect of Bacteriophage on the bacterial growth: 
 
 

Bacteriophages are known to effect bacterial hosts in number of aspects as they can affect 

bacterial physiology, virulence and competitive ability (Rohwer and Thurber 2009). Phage life 

cycles, which are lytic or lysogenic (Figure 4), can potentially impact bacterial hosts, for example: 

lytic phages can decrease the potential bacterial population. Unexpected bacterial host interactions 

can also occur in nature. For example, prophages can give rise to various toxins or virulence factors 

in host bacteria which can have a feedback effect on bacterial fitness (Díaz-Muñoz and Koskella 

2014). Phages not only limit the bacterial population by means of host lysis, but they can increase 

the lysogenic bacterial population by providing selective advantages to the lysogenic bacterial host 

cells. The advantage may be clearing competing bacterial cells, by induction of temperate phages 

and lysis of bacterial cells in-vitro (Bossi, Fuentes, Mora, & Figueroa-Bossi, 2003) and in-vivo 

mouse gut model (Duerkop, Clements, Rollins, Rodrigues, & Hooper, 2012). Phage induction can 
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be considered an ingenious strategy by a number of bacterial populations. Phage induction 

provides an indirect benefit to the host by limiting the local competition provided by similar host 

genotypes. Prophage induction in bacterial cells generally leads to lysis as an ultimate process 

except for some special cases such as filamentous phages. The population that escapes from lysis 

are immune to further infection, lysis and benefit by elimination of the local competitive bacterial 

population (Bossi et al., 2003) (Díaz-Muñoz and Koskella 2014). 

 
Harcombe & Bull, (2005) presented their study which established the competitive 

relationship between bacterial populations and phages. Phage resistance led to suppression of a 

susceptible bacterial population in the presence of a phage resistant bacterial competitor 

(Harcombe and Bull 2005). Results from Velandia et al, (2012) also highlight the variability among 

Stx2g positive strains and phage-mediated differences in Verocytotoxicity of host cells. The 

differences in Verocytotoxicity can be correlated to different lytic cycles and Stx toxin production. 

Host STEC cells with higher numbers of Stx phages and associated increased Stx production 

showed the highest Verocytotoxicity titres compared to Stx2g-postive strains which showed low 

verocytotoxicity titres (Velandia et al. 2012). As well, phages may carry a number of genes which 

confer pathogenicity on host bacterium. In the case of Stx genes, the genes can be identified by 

lysogenic induction of phages from host bacterial populations (Jofre 1998). Under optimal 

conditions, phages can also infect and convert non- pathogenic E. coli to pathogenic STEC strains. 

Phage induction can thus trigger the evolution and production of pathogenic lysogens which show 

the inevitable cycle of pathogenic gene transfer and toxin production that can be influenced by 

cultural and economical conditions of the human population (Schmidt 2001). 
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Figure 4 - The Bacteriophage Lytic and Lysogenic Cycles. When the bacterial cells infected by viral DNA that causes 
multiplication of the virus and lysis the bacterial cell, in the lysogenic cycle, the viral DNA is integrated and replicated with 

bacteria. Source: Mybioblo, (2018) 
 
 
 
 
 
 

 
Figure 5 - The Bacteriophage Lytic and Lysogenic Cycles. In the lytic cycle bacterial cells are infected by viral DNA resulting in 
multiplication of the virus and lysis the bacterial cell. The lysogenic cycle can integrate the DNA into the bacterial chromosome 

as a prophage and replicated with bacteria. Source: Mybioblo, (2018). 
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1.9.2 Effect of Background Microflora on STEC growth: 
 
 

Competitive background microflora which included wide range of different organisms 

such as bacteriophages and bacteria can be one of the factors that affect the growth and the 

detection methods of STEC. Studies by Nissen, et al., (2000) have shown that competitive 

microflora lowered the growth rate of E. coli O157:H7 and reduced its maximum population 

density (MPD), compared to when E. coli O157:H7 was grown without the competitive bacterial 

population. The cell density of E. coli O157:H7 without background microflora was 3-log10 higher 

than the growth in the presence of the background microflora. Another study (Vold, et al, 2000) 

showed that a high population of background bacteria in ground meat can inhibit the growth of E. 

coli O157:H7 anaerobically and aerobically as well, although the inhibition was more obvious with 

the anaerobic conditions.(Vold et al. 2000) 

 
Hafnia alvei doubled the lag phase of E. coli O157:H7 of the regular time, slowed the growth 

rate and lowered the MPD when compared to the growth of pure culture (Duffy, Whiting, and 

Sheridan 1999). Probiotics have also been investigated for their effects on STEC. Tshabala et al, 

(2012) studied the effect of Lactobacillus plantarum on E. coli O157:H7 in vacuum-packaged beef 

loins stored at 4°C over several weeks. The results indicated that the growth of L. plantarum 

correlated with the inhibition of E. coli O157:H7, and this inhibitory effect was most evident after 

L. plantarum entered its stationary phase. (Tshabalala, de Kock, and Buys 2012). Senne & 

Gilliland (2003) completed a study using the direct application of L. delbrueckii subsp. lactis RM2-

5 on E. coli O157:H7 and Salmonella Typhimurium inoculated, freshly slaughtered, beef and pork 

carcass samples. The samples, incubated at 58°C for 6 days, showed a significant decrease the 

pathogen populations when a direct surface application of L. delbrueckii subsp. lactis RM2-5 was 

applied. 
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Experimental data suggests that Lactobacillus cultures can potentially be used to control 

growth and survival of foodborne pathogens, including major bacterial contaminants of beef and 

pork carcasses (Senne & Gilliland, 2003). 
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1.10 Purpose of the study: 
 

The purpose of this study was to evaluate and compare different methods for the detection of the 

Top 6 non-O157 STEC strains and to determine the effects of background microflora on their 

growth and detection. Additionally, the study assessed factors influencing the accuracy of the 

detection methods, including investigating issues with false negative results observed via 

culture-based methods, in comparison to the results of RT-PCR. 

 
1.11 Hypothesis: 

 
It is hypothesized that the prevalence of the Top 6 non-O157 STEC assocated with cattle will be 

high and diverse. The three diagnostic platforms will perform equally in detecting the Top 6 

non-O157 STEC although obtaining culture positive samples will be lower compared the 

presumptive positives obtained by molecular techniques.  

 

 
1.12 Objectives: 

 
1. Conduct comparative studies of three different RT-PCR methods for determination of the 

prevalence of the Top 6 non-O157 STEC in cattle. 

 
2. Conduct confirmation studies by using selected culture-based methods to isolate and 

characterize the Top 6 non-O157 STEC from PCR positive samples. 

 
3. Isolate and characterize phages from Top 6 non-O157 STEC PCR-positive samples. 

 
 

4. Study the effects of the isolated phages on the Top 6 STEC growth during the enrichment 

step. 
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5. Determine the effect of the cattle background microflora on the growth and detection of the 

Top 6 non-O157 STEC. 
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CHAPTER 2: Materials and Methods 
 

2.1 Experimental design: 
 

Three hundred and twenty eight samples were collected from two small beef processing 

facilities (hereafter referred to as farm A and farm B) in the south- western Ontario. Samples were 

collected during six visits, on October (farm A), November (farm A), January (farm A) x2, April 

(farm A) June (farm B). Both slaughterhouses handled mixed species with approximately 25-35 

cattle (5-18 months) per day, twice a week. When the cattle arrived from livestock markets, they 

were held in the holding pens for 1-4 hours. After stunning, the cattle were moved to the stun floor 

and one of the back legs was shackled to raise the cattle and exsanguination occurred. They were 

then allowed to bleed for around 5 minutes. After removing the hide, the carcasses were transferred 

to the line for the rest of the procedures such as disembowelment, inspection and an acetic acid 

rinse, followed by quenching with a pressure hose. The carcasses then were moved to a cooler. 

The samples were collected from the hides, carcasses, floor and manure, and tested to detect non- 

O157 STEC. 

 
After enrichment culture, the samples were tested with three different commercial RT-PCR 

systems: the GeneDisc® Cycler of Pall Corporation, the BAX System STEC Suite of DuPont, and 

the Assurance GDS MPX Top 7 STEC Assay of Biocontrol, to detect the presence of the respective 

gene targets for each system. Results generated by each system, including the CTs of the relevant 

targets (stx, eae, and O antigens) were recorded and used to estimate the frequencies of Top 6 non-

O157 STEC. For comparison, all enrichments were also tested by culture on CHROMagar STEC, 

a chromogenic agar designed to identify the Top 7 STEC. 

 
Culture-based confirmation of the results of the above three RT-PCR-based screening tests 
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was attempted on 120 samples that tested positive for the Top 6 or 7 STEC. Positive enrichments 
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were plated onto the chromogenic medium Rainbow O157 agar. Pools of 10 putative STEC 

colonies were tested by an established multiplex PCR method for stx and eae; if positive, the 10 

colonies making up the pool were tested individually, to identify those contributing to the results 

of the pooled samples. Isolates obtained by these methods were serotyped by latex agglutination 

of traditional serotyping. Moreover, Stx immunoblot step was applied, and positive colonies were 

tested by multiplex PCR to confirm that they harbor the virulence genes before sending isolates 

out to PHAC to be serotyped. 

 
Phage was isolated from one of the original slaughterhouse samples, characterizing and 

sequencing were done as well. The study of factors that affect the growth and detection of the Top 

6 STEC during culture was focused only on the role of lytic phages for the targeted Top 6 non- 

O157 STEC, and the impact of the background flora during enrichment of the test samples. The 

growth of the STEC serotype and the Stx levels were analyzed after enriching the STEC serotype 

along with the isolated phage, with and without a virucidal tea extract. Also, non-STEC strains 

from background microflora of the samples were added at different ratios to the STEC serotypes 

to determine the influence of the background microflora on the growth of the Top 6 non-O157 

STEC. 

 
ANOVA analysis was performed to determine the significant difference among the various 

results that were obtained by different detection methods. Bonferroni correction was used when 

multiple comparisons were conducted, where it is appropriate and 0.05 was set as significant 

threshold. 

 Detailed statistical analysis methodology was explained in each different study design The 

sample size was 328 (n).  
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2.2 Samples Collections: 
 

Six trials were performed at two provincial beef slaughterhouses, with a total of 328 

samples being collected during the year (fall, winter and summer seasons). 

 
Specifically, ten incoming cattle were selected, at random, and a saline pre-moistened 

sterile sponge (Nasco, Fort Atkinson, WI) was used to take a composite sample of three areas: the 

neck, the flank and the round. The same carcasses were again sampled immediately following the 

de-hiding process. In addition, samples (a 10 cm2 area) were also collected, using sponges, from 

the holding pens and the stun floor (which the cattle rolled onto following stunning). All of the 

samples were transferred to a cold box and processed within a 24 h period. 

 
2.3 Detection and isolation of the Top 6 non-O157 STEC 

 
The resulting broths were tested for the Top 6 non-O157 STEC as described below, by the 

three RT-PCR systems and by culture on the selective chromogenic agar, CHROMagar STEC. 

Positive and Negative Controls: For all PCR methods, E. coli 25922 was used as a negative control 

and E. coli O157:H7 as a positive control. Strains were obtained from Lab Services Division, 

Guelph, Ontario, Canada. Residual enrichment broths were stored at -80°C in small aliquots. E. 

coli O157:H7 was obtained from Lab Services Division as a control strain. 

Samples presumptively positive for the Top 6 non-O157 STEC by these methods were processed 

as described below (Section 2.4) for confirmatory isolation of STEC and isolate characterization. 

 
2.3.1 Culture on CHROMagar STEC 

 
 

All sponge samples from the plants were processed within 24 h of collection, by 

enrichment in 225 ml TSB + 20 mg/l novobiocin for 18-24 hours at 42°C. 
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CHROMagar STEC: Undiluted enrichments of all samples were streaked for single 

colonies onto freshly prepared CHROMagar STEC plates (CHROMagar Microbiology, Paris, 

France) and incubated at 37°C for 18-24 h. On this differential medium, STEC O157, the Top 6 

non-O157 STEC and some other STEC serotypes causing human illness appear as mauve colonies. 

For this study, enriched samples yielding mauve colonies were scored as positive, and the scores 

were used to estimate the frequency of the Top 6 STEC in the samples. Mauve colonies from the 

positive samples were also processed for STEC as in Section 2.4. Rainbow O157 (Rainbow® Agar 

O157 Biolog Inc., Hayward California, 94545): Rainbow O157 agar was used for isolation and 

identification of single colonies of the Top 6 STEC strains. 

 
2.3.2 Real-Time PCR methods 

 
 

Three different Real-Time RT-PCR systems were used to detect the prevalence of the Top 

6 STEC in the enriched samples, the BAX System STEC Suite, Pall GeneDisc® Cycler System 

and BioControl Assurance Genetic Detection System [GDS] MPX Top 7 STEC. For the BAX and 

Pall GeneDisc® Cycler systems, all samples were processed by the primary screening assays for 

stx and eae genes, while only those positive for stx and eae were tested in the secondary RT-PCR 

assays for the Top 6 O-serogroups. 

 

2.3.3 The BAX® System: 
 
 

The BAX® System RT-PCR assays (DuPont Nutrition & Health, Wilmington, DE, USA) 

used in the current research were BAX® System real-time PCR assay for STEC-Screening (stx 

and eae), and the two Panels for detection of genes of the O antigens of the Top 6 STEC 
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serogroups: Panel 1 O26, O111, and O121; and Panel 2, O45, O103, and O145. For each sample, 

lysis reagent was prepared by adding 150 μl of protease to 12 ml of lysis buffer. To prepare the 

lysate, 20 μl of the enriched sample was added to 200 μl of lysis reagent in a cluster tube, heated 

at 37°C for 20 min then at 95°C for 10 min, and finally placed into a cooling block for 5 min. 

The lysate (30 μl per sample) was added to PCR tubes and then sealed with flat optical caps. The 

rack was loaded to the BAX System Q7 instrument machine and run according to the steps 

described in the manual. Data were presented clearly per sample/spot on the screen, red colours 

are positive results and green colours are negative results. 

 
2.3.4 Assurance GDS: 

 
 

The analysis was performed using BioControl Assurance GDS MPX Top 7 STEC Part 

No: 71015-100, (BioControl Systems, Inc., Bellevue, WA, USA) which contains all the required 

reagents and materials for the IMS step to extract the bacteria having the Top 6 O antigens and 

for the RT PCR assays. For the IMS, 20 μl of the Top 7 STEC concentration reagent was 

transferred to GDS sample wells and covered with adhesive film strips, and 1.0 ml of the Top 

STEC wash solution was transferred to two additional sample wells. One millilitre of the 

enriched sample was added to each sample well and the samples were then vortexed at 

approximately 900 rpm for 10-20 min. Extended PickPen magnets were inserted into the first 

strip of sample wells and stirred gently for 30s while continually moving up and down from the 

surface to the bottom of the well. The PickPen was then transferred to corresponding sample 

wells containing the Top STEC wash solution and then the PickPen magnets were retracted to 

release particles into wash solution. With a new PickPen tip, the PickPen magnets were extended 

and inserted into the strip of wells containing the Top STEC wash solution and particles and 
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stirred gently for 30s while continually moved up and down from the surface to the bottom of the 

well. The PickPen was transferred to the second set of sample wells contained fresh Top STEC 

wash solution and gently swirled for 10s. The extracted magnetic particles were transferred to a 

corresponding row of a previously prepared Resuspension Plate containing 45 μl /well of the 

Resuspension Buffer-Taq. With the tips submerged, the PickPen magnets were retracted and 

tapped gently to release the particles into the Resuspension Buffer Taq. Then, 30 μl of the 

sample from the Resuspension Plate wells was transferred into each amplification tube. The 

amplification tubes were placed into Assurance GDS Rotor-Gene in sequential order and the 

Rotor-Gene cycle was started. After completion the test, each sample were confirmed and 

identified as Negative, Positive, or No Amp. 

 
2.3.5 Pall GeneDisc® Cycler : 

 
 

In this study, two types of discs were used, one with six sectors (for detection of O157, 

stx1, stx2 and eae) and the other with 12 sectors for detection of the Top 6 O-antigen genes. For 

the 6 sector disc, from the enriched samples, 50 μl of the was transferred to a lysis tube (extraction 

pack FOOD 1, Pall GeneDisc® Cycler Technologies) and incubated at 100°C in a heating block 

for 10 min and then centrifuged at 10,000 × g for 2 min. Then 36 μl of the DNA-extract and 36 μl 

of the Master Mix (Pall GeneDisc® Cycler Technologies, Bruz, France) were transferred to the 

GeneDisc® disc, and the instrument protocol was followed for the appropriate disc. For the 12 

sectors plates, the same steps were followed as mentioned in the manufacture protocol. The results 

appeared clearly on all screens of the 3 PCR instruments as positive or negative for each sample 

as fluorescent profiles, and were recorded in real time and saved to a file. 
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2.4 Culture Confirmation of samples positive by RT-PCR for the Top 6 
non-O157 STEC 

 
To confirm the results of the RT-PCR assays, positive samples were processed for isolation 

of stx and eae-positive colonies by culture and testing by conventional multiplex PCR. From the 

enriched positive samples (by any of the RT-PCR systems), samples were plated onto Rainbow 

agar O157 (Biolog, Inc., Hayward, CA) and incubated overnight at 37°C. Ten presumptive positive 

colonies (purple-blue colonies) were picked per positive sample, by using a sterile plastic 

inoculating loop and streaked onto Tryptic Soy Agar (TSA) plate (Difco), followed by incubation 

overnight at 37°C. The plates were then kept at 4°C until they were required for use in further 

confirmation steps. The selected ten individual colonies those were picked from each sample from 

the Rainbow plates were also collected in an Eppendorf tube that contain 500 μl molecular grade 

water (Invitrogen, Life Technologies). To extract the DNA of the bacterial cell cocktail, Eppendorf 

tubes were boiled for 10 minutes at 100°C and then transferred to ice to be cooled. The DNA 

templates samples were kept in at -20oC. 

 
The PCR protocol and thermal cycling conditions (MyCyclerTM Thermal cycler, BIO- 

RAD, California, US) were as previously described by Paton & Paton (1997) (Table 5), primers 

also were prepared according to the same protocol that was described by Paton & Paton (1997) 

and was ordered from Lab Services Davison, University of Guelph, Guelph. DreamTaq Green 

PCR master mix (ThermoFisher, NY, USA) was used in the PCR reactions, the manufacturer’s 

instructions was followed, with the provided nuclease-free water and 2 μM primer concentrations 

combined with DNA samples that were extracted previously. 
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Table 5 - The primers that used for the amplification of virulence genes stx1, stx2, eae, and hly in multiplex PCR as described by 
Paton and Paton (1997) 

Target Sequence Primer 
 
 
 
 
 
 
 
 
 
 
 
 
 

The PCR reaction mixtures were electrophoresed on 1.5% w/v agarose gels, along with a 

1kb DNA ladder (Bio-Rad, Hercules, CA), and positive and negative controls. To prepare the 

agarose gels, 4.5g of agarose powder (Bio-Rad, Hercules, CA) was added to 300mL 2x tris/acetic 

acid/EDTA (TAE) buffer (Bio-Rad). The agarose solution was subjected to heat for 5-6 minutes 

and then mixed gently and continuously until it boiled, and then it was left for 20-25 minutes with 

frequent swirling to be cooled. Next 12 μl of 10 mg/mL ethidium bromide (Bio-Rad) was carefully 

added, followed by 30 seconds of gentle mixing. The Sub Cell GT gel electrophoresis system (Bio- 

Rad) was used at 75 volts/3.5hs, and Bio-Rad Gel Doc EZ System (Bio-Rad, Hercules, CA) was 

used to visualize the produced fragments. 

 
STEC positive samples, based on the DNA band patterns, were recognized and the related 

colonies were recovered from the TSA plates. The ten individual colonies, that included the 

positive collected sample, were proceeded to separate multiplex PCR to identify and recognize the 

isolates that carrying the virulence genes. For preservation and referencing purposes, the colonies 

that were taken from the TSA grid plate were sub-cultured onto a new TSA grid plate before 

subjecting to the PCR step. The previous procedures of the extraction of the DNA and the 

 Size of Fragment (bp) 
stx1 ATAAATCGCCATTCGTTGACTAC stx1F 180 

 AGAACGCCCACTGAGATCATC stx1R 180 

stx2 GGCACTGTCTGAAACTGCTCC stx2F 255 
 TCGCCAGTTATCTGACATTCTG stx2R 255 

eae GACCCGGCACAAGCATAAGC eaeF 384 
 CCACCTGCAGCAACAAGAGG eaeR 384 

hly GCATCATCAAGCGTACGTTCC hlyF 534 
 AATGAGCCAAGCTGGTTAAGCT hlyR 534 
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multiplex PCR protocol were applied on all isolates to identify the positive individual colonies to 

use them for next serotyping steps. 

 
2.5 Immunoblot Assay to detect Stx: 

 
Stx Immunoblot assay was applied to isolate positive Stx colonies from the slaughterhouse 

samples and to confirm the positive isolates by multiplex PCR. All positive colonies were sent to 

PHAC to be serotyped. 

 
2.5.1 Preparation of Buffers and Reagents: 

 
 

PBS (10X) was prepared by adding 80g NaCl, 2g KCl, 2g KH2PO4, and 21.6g 

Na2HPO4.12H2O to 1 L Milli-Q water, and dissolved completely before being adjusted to a pH of 

7.2, and stored at 20-25°C for up to 4 weeks. Wash Buffer was prepared by taking 10 ml of 10% 

Tween 20 and mixing in 1 L of 1X PBS, and stored at 20-25°C for up to 3 days. Coating buffer 

was prepared by adding 1 buffer tablet to 100 ml of Milli-Q water and adjusting pH to 9.6. Blocker 

was prepared by adding 1g of gelatin to 100 ml of Wash Solution, stirred at 50-60°C until fully 

dissolved, cooled to 20-25°C before using and stored at 2-8°C for up to 3 days (brought back up 

to 20-25°C before use). Antibody was obtained from CedarlaneÒ and stored at 4°C, (kit number 

CLAS09-629, CedarlaneÒ, Burlington, Canada) diluent was prepared as for Blocker (PBS 0.1% 

Tween, 1% gelatin, pH 7.2-7.4), and stored at 4°C for up to 3 days, and brought to 20-25°C before 

using. 

 
Capture antibody was prepared immediately before use, the 1000X Capture Antibody stock 

was mixed and diluted 1:1000 in Coating Buffer in a polypropylene screw-capped tube. Detector 

Antibody was also prepared immediately before use. The 1000X Detection Antibody stock was 
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mixed and diluted 1:1000 in Antibody Diluent in a polypropylene screw capped tube. Enzyme 

Conjugate was prepared during detector antibody incubation period. The stock enzyme conjugate 

was diluted 1:10 in Antibody Diluent and mixed before a further 1:400 dilution was made in 

Diluent, in a polypropylene tube (achieving a final dilution of 1:4000). BCIP/NBT substrate Stock 

solution A (NBT) was prepared by adding 150mg NBT to 3.5 ml dimethyl formamide and 1.5 ml 

Milli-Q H2O in a glass vial, and stored, in the dark, up to 4 months at 4°C. Stock solution B (BCIP) 

was prepared by adding 75mg BCIP to 5 ml dimethyl formamide in a glass vial and stored, in the 

dark, up to 4 months. 

 
Bicarbonate buffer was prepared by dissolving 1 buffer tablet in 100 ml of Milli-Q water 

and adjusting the pH to 9.6. 

 
2.5.2 Preparation of Stx capture membranes: 

 
 

Sterile 82 mm capture membranes were layered between nylon mesh separating discs in a 

100 mm diameter beaker (up to 20 membranes). Freshly prepared Capture Antibody solution was 

added to ensure that all the filters were immersed and movable on a rotary shaker, and then covered 

and incubated with gentle rotation on an orbital shaker overnight at 4°C, or for 2-3 hours at 37°C. 

The membranes were washed three times with large volumes (membranes were covered by the 

solution) of Wash Buffer, using a gentle swirling. Blocker was added to the beaker, ensuring all 

the membranes were immersed and were moving freely on a rotary shaker, before being incubated 

with gentle rotation on an orbital shaker for 1-2 hours at 37°C. Membranes were washed three 

times in Wash Buffer, as described in previous steps. The membranes were used immediately or 

stored for up to three days at 4°C in Wash Buffer. 
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2.5.3 Preparation of HGMF and Stx capture membranes on agar plates: 
 
 

For each 10-fold dilution of an enriched environmental sample, a moist, pre-coated capture 

membrane was labelled with the sample ID and dilution. The membranes were rolled onto the 

center of a TSA plate with sterile tweezers, ensuring no air bubbles were trapped between the 

membrane and the agar. 100 µl of the selected 10-fold dilutions (10-3-10-5) of the test sample were 

diluted in 5 ml volumes of warm (30-37°C) Sample Diluent (sterile Wash Buffer, PBS+0.1% 

Tween 20). The HGMF was placed on the HGMF Spread filter apparatus with sterile forceps. Up 

to 5 ml the samples were taken and applied evenly over the HGMF and the vacuum turned on. 

When the entire sample had been filtered, the HGMF was taken with sterile forceps and was laid 

over the center of the capture membrane, ensuring all air bubbles were removed. Positive STEC 

controls (E. coli O157:H7) were placed on one of the HGMFs by lightly depositing the cells along 

an identifiable edge of the HGMF with sterile toothpicks dipped lightly in the respective control 

colonies. The plates were incubated inverted for 18-24 h at 37°C. 

 
2.5.4 Immunoblot procedure: 

 
 

After incubation, the HGMFs were marked and the capture membrane were underlined for 

later re-alignment by making numerous pin-pricks through both membranes with a sterile 20 gauge 

needle at each corner and on the intersecting lines on the bottom edge of the HGMF. Capture 

membranes were transferred to a glass beaker for processing, separating them with the nylon mesh 

discs. HGMFs were placed again on their TSA plates, before being covered and stored at 4°C. 

Capture membranes were washed 3 times, 5-10 min per wash, on a rotary shaker, providing 

sufficient motion to keep the membranes separated. After the third wash, the Wash Buffer was 

poured off and replaced with freshly prepared detector antibody to just cover the membranes, 
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covered and incubated at 20-25°C for 30 min on a rotary shaker. After 30 mins, membranes were 

washed three times by Wash Buffer, then the final Wash Buffer was poured off and Enzyme 

Conjugate was added, again just enough to cover the membranes. The samples were covered and 

incubated at 20-25°C for 30 min on a rotary shaker, the Enzyme Conjugate was poured off and the 

membranes were washed three times with Tween, membranes were rinsed twice in Milli-Q water 

to remove any residual Tween, the final rinse was poured off was added BCIP/NBT substrate. 

 
The samples were then placed on rotary shaker and watched for membrane development 

(approx. 10 min). When the color was well-developed, membranes were rinsed two or three times 

with Milli-Q water to stop the reaction. The membranes were then placed on filter paper and 

allowed to dry. The membranes were considered to be positive if there were distinct purple dots 

observed. To accurately locate suspect colonies, the capture membrane and the HGMF were 

aligned side by side in the same orientation, using the needle holes in each membrane to locate 

colonies on the filter membrane that corresponded to the stained dots on the capture membrane. 

Suspect colonies were picked and inoculated into 400 μl of TSB, and then kept at 4°C for further 

analysis. 

 
2.6 VITEK® MS Microbial Identification: 

 
The VITEK® MS system was used to identify the isolates from each presumptive STEC 

positive sample as E. coli by mass spectrometry. One presumptive STEC colony from each TSA 

plate of sub-cultured positive colonies was transferred to a well of the target slide of the VITEK 

MS ID system. E. coli ATCC 8739 (provided from Lab Services Division, Guelph) was used as a 

positive control. After addition of 1 μl of a-cyano-4-hydroxycinnamic acid Matrix (BioMerieux 

Diagnostics) to the test wells, the slide was placed in the VITEK instrument for analysis by matrix- 
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assisted laser desorption ionization mass spectrometry. Results were reported as the identity of the 

isolate with the percentage similarity to the on-line spectral database 

 
2.7  ERIC-PCR: 

 
For additional investigation and to confirm that the strains were the same for each of the 

isolates recovered from confirmation testing, ERIC-PCR was applied on the sub-cultured isolated 

colonies of T6R1S1 (Versalovic, 1991). In a PCR reaction tube, 1 μl of DNA was added to 24 μl 

of PCR master mix and DreamTaq Green PCR master mix (ThermoFisher, NY, USA) and 2uM 

primers. The prepared primers were ERIC1 (forward) 5′-ATGTAAGCTCCTGGGGATTCAC-3′ 

and ERIC2 (reverse) 5′-AAGTAAGTGACTGGGGTGAGCG-3′. The centrifuge step was applied 

to the PCR tube for 2-5 seconds, then the PCR tube was placed in the thermocycler (MyCyclerTM 

Thermal cycler, BIO-RAD, California, US). The cycling conditions used were followed as 

described by Warriner (2002). An initial cycle for 3 minutes at 94°C, then 35 cycles consisting of 

30 seconds at 94°C, 1 minute at 52°C, and then at 65°C for 4 minutes. The final cycle was at 65°C 

for 8 minutes. After that the tubes were placed at 4°C for up to 4 hours before the electrophoresis 

step. The agarose gel was made as previously mentioned, for conventional multiplex PCR, and 

Sub Cell GT gel electrophoresis system (Bio-Rad) was used at 75 volts for 2.5 hours. The resulting 

fragments were visualized by the Bio-Rad Gel Doc EZ System (Bio-Rad, Hercules, CA). 

 
2.8  Serotyping of Non-O157 E. coli : 

 
STEC-positive colonies positive by multiplex PCR for eae and stx1 and/or stx2 were sub- 

cultured onto fresh TSA (Tryptic Soy Agar, Merck Millipore) and incubated overnight in 37°C to 

harvest fresh colonies for serotyping step. The Prolex™ E. coli non-O157 Identification Kit was 

used for latex agglutination serotyping (Pro-Lab Diagnostics, Richmond Hill, Ontario, Canada), 
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and the protocol was followed as provided with the manufacturer’s instructions. All reagents were 

left on the bench to come to room temperature before use. Using a pipette, 0.3 ml of phosphate 

buffered saline was transferred into a 12 x 75 mm culture tube. Colonies were selected from the 

culture with a loop and a suspension was prepared in the phosphate buffered saline corresponding 

to a 3-5 McFarland Standard. The test card was labelled with each of the serotypes and then one 

drop of each latex reagent was added into the appropriate test circle. Using a pipette, one drop 

(35μl) of the test suspension was transferred onto each of the test circles. Each of the test circles 

was mixed with a separate mixing stick. The card was rocked gently and examined for 

agglutination. A positive reaction (agglutination) was visible within 30 seconds. Isolates that gave 

a positive test with any of the test reagents were tested again by repeating the procedure using the 

ProlexTM Negative Control Latex Reagent. For further confirmation of our results, pure colonies 

were transported in TSA slants to Public Health Agency of Canada in Guelph, Ontario, for 

traditional O and H antigen serotyping after a generic stx PCR to confirm the isolates as STEC. 

 
2.8 Obtaining Nalidixic Acid Resistance (NalR) Strains: 

Representative strains of the Top 6 non-O157 STEC were obtained from PHAC (Table 6) 

and were grown to be nalidixic acid resistance as described by Schmidt et al, (1999). 100 μl of 

each strain was added to 40 ml of TSB with 5 μg/ml of nalidixic acid and then incubated at 37oC 

overnight. The following day, 100 μl of that overnight culture was added to 40 ml of TSB with 

10ug/ml of nalidixic acid and incubated at 37oC overnight. The following day, 100 μl of that 

overnight culture was added to 40 ml of TSB with 10 μg/ml of nalidixic acid and incubated at 37oC 

overnight. These procedures were repeated similarly with higher concentration of nalidixic acid. 

(20, 30, 40, 50, 60, and 70 μg/ml of nalidixic acid). TSA was prepared and supplemented with 

filtered 70 μg/ml nalidixic acid after autoclaving, to test the growth levels between the trained 
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strains (NalR) and the regular strains (NalS). Growth rate experiments were applied by inoculating 

same amount of each Top 6 STEC strains (NalR and NalS) to TSB and incubated at 37oC for 24 

hours. OD600 was measured to compare between the NalR and NalS growth rate. 

 
2.9 Bacteriophage Isolation and Characterization: 

2.9.1 Bacteria and bacteriophages: 
 
 

The top 6 STEC strains used in this study were stored at -80°C at Lab Services Division, 

Guelph. The strains used were obtained from the Public Health Agency of Canada’s (PHAC) 

culture collection (Table 6). Using the plate streaking method (Hakeem M, 2014; Leon-Velarde, 

2016) , the Top 6 STEC strains were grown on Trypton Soy Agar (TSA) (Fisher Scientific, Whitby, 

ON, Canada) to obtain individual colonies. A single colony was suspended in 5 mL Trypic Soy 

Broth (TSB) (Fisher Scientific, Grimsby, ON, Canada) and incubated at 37°C for 18 - 24 h. A new 

plate was prepared every month. TSB-semi-solid (TSBss) agar (TSB + 0.5% agar) (Fisher 

Scientific, Grimsby, ON, Canada) was used for the detection, counts, and propagation of 

bacteriophages. Also 1.25 mM of filtered sterilized CaCl2 (Fisher Scientific, Whitby, ON, Canada) 

was added to TSBss to enhance phage attachment (Basra et al, 2014). 



53  

 
 
 

Table 6 - O157 and Top 6 STEC strains were obtained from Lab Services Division (LSD) strains bank. Table shows the ID’s 
number of each used strain and the virulence factor complement (stx1, stx2 and eae) 

 
 

Number of Strain Strain ID at LSD Strain Virulence genes present 
1 25 O103:H2 Stx1, eae 
2 27 O103:H2 Stx1, Stx2,eae 
3 82 O103:H25 Stx1, eae 
4 31 O111:H8 Stx1, eae 
5 32 O111:H8 Stx1, Sx2,eae 
6 34 O111:NM Stx1, eae 
7 37 O121:H19 Stx2, eae 
8 38 O121:H19 Stx2, eae 
9 39 O121:H19 Stx2, eae 

10 43 O145:NM Stx2, eae 
11 44 O145:NM Stx2, eae 
12 47 O145:NM Stx2, eae 
13 1 O157:h7 Stx1, eae 
14 2 O157:h7 Stx1, Stx2, eae 
15 5 O157:h7 Stx2, eae 
16 15 O26:NM Stx2, eae 
17 11 O26:H11 Stx1, eae 
18 12 O26:H11 Stx1, eae 
19 17 O45:H2 Stx1, eae 
20 18 O45:H2 Stx1, eae 
21 22 O45:NM Stx1, eae 

 
 
 
 

2.9.2 Bacteriophage isolation: 
 
 

From the original enrichments of the samples that were collected from the slaughterhouses, 

positive samples were enriched in TSB at 37oC overnight. Tubes were then centrifuged at 7,500 x 

g for 15 min at 4°C. Using a pipette, the supernatant was then transferred carefully to another tube 

and filtered through a 0.22 μm sterile disposable syringe filters (Fisher Scientific, Whitby, ON, 
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Canada) to remove any bacterial cells and then stored at 4°C for further use (Hakeem M, 2014). 
 
 

To detect the phage, the spot test technique was performed. Each phage lysate was 
 
 

spotted (10 μl) on 6 TSA plates, each plate has one of the top 6 serotypes with confluent growth. 

Strong lysis will appear after the incubation if lytic phages were occurred in the original sample. 

To achieve confluent growth of each strain of the top 6 serotypes, 100 μL of fresh culture of each 

one of the Top 6 strains were mixed with 4 mL of molten TSBss, which used at temperature of 

around 55°C, poured onto a TSA plate, and allowed to set for 10-15 min . TSA plates with bacterial 

lawns and inoculated with phage were incubated upright for around 24 hour at 37°C until lysis 

appeared. Each lytic zone was removed from the agar plate by a sterile loop and transferred to 500 

μl of SM buffer (SM buffer: 2.5g/L MgSo4. 7 H2O; 6mL/L 1M Tris buffer; 0.05g/L gelatin; pH 

7.5) (Fisher Scientific, Whitby, ON, Canada). and the phage lysate was filtered through a 0.22 μm 

disposable syringe filter (Fisher Scientific, Whitby, ON, Canada). 

 
2.9.3 Phage purification: 

 
 

To isolate single phage plaques, ten-fold serial dilutions of each phage lysate were spotted 

onto TSA plates with separate Top 6 STEC strain lawns (Leon-Vlarde et al, 2014). Plates were 

incubated overnight at 37 °C. After incubation, single plaques were taken to 500 μL SM buffer. 

This step was repeated 3-4 successive times to isolate pure bacteriophage. Ten-fold dilutions of 

the isolated phage were prepared, and spot test experiment were achieved to determine the count. 

Phage lysates were stored at 4°C for future experiments. 



55  

2.9.4 Phage propagation: 
 
 

High titer phage lysates were prepared by the plaque assay method as described by Hakeem 

M, (2014) which 100 μLof the isolated phage and 200 μl of fresh culture of E. coli O103 were 

mixed and incubated at 37°C for 15 min. Up to 5 milliliters of molten soft agar (TSB+0.5 % agar) 

was added to the mixture and the suspension was poured onto a TSA plate. Plates were incubated 

at 37°C overnight. After incubation, up to 5 mL of SM buffer were added to the plate. Using a 

sterile glass rod, the upper layer of agar was removed transferred into a 50 mL tube, then was 

centrifuged at 7,500 x g for 20 min, the supernatant was treated as explained previously. 

 
2.9.5 Phage characterization: 

 
Host range test: 

 
 

The plaque phage assay was followed as described previously by Kutter et al (2011), the 

isolated phages were tested against 21 different serotypes of the Top 6 STEC. Lytic activity was 

determined by spotting 10 μL of each phage lysate on different plates that contained the different 

serotypes of the Top 6 STEC. After incubation, the lytic activity of each phage was assessed 

visually and assigned a ranking from 1 (very weak) to 3 (very strong). Determination of ranking 

was based on the clarity or turbidity of lysis (i.g. very clear, less clear, and turbid). The tests were 

achieved in duplicate. 

 
2.9.6 Transmission electron microscopy: 

 
 

The isolated phage was examined by transmission electron microscopy (TEM). The high 

titer phage lysate was centrifuged at 16,000 x g for 1 h at 4°C and washed twice with SM buffer. 

The supernatant was removed and 20 μl of SM buffer were added gently to the pellet. This 
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suspension was stored overnight at room temperature. The new supernatant (5 μl) was added to a 

300-mesh, carbon-coated Formvar films on a cooper grid and allowed to stand for 2 min. The 

excess liquid was removed using a filter paper, and phages on the grid were negatively stained 

with 2% uranyl acetate for 30 s. The stain was removed, again using a filter paper. The samples 

were then inserted into a transmission electron microscope (energy filtered TEM, EFTEM, LEO 

912 AB model operated at 100 kv; Carl Zeiss SMT AG, Oberkochen, Germany). 

 
2.10  Effect of the Lytic Phages on the Growth of the Top 6 non-O157 

STEC Strains: 
 

The isolated phage was used at different multiplicities of infection (MOIs) to determine the 

effect on the growth of the Top 6 non-O157 STEC strains. After propagation and harvesting of 

fresh stock of this phage, it was inoculated at MOIs of 0.01, 0.1 ,1.0 into tubes containing the 

STEC host (O26). Aliquots of 300 μl from each sample were loaded into the microplates channels 

of the BioScreen instrument. Temperature was set at 37oC for 24 hours and OD600 was measured 

every hour with 5 seconds of shaking before taking each reading. 

 
2.11  Role of Microflora on the Growth of the Top 6 Non-O157 STEC 

Strains: 
 

To study the effect of background microflora on the growth of the Top 6 Non-O157 STEC 

strains, it needed to be determined what the natural levels of background microflora are in the real 

cattle environment. From the University of Guelph barn, swabs by sterile moistened sponge 

(Nasco, Fort Atkinson, WI), was used to take various samples from the cattle neck, flank, round 

and fecal at different times of the day. All the samples were placed in a cold box then were taken 

to the laboratory. Sponges in saline were stirred and mixed for about 2 minutes. Serial dilution (10- 

1 – 10-5) were applied for those samples and then streaked to TSA and incubated over night at 



57  

37oC, to determine the total microorganism count in the environmental samples. After determining 

the total count, around 20 colonies were selected at random, each colony was moved to separate 

TSA plate, to make a mixture of different background microflora strains to use them in the 

following experiments. STEC strain (NalR) was added in different ratios with background 

microflora (Nals) in TSB, 1:100 (STEC:Background) and 1:1000 (STEC:Background). They were 

then incubated at 37oC, overnight. Serial dilutions were completed for the overnight cultures and 

then 100 μl from each dilution was streaked on TSA and TSA+ 70 μg/ml Nal acid. TSA plates 

were incubated in 37oC overnight and the plates were counted the following day. 

 
2.12  Effect of Adding Anti-phage to the Enrichment Media on the 

growth of the Top 6 non-O157 STEC: 
 

2.12.1 Preparation of Virucidal Solution: 
 
 

A mixture of ferrous sulfate and tea extract (Fe(II)T) was prepared as described by Liu et 

al., (2015). Black loose leaf tea (15% [wt/vol]), (Orange Peokoe black tea, Davids Tea, Guelph, 

Canada) was boiled in a 200 ml beaker in Milli-Q water (Millipore, Etobicoke, Ontario, Canada) 

for 10-15 min and then followed by filtering through filter paper (Whatman no.4, Whatman Int. 

Ltd., Ipswish, UK). The FeSO4 solution (which is 287 mM) was freshly prepared and filtered by 

using 0.22 μm filter (Pall, Newquay, Cornwall, UK). Fe(II)T was made by mixing the filtered tea 

with FeSO4 (3:7) immediately just before the treatment. FeSO4 solution was placed in a brown 

tube and stored in the fridge at 4oC 

 
2.12.2 Preparing the Samples 

 
 

Non-STEC strains were isolated from the enriched positive samples and grown in 

TSA/TSB, the same multiplex PCR protocol was followed to make sure those strains are not 
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carrying Stx genes. To study the effect of the phage on the enrichment step, 7 samples were 

prepared as shown in Table 7. All samples were incubated over night at 37oC and then same BAX 

system protocol was followed to detect the CT values among those 6 strains. Experiment was 

replicated three times and the average of the CT values were calculated. 

 
 

Table 7 - The combination of each sample that was used in the study, samples 1-4 (which have STEC:non-STEC) have a ratio of 
1:100 in addition to MMC, Fe(II)T to test their effect on the bacterial growth as a mixture (sample 1) and separately 

(samples2&3). Samples (5-7) are positive and negative controls. 
 
 

Sample 
number 

Samples Determine the effect of: 

1 MMC+Fe(II)T+STEC+Non-STEC MMC and inactivating the phage 
2 Fe(II)T + STEC+Non-STEC Fe(II)T 
3 MMC+STEC+Non-STEC MMC 
4 STEC+Non-STEC Positive Control (STEC+non-STEC) 
5 STEC Positive Control of STEC/stx 
6 Non-STEC Positive Control of non-STEC/stx-negative 

7 TSB only Blank 
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CHAPTER 3: Results 

3.1 Comparative Study Between Three Different Real-Time PCR Platforms and 
CHROMagar STEC Media to Detect the Prevalence of Top 6 Shiga Toxin 
Escherichia coli in Beef Processing. 

 
 
 

Abstract: The prevalence of the Top 6 STEC serotypes was determined in two slaughter houses. 

In total, 328 samples were taken from hides, de-hided carcasses, manure and kill floor. Samples 

were enriched in modified Tryptic Soy Broth containing novobiocin then screened using three 

Real-Time PCR platforms, BAX system, Pall GeneDisk system and GDS, in addition to 

CHROMagar media. It was found that 97%, 53%, 86.6% and 87.5% of tested samples were 

presumptive positive for Top 6 STEC according to CHROMagar, GDS, BAX and GeneDisk, 

respectively. Hide samples had the highest prevalence of presumptive STEC positive results 

according to all four diagnostic platforms. In contrast, samples taken from the kill floor of the 

slaughter houses had the lowest prevalence of the Top 6 STEC. Serotypes O103 and O121 were 

the most frequently recovered serotypes with a prevalence of 60-70% while serotype O111 was 

the least encountered serotype. Although there appeared to a high prevalence of Top 6 STEC 

associated with cattle none could be confirmed using culture and immunogenic techniques. 

Consequently, it is likely that the virulence factors detected by the RT-PCR platforms resided in 

different serotypes and those belonging to the Top 6 were either in low numbers or exhibited low 

virulence. The results underline the ultimate limitation of current RT-PCR platforms for detecting 

Top 6 STEC and the need to confirm any presumptive positive result down to the serotype level. 

In addition, the study also suggested that virulence fingerprinting maybe a more appropriate to 

identify toxigenic E. coli rather than targeting specific serotypes. 
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3.1.1. Introduction: 
 

In recent years, it has been recognized that E. coli O157:H7 is not the only foodborne STEC 

serotype of concern. There have been an increasing number of reported cases of Haemolytic 

Uremic Syndrome (HUS), often caused by six serotypes of non-O157 STEC that have been 

designated as the Top 6 STEC (Kalchayanand et al., 2011; Valilis et al, 2018). Ruminants are the 

major animal reservoirs for STEC and shed the pathogen in manure at levels up to 108 CFU/g 

(Brooks et al. 2005; Johnson et al. 2014; Karmali, Gannon, and Sargeant 2010). In cattle, the 

prevalence can be between 1.7 – 71% of manure samples screened testing positive depending if 

culture or molecular screening methods are applied (Kasper, Doyle & Archer 2010). Several 

detection methods have been developed for Top 6 STEC screening that differ based on target gene 

sequence, protocol and signal processing (Stanford et al, 2018). Common to all techniques is the 

separation of detecting serotypes and compliment of virulence factor (Li, Liu and Wang, 2017; 

Anglès d’Auriac and Sirevåg, 2018). The BAX system, Pall GeneDisc® Cycler and GDS system 

are three real time PCR systems that approved by Association of Official analytical Chemists 

(AOAC) as molecular diagnostic platforms to detect Top 6 non-O157 STEC (Bannon, 2016). 

 
The GDS system uses an initial IMS separation step that immune-captures E. coli 

expressing the LPS of the Top 6 STEC following enrichment. The captured cells are then subjected 

to RT-PCR to screen for stx and eae genes. The GeneDisc® RT-PCR was assessed for detection 

of the stx1, stx2, eae, and ehxA genes with a second GeneDisc® assay targeting STEC serogroup 

of O26, O45, O103, O111, O121, O145, and O157. The BAX STEC Suite for the Top 6 non-O157 

STEC comprises two steps after sample enrichment: first, the enrichments are screened for stx and 
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eae genes. Samples positive for both stx and eae are then tested in two separate RT-PCR panels 

for the wzx genes of the O antigens of the Top 6 non-O157 STEC serogroups. 

 
Evaluation studies were done to assess the performance of the different RT-PCR platforms, 

a study by Margot et al (2013) was done by testing single colonies from more than 15 STEC 

serotypes to detect stx1 and stx2 subtypes. The Assurance GDS system wasn’t able to detect stx2b 

from the first round but it could detect stx2b and other stx1 and stx2 subtypes after reducing the 

lysate concentration in the second round. GDS system didn’t detect stx2f even after the second 

round (Margot, et al 2013). Another study was done by BioControl Systems (2018) to detect the 

sensitivity and specificity of the GDS, by inoculated ground beef samples with Top 6 STEC. The 

overall sensitivity of the GDS system after 10 h of enrichment was 100% and the specificity was 

97.2%. BAX was capable to identify the specific STEC serogroups in mung bean sprouts and 

ground beef, which are foods connected to outbreaks, when they inoculated at levels of around 10 

CFU/25g or 325g. Therefore, Rotundo et al., (2018) recommended that the BAX can possibly be 

used by regulatory agencies and food industries to detect the Top 6 non-O157 STEC in food 

(Rotundo et al, 2018). Beutin et al (2009) studied the effect of low levels of STEC serotypes in the 

presence of E. coli K-12 as a background in the samples. Up to 3 CFU/ml of O145:H28, O26:H11, 

O111:H8, O103:H2, and O157:H7 were mixed with approximately 105 K-12 strain. Results show 

that Pall GeneDisc® Cycler was able to detect all STEC strains successfully (Beutin, Jahn, and 

Fach 2009). Jacob et al. (2014) suggested that, in the cases of BAX and GeneDisc® systems, the 

failure to distinguish between the dead and live cells may result to an overestimation of the Top 6 

non-O157 serotypes prevalence (Jacob et al. 2014). Some complex matrix might affect the 

performance of the PCR (Margot et al , 2013; Harada et al, 2015; Wheeler et al, 2015) . The 

efficiency of sample processing and DNA extraction might be affected (Schrader et al. 2012). 
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Some inhibitors were identified in food and environmental sample (soil, water and air), for 

instance, some enzymes, minerals, polysaccharide and fats (Powell et al. 1994; Schrader et al; 

2012). 

 
Immunological methods are commonly used to confirm the existing of the Top 6 non-O157 

STEC, agglutination test is considered to be one of the immunological tests to identify each 

serotype of the Top 6 non-O157 STEC (Wasilenko et al, 2014). Immunoblotting method was used 

successfully in different studies to isolate STEC colonies (Johnson et al, 2014). The bacterial 

colonies can grow on the membrane filter which is on the top of the Stx capture membrane (anti- 

Stx antibody modified membrane) on the TSA agar plate. The produced shiga toxin binds to the 

capture membrane under each grown STEC colony that grown on the top membrane filter. 

Immunostaining the capture membrane for Stx exposes marked spots that lead to the location of 

each grown STEC colony on the top membrane filter (Attala et al, 2000; Johnson et al, 2014). 

 
Positive results from PCR are higher compared to those based on serological assay 

(Sermswan et al, 2001; Temelli et al, 2012). For instance, PCR methods give an estimation of 20- 

30% of the prevalence of STEC in the tested samples from cattle although only a small (less than 

5% of the samples) proportion would prove toxigenic (Kasper et al., 2010). These differences in 

some cases might be caused by a non-functional stx gene; the production of stx is at low levels or 

virulent genes are presented in different cells (Feng, Jinneman, Scheutz & Monday, 2011; Zhang, 

Bielaszewska, Friedrich, Kuczius & Karch, 2005; Kehl, 2002). 

 
Selective and differential agars such as CT-SMAC and chromogenic media can readily be 

used to isolate and differentiate E coli O157:H7. These kinds of agar are useful since E coli 

O157:H7 is glucuronidase-negative, sorbitol-negative phenotype, in addition to resistance to other 
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antimicrobials such as tellurite. STEC O157:H7 is unique amongst STEC in being sorbitol- 

negative, as other STECs and most E. coli can metabolize this sugar alcohol and also express 

glucuronidase (Yang et al. 2004). In contrast, most non-O157 STEC, which ferment sorbitol and 

express glucuronidase, appear as typical commensal E. coli and cannot be differentiated from 

generic E. coli when plated onto CT-SMAC or chromogenic E coli/coliform Petri-films (Gill and 

Gill, 2010; Mathusa et al., 2010). 

 
Some of the selective media that is currently being used to detect O157:H7 was developed 

and modified to be used for non-O157 STEC. For instance, Sorbitol-MacConkey (SMAC) 

supplemented with rhamnose instead of sorbitol is a selective and differential agar for STEC O26 

due to its inability to ferment rhamnose (Wang et al., 2013). Similar to E. coli O157:H7, O26, 

O111, and O145 are resistance to tellurite. Tellurite-containing media have been used for selective 

culturing because of the high-level tellurite resistance observed by these three serogroups (Wang 

et al., 2013). Also, there are several commercially available chromogenic agars (Table 4) for the 

isolation of non-O157 STEC, e.g., CHROMagar STEC (CHROMagar Microbiology, Paris, 

France), and modified Rainbow agar (RB O157; Biolog, Inc., Hayward, CA). Moreover, selective 

enrichment media such as modified tryptone soy broth (mTSB) is available to suppresses the 

growth of Gram-positive bacteria (Vimont, Muller & Rozand, 2006). 

 
The objective of the current study is to compare and assess the differences between 3 

different RT-PCR ( BAX system, Pall GeneDisc® Cycler and GDS system ) and CHROMagar 

media to detect the prevalence of the Top 6 STEC in beef processing samples which include hide, 

manure, skin and kill floor samples to assess and study the main source of the contamination during 

the beef processing. 
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3.1.2. Material and Methods:  

3.1.2.1 Samples Collections 
 

Six trials were performed at two provincial beef slaughterhouses (hereafter referred to as 

farm A and farm B), with a total of 328 samples. Visits were on October (farm A), November 

(farm A), January (farm A) x2, April (farm A) June (farm B). 

 
Specifically, ten random cattle were selected to take a composite sample of three areas: the 

neck, the flank and the round samples by using pre-moistened sterile sponge (Nasco, Fort 

Atkinson, WI). Following the de-hiding process, the same carcasses were again sampled 

immediately. In addition, samples were also collected (a 10 cm2 area), using new sponges, from 

the holding pens and the stun floor (which the cattle rolled onto following stunning). 

 
3.1.2.2. Detection and isolation of the Top 6 non-O157 STEC 

 
 

The resulting broths were tested for the Top 6 non-O157 STEC as described below, by the 

three RT-PCR systems and by culture on the selective chromogenic agar, CHROMagar STEC. 

Positive and Negative Controls: For all PCR methods, E. coli 25922 was used as a negative control 

and E. coli O157:H7 as a positive control. Strains were obtained from Lab Services Division, 

Guelph, Ontario, Canada. Residual enrichment broths were stored at -80°C in small aliquots. E. 

coli O157:H7 was obtained from Lab Services Division as a control strain. 

 
3.1.2.3. Culture on CHROMagar STEC 

 
All sponge samples from the plants were processed within 24 h of collection, by enrichment 

in 225 ml TSB + 20 mg/l novobiocin for 18-24 hours at 42°C. 
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CHROMagar STEC: All samples were streaked freshly prepared CHROMagar STEC plates 

(CHROMagar Microbiology, Paris, France) and incubated at 37°C for 18-24 h. On this differential 

medium, STEC O157, the Top 6 non-O157 STEC and some other STEC serotypes causing human 

illness appear as mauve colonies. For this study, enriched samples yielding mauve colonies were 

scored as positive, and the scores were used to estimate the frequency of the Top 6 STEC in the 

samples. 

 
3.1.2.4. The BAX® System: 

 
 

The BAX® System RT-PCR assays (DuPont Nutrition & Health, Wilmington, DE, USA) 

used in the current research were BAX® System real-time PCR assay for STEC-Screening (stx 

and eae), and the two Panels for detection of genes of the O antigens of the Top 6 STEC 

serogroups: Panel 1 O26, O111, and O121; and Panel 2, O45, O103, and O145. For each sample, 

lysis reagent was prepared by adding 150 μl of protease to 12 ml of lysis buffer. To prepare the 

lysate, 20 μl of the enriched sample was added to 200 μl of lysis reagent in a cluster tube, heated 

at 37°C for 20 min then at 95°C for 10 min, and finally placed into a cooling block for 5 min. The 

lysate (30 μl per sample) was added to PCR tubes and then sealed with flat optical caps. The rack 

was loaded to the BAX System Q7 instrument machine and run according to the steps described 

in the manual. Data were presented clearly per sample/spot on the screen, red colours are positive 

results and green colours are negative results. 

 
3.1.2.5 Assurance GDS: 

 
The analysis was performed using BioControl Assurance GDS MPX Top 7 STEC Part No: 

71015-100, (BioControl Systems, Inc., Bellevue, WA, USA) which contains all the required 

reagents and materials for the IMS step to extract the bacteria having the Top 6 O antigens and for 
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the RT PCR assays. For the IMS, 20 μl of the Top 7 STEC concentration reagent was transferred 

to GDS sample wells and covered with adhesive film strips, and 1.0 ml of the Top STEC wash 

solution was transferred to two additional sample wells. One millilitre of the enriched sample was 

added to each sample well and the samples were then vortexed at approximately 900 rpm for 10- 

20 min. Extended PickPen magnets were inserted into the first strip of sample wells and stirred 

gently for 30s while continually moving up and down from the surface to the bottom of the well. 

The PickPen was then transferred to corresponding sample wells containing the Top STEC wash 

solution and then the PickPen magnets were retracted to release particles into wash solution. With 

a new PickPen tip, the PickPen magnets were extended and inserted into the strip of wells 

containing the Top STEC wash solution and particles and stirred gently for 30s while continually 

moved up and down from the surface to the bottom of the well. The PickPen was transferred to 

the second set of sample wells contained fresh Top STEC wash solution and gently swirled for 

10s. The extracted magnetic particles were transferred to a corresponding row of a previously 

prepared Resuspension Plate containing 45 μl /well of the Resuspension Buffer-Taq. With the tips 

submerged, the PickPen magnets were retracted and tapped gently to release the particles into the 

Resuspension Buffer Taq. Then, 30 μl of the sample from the Resuspension Plate wells was 

transferred into each amplification tube. The amplification tubes were placed into Assurance GDS 

Rotor-Gene in sequential order and the Rotor-Gene cycle was started. After completion the test, 

each sample were confirmed and identified as Negative, Positive, or No Amp. 

 
3.1.2.6 Pall GeneDisc® Cycler : 

 
 

In this study, two types of discs were used, one with six sectors (for detection of O157, 
 

stx1, stx2 and eae) and the other with 12 sectors for detection of the Top 6 O-antigen genes. For 
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the 6 sector disc, from the enriched samples, 50 μl of the was transferred to a lysis tube (extraction 

pack FOOD 1, Pall GeneDisc® Cycler Technologies) and incubated at 100°C in a heating block 

for 10 min and then centrifuged at 10,000 × g for 2 min. Then 36 μl of the DNA-extract and 36 μl 

of the Master Mix (Pall GeneDisc® Cycler Technologies, Bruz, France) were transferred to the 

GeneDisc® disc, and the instrument protocol was followed for the appropriate disc. The results 

appeared clearly on all screens of the 3 PCR instruments as positive or negative for each sample 

as fluorescent profiles, and were recorded in real time and saved to a file. 

 
3.1.2.7 Shiga Toxin detection by Immunoblot: 

 
 

Immunoblot technique was used as a further confirmation and isolation step to confirm the 

presumptive positive results that were obtained by the RT-PCR methods, random presumptive 

positive samples by RT-PCR (n=45) were tested. Method was followed as described by Johnson 

et al, (2014) and Attala et al, (2000). For each 10-fold dilution of an enriched environmental 

sample, a moist, pre-coated capture membrane with rabbit anti-VT antibodies (LFZ Guelph) and 

blocked with PBS-1% gelatin, was labelled with the sample ID and dilution. The membranes were 

rolled onto the center of a TSA plate and 100 µl of the selected 10-fold dilutions (10-3-10-5) of the 

test sample were diluted in 5 ml volumes of PBS. The hydrophobic grid membrane filter (HGMF) 

was placed on the HGMF Spread filter apparatus. Up to 5 ml the samples were taken and applied 

evenly over the HGMF to be vacuum-filtered, then the HGMF was laid over the center of the 

capture membrane. The plates were incubated inverted for 18-24 h at 37°C. After incubation, the 

HGMFs and the capture membrane were marked by making numerous pin-pricks through both 

membranes with a needle. Capture membranes were washed 3 times, 5-10 min per wash followed 

by alkaline phosphatase-labeled rabbit anti-mouse IgG (kit number CLAS09-629, CedarlaneÒ, 
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Burlington, Canada) and the substrate was nitroblue tetrazolium and 5-bromo-4-chloro-3- 

indolylphosphate. Incubation times were 30 minutes for samples, monoclonal antibodies, and 

conjugates. Wells were washed up to five times between all steps with PBS. 

 
Membranes were rinsed twice in Milli-Q water to remove any residual Tween, the final 

rinse was poured off was added BCIP/NBT substrate. 

 
The samples were then placed on rotary shaker and watched for membrane development 

(approx. 10 min). The membranes were considered to be positive if there were distinct purple dots 

observed. To accurately locate suspect colonies, the capture membrane and the HGMF were 

aligned side by side in the same orientation, using the needle holes in each membrane to locate 

colonies on the filter membrane that corresponded to the stained dots on the capture membrane. 

Suspect colonies were picked and inoculated into 400 μl of TSB, and then kept at 4°C for further 

analysis by The Prolex™ E. coli non-O157 Identification Kit. 

 
3.1.3 Results: 

 
3.1.3.1 Comparative detection rate by three different RT-PCR Systems: 

 
Two way-ANOVA analysis was employed and multiple comparison of the proportions of 

test positive with Bonferroni correction.  The results of the RT-PCR screening tests for the Top 6 

non-O157 STEC are shown as the percentage positives taking all samples into account (Table 8). 

Results showed that hide samples had the highest number of positive results, with no significant 

difference between BAX system (92.9%) and Pall GeneDisc® Cycler (92.4%) outcomes. Same 

with manure, (85% and 88.3%) and floor samples (70.8% and 75%) with no significant difference 

in the prevalence levels of Top 6 STEC when using BAX or Genedisc platforms, respectively 

(Table 8). There were no significant differences between CHROMagar, BAX and Pall GeneDisc® 
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Cycler in all carcass samples results, with detection rate of 82%, 80% and 76% respectively. 

Manure had 100% presumptive positive results, by CHROMagar media, which significantly differ 

from all other methods (P<0.05), and 85% and 88.3% by BAX system and GeneDisc which have 

no significant difference (P>0.05), similarly with floor samples, 93.7%, 70.8% and 75% for 

CHROMagar, BAX and Pall GeneDisc® Cycler, respectively (Table 8). In all results, GDS showed 

significantly lower (around 35%) detection rate of the Top 6 STEC with a significant difference 

(P<0.05), as compared to Pall GeneDisc® Cycler and BAX platforms (Figure 6). Presumptive 

positive results from GDS were 61.2%, 60%,46% and 25% by in hide, manure, skin and floor 

samples, respectively. 

 
Table 8 - The detailed proportion (%) of each sample type (hide, manure, skin and floor) of all 328 slaughterhouse samples with 

positive results after testing by the four screening methods for the Top 6 non-O157 STEC: CHROMagar STEC (Agar), 
Assurance GDS (GDS), BAX STEC Suite (BAX) and Pall GeneDisc® Cycler (PALL). 

 
 

CHROMagar 
(%) GDS (%) BAX (%) PALL (%) 

 

Hide (n=170) 168 (98.8) 104 (61.2) 158 (92.9) 157 (92.4) 

Manure (n=60) 60 (100) 36 (60) 51 (85) 53 (88.3) 

Skin (n=50) 41 (82) 23 (46) 40 (80) 38 (76) 

Floor (n=48) 45 (93.75) 12 (25) 34 (70.83) 36 (75) 
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Figure 6: Comparison (%) between all positive results of 328 samples using 4 detection methods, CHROMagar, BAX system, 
Pall Genedisk and GDS system. In general, results show that GDS presenting the lower detection rate of the positive results of 

the Top 6 STEC. 
 
 
 

Over all, positive results show that all or some of Top 6 STEC serotypes were existing in 

all positive samples, with the most prevalent serotype being O103 (Figure 7). This serotype was 

detected by the Pall GeneDisc® Cycler and BAX systems and was present in 69.5% and 74.7 of 

all samples collectively, respectively. Serotype O111 was detected in 20% of samples taken from 

cattle and the environment which was significantly lower compared to the other Top 6 serotypes 

screened for (Figure 7). Both the BAX and Pall GeneDisc® Cycler systems proved to be equally 

detecting greater numbers of presumptive positives Top 6 STEC than the GDS, except for O145 

and O111, which Pall GeneDisk detected a greater proportion than the BAX system (Figure 7). In 

general, there was no significant difference between the presumptive positive results that were 

obtained by BAX system and Pall Genedisk (P>0.05), the GDS results were significantly lower 

than all other detection methods. CHROMagar results, that could not differentiate the Top6, were 

higher than all other detection methods results (P<0.05). 
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Figure 7 - The percentage of the prevalence of the Top 6 STEC strains in all 328 samples, on BAX vs Pall GeneDisc® Cycler. 
The most prevalent serotype was O103. BAX system and GeneDisc ® showed that 69.5% and 74.7% of samples, respectively, 

carry O103. The least frequent serotype was O111 which was presented in only around 9% of samples by BAX system and 
around 30% of positive samples by GeneDisc ®. 

 
 
 

One-way ANOVA analysis was carried out and multi-comparisons was conducted with 

Bonferroni correction. Results from BAX system and Pall GeneDisk showed that various 

distribution of the Top 6 STEC serotype among the different types of samples (hide, carcass, 

manure and kill floor). The detection of O103 and O26 in hide samples by Pall GeneDisc® Cycler 

were significantly (P<0.05) higher than other serotypes and O111 was the lowest detected serotype 

(Figure 8). In the carcass samples, occurrence of O111 was significantly lower than all other 

serotypes (P<0.05), and serotype O145 was significantly lower than O121, O26, O103 and O45 

(P<0.05). Serotype O111 wasn’t detected in floor samples while all other serotypes were detected 

with no significant difference except for serotype O103 which had higher detection rate than the 

other 5 serotypes. 
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Figure 8 - The percentage of the prevalence of the Top 6 STEC strains in all 328 samples, on all sample types using GeneDisc 
detection method. The most prevalent serotype was O103 on hide, showed that more than 80% of samples. The least frequent 

serotype was O111 which was presented in only less than 20% in manure, skin and hide and was 0% in floor samples.  
 
 

3.1.3.2 STEC detection by immunoblot: 
 

The purpose of this step was to confirm, detect and isolate Stx colonies of the Top 6 

STEC from presumptive positive serotypes by the RT-PCR. Colonies, 45 from the 200 screened 

tested positive for shiga toxin production by immunoblot plate assay (Figure 9). However, the 

shiga toxin producing cultures could not be confirmed as belonging to the Top 6 based on 

immune-agglutination screening. 
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Figure 9 - Positive results of the immunoblot technique showed as purple dots on the membranes (right membrane). The purple 
dots can lead to the exact location of the targeted colonies on the HGMF. Positive and negative controls (left membrane). 
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3.2 Discussion: 
 

Based on the RT-PCR the prevalence of the Top 6 were high in cattle which is in agreement 

with other studies (Hofer et al., 2012; Bibbal et al., 2015). Among the isolates positive for stx, the 

highest frequency was found in the hide, followed by manure samples (Table 8). These findings 

are consistent with the findings of Barkocy-Gallagher et al. (2003). Their study reported that the 

prevalence was highest on the hide samples collected from three Midwestern fed- beef processing 

plants, as compared to carcass and manure samples collected from the same area. Moreover, 

Chaves et al (2013) who reported that the prevalence of non-O157 STEC was 90% on hide samples 

by BAX. However, the use of GDS system showed lower prevalence of Top 6 STEC on both hide 

and carcass as compared to BAX and GeneDisc® systems (Table 8). 

 
The high prevalence of various STEC serotypes in the samples show the similarity of the 

prevalence of E. coli STEC population during different seasons, winter through summer season. 

These findings are not in accordance with the findings from various other studies which also define 

the relationship of different serotypes of STEC with cattle, and the influence of season and 

geographical locations on prevalence of STEC serotypes (FRATAMICO et al. 2014; Noll et al. 

2015). The high prevalence of serotypes O103 and O121 in cattle samples, as found in this study, 

has also been reported by various other studies (Kasper et al., 2010; Mathusa et al., 2010; Hofer et 

al., 2012; Bibbal et al., 2015). 

 
GDS system has an IMS step which might be the reason of obtaining results that differ 

from BAX and Pall GeneDisc® Cycler. It might be more efficient and selective than the other two 

systems, studies showed that the recovery rate of the Top 6 STEC using GDS ranges between 1- 

28% positive results of the total sample size (Wang et al 2013; Stormberg, 2015). Another 
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possibility is that the GDS generates more false negative results than BAX and Pall GeneDisc® 

Cycler. Due to the fact that no Top 6 were recovered, that would suggest the GDS performed better 

than BAX or PallGene. 

 
The GDS RT-PCR assay shows that the overall prevalence of STEC in hide and de-hided 

carcass were 61.2% and 46 % of total samples. The frequencies of STEC on hide samples was also 

found to be higher than carcass samples in BAX and GeneDisc® Cycler assays which is also 

consistent with various studies (Keen and Elder 2002; Svoboda et al. 2013). 

 
Different studies suggested to use more than one technique or products to get more accurate results and 

to avoid false positive/negative results (Gilmour et al. 2009; Noll et al. 2015; Verhaegen et al. 2015; 

Chui et al. 2018). For instance using BAX, Pall GeneDisc® Cycler and immunoblot, or using 

different kinds of the available commercial medias with the molecular methods to isolate the Top 6 

STEC. The current study showed that the immunoblot technique results supported the RT-PCR 

results as all tested samples were positive for Stx and the Prolex™. E. coli non-O157 Identification 

Kit showed negative results for the Top 6 serotypes. Therefore, suggesting that none of the isolates 

that produced shiga toxin belonged to the Top 6 despite the RT-PCR platforms suggesting different. 

 
Barkocy-Gallagher et al. (2003), which focused on the standardization of beef processing, 

highlighted the role of hides as a major source of pathogenic contamination of beef carcass and 

beef used for human consumption. 

 
The microbial load of STEC serotypes on carcasses and hide was investigated to assess if 

Top 6 STEC was transferred to carcasses and the slaughter house environment. Bacteria from 
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cattle sources are more likely to be carried through to the end of the process and end up in the final 

product. It was found in current study that the Top 6 STEC serotypes were present in high 

frequency on hide as well as on the carcass after the de-hiding process. According to various 

findings during the processing of beef, the fecal contamination of the carcass and the transfer of 

microflora present on the hide to the carcass facilitates the transmission of STEC into the supply 

of food from the slaughter houses (Arthur et al. 2002; Elder et al. 2000; Cap et al., 2018). 

 
With this conclusion we suggest that these results by RT-PCR were false positive or the 

targeted Top 6 STEC colonies weren’t picked up from the TSA plates. We suggest that more 

confirmation studies to be done to isolate positive STEC colonies. Also, we indicate that screening 

for the Top 6 using the currently available diagnostic platforms does not provide a metric for 

detecting potentially virulent STEC strains associated with cattle. The study also suggested that 

virulence fingerprinting maybe more appropriate to identify toxigenic E. coli rather than targeting 

specific serotypes. 

 
3.3 Conclusion: 

 
The enriched samples were screened using three commercial RT-PCR systems, to detect 

the presence of the Top 6 non-O157 STEC in different slaughterhouses within south-western 

Ontario. The GDS system was shown to have comparatively lower levels of  prevalence of the Top 

6 STEC (53.4%), when compared to the GeneDisc® and BAX, which produced the similar results, 

87.5% and 86.6%, respectively. Serotype O103, is considered to be the most common non- O157 

STEC according to the Pall GeneDisc® Cycler and BAX system. The least frequent serotype was 

O111 and was present in only 20% of the samples. The detection of O103 and O26 in hide samples 

by Pall GeneDisc® Cycler were significantly (P<0.05) higher than other serotypes and 
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O111 was the lowest detected serotype. Around 200 positive colonies by immunoblot assay were 

tested by immune-agglutination screening, but they could not be confirmed as belonging to the 

Top 6. 

 
Despite having a high apparent prevalence of Top 6 STEC could not be confirmed. 

Therefore, although there is evidence for the high prevalence of STEC it can be concluded that the 

Top 6 were of lower prevalence or that these failed to be cultured on plates. Results suggested that 

RT-PCR might generate high numbers of false positive results and might not be sufficient for the 

detection of the Top 6 STEC in beef processing samples. 
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CHAPTER 4: Incidence of Top 6 shiga toxigenic Escherichia coli 
within two Ontario beef processing facilities: Challenges in 
screening and confirmation testing 

 
      (Published on AIMS Microbiology Journal 2(3): 278-291) 

                              Jessica Bannon, Mohammad Melebari, Cleso Jordao Jr, Carlos G Leon-Velarde, Keith Warriner. 
Note: The experimental work and preparation of the manuscript was performed equally by Melebari and Bannon. First author was selected on the basis 
of alphabetical order.   
 

Abstract: The incidence of the Top 6 STEC serotypes was determined in two beef slaughter 

houses. In total, 328 samples were taken of hides, de-hided carcasses and the plant environment. 

Samples were enriched in Tryptic Soy Broth containing novobiocin then screened using RT-PCR 

GeneDiskÒ system that targeted stx, eae and wzx genes. It was found that 92.5% (172 of 186) of 

the hide samples. 72.5% (29 of 40) de-hided samples and 84.3% (86 of 102) of the environmental 

samples returned presumptive positive results. Serotypes O103, O45 and O121 were most 

commonly encountered although all the Top 6 serotypes were represented within individual 

samples. However, attempts to recover the Top 6 serotypes by culturing proved unsuccessful 

despite screening up to 20 colonies per CHROMAgar® plate of enriched sample. The reasons for 

the discrepancy between the RT-PCR and culture methods were found to be due to low levels of 

the target in enriched samples, presence of virulence factors in different cells and also the transient 

retention of stx. With regards the latter it was found that strains harboring a full set of virulence 

factors (eae, stx) were more common in grown cultures held post-incubation at 4°C for 14 days. 

Moreover, no stx gene was recovered when isolates were sub-cultured on TSA but was present in 

the same strains grown on CHROMAgar®. In total 39 STEC isolates were recovered with the 

majority harboring stx1, stx2, eae and hylA. Only 3 of the isolates had stable composition of 

virulence factors and were identified as O172:H28, O76:H7 and O187:H52. Although no Top 6 

STEC were isolated the presence of virulent strains on carcasses with the potential to cause 

Hemolytic Uremic Syndrome is of concern. The significance of those STEC that transiently harbor 
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virulence factors is unclear although clearly impacts on diagnostic performance robustness when 

screening for the Top 6 non-O157 STEC. 

 
4.1  Introduction: 

 
In recent years there has been a progressive increase in the number of reported cases of non- 

O157 Shiga Toxin producing Escherichia coli (STEC) infections (Warriner, 2011). It is estimated 

that there are 168,000 cases of non-O157 STEC infections within the United States that compares 

with 96,000 for the more studied O157:H7 serotype (Scallan, et al, 2013). The incidence of non- 

O157 STEC is thought to be significantly underestimated due to lack of reporting, misdiagnosis 

and lack of detection using current clinical diagnostics (Scallan, et al, 2011; Scallan, et al, 2013). 

 
The majority of non-O157 STEC infections are associated with lower virulence than 

O157:H7 yet some can still lead to hemolytic uremic syndrome (HUS) if the strain harbors the full 

complementary of virulence factors. Specifically, genes encoding for intimin attachment factor 

(eae), shiga toxin (stx) and occasionally, hemolysin (hylA), are frequently correlated to virulence 

(Parsons et al., 2016). The eae gene forms part of the chromosome-located LEE island whereas 

hylA is plasmid-encoded (Bosilevac et al, 2011). The stx gene can be subdivided into stx1 and stx2 

that also exists in several variants (Fuller et al, 2011). It is commonly accepted that stx2 is the more 

potent form of the toxin compared to stx1 that is typically associated with lower virulent strains 

(Fuller et al, 2011). The stx gene is encoded on a prophage that integrates into the chromosome 

and when expressed produces new phages along with releasing the shiga toxin before cell lysis ( 

McGannon et al, 2011) . Consequently, the expression of shiga toxin in most cases ultimately leads 

to the death of the E. coli producing cell (McGannon et al, 2011) . 
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A major challenge in surveillance of non-O157 STEC is the wide distribution and diversity 

of the E. coli subgroup. The majority (>70%) of non-O157 STEC encountered have low virulence 

due to restricted stx expression and lack of a full complement of virulence factors such as eae 

(Chui et al, 2015). However, those STEC that express shiga toxin along with attachment factors 

can result in HUS development within a susceptible host and hence are classed as EHEC. Given 

that EHEC only makes up a small proportion of STEC encountered in animals, foods and the 

environment, there was a focus on those that represent the main risk to public health. To this end, 

it was noted that 70% of clinically confirmed non-O157 STEC could be attributed to 6 serotypes; 

O26, O45, O103, O111, O121 and O145 that became known as the Top or Big 6 (Bosilevac et al, 

2011). 

 
It was assumed from the outset that the Top 6 STEC followed the same dissemination routes 

as O157:H7 in that cattle were the main source of the pathogens. along with beef being the main 

food vehicle for transmission. Consequently, legislation was passed in 2011 to designate the Top 

6 non-O157 STEC as adulterants in beef trim then later in ground beef (Food Safety Inspection 

Service, 2012). This in turn led to the development of diagnostics (primarily methods based on 

RT-PCR) to screen for the Top 6 non-O157 STEC in cattle, the environment and beef. The methods 

follow a similar format of enriching samples in TSB with novobiocin followed by screening with 

multiplex RT-PCR to detect stx and eae followed by a second panel that screens for the wzx gene 

that encodes LPS associated with the Top 6 serotypes. There have been several diagnostic 

platforms developed for screening for the Top 6 non-O157 STEC with the GeneDisk® from the 

PALL Corporation and BAX from Dupont being two examples (Parson et al, 2016; Wasilenko et 

al, 2014). A common feature of surveillance studies, either performed on beef or cattle, is that a 

high prevalence (0.4-74%) and diversity of Top 6 non-O157 STEC are encountered (Hussein et 
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al, 2005; Renter et al, 2004). However, attempting to recover isolates from presumptive positive 

samples remains a challenge. Specifically, the extent of recovery of culture positive can be <1% 

of those samples testing positive by RT-PCR (Anklam et al, 2012; Arthur et al, 2002). The 

underlying reasons for the low culture positive samples has been proposed to be due to the target 

being at low levels, virulence and LPS genes being present in different cells (Cooley et al, 2013). 

It has also been proposed that the lack of distinguishing phenotypes between non-O157 STEC and 

non-pathogenic E. coli can result in high background interference thereby making isolation of the 

former problematic during culturing (Verhaegen et al, 2016; Wasilenko et al, 2014). 

 
The following reports on the incidence of the Top 6 non-O157 STEC associated with cattle 

and processing environment within Ontario beef processing operations. An RT-PCR platform was 

applied and problems with isolating culture positive samples addressed through extensive 

screening of colonies derived from presumptive positive samples. Specifically, whereas other 

studies select 2-5 colonies per plate the current study screened up to 20 colonies to increase the 

probability of isolating a Top 6 non-O157 STEC target. 

 
4.2 Materials and Methods 

4.2.1 Experimental design 
 

Samples were obtained from two different beef processing facilities in South-Western 

Ontario over 4 visits within a 5 month period. Hide, carcass, fecal and environmental samples were 

collected from individual animals for detection of E. coli non-O157:H7. Specifically, ten incoming 

cattle were selected at random and a saline pre-moistened sterile sponge (Nasco, Fort Atkinson, 

WI) was used to take a composite sample of the neck, flank and round. The same carcass was 

sampled following the de-hiding process. In addition, samples (10 cm2 areas) were also collected 
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using sponges from the holding pens and also the stun floor onto which the cattle rolled onto 

following stunning. All the samples were transferred to a cold box and processed within 24 h. 

 
4.2.2 Top 6 STEC screening: 
 

The sponge samples were enriched in 100 ml TSB containing 20 mg/L novobiocin overnight 

at 42°C. The enriched samples were screened using RT-PCR GeneDisk system (GeneDisc® 

Cycler, Pall Corporation, Port Washington, NY, USA) in accordance to the manufacturer's 

instructions. Here, 50 μL of enriched sample was heated at 100oC for 10 min to extract the DNA. 

Aliquots (18 μL) of the DNA template were added along with an equal volume of quantification 

master mix (QMM) containing primers targeting stx1, stx2, and eae genes. The PCR routine was 

performed over 45 cycles and reaction monitored through the increase in fluorescent signal. 

Samples testing positive for eae and stx were taken forward for a second round of screening for 

presence of genes for the Top 6 O-antigens, as per the manufacturer’s instructions. 

 
The performance of the RT-PCR GeneDisc® Cycler system was verified by inoculating 

homogenates of environmental, hide and carcass samples with a cocktail of Top 6 non-O157 STEC 

serotypes provided by the Public Health Agency of Canada (Guelph, ON, Canada). The individual 

isolates were cultivated 50 mL of TSB overnight at 37°C. The culture was used to inoculate (final 

cell density of ca. 3 log cfu/mL) TSB containing 20 mg/L novobiocin from a homogenate derived 

from hide, carcass or environment. The culture was enriched overnight at 42°C before removing 

an aliquot for screening using the Pall GeneDisc® system. 
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For enriched samples testing positive for virulence factors and Top 6 O-antigens were put 

through a confirmatory second screening using the BAX RT-PCR STEC assay. Here, aliquots (20 

μL) of enriched samples were transferred to reaction tubes containing 200 μL of lysis reagent that 

was then heated for 20 minutes at 37oC. The temperature was then increased to 95°C and held for 

10 min and 30 µL of the DNA template mixed with reaction mix within PCR tubes containing 

primers targeted towards stx and eae genes. Samples testing positive were taken forward for a 

secondary screening for the O antigen gene (wzx) of the Top 6 STEC using two separate panels 

for O26, O111, and O121 (first panel) and O45, O103, O145 (second panel). 

 
4.2.3 Culture confirmation testing 
 

Enriched samples testing positive for eae, stx and Top 6 wzx were taken forward for culture 

confirmation testing. Here, the enriched samples were plated onto CHROMAgar® (BioMed 

Diagnostics, Oregon, USA) and incubated for 24 h at 37°C. Ten presumptive STEC isolates 

(mauve colonies) were picked per plate and transferred to a new CHROMAgar® plate 

(subsequently incubated at 37°C for 24 h) and the remainder of the inoculm, to 500 μL molecular 

grade water (Invitrogen Life Technologies, Mississauga, Ontario, Canada). All 10 selects colonies 

were pooled into the tube containing 500 µL water to make the composite sample and placed into 

a boiling water bath to extract the DNA. PCR protocol, primers, and thermal cycling conditions 

(MyCyclerÒ Thermal cycler, BIO-RAD, California, US) for stx, eae and hylA screening were 

followed as previously described by Paton & Paton (2002). DreamTaq Green PCR master mix 

(ThermoFisher, NY, USA) was used in the PCR reactions with nuclease-free water and 2 µM 

primer concentrations combined with 1 µL DNA template (Table 9). The PCR amplification 

products were separated on a 1.5% w/v agarose gel containing ethidium bromide. The gel bands 

were visualized under UV using a Bio-Rad Gel Doc EZ System (Bio-Rad, Hercules, CA). 
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In the event that composite samples tested positive for eae and stx the ten individual colonies 

that comprised the presumptive positive composite samples were individually screened by the 

same PCR technique to identify those that contributed to the positive result. Isolates harboring eae 

and stx were confirmed as E. coli by using the VITEK® MS system (BioMerieux, Laval, QC, 

Canada). 

 
Table 9 - Primers used for amplification of virulence genes stx1, stx2, eae, hly and ERIC PCR. 

 
 

 

Target Fragment Size 
(bp) 

Primer Sequence Source 

 

stx1 180 stx1F 
stx1R 

ATAAATCGCCATTCGTTGACTAC 
AGAACGCCCACTGAGATCATC 

[17] 

stx2 255 stx2F 
stx2R 

GGCACTGTCTGAAACTGCTCC 
TCGCCAGTTATCTGACATTCTG 

 

eae 384 eaeF 
eaeR 

GACCCGGCACAAGCATAAGC 
CCACCTGCAGCAACAAGAGG 

 

hlyA 534 hlyF 
hlyR 

GCATCATCAAGCGTACGTTCC 
AATGAGCCAAGCTGGTTAAGCT 

 

ERIC various ERIC1 ATGTAAGCTCCTGGGGATTCAC [24] 
  ERIC2 AAGTAAGTGACTGGGGTGAGCG  

 
 
 
 
4.2.4 Serotyping of culture positive Top 6 STEC isolates 
 

Culture positive E. coli isolates harboring eae and stx were sub-cultured onto TSA and 

incubated for 24 h at 37°C. The Prolex® E. coli non-O157 Identification latex agglutination test 

(Pro-Lab Diagnostics, Richmond Hill, Ontario, Canada) was used to screen for the Top 6 non- 

O157 STEC serotypes. Selected isolates were also submitted to the Public Health Agency of 

Canada (Guelph, Ontario) for confirmatory serotyping. 
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4.2.5 Enterobacterial Repetitive Intergenic Consensus (ERIC) sequence PCR 
 

The isolated to be typed was cultivated on Luria-Bertani (LB) agar at 37°C for 24 h and a 

single colony suspended in 500 µL water. The sample was placed in a boiling water bath for 10 

min followed by centrifugation at 13,000g for 2 min to remove cell debris. Aliquots (1 µL) were 

mixed with 24 µL of DreamTaq Green PCR master mix (ThermoFisher, NY, USA) and 2 µM 

primers (Table 1). The PCR reaction was performed in a MyCyclerÒ Thermal cycler (Bio-Rad, 

California, US) with an initial cycle for 3 min at 94°C, then 35 cycles consisting of 30 s at 94°C, 

1 min at 52°C, and 4 min at 65°C. The last cycle was for 8 min at 65°C (Versalovic et al, 1991). 

The PCR amplification products were separated on a 1.5% w/v agarose gel and band patterns 

visualized using a Bio-Rad Gel Doc EZ System (Bio-Rad, Hercules, CA). 

 
4.3 Results: 

 
4.3.1 Sampling and RT-PCR screening 

 
Hide (n =186), de-hided carcasses (n=40) and environmental (n=62 holding pen n=40 stun 

floor) samples were collected from two participating beef processors over a 5 month period. The 

samples were enriched in TSB containing novobiocin then screened for the Top 6 STEC using RT- 

PCR GeneDiskÒ system. It was found that positive samples (i.e. harboring stx, eae and wzx for Top 

6 STEC serotypes) were returned for 92.5% (n=172) of the hide samples, 72.5% (n=29) de- hided 

samples and 84.3% (n=86) of the environmental samples screened. A secondary RT-PCR assay 

using BAX System confirmed the presence of stx and eae in enriched samples along with the 

occurrence of the LPS genes for the Top 6 STEC. The two RT-PCR platforms were in agreement 

with respect to stx and eae, along with the occurrence of the Top 6 STEC LPS encoding genes. With 

respect to the latter, a common feature in all the samples was the high diversity of the Top 6 

serotypes encountered within the individual samples. The most commonly encountered 
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serotypes were O103, O45 and O121 although all the Top 6 STEC serotypes were encountered to 

varying degrees (Figure 10). A further observation was the high diversity of Top 6 non-O157 

STEC within the individual samples that ranged from three to all six serotypes. 

 
 

 
 

Figure 10 - Distribution of Top 6 non-O157 STEC serotypes within RT-PCR presumptive positive samples recovered from hide, 
carcasses and environmental samples collected from beef slaughter houses. Open bars are serotypes determined by GeneDiskÒ 

system with closed bars being detected using BAX system. 
 
 
 

Although the CT values for the O antigens were low (<20 cycles), those associated with the 

virulence factors had values ranging from 10 – 39 cycles (Figure 11). Control samples derived from 

enriched cultures derived from those inoculated with top 6 STEC strains returned positive results 

indicating no inhibitors were present in the different matrices (hide, carcass, manure). 

The CT values for eae and stx for each sample were within 5 cycles for 81% of samples, and 

within one cycle for 22% of cycles, suggesting that these targets were present in relatively 
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equivalent amounts. Yet, the high CT values would suggest the virulence genes were at relatively 

low concentration within the enriched samples (Figure 11). 

 
 

 
Figure 11 - CT values for stx and eae detection of RT-PCR presumptive positive samples as determined by the GeneDiskÒ system. 

 
 

4.3.2 Culture confirmation of presumptive positive samples 
 

A sub-set of 120 presumptive positive enrichment samples were individually plated onto 

CHROMAgar® that was subsequently incubated at 37°C for 24h. Mauve colonies (n=10) from 

individual plates were sub-cultured onto a new CHROMAgar® plate and also combined to form a 

composite sample. The composite was taken forward to screen for the presence of stx1, stx2, eae 

and hlyA by conventional multiplex PCR. With composite samples testing positive for eae and stx 

the individual colonies making up the composite were screened to identify those contributing to 

the PCR positive result. After the first round of colony screening, 4 of 120 samples screened 

yielded composite sample pools containing virulence factors. When the individual colonies 

making up the sample composites were screened, at least one individual isolate harboring a full 
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complement of virulent factors (eae & stx) was recovered from two of the samples, providing a 

rate of recovery of 1.7%. In the other two composite samples testing positive, the virulence factors 

were identified but in different isolates (Figure 12). 

 
 
 

 
Figure 12 - Virulence fingerprint of a composite sample containing ten colonies derived from isolates derived from enriched 
sample L1-35 (lane 4). Lanes 5-14 shows the virulence fingerprint of the individual isolates making up the composite. Lane 2 

contains a positive control 
 
 
 
 
 
 
 
 
 

4.3.3 Effect of extended holding period at 4°C on apparent STEC prevalence 
 

In an attempt to recover more isolates with a full complement of virulence factors, further 

colonies were recovered from the original plates that had been stored at 4°C for 14 days. Here, 10 

further (different) colonies were taken to prepare the composite samples. Interestingly, on this 

occasion, the number of composite samples harboring the full compliment of virulence factors was 
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17 compared to only 2 in the first round. Isolates containing a full complement of virulence factors 

(i.e. eae and stx) were recovered from 16 of the composite samples (representing a recovery rate 

of 13%) with one sample having the virulence factors distributed between different cells. 

 
In total, 39 individual isolates were recovered harboring full complement of virulence genes 

(Table 10). All the isolates were confirmed as E. coli with growth at 37°C but not 4°C. The most 

prominent strains harbored stx1, stx2, eae, hylA with stx2 being encountered more so than the less 

potent stx1 (Table 10). The majority of isolates were recovered from cattle hides but also the de- 

hided carcass but less from the environment of the slaughterhouses (Table 10). 

 
As part of the culture maintenance the 39 isolates were sub-cultured onto TSA agar. It was 

found that the stx gene in all but 3 of the isolates was absent. Yet, when sub-cultured onto 

CHROMAgar® the stx gene was retained. This was illustrated in isolate L1-17 that when cultured 

on CHROMAgar® harbored eae, stx2 and hylA but were devoid of the latter two virulence factors 

when grown on TSA agar (Figure 13). By using ERIC-PCR it was found that both isolates 

recovered from CHROMAgar® and TSA had the same fingerprint indicating they belonged to the 

same strain (Figure 14). 
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Table 10 - Occurrence of stx, eae and hlyA genes amongst the isolates recovered from RT-PCR presumptive positive samples. 
 
 

Sample ID Slaughter 
House 

Sample 
Source 

Virulence Genes 

L1-3 1 Hide stx1, stx2, eae 
L1-3 1 Hide stx1, stx2, eae 
L1-3 1 Hide stx1, stx2, eae 
L1-12 1 Hide stx1, stx2, eae, hly 
L1-14 1 Hide stx1, stx2, eae, 
L1-14 1 Hide stx1, stx2, eae 
L1-14 1 Hide stx1, stx2, eae 
L1-14 1 Hide stx1, stx2, eae 
L1-14 1 Hide stx1, stx2, eae 
L1-17 1 Hide stx1, stx2, eae 
L1-17 1 Hide stx1, stx2, eae, hly 
L1-17 1 Hide stx1, stx2, eae, hly 
L1-24 1 Hide stx1, stx2, eae 
L1-24 1 Hide stx1, stx2, eae 
L1-24 1 Hide stx1, stx2, eae 
L1-27 1 Hide stx1, stx2, eae 
L1-32 1 Carcass stx1, stx2, eae 
L1-32 1 Carcass stx1, stx2, eae 
L1-32 1 Carcass stx1, stx2, eae 
L1-32 1 Carcass stx1, stx2, eae 
L1-32 1 Carcass stx1, stx2, eae 
L1-32 1 Carcass stx1, stx2, eae 
L1-38 1 Carcass stx1, stx2, eae, hly 
L1-38 1 Carcass stx1, stx2, eae hly 
L2-1 2 Hide stx2, eae, hly 
L2-5 2 Hide stx1, stx2, eae, hly 
L2-7 2 Hide stx2, eae, hly 
L2-7 2 Hide stx2, eae 
L2-8 2 Hide stx2, eae 
L2-8 2 Hide stx2, eae, hly 
L2-10 2 Hide stx2, eae, hly 
L2-10 2 Hide stx2, eae, hly 
L2-10 2 Hide stx2, eae, hly 
L2-13 2 Hide stx2, eae 
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L2-36 2 Carcass stx1, eae, hly 
L2-44 2 Floor stx1, stx2, eae, hly 
L2-46 2 Floor stx1, eae, hly 
L2-46 2 Floor stx2, eae 
L2-49 2 Floor stx2, eae 

 
 
 
 

 
 

Figure 13 - Loss of stx and hylA from L1-17 STEC isolate when cultivated on TSA agar. The isolate was cultivated on 
CHROMAgar® (lane 2) then sub-cultured onto TSA (lane 3). Lane 1 shows the 1kb ladder. 
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Figure 14 - ERIC-PCR profile of L1-17 STEC isolate from TSA agar (Lanes 3-5) or CHROMAgar® (Lanes 7-9). Lane 1 
contained illustrates a 1 kb DNA ladder. 

 
 
 
 

The three isolates that exhibited stable virulence factor composition were identified as 

serotypes O172:H28, O76:H7 and O187:H52, all of which harbored stx1, stx2, eae and hylA. The 

other isolates screened did not belong to the Top 6 STEC as determined by latex agglutination 

assay. 

 
4.4 Discussion 

 
The original objective of the study was to determine the incidence of the Top 6 STEC within 

two Ontario beef processing facilities. In agreement with other studies, it was found that samples 

associated with cattle had a high prevalence and diversity of the Top 6 serotypes when initially 

screened using RT-PCR. Similar to other studies, serotype O103 was most frequently recovered, 

suggesting host related associations with cattle (Mathusa et al, 2010; Hofer et al, 2012; Karama et 
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al, 2013). Yet, despite the apparent high prevalence of the Top 6 non-O157 STEC recorded using 

RT-PCR no culture positive isolates of the serotypes were recovered. The high prevalence of the 

Top 6 O serotypes could not be assigned to false positives given the results were confirmed using 

a different RT-PCR platform. Instead, it is more likely that genes encoding for the O antigens were 

present but within E. coli cells not harboring virulence factors. This represents a key limitation of 

screening for the Top 6 E. coli serotypes given that there is a poor correlation between O antigen 

and virulence factors unlike the more well characterized O157:H7 (Paddock et al, 2012). Yet, 

additional factors were also evident to explain the low recovery on plates from samples returning 

high prevalence according to RT-PCR. Specifically, the high CT values for eae and stx would 

suggest that the target genes were in low abundance in the enriched cultures. Cooley et al. (2013) 

suggested that only samples with CT values >27 cycles the probability of isolating culture positives 

would be <1% (Cooley et al, 2013). Other researchers have encountered the same low recoveries 

of Top 6 STEC when CT values were high (Mathusa et al, 2010; Hofer et al, 2012). In the current 

study, the CT values were >20 suggesting that the Top 6 non-O157 STEC could have been in the 

sample but the high background made isolation problematic. 

 
An additional factor that contributed to the apparent high presumptive positive RT-PCR 

results was the presence of virulence factors in different cells. This was indeed found to be the 

case with virulence factors being present in composite samples taken from colonies from 

presumptive positive enrichment samples. The result is in agreement with other researchers that 

have also isolated virulence factors within different cells that constituted a presumptive PCR 

positive sample (Imamovic et al, 2010; Quiros et al, 2015). In the current study, the presence of 

virulence factors in different cells likely contributed to a minor extent given that the occurrence of 

stx and eae by RT-PCR was similar. If the virulence factors were in different cells, then it would 
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be expected that one of the factors would be disproportionate relative to the other. In addition, only 

two of the composites samples containing pooled isolates was demonstrated to have virulence 

factors in different cells. 

 
A further factor that contributed to the apparent high prevalence of STEC by RT-PCR was 

the mobility of virulence factors (stx and to some extent hylA). Although E. coli did not grow at 

4°C it was evident that stx genes (prophages) were exchanged between cells making up the colony. 

The acquisition of stx by aEPEC is well documented although the heterogeneous distribution of 

stx within the same colony has not been reported to any great extent (Eichhorn et al, 2015). The 

extent of stx exchange was found to be influenced by the growth medium with TSA being less 

likely to harbor stx and hylA compared to CHROMAgar® . The heterogeneous distribution of stx 

within a population and influence of sub-culturing has been previously observed. Specifically, 

Bielaszewska et al. (2007) demonstrated how Top 6 non-O157 STEC convert from EHEC to 

aEPEC by losing stx during cell division. The researchers observed loss of stx2 in up to 14% of 

EHEC colonies tested following sub-culturing. Conversely, aEPEC were also found to acquire stx 

when incubated in the presence of shiga toxin phages (Bielaszewska et al., 2007). The transient 

recovery of stx in E. coli was also observed from an isolate from a patient diagnosed with HUS 

(Delannoy et al., 2007). The loss of stx has also been reported for STEC when sequentially sub- 

cultured (Joris et al., 2011). However, there have been no reports on medium composition having 

an influence on the distribution of stx or hylA within E. coli populations. CHROMAgar® selectivity 

is primarily based on cefixime and tellurite with differentiation by hydrolysis of chromogenic 

constituents. Therefore, it is possible that the mobility of stx prophage and/or hylA encoding 

plasmid was enhanced due to imposed stress by selective agents that were not present in TSA. In 
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evolutionary terms, there is a strong incentive for E. coli to resist infection by stx prophage given 

expression ultimately means death of the producing cells. 

 
Even though the study did not recover any Top 6 non-O157 samples there were three isolates 

that carried virulence factors that could potentially cause HUS. The serotypes recovered have not 

been previously implicated in non-O157 STEC infections, so their clinical significance is unclear. 

Yet, the research does underline the need for better diagnostics to identify STEC strains of 

importance to food safety above that of screening for serotypes. 

 
4.5 Conclusions 

 
The study has further highlighted the challenges in screening for the Top 6 non-O157 STEC 

in samples derived from cattle and beef processing environments. Although RT-PCR platforms 

provide a high throughput and convenient screening technique the results are only useful if an 

isolate is recovered in the end. The study illustrated that the disconnect between RT-PCR and 

culture based methods is due to a combination of targets being present at low levels, virulence 

factors being distributed between different cells and the transient acquisition of stx. In the broader 

sense, the study has further underlined the need for improved diagnostics to identify those STEC 

of significance to public health. 
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CHAPTER 5: Influence of Endogenous Microflora and 
Bacteriophages of Recovery of the Top 6 STEC from Cattle 
Hides by Culture Enrichment 

 
 
 

 
Abstract: 
 
 

Shiga Toxin producing Escherichia coli (STEC) are widely distributed in cattle production 

and processing. Yet, it is recognized that only a proportion of STEC exhibit virulence to cause 

infections leading to potential HUS. The most significant non-O157 STEC are designated as the 

Top 6 and molecular based methods to screen for serotypes containing virulence factors have been 

developed. However, screening environmental samples using molecular methods generates a high 

proportion of false-positives given that no Top 6 STEC could be isolated during subsequent 

culturing. It was hypothesized that the high proportion of false positives could be caused by the 

replication of stx prophage leading to an apparent high abundance of STEC. A further theory was 

that the Top 6 STEC were present in the enrichment culture but virulent bacteriophages and/or 

background microflora suppressed the outgrowth of the target bacteria leading to negative culture 

positive tests. From the studies performed there was no evidence of stx prophage replicator nor 

inhibition of growth by background microflora. Yet, it was demonstrated that the presence of 

virulent phage in enrichment broth at MOI’s >1 could inhibit the growth of the target STEC. 

Therefore, the activity of bacteriophage can partially explain a reason for a high apparent 

prevalence of Top 6 STEC by RT-PCR without the ability to culture on plates. 
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5.1 Introduction: 
 
 

Top 6 STEC non-O157 became a serious issue in food safety as they linked to clinical cases 

of STEC infection and HUS (Rahal et al. 2012; Griffin and Karmaly, 2017). Several detection 

methods were developed and studied for the detection of O157:H7, which make it 

straightforwardly to be distinguished from the non-pathogenic E. coli by using differential and 

selective media agar, for instance, CHROMagar O157 and Sorbitol-MacConkey agar 

(Farahmandfar et al. 2016; Parsons et al. 2016; Chui et al. 2018). Unlike O157:H7, Top 6 STEC 

cannot be distinguished from non-pathogenic E. coli which make a gap in the detection methods 

(Bosilevac, 2013; Chui et al. 2018). RT-PCR typically returns a high number of presumptive 

positive results that cannot be confirmed by culturing (Wang et al. 2013). Generally, positive 

results by PCR methods are higher than positive results by culture based methods (Verhaegen et 

al. 2015, Noll et al. 2015, Wang et al. 2013, Brooks et al. 2005, Monaghan et al. 2011, Kaspar & 

Doyle 2010, Jacob et al, 2014, Bosilevac & Koohmaraie 2011). One reason for having PCR 

positive samples but culture negative could be that the sample contained all virulent factors (stx1, 

stx2 and eae) but in different cells. Another reason could free stx prophage that carries the gene 

encoding for stx in the samples (Imamovic et al., 2010). 

 
Detection methods can be affected by various factors such as background microflora and 

bacteriophage (Lopez-Velasco, et al. 2015, Liao et al. 2018). These factors may cause false 

negative such as when the lytic phages kill the targeted bacteria, or false positive results such as 

when free stx prophage that carries the gene encoding for stx in the samples (Lopez-Velasco, et al. 

2015, Liao et al. 2018). Bacteriophages are known to affect bacterial hosts in number of aspects as 

they can affect bacterial virulence, competitive ability and cell lysis along with gene transfer 
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(Rohwer and Thurber 2009; Chamakura and Young, 2018; Zhang et al. 2018 ). Phage life cycles, 

lytic or lysogenic, can potentially impact bacterial hosts. Lytic phages can decrease the bacterial 

population and prophages can give transfer to virulence factors such as stx in host bacteria ( Bossi 

et al., 2003, Díaz-Muñoz and Koskella 2014). 

 
Phages may carry a number of genes which confer pathogenicity on host bacterium. In the 

case of stx genes, the genes can be identified by lysogenic induction of phages from host bacterial 

populations (Jofre 1998). When phage is exposed to stress such as mitomycin C, phages can infect 

and convert non- pathogenic E. coli to pathogenic STEC strains. This phage effect might generate 

various detection results between different detection methods (Khalil et al, 2016; Balasubramanian 

et al, 2019). 

 
Studies were done by Schmidt et al, (1999) to study the effect of prophage φ3538 that 

induced from E. coli O157:H7 3538/95 (isolated from a patient who had HUS), on the non-O157 

strains. The study shows that 1 of 8 non-O157 strains were lysogenized by added free phage φ3538 

(Schmidt et al, 1999). A study was done by Imamovic el al., (2010) to detect free Stx phage in 

different sources such as cattle fecal, results showed that around 90% of the samples were positive 

for Stx phage (Imamovic et al., 2010). From previous studies such as Imamovic et al., (2010) and 

YT et al, (2018), they demonstrated that Stx phage are highly abundant in the environment and not 

always linked to toxigenic E. coli. Moreover, stx carrying cell could lack the additional virulence 

factors required to cause illness such as eae. Which might explain one of the reasons why some 

previous studies had positive results by RT-PCR but negative by culture-based methods. Also, stx 

is one of the gene targets for RT-PCR and could be in high abundance compared to vegetative 

cells if this was in the form of free-phages or within cells without the additional virulence factors. 
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Hence, it is possible to have low CT value (less than 20) indicating a high prevalence of STEC but 

actual STEC cells maybe in low ratio of stx and eae genes (Wasilenko et al. 2014). 

 
Liu et al, (2014) suggested that some molecular methods such as RT-PCR might not be 

efficient to determine the difference between viable and non-viable cells in samples which might 

be caused by bacteriophage in sample (Liu et al, 2014). Moreover, bacterial growth during 

enrichment step or culture-based methods can be disinfected by phage which might increase the 

false negative results (Liu et al, 2014; Ushiyama et al. 2018). 

 
When phages are existing in nature or environmental samples, the phages can affect final 

outcome results after enrichment by infecting host cells. The rate and extent of infection of hosts 

by phages is dependent on the MOI (Kokjohn & Sayler, 1999; Muniesa & Jofre, 2004; Muniesa et 

al., 2005). As a result, at the end of the enrichment step, phages might reduce numbers below the 

levels required to recover on plates (Muniesa et al., 2005). 

 
Competitive background microflora which included wide range of different organisms 

such as bacteriophages and bacteria can be one of the factors that affect the growth and the 

detection methods of STEC. Berry and Koohmaraie (2001) investigated the effects of different 

levels of background microflora (103, 104 and 105) on the growth of E. coli O157:H7. Their studies 

showed that the background microflora affect test results. In general, samples with background 

microflora seemed to have delayed or slower growth rate than samples without background 

microflora (Berry and Koohmaraie, 2001). Another study (Vold, et al, 2000) showed that a high 

population of background bacteria in ground meat can inhibit the growth of E. coli O157:H7 

anaerobically and aerobically as well, although the inhibition was more obvious with the anaerobic 

conditions. They noticed that O157:H7 needed double the time to reach to the same ultimate cell 
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density (106 cfu/ml) when grew without background microflora. Although the inhibition was more 

obvious under anaerobic conditions (Vold et al. 2000). Hafnia alvei extended the lag phase of E. 

coli O157:H7, slowed the growth rate and lowered the maximum population density (MPD) to 

around 7 log10 cfu/ml when compared to the growth of pure culture which was 9 log10 cfu/ml 

(Duffy, Whiting, and Sheridan 1999). Lactobacillus plantarum have also been investigated for 

their effects on STEC. Tshabala et al, (2012) studied the effect of L. plantarum on E. coli O157:H7 

in vacuum-packaged beef loins stored at 4°C over several weeks. The results indicated that the 

growth of L. plantarum correlated with the inhibition of E. coli O157:H7, and this inhibitory effect 

was most evident after L. plantarum entered its stationary phase. (Tshabalala, de Kock, and Buys 

2012). On the other hand, Saad et al. (1999) demonstrated that there is no effect on the growth of 

O157:H7 when it enriched with  other  background  microflora  such  as  Non-pathogenic E.  coli, 

Pseudomonas putida and Leuconostoc sp when applied at equal numbers (Saad et al. 1999). 

 
The objective of the following study is to determine the underlying reasons for RT-PCR 

positive but culture-based negative. That could be investigated by determining the influence of the 

bacteriophage on the virulence genes transferring between pathogenic and non-pathogenic E. coli 

from hide samples and the effect of lytic phage and background microflora on the growth of the 

Top 6 STEC. 
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5.2 Material and methods: 
 

5.2.1 Experimental design: 
 
 

Phage was isolated from one of the original slaughterhouse hide samples (details are in the 

following section). Different MOIs were introduced to STEC E. coli to study the lytic phages role 

during the enrichment step. From University of Guelph barn, background microflora strains were 

isolated from hide and manure. Background microflora strains were added at different ratios to the 

STEC (NalR) serotypes to determine the influence of the background microflora on the growth of 

the Top 6 non-O157 STEC. Mitomycin C was prepared to be used as prophage induction agent to 

study the phage effect on the stx transfer between pathogenic and non-pathogenic E. coli.  

 
5.2.2 Bacteria and bacteriophages: 

 
The top 6 STEC strains used in this study were stored at -80°C at Lab Services Division, 

Guelph. The strains used were obtained from the Public Health Agency of Canada’s (PHAC) 

culture collection (Table 6). Using the plate streaking method (Hakeem M, 2014; Leon-Velarde, 

2016) , the Top 6 STEC strains were grown on Trypic Soy Agar (TSA) (Fisher Scientific, Whitby, 

ON, Canada) to obtain individual colonies. A single colony was suspended in 5 mL Trypic Soy 

Broth (TSB) (Fisher Scientific, Grimsby, ON, Canada) and incubated at 37°C for 18 - 24 h. A new 

plate was prepared every month. TSB-semi-solid (TSBss) agar (TSB + 0.5% agar) (Fisher 

Scientific, Grimsby, ON, Canada) was used for the detection, counts, and propagation of 

bacteriophages. Also 1.25 mM of filtered sterilized CaCl2 (Fisher Scientific, Whitby, ON, Canada) 

was added to TSBss to enhance phage attachment (Basra et al, 2014). 
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5.2.3 Bacteriophage isolation: 
 
 

From the original enrichments of the samples that were collected from the slaughterhouses, 

positive samples were enriched in TSB at 37oC overnight. Tubes were then centrifuged at 7,500 x 

g for 15 min at 4°C. Using a pipette, the supernatant was then transferred carefully to another tube 

and filtered through a 0.22 μm sterile disposable syringe filters (Fisher Scientific, Whitby, ON, 

Canada) to remove any bacterial cells and then stored at 4°C for further use (Hakeem M, 2014). 

To detect the phage, the spot test technique was performed. Each phage lysate was 

spotted (10 μl) on 6 TSA plates, each plate has one of the top 6 serotypes with confluent growth. 

Strong lysis will appear after the incubation if lytic phages were occurred in the original sample. 

To achieve confluent growth of each strain of the top 6 serotypes, 100 μL of fresh culture of each 

one of the Top 6 strains were mixed with 4 mL of molten TSBss, which used at temperature of 

around 55°C, poured onto a TSA plate, and allowed to set for 10-15 min . TSA plates with bacterial 

lawns and inoculated with phage were incubated upright for around 24 hour at 37°C until lysis 

appeared. Each lytic zone was removed from the agar plate by a sterile loop and transferred to 500 

μl of SM buffer (SM buffer: 2.5g/L MgSo4. 7 H2O; 6mL/L 1M Tris buffer; 0.05g/L gelatin; pH 

7.5) (Fisher Scientific, Whitby, ON, Canada). and the phage lysate was filtered through a 0.22 μm 

disposable syringe filter (Fisher Scientific, Whitby, ON, Canada). 

5.2.4 Phage purification: 
 

To obtain single phage plaques, ten-fold serial dilutions of each phage lysate were spotted 

onto TSA plates with separate Top 6 STEC strain lawns (Leon-Vlarde et al, 2014). Plates were 

incubated overnight at 37 °C. After incubation, bacterial confluent growth was obtained, and single 

plaques were picked and placed into 500 μL SM buffer. This step was repeated 3-4 successive 

times to obtain uncontaminated bacteriophage. The phage lysates were ten-fold diluted and counts 
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were determined for each phage using the spot test technique. Phage lysates were stored at 4°C for 

future use. 

 
5.2.5 Phage propagation: 

 
 

High titer phage lysates were prepared by the plaque assay method as described by Hakeem 

M, (2014) which 100 μLof the isolated phage and 200 μl of fresh culture of E. coli O103 were 

mixed and incubated at 37°C for 15 min. Up to 5 milliliters of molten soft agar (TSB+0.5 % agar) 

was added to the mixture and the suspension was poured onto a TSA plate. Plates were incubated 

at 37°C overnight. After incubation, up to 5 mL of SM buffer were added to the plate. Using a sterile 

glass rod, the upper layer of agar was removed transferred into a 50 mL tube, then was centrifuged 

at 7,500 x g for 20 min, the supernatant was treated as explained previously. 

5.2.6 Host range test: 
 

The plaque phage assay was followed as described previously by Kutter et al (2011), the 

isolated phages were tested against 21 different serotypes of the Top 6 STEC. Lytic activity was 

determined by spotting 10 μL of each phage lysate on different plates that contained the different 

serotypes of the Top 6 STEC. After incubation, the lytic activity of each phage was assessed 

visually and assigned a ranking from 1 (very weak) to 3 (very strong). Determination of ranking 

was based on the clarity or turbidity of lysis (i.g. very clear, less clear, and turbid). The tests were 

achieved in duplicate. 

5.2.7 Transmission electron microscopy: 
 

The isolated phage was examined by transmission electron microscopy (TEM). The high 

titer phage lysate was centrifuged at 16,000 x g for 1 h at 4°C and washed twice with SM buffer. 

The supernatant was removed and 20 μl of SM buffer were added gently to the pellet. This 
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suspension was stored overnight at room temperature. The new supernatant (5 μl) was added to a 

300-mesh, carbon-coated Formvar films on a cooper grid and allowed to stand for 2 min. The 

excess liquid was removed using a filter paper, and phages on the grid were negatively stained 

with 2% uranyl acetate for 30 s. The stain was removed, again using a filter paper. The samples 

were then inserted into a transmission electron microscope (energy filtered TEM, EFTEM, LEO 

912 AB model operated at 100 kv; Carl Zeiss SMT AG, Oberkochen, Germany). 

 
5.2.8 Genome sequences: 

 
 

The genome sequences of bacteriophage vB_EcoP_MG1 accessed from GenBank, the 

National Institute of Health (NIH) genetic sequence database via the NCBI Entrez retrieval system 

(http://www.ncbi.nlm.nih.gov), which combines data from the major DNA and protein sequence 

databases that including taxonomy, protein structure, protein domain, genome mapping, 

information and biomedical journal literature (Benson et al., 2013). GenBank considered to be a 

part of the International Nucleotide Sequence Database Collaboration, which also includes the 

European Molecular Biology Laboratory and the DNA DataBank of Japan. 

 
To define similarity to genome sequences in the NCBI database, analyses were achieved 

using Basic Local Alignment Search Tool (BLAST) algorithms 

(http://www.ncbi.nlm.nih.gov/BLAST/) by using default parameters (Altschul et al., 1997, 1990). 

 
5.2.9 Bioinformatics Analysis: 

 
 

The information of open reading frames (ORFs) and the putative start sites of genes in the 

phage genome was done by using Glimmer via PHAST (Phage Search Tool) (Ha & Denver, 2018). 

According to the presence of ATG, CTG, TTG or GTG start codons, the different genes were 
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recognized from amongst the expected coding sequences, followed by 25 additional codons (at 

least), also the upstream sequence resembling the following ribosome binding location, GGAGGT 

(Shine & Dalgarno, 1974, 1975). Geneious R9 software version 9.0.2. (Biomatters Ltd, Auckland, 

New Zealand) was used for genome annotation. By using default parameters, searching for phage- 

encoded tRNA genes was accomplished with tRNAScan-SE and Aragorn (Laslett & Canback, 

2004; Schattner, Brooks, & Lowe, 2005). BLAST algorithms analysis were used to define the 

matches to genome sequences in the database of National Center for Biotechnology Information 

(NCBI). 

 
The comparisons of whole genomes were performed  using progressive Mauve (Darling, 

Mau, & Perna, 2010). 
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Table 11 - O157 and Top 6 STEC strains were obtained from Lab Services Division (LSD) strains bank. Table shows the ID’s 
number of each used strain and the virulence factor complement (stx1, stx2 and eae) 

 
Number of Strain Strain ID at LSD Strain Virulence genes present 

1 25 O103:H2 Stx1, eae 
2 27 O103:H2 Stx1, Stx2,eae 
3 82 O103:H25 Stx1, eae 
4 31 O111:H8 Stx1, eae 
5 32 O111:H8 Stx1, Sx2,eae 
6 34 O111:NM Stx1, eae 
7 37 O121:H19 Stx2, eae 
8 38 O121:H19 Stx2, eae 
9 39 O121:H19 Stx2, eae 
10 43 O145:NM Stx2, eae 
11 44 O145:NM Stx2, eae 
12 47 O145:NM Stx2, eae 
13 1 O157:h7 Stx1, eae 
14 2 O157:h7 Stx1, Stx2, eae 
15 5 O157:h7 Stx2, eae 
16 15 O26:NM Stx2, eae 
17 11 O26:H11 Stx1, eae 
18 12 O26:H11 Stx1, eae 
19 17 O45:H2 Stx1, eae 
20 18 O45:H2 Stx1, eae 
21 22 O45:NM Stx1, eae 
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5.2.9.1 Obtaining Nalidixic Acid Resistance (NalR) Strains: 

Nalidixic acid resistance strains were obtained as described by Schmidt et al, (1999). 

Around 100 μl of each overnight culture was added to 40 ml of TSB with 5 μg/ml of nalidixic acid 

and then incubated at 37oC overnight. The following day, 100 μl of that overnight culture was 

added to 40 ml of TSB with 10 µg/ml of nalidixic acid and incubated at 37oC overnight. E. coli 

was sub-cultured into increasingly higher concentration of the antibiotic up to 70 mg/ml. TSA was 

prepared and supplemented with filtered 70 μg/ml nalidixic acid after autoclaving, to test the 

growth levels between the trained strains (NalR) and the parent strain strains (NalS). 

 
5.2.9.2 Effect of the Lytic Phages on the Growth of the Top 6 non-O157 STEC Strains : 

 
The isolated phage was used at different multiplicities of infection (MOIs) to determine the 

effect on the growth of the Top 6 non-O157 STEC strains. After propagation and harvesting of 

fresh stock of this phage, it was inoculated at MOIs of 0.01, 0.1 ,1.0 into tubes containing the 

STEC host O26 (around 3.5x102 CFU/ml). Aliquots of 300 μl from each sample were loaded into 

the microplates channels of the BioScreen instrument. Temperature was set at 37oC for 24 hours 

and OD600 was measured every hour with 5 seconds of shaking before taking each reading. Data 

was shown as a growth curve on the screen of the BioScreen instrument and then exported to Excel 

file. 

 
5.2.9.3 Role of Microflora on the Growth of the Top 6 Non-O157 STEC Strains: 

 
To study the effect of background microflora on the growth of the Top 6 Non-O157 STEC 

strains, we needed to determine what the natural levels of background microflora are in the natural 

cattle environment such as barn and slaughterhouse. From the University of Guelph barn, swabs 
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by 15 sterile moistened sponge (Nasco, Fort Atkinson, WI), was used to take various samples from 

the cattle neck, flank, round and fecal. All the samples were placed in a cold box then were taken 

to the laboratory. Sponges in saline were stomached for about 2 minutes. Serial dilution (10-1 – 10- 

5) were applied for those samples and then spread to TSA and incubated over night at 37oC, to 

determine the total microorganism count in the environmental samples. After determining the total 

count, around 20 colonies were selected according to the colony’s appearance and morphology on 

the plate, to make a mixture of different background microflora strains to use them in the following 

experiments. STEC strain (NalR) was added in different ratios with background microflora (Nals) 

in TSB, 1:100 (STEC:Background) and 1:1000 (STEC:Background). They were then incubated at 

37oC, overnight. Serial dilutions were completed for the overnight cultures and then 100 μl from 

each dilution was streaked on TSA and TSA+ 70 μg/ml Nal acid. TSA plates were incubated in 

37oC overnight and the plates were counted the following day. 

 
5.2.10 Effect of Adding Anti-phage to the Enrichment Media on the growth of the Top 6 non-O157 

STEC: 
 

5.2.10.1 Preparation of Virucidal Solution: 
 

To study the prophage role in transferring stx gene during the enrichment step, mixture of 

ferrous sulfate and tea extract (Fe(II)T) was prepared as described by Liu et al., (2015). Black 

loose leaf tea (15% [wt/vol]), (Orange Peokoe black tea, Davids Tea, Guelph, Canada) was boiled 

in a 250 ml beaker in Milli-Q water (Millipore, Etobicoke, Ontario, Canada) for 10-15 min and 

then followed by filtering through filter paper (Whatman no.4, Whatman Int. Ltd., Ipswish, UK). 

The FeSO4 solution (which is 287 mM) was freshly prepared and filtered by using 0.22 μm filter 

(Pall, Newquay, Cornwall, UK). Fe(II)T was made by mixing the filtered tea with 
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FeSO4 (3:7) immediately just before the treatment. FeSO4 solution was placed in a brown tube 

and stored in the fridge at 4oC. 

 
5.2.10.2 Preparing the Samples 

 
Around 20 Non-STEC E. coli strains were obtained from Lab Services Devision, the same 

multiplex PCR protocol was followed to make sure those strains are not carrying Stx genes. 

 
To study the effect of the phage on the enrichment step, 7 samples were prepared as shown 

in Table 1. All samples were incubated over night at 37oC and then same BAX system protocol 

was followed to determine the CT values among those inoculated Top 6 STEC strains. Experiment 

was replicated three times and the average of the CT values were calculated. 

 
Table 12 - The combination of each sample that was used in the study, samples 1-4 (which have STEC:non-STEC) have a ratio of 

1:100 in addition to mitomycin C (MMC), Fe(II)T to test their effect on the bacterial growth as a mixture (sample 1) and 
separately (samples2&3). Samples (5-7) are positive and negative controls. 

 
 

Sample 
number 

Samples Determine the effect of: 

1 MMC+Fe(II)T+STEC+Non-STEC E. coli MMC with the phage inactivation 
2 Fe(II)T + STEC+Non-STEC Fe(II)T on the bacterial growth 
3 MMC+STEC+Non-STEC MMC on the bacterial growth 
4 STEC+Non-STEC Positive Control (STEC+non-STEC E. coli) 
5 STEC Positive Control of STEC/stx 
6 Non-STEC E. coli Positive Control of non-STEC E. coli /stx-negative 

7 TSB only Blank 
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5.3 Results: 
5.3.1 Isolation and Characterization of bacteriophage 

 
The phage (vB_EcoP_MG1) isolated from environmental carcass swab samples from a 

slaughter house was characterized in this study. A preliminary host range study, morphology and 

genome sequence were examined. 

 
The host range of MG1 was determined using 21 strains from the Top six STEC at 37°C. 

The outcomes (Table 13) indicate that MG1 can produce plaques on E. coli strains of serotype 

O26, O111 and O103 with the other serotypes being insensitive. 

 
MG1 was negatively stained then inspected by transmission electron microscopy (Figure 

15). The images presented the head as icosahedral shape (Figure 15) showing similarity to T7 of 

roughly 60 nm (diameter) and short tail of around 18 nm (length) and 8 nm (width). According to 

these morphological structures, this virus belongs to Podoviridae family (Leon-Velarde et al,. 

2014) 

 
The sequenced DNA of MG1 contains double stranded DNA of 40,493 bp in length which is in 

agreement with the range of other T7-like phage members (37.4 kb - 45.9 kb) (Sillankorva et al., 

2011) 

 
The T7-like phages genomes normally include direct terminal repeats (DTRs) that are 

necessary during the processing of the genome replication and packaging (Leon-Velarde et al,. 

2014). The lengths of the DTRs of MG1 is 235 bp which is between the range of the T7 group 

members, for instance phage Salmonella phage φSGJL2 which is 230 bp and Yersinia phage 

φYeO3-12 which is 232 bp, respectively (Pajunen et al, 2001). The GC (guanine plus cytosine 
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content) for phage MG1 is 43.80%. Also, The GC of MG1 is matches with other reported T7-like 

phages (46.2 - 62.3%). 

 
Bioinformatics l software was used to scan the genome for open reading frames (ORFs). The 

genes are organized in a compact distribution near to each other. As a result, they occupy 88.3% 

of the genome (Figure 16). ATG is the predominant start codon, present in 100% of the protein-

coding genes. BLASTn algorithms were used to scan all protein-coding genes at NCBI against the 

nonredundant protein database. From the 44 coding sequences (CDSs), 31 (70.5%) have assigned 

function, and 13 (29.5%) are akin to conserved phage hypothetical proteins of unknown function 

(Table 14). 

 
Since MG1 showed the highest sequence identity with Kluyvera phage Kvp1 (Table 15, 

Figure 17). Mauve was used to compare between the genomes of the two phages (Bardina et 

al., 2016) (Figure 18). Some genes coding of the hypothetical proteins existing in MG1 and 

Kluyvera phage Kvp1 are dissimilar or absent in Kluyvera phage Kvp1, those regions of 

dissimilarity are indicated by areas of white. In figure 18, The identity percentage between the 

two phages genomes was estimated at 84.6%. 
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Figure 15 - Transmission electron micrograph of phage vB_EcoP_MG1 

 
The phage was negatively stained with 2% PT (100,000x magnification). Scale bar shows size in nm. The right image showing 

the icosahedral shape of the clearly. The left image showing the short tails. 
 
 
 
 
 
 

 
Figure 16 - Predicted genes are organized in the direction of transcription presented by various coloured arrows. Genes 

involved in DNA replication, recombination, nucleotide metabolism, , or repair are presented in black. Genes related to virion 
structures and in morphogenesis are in red colours. Green and blue are those genes involved in lysis and DNA packaging. 

Yellow colour for genes coding for hypothetical proteins of unknown functions. The grey colour is for the direct terminal repeats 
(DTRs). Geneious R9 software version 9.0.2 was used to produce the genetic map. (Biomatters Ltd). 
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Enterobacteria phage T7, complete genome 

Salmonella phage BP12A, complete genome 

Escherichia phage P694, complete genome 

Escherichia phage P483, complete genome 

Bacteriophage Berlin complete genome 

Erwinia phage FE44, complete genome 

Escherichia phage vB_EcoP_S523, complete genome 

Enterobacteria phage 285P, complete genome 

Enterobacteria phage BA14, complete genome 

vB_Eco 

Kluyvera phage Kvp1, complete sequence 
 

Figure 17 - Phylogenetic map 
 

Whole genome phylogenetic analysis of phage vB_EcoP_MG1 and related bacteriophages. The phylogenetic tree was created 
using “one click” at phylogeny.fr using MUSCLE for multiple alignment and PhyML for phylogeny (Dereeper et al., 2008). 

 
 
 
 
 
 
 
 

Figure 18 - Comparison of the genomes of vB_EcoP_MG1 and Kluyvera phage Kvp1 using Mauve. 
 

The sequence similarity degree is indicated by the intensity of the red region, and the dissimilarity is indicated by areas of white 
color. 

0.1 
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Table 13 - host range of the isolated lytic phage on 21 STEC at 37°C using TSA and TSAss plates, ranking from 1 (very weak) to 
3 (very strong), 0 means no lysis was shown. Determination of ranking was based on the clearly or turbidity of lysis 

 
 Strain ID Strain Virulence genes present Lysis score 

1 25 O103:H2 Stx1, eae 2 

2 27 O103:H2 Stx1, Stx2,eae 2 

3 82 O103:H25 Stx1, eae 1 

4 31 O111:H8 Stx1, eae 3 

5 32 O111:H8 Stx1, Sx2,eae 1 

6 34 O111:NM Stx1, eae 3 

7 37 O121:H19 Stx2, eae 0 

8 38 O121:H19 Stx2, eae 0 

9 39 O121:H19 Stx2, eae 0 

10 43 O145:NM Stx2, eae 0 

11 44 O145:NM Stx2, eae 0 

12 47 O145:NM Stx2, eae 0 

13 1 O157:h7 Stx1, eae 0 

14 2 O157:h7 Stx1, Stx2, eae 0 

15 5 O157:h7 Stx2, eae 0 

16 15 O26:NM Stx2, eae 3 

17 11 O26:H11 Stx1, eae 1 

18 12 O26:H11 Stx1, eae 1 

19 17 O45:H2 Stx1, eae 0 

20 18 O45:H2 Stx1, eae 0 

21 22 O45:NM Stx1, eae 0 
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Table 14 - Phage MG1 gene annotations 
 
 

Number 
CDS Start Stop Strand Putative Function Identity % E-value 

Closest Match 
Accesion

 

 

1 

 

988 

 

1446 

 

+ 

 

0.3 S-adenosyl-L-methionine hydrolase 

 

100% 

 

2E-38 

 

Yersinia phage Yep-phi YP_009014832.1 

 

2 

 

1448 

 

1645 

 

+ 

 

0.6a conserved hypothetical protein 

 

100% 

 

3E-111 

 

Salmonella phage BP12A YP_009303650.1 

 
 

3 

 
 

1807 

 
 

2910 

 
 

+ 

 
 

0.7 protein kinase 

 
 

100 

 
 

0.0 

 
Escherichia phage 

AWY04290.1
 

       vB_EcoP_S523  

4 2984 5635 + 1 RNA polymerase 99% 0.0 Kluyvera phage Kvp1 YP_002308386.1 

 

5 

 

5725 

 

6282 

 

+ 

 

1.05 hypothetical protein 

 

98% 

 

3e-131 

 

Kluyvera phage Kvp1 

 

YP_002308387.1 

 

6 

 

6450 

 

6599 

 

+ 

 

1.1 conserved hypothetical protein 

 

98% 

 

1e-26 

 

Pectobacterium phage PP74 

 

APD19666.1 

 

7 

 

6599 

 

6871 

 

+ 

 
1.2 deoxyguanosine 

triphosphohydrolase inhibitor 

 

93% 

 

2E-57 

 

Kluyvera phage Kvp1 

 

YP_002308389.1 

8 6974 8005 + 1.3 DNA ligase 97% 0.0 Enterobacteria phage 285P YP_004300542.1 

 
 

9 

 
 

8187 

 
 

8450 

 
 

+ 

 
 

1.6 conserved hypothetical protein 

 
 

100% 

 
 

7E-55 

 
Escherichia phage 

vB_EcoP_S523 

 
 

AWY04280.1 

10 8554 8760 + 1.7 conserved hypothetical protein 100% 3e-41 Enterobacteria phage 285P YP_004300545.1 

 

11 

 

9013 

 

9204 

 

+ 

 

2 host RNA polymerase inhibitor 

 

100% 

 

2E-38 

 

Yersinia phage Yep-phi 

 

YP_009014832.1 
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12 9273 9974 + 2.5 ssDNA binding protein 98% 4E-165 
Escherichia phage

 

vB_EcoP_S523 

 

AWY04267.1 

 

13 9974 10420 + 3 Endonuclease 99% 4E-104 Enterobacteria phage 285P YP_004300549.1 

 

14 
10417 10872 + 

3.5 N-acetylmuramoyl-L-alanine 

amidase 
99% 1E-108 

Escherichia phage 

vB_EcoP_S523 

 

AWY04261.1 

 

15 11132 11494 + Phage-associated homing endonuclease 96% 3e-49 Pseudomonad phage gh-1 NP_813760.1 

 

16 11506 13209 + 4 DNA primase/helicase 96% 0.0 Escherichia phage P483 YP_009200606.1 

 
 

17 13284 13496 + 4.3 conserved hypothetical protein 99% 2E-40 Enterobacteria phage BA14 YP_002003471.1 

 

18 13690 13992 + 4.5 conserved hypothetical protein 100% 4e-67  
Escherichia phage

 

vB_EcoP_S523 

 

19 14080 14490 + 4.7 conserved hypothetical protein 72% 9e-66  
Escherichia phage

 

vB_EcoP_S523 

 

AWY04271.1 

AWY04279.1 

20 14508 16622 + 5 DNA polymerase 99% 0.0 Escherichia phage P694 YP_009204349.1 

 

21 16955 17239 + 5.5 conserved hypothetical protein 100% 2e-58  
Escherichia phage

 

vB_EcoP_S523 

 

AWY04284.1 

 

22 17239 17448 + 5.7 conserved hypothetical protein 100% 2E-43 Escherichia phage P483 YP_009200599.1 

 

23 17627 18541 + 6 Exonuclease 98% 0.0 
Escherichia phage

 

vB_EcoP_S523 

 

AWY04269.1 
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24 18703 18951 + 6.5 conserved hypothetical protein 100% 1e-53 Kluyvera phage Kvp1 YP_002308407.1 
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vB_EcoP_S523 

25 18968 19249 + 6.7 conserved hypothetical protein 100% 1E-56 Kluyvera phage Kvp1 YP_002308408.1 

 

26 

 

19264 

 

19617 

 

+ 

 

7.3 tail assembly protein 

 

97% 

 

1e-68 

 

Kluyvera phage Kvp1 

 

YP_002308409.1 

 

27 

 

19630 

 

21231 

 

+ 

 

8 head-to-tail joining protein 

 

99% 

 

0.0 

 

Escherichia phage P694 

 

YP_009204358.1 

 

28 

 

21304 

 

22215 

 

+ 

 

9 capsid assembly protein 

 

93 

 

0.0 

 

Enterobacteria phage 285P 

 

YP_004300567.1 

 

29 

 

22351 

 

23394 

 

+ 

 

10A Major capsid protein A 

 

99% 

 

0.0 

 

AWY04268.1 

 

AWY04268.1 

 

30 

 

23607 

 

24197 

 

+ 

 

11 tubular tail protein A 

 

97% 

 

3e-139 

 

Escherichia phage P694 

 

YP_009204361.1 

 

31 

 

24220 

 

26601 

 

+ 

 

12 tubular tail protein B 

 

99% 

 

0.0 

 

Kluyvera phage Kvp1 

 

YP_002308415.1 

 

32 

 

26682 

 

27095 

 

+ 

 

13 internal virion protein A 

 

98% 

 

8E-97 

 

Escherichia phage P694 

 

YP_009204363.1 

 

33 

 

27098 

 

27703 

 

+ 

 

14 internal virion protein B 

 

96% 

 

2E-139 

 

Erwinia phage FE44 

 

YP_008766755.1 

 

34 

 

27721 

 

30000 

 

+ 

 

15 internal virion protein C 

 

98% 0.0 
Escherichia phage 

AWY04287.1
 

 

35 

 

30024 

 

33971 

 

+ 

 

16 internal virion protein D 

 

0.97 

 

0.0 

 
Escherichia phage 

vB_EcoP_S523 

 

AWY04301.1 

36 34042 35823 + 17 tail fiber protein 78% 7e-158 Erwinia phage FE44 YP_008766758.1 

 

37 

 

35840 

 

36364 

 

+ 

 

17.2 phage tail fiber assembly protein 

 

92% 

 

5E-115 

 

Kluyvera phage Kvp1 

 

YP_002308421.1 
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38 36403 36609 + 17.5 holin, class II 99% 9E-40 Enterobacteria phage BA14 YP_002003494.1 

 

39 

 

36602 

 

36871 

 

+ 

 

18 DNA packaging protein A 

 

99% 

 

7E-57 

 

Yersinia phage Berlin 

 

YP_919021.1 

 
 

40 

 
 

36970 

 
 

37416 

 
 

+ 

 
 

18.5 Rz-like lysis protein 

 
 

95% 

 
 

7e-97 

 
Escherichia phage 

vB_EcoP_S523 

 
 

AWY04295.1 

41 37028 37339 + 18.7 Rz1-like protein 91% 2E-10 Enterobacteria phage BA14 YP_002003496.1 

 

42 

 

37416 

 

39176 

 

+ 

 

19 DNA packaging protein B 

 

99% 

 

0.0 

 

Escherichia phage P694 

 

YP_009204322.1 

 

43 

 

39200 

 

39649 

 

+ 

 

phage associated homing endonuclease 

 

98% 

 

4e-105 

 

Pectobacterium phage PP74 

 

APD19661.1 

 

44 

 

39895 

 

40050 

 

+ 

 

19.5 conserved hypothetical protein 

 

100% 

 

3E-26 

 

Kluyvera phage Kvp1 

 

YP_002308428.1 
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Table 15 - BLASTN analysis of the MG1 genome 
 
 

Description Max score Total score Query cover E value Ident Accession Overall DNA Identity 

Kluyvera phage Kvp1, complete sequence 25836 54176 91% 0 93% FJ194439.1 84.6300% 

Escherichia phage vB_EcoP_S523, complete genome 16291 53333 93% 0 88% MH031343.1 81.8400% 

Enterobacteria phage 285P, complete genome 12923 52568 91% 0 88% GQ468526.1 80.0800% 

Salmonella phage BP12A, complete genome 20115 47359 91% 0 87% KM366096.1 79.1700% 

Enterobacteria phage BA14, complete genome 15666 50283 91% 0 87% EU734171.1 79.1700% 

Erwinia phage FE44, complete genome 11303 48963 90% 0 87% KF700371.1 78.3000% 

Escherichia phage P694, complete genome 18699 47367 89% 0 87% KP090454.1 77.4300% 

Escherichia phage P483, complete genome 17690 46755 89% 0 87% KP090453.1 77.4300% 

Yersinia phage Yep-phi, complete genome 17378 40966 87% 0 85% HQ333270.1 73.9500% 

Bacteriophage Berlin complete genome 17429 41186 86% 0 85% AM183667.1 73.1000% 

Yersinia phage Yepe2, complete genome 17365 40876 86% 0 85% EU734170.1 73.1000% 

Yersinia phage YpP-G, complete sequence 17364 40977 86% 0 85% JQ965702.1 73.1000% 

Pectobacterium phage PP74, complete genome 6306 39249 83% 0 88% KY084243.1 73.0400% 
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5.3.2 Phage and Background microflora effect: 
 

Trials were performed to assess the potential of stx gene transfer and amplification in the 

course of enrichment (Figure 19). Here, STEC were incubated with non-STEC E. coli strains from 

environmental samples with the prophage being induced by inclusion of the antibiotic mitomycin 

C in combination with ferric ion. It was found that the stx CT value was more than 22.5 in hide and 

manure samples, suggesting copy numbers within the enrichment broth were low after incubating 

at 37oC for 24h. Enrichment cultures with either mitomycin C with or without ferric ions, returned 

higher CT values than controls without mitomycin C. The CT values were between 26.6-32.4 for 

samples have mitomycin C and mitomycin C with ferric ions, respectively. Other samples, without 

mitomycin C, were around 22 (figure 19). The results suggested that there was no evidence for stx 

prophage replication given the lack of a decrease in the CT values compared to controls. 
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Figure 19 - Study of the Effect of Adding Anti-phage (tea) and Mitomicin C (MMC) to the Enrichment Media on the CT 

value/growth of the Top 6 non-O157 STEC (1): MMC+Fe(II)T+STEC+Non-STEC. (2): Fe(II)T + STEC+Non-STEC. (3): 
MMC+STEC+Non-STEC. (4): STEC+Non-STEC (5): STEC. (6): Non-STEC. Results show that the amount of Stx was’t 

increased by transferring stx genes to another non-pathogenic E. coli by the bacteriophage. Which demonstrated that there is no 
proof yet that bacteriophage play a role in gene transferring. 

 
 

The influence of background microflora on the growth of STEC during the enrichment (in 

TSB) step was assessed using nalidixic acid resistant strains of non-O157 STEC in the presence 

of microflora isolated from hide and manure samples. Results showed that there was a significant 

difference in the STEC growth when the STEC serotypes enriched along with different ratios of 

background microflora (1:100/1000) (Figure 20). The final population of STEC was 3 log cfu/ml 

lower compared to the control when co-inoculated into media with background (Figure 15). The 

background microflora competed with STEC to the point that a lower ultimate population of the 

pathogens were present relative to controls after incubating at 37oC for 24h. While the non-O157 

STEC and the background microflora growth were same when they were incubated separately as 

shown figure 20. 

STEC strain grew to around 106 cfu/ml which is a sufficient high to recover colonies on 

agar plates. Hence role of background microflora was found to be negligible in the current case in 
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terms of failure to isolate STEC from RT-PCR positive samples. 

 

 
 

Figure 20 - Effect of non-STEC (NalS) background microflora on the growth of the STEC (NalR). All samples (1-5) were enriched 
over night at 37oC in TSB (non-selective) and TSB+Nal (selective for the STEC (NalR) ). 

(1): 1:100 (STEC:non-STEC). (2): 1:1000 (STEC:Non-STEC). (3): Non-STEC. (4&5) STEC onl
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In the current study, different MOI’s of lytic bacteriophage were applied and were 

compared with the controls samples to detect the effect of the isolated bacteriophage from the 

slaughterhouse samples on the growth of the non-O157 STEC. It was found that an MOI ≥ 0.01 

could extended the lag phase of non-O157 STEC within enrichment medium (Figure 21). The 

exponential phase started after around 16 hours when the MOI was 0.01 while the positive control 

sample started the exponential phase after about 4-5 hours only, while there were no bacterial 

growths with MOI’s 0.1, 1 and 10 when the samples incubated at 37oC for 24 h. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 21 - Effect of the isolated phage on the growth of the STEC at 37oC for 24 hours, the study shows the effect of different 
MOI. 
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5.4 Discussion: 
 

In the current study CT values of more than 22 would suggest that stx target was in low 

levels. This would imply that the STEC target was also at low levels, In addition, the results suggest 

no induction, replication and dissemination of stx gene during the enrichment process. This finding 

is not agreement with some of the earlier studies presented in the literature (Muniesa et al., 2004, 

Imamovic et al., 2009). These studies showed the potential of bacteriophages in Stx gene transfer. 

Some bacteriophages can infect and lyse their STEC host and are capable of tranducing Stx genes 

to non STEC strains (Schmidt et al, 2001, Wagner et al, 2002, Khalil et al. 2016). It is a prominent 

cause of Stx genes transmission in STEC and non STEC strains by horizontal gene transfer (Gyles 

and Boerlin 2013). It has been previously reported that stx gene can be transferred to other E. coli 

cells during enrichment (Herold et al., 2004; Muniesa et al., 1998). In the current study, we 

couldn’t confirm that stx was transferred to another non-pathogenic E. coli. Moreover, it might be 

that induced phage didn’t have the ability to infect other non-pathogenic E. coli. Also, the stx phage 

might not induced from the STEC cells as we didn’t prove that the phage induction was done 

successfully, one reason could be that antibiotic concentration might not have been at the 

concentration to induce prophage replication. In the current study, 1 μg/ml of mitomycin C was 

used, Clokie and Kropinski (2009) and Cadieux et al (2018) recommended that 0.1-2 μg/ml of 

mitomycin C can be used to have best results of phage induction. 

These different results between studies (Schmidt et al, 2001b, Wagner et al, 2002, Khalil 

et al. 2016; Gyles and Boerlin 2013; Schmidt, 2004; Muniesa et al., 1998) of the various 

bacteriophage effects might be related to various reasons such as incubation temperatures and the 

amount of recipient/donor strains in the samples (Imamovic et al, 2009 ; Jończyk et al, 2011). A 

study by Imamovic et al, (2009) was done on up to 20 strains of E.coli, showed that the 
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transduction were generated more frequently at temperatures lower than 37oC. Specifically, the 

study showed that Stx2 was transduced more frequently at 25oC and 30oC. Temperatures of 15oC 

and 22oC were not the suitable range for all donor cells, but were adequate for some of the donor 

cells (Imamovic et al, 2009). Moreover, to accomplish the transductants, it was found that the 

amount of the donor and recipient strains should be more than 103 - 104 CFU in the samples. In the 

current study, enrichment of STEC cultures is performed following standard enrichment method 

at 37C. Also that mitomycin C is not included in the regular enrichment media . Hence, in any event 

the transfer of prophage between E. coli during enrichment is unlikely under these conditions 

(Imamovic et al, 2009). 

To address the effect of the background microflora on the growth of the STEC, some non- 

STEC E. coli strains were isolated from hide and manure and incubated with Top 6 STEC, results 

showed that there was a growth interaction of STEC and background microflora. STEC and the 

other background microflora all grew except there was a lower ultimate cell density of the STEC 

strains. The results suggest there was no significant effect apart from reducing the final cell density 

of STEC although the ultimate cell density for STEC was lower it would be sufficient to recover 

when plated out onto agar plates. These results are not in agreement with the study was done by 

Vold et al, (2000). Generally, when O157:H7 incubated with background microflora the lag period 

was extended and it needed more time (60% more) to reach to the same ultimate cell density when 

enriched without background microflora (Vold et al, 2000). Stromberg et al, (2015) showed 

different conclusion from the current study. Their study demonstrated background microflora 

showed a competitive interaction with non-O157 STEC. In addition, they found that the 

enrichment media can affect the detection rate, which was addressed here earlier. They noticed 

that EC broth media which reduces the background counts can detect non-O157 more frequently 
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than TSB in fecal samples. As a result using EC broth media can help to avoid the false negative 

results that might be caused by the background microflora (Stromberg et al, 2015). 

In the current study, It was suggested that bacteriophage might lyse the cells as they replicated and 

causing a negative effective on the growth of the Top 6 STEC during the enrichment step (Muniesa 

et al, 2005) . The isolated phage which introduced to the bacterial cells in different MOIs proved 

that the bacteriophage affected the growth rate of the bacterial cell when they incubated at 37oC 

for 24 h and it was found that an MOI ≥ 1 could suppress the growth of STEC within enrichment 

medium (Figure 14). This would suggest the delay in growth would mean the STEC would be in 

low numbers when streaked out in confirmation testing. Another suggestion could be that many 

of the STEC were inactivated by phages during enrichment or enumeration 

Tomat et al, (2013) and Hudson et al, (2005) also reported that bacteriophages could lower 

the viable count of O157:H7 STEC during the enrichment step. Various values of MOIs among 

different studies were investigated to determine the effect on the bacterial growth, MOI of >102 

was enough to eliminate O157:H7 and was no detected growth in LB broth while MOI of 10 had 

around 104 cfu/ml of O157H:7 in LB broth (Sheng et al, 2006). 

E. coli O157:H7 was inactivated and affected by a low MOI, which was around 10-7 (Niu et al, 

2012). On the other hand, MOI of 106 was needed to inactivate O157:H7 and have growth of up 

to 10cfu/ml (Hudson et al, 2005). This wide range (10-7-106) of MOIs might explain the various 

results of the detection rates of the Top 6 by RT-PCR and culture based methods. The presence of 

lytic phages could be a possible reason for the inability to recover culture positive STEC. 

In a study by Liao et al (2018), they investigated the prevalence of STEC-specific bacteriophages 

at different locations in California, they noticed that they couldn’t isolate STEC strains from the 

sites with presence of STEC-specific bacteriophages (Liao et al, 2018). The high 
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diversity of non-O157 STEC could support an equally diverse range of virulent bacteriophage that 

could affect enrichment of the target bacterium in complex sample matrices. 

 
 
5.5 Conclusion: 
 

The study investigated some suggested reasons that might affect the growth of the Top 6 

STEC during the enrichment step which might cause various outcomes and false results positive 

or negative results by RT-PCR and culture-based methods. Transferring stx gene between E. coli 

by bacteriophage during the enrichment step was one possible reason of having different results. 

However, results showed that there was no evidence to show that stx genes were transferred during 

the enrichment step. Another suggested reason of having different results between RT-PCR and 

culture-based methods was the effect of the background microflora. Current study demonstrated 

that the background microflora effect on the Top 6 STEC during enrichment cannot affect the 

detection limit on the culture-based methods, the results indicate there was no significant influence 

apart from reducing the final cell density of STEC but not to the extent to clarify why Top 6 STEC 

could not be cultured on agar. The presence of the bacteriophage showed an effect on the growth 

of the Top 6 STEC. This effect explains the possibility of reducing the Top 6 STEC population 

which might generate false negative by culture-based methods. The role of lysogenic phages and 

contribution of background microflora remains to be proven. 
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CHAPTER 6: Conclusion and Future work 
 

6.1 Conclusion: 
Enriched samples from slaughterhouses were screened by using three commercial RT-PCR 

systems, to detect the presence of the Top 6 non-O157 STEC in different slaughterhouses within 

south-western Ontario. Despite the apparent high prevalence of Top 6 STEC none could be 

confirmed by culture. Over 2300 colonies were screened and tested to confirm the prevalence of 

the full virulence genes factors but all results turned out to be negative. 

The GDS system was shown to have comparatively lower presumptive positive results in 

prevalence of the Top 6 STEC when compared to the GeneDisc® and BAX. Less presumptive 

positives by GDS could be due to the IMS step that doesn’t exist in the other RT-PCR methods. 

RT-PCR showed that presumptive O103 serotype to be the highest presumptive frequent serotype. 

The least frequent presumptive serotype was O111. It was shown that most of the samples had a 

high CT value, which would explain the low levels of stx in the enriched samples. 

The study illustrated that the disconnect between RT-PCR and culture based methods. Reasons 
 

might be, 1) combination of targets being present at low levels; 2) virulence factors being 

distributed between different cells and the transient acquisition of stx; 3) The lytic phage activity 

during enrichment or plating steps. 

Plaque assay showed significant lytic activity of isolated phage on non-O157 STEC. The 

host range of the isolated bacteriophage were analyzed and the results showed that the phage was 

capable to infect three of the Top 6 non-O157 STEC serotypes. Different MOI for isolated 

bacteriophage were applied and it was found that ≥ 1 MOI bacteriophage were capable of lysis of 

cocktail of host cells, thereby inhibiting the growth of STEC in the enrichment or culture method. 
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This effect explains the possibility of reducing the Top 6 STEC population which might generate 

false negative by culture-based methods. 

The loss of stx has also been reported for STEC when sequentially sub-cultured from CHROMagar 

to TSA. 

Stx transmission between STEC and non STEC strains was studied by RT- PCR analysis and 

phage gene expression. results showed that there was no evidence to show that stx genes were 

transferred during the enrichment step. Growth interaction of STEC and background microflora 

revealed that microflora reduces the number of STEC cells. However, the background microflora 

effect on the Top 6 STEC during enrichment cannot affect the detection limit on the culture-based 

methods, the results indicate there was no significant influence apart from reducing the final cell 

density of STEC but not to the extent to clarify why Top 6 STEC could not be cultured on agar. 

The role of lysogenic phages and contribution of background microflora remains to be proven. 

Overall, the study has further highlighted the challenges in screening for the Top 6 non-O157 

STEC in environmental, hide, carcass and manure samples derived from cattle and beef processing 

environments. Although RT-PCR platforms provide a high throughput and convenient screening 

technique the results are only useful if an isolate is recovered in the end. The results underline the 

ultimate limitation of current RT-PCR platforms for detecting Top 6 STEC and the need to confirm 

any presumptive positive result down to the serotype level. In addition, the study also suggested 

that virulence fingerprinting maybe a more appropriate to identify toxigenic E. coli rather than 

targeting specific serotypes. 
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6.2 Future Work: 
 

The outcome of this study showed that the RT-PCR platforms generated high rate of 

presumptive positive results of the Top 6 non-O157 STEC, but were not refective of the culture 

confirmation tests. From the results obtained the two main factors to explain the disparity was the 

distribution of gene targets within different cells, potential loss of virulence factors during culturing and 

activity of bacteriophage during the enrichment step. Consequently, future work would need to be directed 

towards reducing the number of presumptive positives and enabling growth of the target STEC during the 

enrichment process. With regards the latter, the addition of anti-phage constituents would reduce the risk of 

infection of the STEC during enrichment. This could be achieved by supplementing the enrichment media 

with tea extracts that have proven anti-phage activity without adversely affecting STEC viability.   

 

Although a prelimanry sceening of samples using RT-PCR is convenient it results in a high level 

of presumptive positives due to the high diversity of STEC encountered in the sample. Therefore, to reduce 

the presemiptive positives it would be recommended to undertake an initial immunoblot screening to 

identify the shiga toxin producing cell. The isolates could then be purified prior to screening using one of 

the three diagnostic plaforms. Moreover, future studies should focus on performing virulence 

fingerprinting by targeting the virulence and attachments factors instead of targeting the Top 6 O-

antigens only as it might be more appropriate to identify toxigenic E. coli rather than targeting 

specific serotypes.  After determining the proper way and the platform for the detection purpose, 

studies can be focused on determining the prevalence of Top Six STEC serotypes in retail ground 

beef. Samples will be taken from the random test samples from Lab Services Division and will be 

screened based on an expected prevalence level <1% of each of the target serotypes. Isolation and 

characterization of STEC will be by the method(s) chosen above. Again of interest will be 
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determination of the prevalence of the Top Six serotypes in addition to the general stx2 producing 

population.  

 

Since there is a knowledge gap exists with respect to the resistance/tolerance of Top Six 

serotypes relative to O157-STEC. Therefore, laboratory based trials will be undertaken to determine 

the binding strength of the different serotypes to beef surfaces, and the relative efficacy of 

commonly used surface pasteurization methods. Attachment strength to beef carcasses will be 

performed as described by Warriner et al (2001). Here, samples excised from the surface of 

carcasses will be inoculated with the test serotype and allowed to attach for 30 minutes. The samples 

will be rinsed with saline and numbers recovered used to predict weak attachment strength of the 

bacterial cells to the meat surface. The meat samples will be stomached with levels recovered in the 

homogenate being used to estimate the strongly attached portion of the population. 

 

The acid and thermal resistance of the different serotypes will be determined in buffered 

saline solution, and on meat surfaces. Here, the D and Z values of the serotypes will be determined 

and compared to O157-STEC strains. Resistance to acetic and lactic acid will be determined using 

solutions ranging from 0.5 -2%. Resistance to steam pasteurization will be assessed by inoculating 

the excised carcass surfaces and exposing the samples to steam at different time and temperature 

combinations (65, 80, 85 and 95°C for 20 – 40s). The Log Count Reduction obtained will then be 

compared to O157-STEC.  

 

The effect of different systems on acid resistance of non-O157 STEC and the effect of 

different kinds of acids can be studied. The aim of this task is to determine if Top Six serotypes 

share the same or different acid resistance mechanisms as  E.coli O157:H7. 
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The assay for the arginine-dependent acid tolerance system involves overnight growth of different 

Top Six serotypes in LBG medium (pH 5.0) followed by a 1:1000 dilution into EG medium (pH 2.5 

or 2.0) containing 0.6 mM arginine. The same method will be followed to test the glutamate system, 

but the 1:1000 dilution will be made into acidified EG medium supplemented with glutamate. The 

control for the arginine and glutamate systems experiments will be an acid challenge without 

arginine and glutamate supplements (pH 2-2.5) in EG medium. 
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