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Abstract
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Shiga Toxin Escherichia coli and Their Application for the Rapid Detection of E.
coli O45:H2 in Food
Nada Alasiri
University of Guelph

Advisor:
Dr. Mansel W. Griffiths

The purpose of this study was to determine the potential application of bacteriophages for the
detection of Shiga toxin-producing Escherichia coli (STEC) in food. Thirty-five strongly lytic
bacteriophages were isolated from various environmental samples against the “big six” STEC
serotypes (O111, O121, O103, O145, O26 and O45) and 14 of these phages were chosen for
further characterization to determine the most suitable phage for use in a detection assay. The
selected phages were characterized for host range, morphology, and adsorption to their bacterial
host. One phage (AG2A) was selected from a set of four similar phages as it showed high
specificity against its host (E. coli O45:H2). The genome sequence of this phage was determined.
The ability of AG2A phage immobilized onto ColorLok paper to detect E. coli O45:H2 in media
and food was examined. A phage capture-amplification assay based on the immobilized phage
was able to detect as few as 10 CFU/mL of E. coli O45:H2 in both TSB and ground beef using
both a plaque assay and real-time PCR to detect phage progeny. The stability of the immobilized
phage on the paper was also investigated. It was shown that after one week of storage the
detection limit of the assay increased to 50 CFU/mL of E. coli O45:H2 in TSB and ground beef
for the PCR-based assay but remained at 10 CFU/mL for the plaque assay. By combining capture
of the host using the immobilized phage with detection of progeny phage by real-time PCR,
results were obtained within only 8 h. Immobilized phages have great potential for the detection
of foodborne bacterial pathogens.
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Chapter 1: Literature review
1. Introduction
Foodborne pathogens are a major cause of disease and death among the global
population. It is estimated that in the United States alone, 1 in 6 Americans are affected
by foodborne illness; resulting in approximately 48 million people cases, 128,000
hospitalizations, and 3,000 deaths each year (CDC, 2014). Moreover, the Public Health
Agency of Canada has estimated that there are around 4 million episodes of domestically
acquired foodborne illness in Canada annually, which include 11,600 hospitalizations and
238 deaths (Thomas et al., 2013). Symptoms related to foodborne illnesses vary from
person to person. Infections can cause temporary symptoms or long-term complications.
Symptoms mostly range from vomiting, watery diarrhea, and stomach/intestinal cramps
but more serious symptoms can arise, such as hemolytic uremic syndrome, and GuillainBarré syndrome among others. As well as the serious public health consequences, the
economic burden associated with foodborne illness is substantial. According to a former
FDA economist, $152 billion is the annual cost for health expenses related to foodborne
illness in the United States (Scharff, 2010). In a recent study, the Interagency Food Safety
Analytics Collaboration (IFSAC, 2015) has estimated the percentage and correlation of
the food categories and foodborne illnesses caused by Salmonella, Escherichia coli O157,
Campylobacter, and Listeria monocytogenes from 2008-2012. It is estimated that around
75% of illnesses in the period from 2008 to 2012 were attributed to a number of food
categories whereas two categories of food were mostly responsible for the majority of
estimated illnesses caused by Campylobacter, E. coli O157, and Listeria monocytogenes
and seven other food categories were responsible for similar percentage of illnesses

1

caused by Salmonella. However, it has been found that Campylobacter illnesses were
mostly attributed to dairy (66%) products followed with chicken (9%). Moreover, 82% of
E. coli related illnesses resulted from contaminated beef (46%) while 36% were attributed
to crops and vegetables. Listeria monocytogenes illnesses were mainly attributed to fruit
(50%) and dairy products (31%). On the other hand, 77% of Salmonella illnesses was
broadly attributed to seven different food categories including seeded vegetables (18%),
fruits (12%), eggs (12%), chicken (10%), beef (9%), sprouts (8%), and pork (8%)
(IFSAC, 2015).
Interestingly, the emergence of pathogenic E. coli and its evolution from commensal to a
pathogenic strain was the result of the bacterial acquisition of several virulence elements,
including toxins, adhesins, and others. Furthermore, hundreds of E. coli serotypes have
been identified depending on their surface antigens. These antigens are divided into three
different groups; H antigen (flagellar), K antigen (capsular), and O (lipopolysaccharide)
antigen. The diarrheagenic E. coli (DEC) are divided into five pathotypes, based on their
clinical properties, such as the age of the infected groups and, their virulence factors. The
five

pathotypes

are:

Enteropathogenic,

Enterotoxigenic,

Enteroaggregative,

Enterohemorrhagic and Enteroinvasive. These pathotypes can be distinguished from nonpathogenic E. coli strains by the expression of different genes that encode virulence
factors. Virulence genes are carried on bacteriophages (prophages), plasmids, or
pathogenicity islands. Each group possesses different modes of pathogenicity as they
cause distinct syndromes and have different epidemiological properties.

The DEC

produce different virulence factors including toxins, enterotoxins, cytotoxins,
colonization factors, and haemolysins. These virulence factors cause a wide range of
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symptoms, ranging from acute watery diarrhea to bloody diarrhea, which can lead to
further complications, such as haemolytic uremic syndrome (HUS), which may result in
renal failure.
Shiga toxin producing E. coli (STEC) are also known as Enterohaemorrhagic E. coli
(EHEC), as they produce Shiga toxins (Stx) and cause haemorrhagic colitis (HC) and
haemolytic uremic syndrome (HUS) (Gyles, 2007). Acute renal failure is one of the
severe consequences caused by HUS in children. The O157:H7 serotype is most
associated with outbreaks and HUS. It has been estimated that as few as 10 to 100 cells of
E. coli O157:H7 are sufficient to cause an infection, but lately, other non-O157:H7
serotypes have emerged and caused outbreaks and HUS similar to those caused by the
O157:H7 serotype. Uncooked beef, raw milk, unpasteurized fruit juice, and vegetables
are all possible sources of foodborne illness caused by Shiga toxin producing E. coli
(STEC) (Smith and Fratamico, 2005; Catford et al., 2014; Lagana et al., 2015).

1.2 Shiga Toxin Producing E. coli
1.2.1 STEC Overview
Escherichia coli was first discovered by the German scientist, Theodor Escherich, in
1885. They are Gram-negative, rod-shaped bacteria. The majority of members of this
species are non-pathogenic and part of the natural flora in the human and animal gut.
However, interest in E. coli has developed among microbiologists and health agencies
after some strains of E. coli were shown to be linked to diarrhea. For STEC, the
production of Shiga toxin (Stx) is necessary for infection and gives rise to several serious
health issues. There are many virulence factors associated with the pathogenicity of
STEC. Acid resistance or adaptation, colonization of the gut, and Shiga toxin production
are the most important factors that enable STEC to cause human disease. However, the
3

production of Stx is considered a factor of major concern, as it is the trigger of the severe
sequelae. STEC contamination in food/water is a biohazard due to its low infectious dose
that ranges from as low as 10 to up to 100 cells (Feng et al., 2011, Paton & Paton, 1998).
1.2.2 Shiga Toxin production and HUS
Upon adherence of the STEC to the intestinal mucosa, they will colonize and secrete
Shiga toxin, a potent cytotoxin. These toxins fall under two major groups: Stx1 and Stx2.
Stx1 and Stx2 have distinct properties; both seem to share about 60% amino acid and
DNA homology but can be differentiated immunologically (Yosief et al., 2012; Fuller et
al., 2011; O’Brien & Holmes, 1987). It has been shown that Stx1 resembles the Shiga
toxin type 1 produced by Shigella dysenteriae except for a difference in one amino acid
in subunit A. Whereas Stx1 appears to be very conserved, Stx2 has more variants with
different levels of toxicity. Some EHEC strains may express one of the group, either Stx1
or Stx2, and some express both. Stx2 appears to be 1000 times more toxic towards human
renal microvascular endothelial cells, which leads to HUS, than Stx1 (Lagana et al., 2015;
Louise & Obrig, 1995). Even though most E. coli O157 strains secrete Stx2 only, nonO157 strains appear to secrete mainly Stx1. Scotland et al. (1990) noted that Stx1 was the
most common type produced by the O26 serotype. Stx1 and Stx2 consist of A and B
subunits. The B subunit was found to be essential for the development of HUS and
initiates bacterial binding to the eukaryotic cell receptors, which are known as
globotriaosylceramide (Gb3) or Gb4 for one of the Stx2 variants. Once the bacterial cells
are bound to these receptors they will mediate toxin internalization within the endosome.
The Stx-Gb3 complex is transported in a retrograde fashion through the Golgi apparatus
and endoplasmic reticulum upon which Stx A releases the enzymatically active A1
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subunit to the cytoplasm where it inhibits ribosome function through the removal of a
single adenine base from the ribosomal 28S rRNA subunit; resulting in inhibition of
protein synthesis leading to cell death (Sandvig et al., 2010).
1.2.3 STEC Epidemiology and Outbreaks
The epidemiology of O157 and non-O157 E. coli continues to be a major concern.
Animals have been the main source of infection as they carry STEC in their intestine as
part of their natural microbiota, these animals include cattle, sheep, goats, pigs, cats, and
dogs. However, cattle are considered the main reservoir for human disease, as around 10
to 25% of them carry STEC (Padola & Etcheverría, 2014; Nataro & Kaper, 1998). In
addition, their low infectious dose increases the chance of infections and transmission
from person to person. The number of sporadic cases related to EHEC infection has
increased dramatically possibly due to the evolution and increased sensitivity of testing
methods. Canada and the United States appear to have common sporadic infections
related to E. coli O157:H7 (Meng et al, 2012; Griffin, 1995). It has been estimated by the
CDC that in the United States alone, E. coli O157:H7 causes 73,000 illnesses 2,200
hospitalizations, and 60 deaths (Lim et al., 2010). Moreover, it has been estimated that
O157:H7 causes more than 200,000 infections with 250 deaths each year in Canada
(Thomas et al., 2011). Ingestion of contaminated food is also one of the critical reasons
for the spread of STEC infections, especially if it comes from a bovine source. For
example, E. coli O157 where initially recognized after the consumption of undercooked
hamburger from a fast food chain that led to a massive outbreak in Washington, Idaho,
Nevada, and California in 1992-1993 affecting 732 people, with 195 hospitalized and 4
deaths (Rangel, 2005).

In Canada and the United States, the consumption of
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undercooked beef burgers is considered to be a major cause of sporadic infections of E.
coli O157:H7 (Bogard et al, 2013; Smith et al., 2013;Le Saux et al., 1993; Mead et al.,
1997). In The outbreaks of EHEC strains have also expanded to different types of food.
Outbreaks have been associated with apple cider (Meng et al, 2012; Besser et al., 1993;
McCarthy, 1996), mayonnaise (Meng et al, 2012; Boyce et al., 1995), and fermented
sausage (Starz et al., 2008). The ability for STEC to survive acidic conditions increases
the chances of outbreaks and growth in different foods even at a low pH where few other
pathogens will survive. Several reports attribute raw vegetables such as lettuce as a
vehicle for outbreaks (Kozak et al., 2013; PHAC, 2012; Morgan et al., 1988).
Contamination of vegetables and fruit is often the result of exposure to bovine or other
animal feces. For instance, in 2011 the consumption of contaminated lettuce was linked
to an outbreak of E. coli O157:H7 in ready to eat salads in nine American states. Upon
investigation of the cause of this outbreak, the FDA and the CDPH discovered that in all
cases lettuce was the common ingredient in these ready to eat salads. They also
determined that the Californian farm producing the lettuce was located near two cattle
operations, which increased the chances of cross contamination (CDC, 2013). In recent
surveys, a wide range of STEC serotypes were detected on beef farms and bovine hides/
carcasses. For Example, in a study conducted to determine the prevalence of STEC
serotypes on twelve beef farms. A total of 33 STEC serotype were isolated range from
O157 and Non O157 serotypes (Ennis et al., 2012). In a similar study, Monaghan et al.,
2012, isolated 12 STEC serotypes (O5:H-, O13:H2, O26:H11, O33:H11, O55:H11,
O113:H4, O128:H8, O136:H12, O138:H48, O150:H2, O168:H8 and ONT:H11) from
450 beef animal hides and 450 carcasses (Ennis et al., 2012). Moreover, The outbreak of
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E. coli O104:H4 in Germany in 2011 is a recent example of an outbreak associated with
sprouts contaminated with non-O157 STEC. This outbreak resulted in the infection of
more than 4000 people in sixteen countries and was associated with the consumption of
fenugreek sprouts. Upon investigation, the Robert Koch Institute in Germany determined
that after only a few weeks of the outbreak of E. coli O104:H4, the cases had elevated
and infected around 1,534 people whereas 470 of these cases progressed into HUS in
Germany alone (CDC, 2013).
Although strains of O157:H7 are associated with the majority of EHEC outbreaks, other
serotypes of EHEC that possess Stx have recently emerged as a source of sporadic cases
and outbreaks. These serotypes are known as non-O157:H7 STEC. According to the
CDC, data provided by FoodNet from 2005-2008 estimated that in the United States
alone, the illnesses caused by non-O157 STEC strains were twice as many as illnesses
caused by E. coli O157 (Scallan et al., 2011). It is estimated that 168,698 illnesses were
associated with non-O157 STEC and 96,534 illnesses with E. coli O157. According to
data from published studies and surveillance, the percentage of domestically acquired
foodborne illnesses due to E. coli O157 and non O157 was estimated and showed that
around 112,752 of non-O157 illnesses were domestically acquired from food; whereas
63,153 of E. coli O157:H7 illnesses, were domestically acquired from food (Scallan et
al., 2011).
There are over 200 serotypes of STEC. More than 50 serotypes have been found to be
associated with HC and HUS in humans (Mathusa et al., 2010;Nataro & Kaper, 1998).
Non-O157:H7 serotypes share the same pathogenicity, epidemiology, and clinical
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features as O157. E. coli O111, O113, O103, O26, O121, O45, and O145 are among the
most common non-O157:H7 serotypes reported. The outbreak incidence of non-O157
STEC differ geographically; in North America, non-O157:H7 serotypes account for less
than 15% of cases of HUS, whereas in some parts of Europe, South America, and
Australia the majority of HUS cases are related to the non-O157:H7 serotypes
(Donnenberg, 2013). The CDC has estimated that around one-third of STEC infections in
the United States were caused by non-O157:H7 serotypes (Yan, 2012; Fratamico &
Smith, 2012). However, FoodNet data suggest that the STEC infections observed over the
years were most likely caused by non-O157:H7. It is important to mention that due to the
high incidence of outbreaks and cases associated with non-O157:H7 STEC serotypes, the
Council of State and Territorial Epidemiologists has included them in the National
Notifiable Diseases Surveillance System (NNDSS) (Brooks et al., 2005).
There has been a number of non-O157 STEC outbreaks associated with fermented
sausages. For example, a sausage related outbreak in Norway caused by the O103:H25
serotype resulted in 10 cases of HUS and 1 death out of 18 affected individuals
(Schimmer et al., 2008). In 2007, an outbreak of the O26:H11 serotype linked to sausages
in Denmark did not result in any cases of HUS nor cause any deaths (Ethelberg et al.,
2009). A comparison of the O103:H2 and O26:H11 strains associated with the two
outbreaks revealed that the O103:H25 serotype was carrying Stx2 while O26:H11 carried
Stx1 (Ethelberg et al., 2009). During 2006-2010, it has been found that the incidents of
STEC infection in European countries were increasing. In 2010 only, 3710 cases were
STEC confirmed in 27 EU countries with cases reported rate of 0.96 per 100,000
populations (ECDC, 2012). United Kingdom, Germany and the Netherland accounted for
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68.7% of all STEC confirmed cases while Ireland was accounted for the highest reported
cases of 4.41 per 100.000, followed by Sweden and Denmark with 3.58 and 3.22 per
100.000, respectively (ECDC, 2012). Moreover, O serogroup were confirmed in 68% of
human infections in 2010 and O157 serogroup found to be responsible for nearly half of
the incidents while other O serotypes (O103, O121, O111, O145, and others) were come
second whereas O26 was the most reported serogroup. Nevertheless, data showed that a
total of 230 HUS cases was reported in 13 EU countries, whereas 152 (66%) of these
cases were associated with children age range from 0-4 years old (ECDC, 2012). In
Japan during the period of 2010 to 2013, there were a number of outbreaks associated
with enterohemorrhagic E. coli. A total of 68 EHEC outbreaks cases comprised of 1035
cases were linked to childcare facilities. Around 66 of these outbreaks were caused by a
single serogroup whereas 26 of these outbreaks were related to O26 serogroup and 22
were related to O157 serogroup (Kanayama et al., 2015). Stx1 producing strains were
linked to 35 outbreaks of them. The Majority of EHEC cases reported between 2012 and
2013 were linked to six serogroups (O26. O103, O145, O111, O157, O121), However,
O26 serogroup were linked to the majority of childcare outbreaks in 2011-2012 where it
was responsible of 10% of the outbreak cases compare to 1% case related to O157
Serogroup (Kanayama et al., 2015). Nevertheless, it has been noticed that during 20122013 period, childcare facilities O26 serogroups outbreaks cases has increased and were
responsible for 24% of the outbreaks while O157 were accounted for 2% of them.
Moreover, although that there were no cases linked to O111 childcare facility outbreaks
during the year of 2011-2012, yet 137 of O111 outbreaks related cases were reported in
2012-2013 and were responsible of 48% of O111 outbreaks related cases (Kanayama et
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al., 2015). In study conducted to characterize 97 non O157 Shiga toxin producing E. coli
strains isolated from human patients and obtained from the national reference laboratory
in Switzerland during 2000-2009, it has been found that the strains were belonged to 40
O:H serotypes and the serotypes of (O26:H11/H–, O103:H2, O121:H19, and
O145:H28/H–) accounted for around 46% of all strains (Käppeli et al., 2011). Moreover,
56.8% of the patients were reported with bloody diarrhea while 23.2% of them weren’t
(Käppeli et al., 2011). However, HUS cases developed in 40% (in 38 of the 95 patients)
where O26:H11/H– was the most strain associated with HUS. Out of the 97 Shiga toxin
strains examined, 45 strains were only carried stx2 gene. 36 strains were only carried stx1
and 16 strains found to carry both stx1 and stx2 (Käppeli et al., 2011). In a comparative
study between Germany and Austria, it was found that STEC O26 was detected in 15.4%
of HUS patients and was the second serotype to cause of HUS after the serotype of O157,
which was detected in 53.3% of HUS patients (Zimmerhackl et al., 2010). In U.S.,
(2015), a multistate outbreak of O26 E. coli strain was announced. The outbreak was
linked to the food served at Chipotle restaurants. However, 45 people were reported in six
states and infected with STEC O26, 16 were hospitalized and no HUS/death was
reported. The food vehicle of the outbreak was not finalized but it has been confirmed
that all affected patient were eating at Chipotle restaurants before falling sick (CDC,
2015). It is also mentioned that some cases due to this outbreak might not be reported yet
as it can take an average of three weeks between the time of the person become ill and the
reporting of the illness (CDC, 2015). In Canada 2011, in a study conducted to determine
the prevalence of the Shia toxin producing E. coli in Northern Alberta, a total of 2,328
stool specimens were collected from 2009 to 2010 and tested for stx1and/or stx2 by real

10

time PCR (Chui et al., 2011). However, among the 2.328 stool samples, 21 samples were
STEC positive where eight of them were associated with O157 and 13 were associated
with non-O157 strains (O26, O103, O111, O121, and O145). Moreover, five out of 13
Non O157 patients were experienced bloody diarrhea at the time of stool testing
compared to five out of eight of O157 STEC patients with bloody diarrhea (Chui et al.,
2011). Other Non O157 STEC were also associated with some of the recent outbreaks
around the world. For Example, in 2013 a multistate outbreak of E. coli O121 was
reported in 19 states. The outbreak was linked to the Farm Rich brand frozen food
products and resulted in 35 people ill, nine of them were hospitalized and two developed
HUS (CDC, 2013). In the most recent STEC outbreaks, vegetables were one of the food
vehicle associated with Non O157 STEC outbreak. In 2014, an outbreak caused by
STEC O121 in six states linked to the consumption of raw clover sprouts. However, 19
people were infected with STEC O121, seven (44%) of them were hospitalized and no
death of HUS cases were associated with this outbreak (CDC, 2014) Similarly, the
consumption of raw clover sprouts was also linked to STEC O26 in 2012 and 29 people
were infected in 11 states, 7 hospitalized and also no death or HUS reported (CDC,
2012). However, with the emergence of non-O157:H7 serotypes, HUS sporadic cases
also continued to unfold. In Scotland, in a study to characterize the severity of HUS
cases between O157 and O26 in children, it has been suggested that infection associated
with O26 STEC resulted in extremely sever and complicated forms of HUS than HUS
caused O157 STEC. It has been observed that HUS patients associated with O26 had a
significant longer time of anuria than O157 HUS patients. Moreover, most of O26 HUS

11

patients were required a hemodialysis treatment and one of then had developed
cardiomyopathy that affected the left ventricular function (Pollock et al, 2011).
1.2.4 Detection of Non-O157 STEC
1.2.4.1 Culture-Based Method
Detection of non-O157 STEC in food can be challenging due to the fact that food may
contain other organisms that might be mistaken for non-O157 STEC. The confusion can
be related to the genetic and biochemical diversity of non-O157 STEC. E. coli O26, for
example, was mostly found to be unable to ferment rhamnose on rhamnose MacConkey
agar. Therefore, using rhamnose MacConkey medium helped to distinguish E. coli O26
from other STEC pathogenic serotypes (Evans et al., 2008). In another approach,
antibiotics were used to indicate the existence of non-O157:H7 E. coli by inhibiting the
growth of the O157 serotype in a medium containing cefixime and vancomycin, or other
agents, such as tellurite (Hussein et al., 2008). For example, E. coli O157:H7 serotypes
are known to tolerate a high concentration of novobiocin (up to 20 µg/mL) but for nonO157:H7 detection, some modifications are made to the concentration of novobiocin, as
they are lower in tolerance than E. coli O157:H7. Furthermore, tellurite-supplemented
media were also used to selectively isolate O26, O145, and O111 E. coli strains, as they
showed a higher resistance to it than other serotypes (Hiramatsu et al., 2002; Orth et al.,
2007; Catarame et al., 2003).
Depending on the examples above, the same techniques used to detect E. coli O157:H7
have been used for the detection of non-O157 STEC. Apart from using agents or
antibiotics, pre-enrichment of the samples is a universal method to increase the sensitivity
of detection. Several broth media, such as buffered peptone water (BPW), E. coli broth

12

(EC), and tryptic soy broth (TSB) can provide good conditions for the growth of nonO157 STEC when supplemented with cefixime, novobiocin, potassium tellurite,
acriflavine, and vancomycin to control background microflora (Hussein et al., 2008). It
was found that pre-enrichment of E. coli O26 and E. coli O157:H7 in a broth medium
without using any agent or antibiotics at 42 °C was effective for the recovery and the
detection of both heat-injured O157 and O26 cells (Kanki et al., 2009). Acid preenrichment also proved effective for disturbing the growth of background microflora in
fecal samples and encouraged the growth of STEC serotypes (Hu et al., 2009).
The need to detect non-O157:H7 STEC is increasing due to changes made by regulatory
agencies. In 2011, the Food Safety and Inspection Services (FSIS) implemented a
verification testing protocol for the top six Shiga toxin producing E. coli (non-O157) in
raw beef (United States Federal Government, 2011), which established a zero tolerance
for non-O157 STEC serotypes in food. Since non-O157 STEC share the same
epidemiological characteristics as O157:H7, due to their ability to cause an infection at
low doses, cause severe illness in humans and are transmitted by cattle, developing a
specific method for the detection of non-O157 STEC in raw beef (meat products) requires
better understanding of the genes associated with pathogenicity and the variance of the
strains related to this group (non-O157 STEC) (USDA, 2011). The method that FSIS
regulated for testing non-O157:H7 STEC starts with the enrichment of the beef samples,
followed by DNA extraction from the enriched samples. The presence of stx (Shiga
toxin) and eae (intimin) genes is then determined using a BAX® polymerase-chainreaction (PCR) (Fratamico et al., 2011). If the samples are positive for both stx and eae,
the enriched samples are then tested for the top six STEC O groups (Fratamico et al.,
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2011 & USDA. 2011). If the enrichment sample is positive for stx, eae and positive for
one or more of the STEC O groups, the samples are then subjected to immuno-magnetic
separation (IMS) using an antibody specific to the relevant O group followed by plating
the samples onto selective/differential agar medium, such as modified Rainbow agar for
O157. The isolated colonies that appear on the medium are then subjected to further
confirmation by using latex agglutination. Colonies are considered presumptively
positive until an additional PCR for stx, eae and O serotype specific genes is conducted
along with biochemical tests. Positive reaction of the isolated colonies should indicate
that the samples are contaminated with non-O157 STEC (Fratamico et al., 2011). This
method is tedious and labour-intensive, therefore, finding a reliable and sensitive
alternative may help prevent outbreaks. A number of methods have been developed over
the years to detect non-O157 STEC, such as immunological and DNA-based methods.
1.2.4.2 Commercial Immunological-based Methods (Kits)
Immunological assays have been developed over the years and many are commercially
available. In immunological methods, antibodies are used to recognize O antigens or the
Shiga toxin. These antibodies are used to detect the STEC serotypes in food by colony
immunoblot, immunomagnetic separation (IMS) or passive agglutination assays. These
tests are easy to perform and do not require a skilled person or the preparation of
materials. In IMS for example, specific antibodies are used to coat immunomagnetic
beads, which are then able to capture the pathogens in food. For example, E. coli O26 and
E. coli O111 were detected in ground beef using immunomagnetic beads (O’Hanlon et
al., 2005).
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FDA has approved a number of cost effective and simple methods for STEC detection,
such as Shiga toxin enzyme immunoassay (EIA/ELISA) (FDA, 2012b). ELISA/EIA is a
test that utilizes monoclonal antibodies and color change reactions to identify pathogens.
ELISA requires at least one highly specific antibody for a specific antigen. Usually a
polystyrene microtiter plate is coated with the antibodies that are needed for the binding
of the antigen of interest. A sample with an unknown amount of the antigen is added to
these wells and if the antigen is present in the sample, the antigen will bind to the
antibodies and become immobilized on the solid surface of the microtiter plate. This step
is followed with washing the wells to remove any excess of unbound antigens, leaving
only the antigen of interest attached to the well’s surfaces. Upon the binding of the
antigen, detection antibodies conjugated covalently to enzymes or other ligands that can
be used to create a signal are added to the wells. The wells are washed a second time to
remove any unbound antibody-enzymes conjugates from the reaction. Finally, a
colorigenic substrate of the enzyme is added to the reaction to generate a detectable
signal, which indicates the quantity of antibodies in the sample. The results can be
observed by eye or by using a spectrophotometer and this assay format is known as
sandwich ELISA.
There are two different types of ELISA including direct and indirect ELISA. Direct
ELISA depends on adding the antigens to a plastic surface and since the antigens are
mainly proteins they will attach passively to the plastic surface. After the attachment a
simple wash is performed to remove any excess antigens and antibodies conjugated with
an enzyme are then added. Antibodies will conjugate to the antigens during incubation
and after that a simple wash is required again to remove any access antibodies. Finally, a
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suitable enzyme substrate is added to allow for color development through the enzymatic
catalysis.
Indirect ELISA is similar to direct ELISA where antigens are directly attached to a
surface but the antibodies added are not linked to enzymes and the primary antibodies are
then targeted with secondary added antibodies, which are linked to enzymes. Enzyme
linked immunosorbent assay (ELISA) exhibited 100% sensitivity against E. coli O111,
O103 and O121, 98.2% sensitivity against E. coli O26 and O45, and 99.1% sensitivity
against E. coli O145 when used for detection in spiked ground beef. By using this
method, E. coli serotypes were detected to a limit of 1 to 10 CFU/25 g after 24 hh
enrichment (Hegde et al., 2012).
There are two EIAs to detect shiga (vero-) toxin commercially available: Ridascreen
Verotoxin EIA (R-Biopharm AG, Darmstadt, Germany) and VTEC-RPLA (Oxoid Ltd.,
Hampshire, United Kingdom). The time needed for detection using these two assays
ranges from 20 min to four hh. However, pre-enrichment of the food sample is required
prior to performing these tests (Gould et al., 2009). Adding mitomycin C or polymyxin B
to the enrichment broth was suggested to increase the sensitivity of EIA (Johnson et al.,
2006). With the evolution of EIA assays in food, it was found that the Premier EHEC
(Meridian BioScience, Inc., Cincinnati, OH) and Ridascreen kits were 10-times more
sensitive for detection of Shiga toxin than the ProSpecT assay (Remel, Lenexa, KS), but
all these assays were unable to detect some of the Stx2 variants (Stx2e and Stx2d)
(Willford et al., 2009). However, Premier EHEC was found to be effective for the
detection of STEC in various foods, such as dairy products, meat (processed or raw), and
raw milk (Pontellol et al., 2003). Both ProSpot assay and Premier EHEC can be used for
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the direct detection of STEC in stool samples or in broth after an overnight incubation. In
contrast VTEC–RPLA and Duopath Verotoxin (DV) can only be used with colony
isolates. The ProSpot assay adopts an EIA format, and depends on using a microplate
coated with rabbit polyclonal anti-Shiga toxin Stx1 and Stx2 antibodies and horseradish
peroxidase-conjugated antibodies, while reverse passive agglutination is the principle for
the VTEC RPLA assay, which depends on using beads coated with antibodies that
interact with Stx1 and Stx2. This leads to the creation of a diffuse layer at the bottom of
the wells as a result of the reaction that has occurred. Duopath Verotoxin kit (Merck,
Darmstadt, Germany), colony immunoblot (Roche Diagnostics GmbH, Mannheim,
Germany), and Latex agglutination kits are other commercial kits that can be used to
successfully detect STEC. Doupath Verotoxin is an immuno-chromatographic based test
that depends on the detection of Stx1 and Stx2 by using colloidal gold-labelled
monoclonal antibodies. When a complex of Stx1 or Stx2 attaches to the antibodies, they
will migrate through a membrane and the positive result for STEC will appear in ten min
as a red band (Park, et al., 2003).
The colony immunoblot assay for the detection of Shiga toxin depends on two isolation
steps to obtain STEC colonies where the first isolation plate of STEC is used to obtain
one colony of STEC for secondary isolation (Rüger et al., 2001). The Shiga toxin is then
confirmed by using nucleic acid probes or by using immunological tests to detect the
expressed toxins (Rüger et al., 2001). The latex agglutination assay is available as a
commercial kit that is used to detect E. coli O157 and Stx. The latex agglutination assay
produces comparable results to EIA for detecting O157 only (Chart, 1999). The principle
behind the agglutination test involves detecting antibodies to the lipopolysaccharides of
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E. coli O157. This is achieved by using beads coated with specific antibodies that react
(agglutinate) with the antigen of the sample, creating an antigen/antibody complex. A
visual precipitate of the sample indicates a positive result for O157 or Stx.
Flow cytometry can also be used for the detection of non-O157 STEC. This assay
depends on the binding of the antibodies (fluorescently labelled) to a specific site inside
the bacterial cell or on cell membrane proteins. When these labeled cells are exposed to
light, the fluorescent dyes that are conjugated to the antibodies (fluorochromes) will
fluoresce. The light emitted can be measured by flow cytometry while different
wavelengths or colors allow the detection of different activities in the bacterial cells
(Brown & Wittwer, 2000). This method has enabled the detection of 2 × 103 CFU/mL of
non-O157 STEC in pure culture and 1 to 10 cells in ground beef after 8 hh of preenrichment (Hegde et al., 2012).
1.2.4.3 Molecular-Based Methods
DNA based techniques are among the most commonly used techniques for the detection
of STEC in feces or food. These techniques primarily depend on nucleic acid
amplification techniques such as PCR or isothermal amplification techniques such as
LAMP. Detection using PCR depends on choosing a specific nucleic acid sequence of
non-O157:H7 STEC and designing primers (small DNA fragments) to amplify this
sequence by repetitive cycles. There are different thermal steps involved with the PCR
cycles; the first step employs a temperature of 94 °C to denature double-stranded DNA,
the second temperature of 55-65 °C is required for the annealing of the primers to the
denatured DNA strands and the third temperature of 72 °C is necessary for the final
extension of DNA strands by DNA polymerase. With the use of standard PCR, the only

18

method to determine the amplification of DNA is by using gel electrophoresis, where
PCR products migrate in the gel depending on the size of the amplicon produced (Louie
et al., 2000; Mullis et al., 1986). PCR has been commonly used to detect the variants of
stx as well as eae. However, around three Stx1 subtypes (Stx1a, Stx1c, and Stx1d) and
seven Stx2 subtypes (Stx2a, Stx2b, Stx2c, Stx2d, Stx2e, Stx2f, and Stx2g) have been
identified and used for detection (Feng et al., 2011). The increases in the numbers of
variant genes have led to an increase in the number of PCR systems used and developed
(Bettelheim & Beutin, 2003).
The qPCR system to screen samples is used by both the FDA and USDA (FDA, 2012b &
USDA, 2013). There are some advantages of using qPCR such as high sensitivity, lower
risk of contamination and rapid/precise analysis (Morillo et al., 2003). The principle
behind real-time PCR or quantitative PCR (qPCR) is to quantify precisely the number of
DNA or RNA copies amplified in the sample. The quantification process requires a
thermocycler equipped with an optical system to capture the fluorescent signal produced
by each amplified PCR product. PCR products are generated by the use of fluorescent
dyes such as SYBR Green or probes such as TaqMan (Kubista et al., 2006). SYBR Green
for instance is a fluorochrome that strongly emits a fluorescent signal when it is bound to
double-stranded DNA or to a specific sequence of the DNA in each cycle. The increase in
the quantity of the DNA in each cycle will result in the increase of the fluorescence
emitted from one cycle to another (Nygren et al., 1999). However, even though SYBR
Green is the most used dye in qPCR applications, it has the limitation that it will not
necessarily only bind to the targeted dsDNA as it can non-specifically bind to any
dsDNA in the sample. Nevertheless, melting curve analysis can be used as an indication
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of the formation of a primer dimer that may be produced by the non-specific binding of
the dyes (Nygren et al., 1999).
Using PCR methods approved by the FDA does not guarantee their effectiveness against
some Stx subtypes. PCR and other commercial methods, such as EIAs, were found to fail
equally at detecting some Stx subtypes but work with others (Feng et al., 2011). In one
study (Osek, 2002), the development of a multiplex PCR system resulted in a very
sensitive assay for detection of STEC in feces, which allowed for the detection of 1-9
cells of STEC per gram of feces. Using this assay has confirmed that around 62.3% of
bovine feces were positive for the marker genes (rfbO157, stx1, stx2 and eaeA) of STEC
and able to generate at least one PCR amplicon of the targeted size. The principle of the
multiplex PCR is quite similar to the standard PCR except that the former is able to
amplify more than one target sequence in a single reaction. This can be achieved by
mixing the sample with a mixture of the specific primers. These specific primers will
synthesize a specific DNA sequence of the same melting temperature. The amplicons
produced can be separated and identified by gel electrophoresis. For multiplex PCR it is
essential to design longer primers with a higher melting temperature than for regular PCR
(Mothershed & Whitney, 2006).
Another method proposed recently is known as loop-mediated isothermal amplification
(LAMP). This method has gained a lot of attention for food testing and clinical diagnosis.
It is considered rapid, sensitive, and cost effective (Mori & Notomi, 2009). In this
technique, four to six primers are used to amplify the target DNA producing up to 109
copies within one hour under isothermal temperatures ranging between 60 and 65 °C
(Notomi et al., 2000).
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Sometimes nucleic acid amplification methods have been combined with immunological
methods to increase their sensitivity. For instance, PCR was combined with ELISA in
targeting Stx1 and Stx2 to increase the sensitivity of the detection of E. coli O157:H7 by
up to 100-fold. Using the PCR-ELISA assay, 105 CFU/g were detected in ground beef
without any enrichment step (Ge et al., 2002). The only drawbacks of using PCR assays
are the existence of reaction inhibitors within the food tested and the inability to
distinguish between viable and dead cells. DNA is a stable molecule and can persist for
many weeks after cell death, which may lead to misleading (false positive) results (Ge &
Meng, 2009). However, PCR can differentiate live and dead cells by targeting the RNA
as RNA is known to have a shorter life and rapidly disappears after cell death or by using
propidium monoazide, which is a photoreactive DNA-binding dye that binds to the naked
DNA in the sample and inactivates it upon light induction. Thus only living cells will be
detected because their cell wall remains intact and intact cells do not accumulate PMA.
This dye will eliminate the amplification of the dead cell DNA and only DNA from living
organisms will be amplified by PCR. Some of the recent studies have been employed and
develop some of the available molecular methods for the detection of STEC serotypes. In
a study conducted by (Li and Chen, 2012), Real-time PCR has been employed for the
detection of E. coli O157:H7 using a unique open reading frame (ORF) Z3276 as a
specific genetic marker of the detection assay. Unlike other real-time PCR methods
which usually target virulence genes such as stx1, stx2, eaeA and others, ORF Z3276 has
been used in their study and the results obtained has proved the specificity and the
stability of ORF Z3276 as a genetic marker of real-time PCR detection. The specificity
and the stability of the assay has been examined by combine a number of inclusive (120

21

non-O157 strains) and exclusive (>60 species) strains to the test, which has indicated the
ability of this assay to specifically detect O157:H7 strains among other strains. This assay
allowed for the detection of 8.0 CFU/g of E. coli O157:H7/reaction (Li and Chen, 2012).
Moreover, they have also succeeded in develop a new propidium monoazide (PMA) realtime PCR assay that enables for a clear differentiation between viable and dead E. coli
O157:H7 cells in spiked beef. It has been noticed that treating dead cells with PMA has
resulted in an inhibition of the amplification of the DNA while with PMA treated and
untreated viable cells the DNA amplification did not affected. This assay allowed for the
detection of 80 CFU/g of E. coli O157:H7 in 8 h. It is worth mentioning that viable cells
were detectable in spiked beef even in presence of high density of E. coli O157:H7 dead
cells (8x107/g) (Li and Chen, 2012). In a more recent study aimed to improve the
detection of Shiga Toxin-Producing E. coli using molecular method (Quiros et al., 2015).
. The study focused on the detection of STEC in the samples and reduces any possible
interference of free Shiga toxin encoding bacteriophage (stx can be found in the genome
of the temperate phages); whereas the presence of them (phages) can lead to false
positive STEC reported cases especially when stx gene is targeted by PCR assays (Quiros
et al., 2015). Phage 933W was used as a positive control (encodes stx gene), E. coli C600
lysogen was phage induced and contained a modified 933W phage where stx fragment
was switched by the gene encoding green fluorescent protein (gfp). This modification
enabled distinguishing the bacteria from the free stx in bacteriophage 339W when
detected by PCR by targeting gfp gene for bacteria detection and stx gene for the phage
detection in samples. This assay was demonstrated by the separation of the phage and the
bacteria by the filtration of the food/water samples through 0.45um pore-size low-
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protein-binding polyvinylidene fluoride (PVDF) membranes, which allowed the phage to
pass through and leave the bacteria on the membrane, This step followed by three times
washes of the membrane to ensure the passage of all phages. Finally, DNA extracted
from the final suspension of bacteria C600 and phage 933W was used for the gfp and stx
gene detection to determine the amount of reduction of phage in the samples using
TaqMan qPCR assay (Quiros et al., 2015). However, this assay achieved a significant
reduction (P<0.05) of stx phage in all sample with while no reduction (P>0.05) observed
in the concentration of the bacteria (933W gfp). Moreover, applying this method will
resulted in more reliable STEC reports as some reported cases failed to detect the
causative STEC strains even when positive detection of stx is achieved (Quiros et al.,
2015). Moreover, in a study to detect Shiga toxin E. coli in stool samples, a comparison
of the sensitivity and specificity of five molecular assays (HybProbe real-time
PCR, TaqMan real-time PCR, SYBR Green real-time PCR, LUX real-time PCR
and Conventional PCR) have been studied (Chui et al., 2010). The principle of the
detection assay depend on the amplification of the stx in the sample whereas DNA was
extracted from E. coli O157:H7, O26:H11, O121:H19, and O111:NM and sets of primers
and probe where used with the detection assay. However, the results have shown that the
sensitivity and specificity of the amplification of the stx1 and stx2 was 100% with
conventional PCR, TaqMan, and LUX. While SYBR Green and HybProbe showed
specificity for stx1 amplification with 97% and 100% respectively, the amplification of
stx2 has achieved an 81% SYBR Green sensitivity and 100% specificity. Finally,
HybProbe has a specificity and sensitivity for stx2 with 100%. In conclusion between all
these assays TaqMan based probes were the ideal assay to use considering the time, cost
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and the ease of the assay (Chui et al., 2010). Many molecular based detection methods for
non-O157 STEC have been described and some of these studies are summarized in Table
1.1.

Approach

Detection Limit

Pathogens

Food matrix

References

Detection of stx1, stx2, eae,
wzx by qPCR

1–2 CFU/25g -50
CFU/ PCR reaction
after an enrichment
of 24 h

Non O157 STEC
(O26, O111, O103,
O121, O45, O145)

Ground Beef

(Fratamico et al.,
2011)

Detection of wzxO26,
wzxO145, rfbO111, wzxO103
by mPCR

1-10 CFU/ml after an
enrichment of 24 h

O26, O145, O111,
O103

Beef carcass swabs,
beef trim, and ground
beef

(Valadez et al.,
2011)

Multiplex PCR (mPCR) for
the detection of STEC.

5x103 CFU/mL in
raw milk cheese and
5x104 in minced beef
and sprouted seeds

O26, O103, O111,
O145 and sorbitol
fermenting/non
fermenting O157

Minced beef, raw
milk cheese and
sprouted seeds

(Verstraete et al.,
2012)

GeneDisc real-time PCR
assays for detection of stx1,
stx2, eae, O-serogroup
specific genes of STEC

2–20 CFU/25g after
an enrichment of 24 h

O26, O45, O103,
O111, O121, and
O145

Ground beef

(Fratamico & Bagi,
2012)

Loop-mediated isothermal
Amplification (LAMP) of stx1,
stx2, eae, and wzx or wzy
genes

1 to 20 CFU/reaction
mixture in pure
culture and 103-104
CFU/g in the food
samples

O26, O45, O103,
O111, O121, O145,
and O157

Ground beef /trim
and produce sample
(Lettuce, spinach and
sprouts)

(Wang et al., 2012)

BAX® System real-time PCR
assays targeting the gene of stx
and eae.

1.23 × 103 CFU/mL
in pure cultures

O157:H7, O26, O45,
O103, O111, O121,
and O145, and
Salmonella

Retail raw ground
beef

(Wasilenko et al.,
2014)

Atlas STEC EG2 Combo
Detection Assay target nucleic
acid.

1.5 x 104 CFU/g in
ground Beef and 3.2
x 105 CFU/g in
Frozen Beef

O121, O103, O113,
O45, O145, O26 and
O157:H7

Ground beef and
frozen beef

(Chaney et al., 2015)

Table 1.1: Molecular based assays for the detection of non-O157:H7 STEC
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5. Bacteriophages
5.1 The History of Bacteriophages
Bacteriophages are microscopic entities that are known for their obligate parasitic
properties against their host. They use their bacterial host to multiply. Phages specifically
bind to their bacterial host, inject their genomic material, and control their host’s
mechanisms to propagate new virions, which will lyse the bacterial cell and find their
way to infect another cell. The British bacteriologist Ernest Hankin reported in his
publication in 1896 about an agent that existed in the Indian rivers Ganga and Yamuna,
which had the ability to pass through filters designed to stop the passage of bacteria. He
found that this agent had an antimicrobial property against Vibrio cholera (Hankin,
1896). In 1915 Frederick Twort noticed what he described as a “filterable agent” was
able to lyse a culture of Micrococcus that appeared during his attempts to grow a cell-free
culture of Vaccinia virus. He recognized that the agent (phage)-infected culture of
micrococcus was not able to grow after sub-culturing. In contrast, the agent had the
ability to infect a new culture of Micrococcus even if it were transmitted for almost an
unlimited number of times (Twort, 1915). Independently, in 1917 Félix d’Herelle was
studying several cases of dysentery when he determined that a filtrate containing an antiShigella microbe was responsible for the death and lysis of a bacterial culture and he was
able to treat lab animals inoculated with the Shiga toxin-producing bacterium (D’Herelle,
1917). Interestingly, he was the first to give bacteriophage its name “Le Bactériophage”
(Ackermann & DeBow, 1987; Summers, 2005).
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5.2 The Biology of Bacteriophages
Bacteriophages are the most abundant microorganisms on earth, with an estimated
number of 1031 (Ackermann, 2003). Most phages range in length between 20 to 200 nm
and they use bacteria as their hosts (Ackermann & DuBow, 1987). A large number of
bacteriophages (around 6000) have been discovered and described morphologically
(Ackermann & Prangishvili, 2012). The majority of these phages are tailed yet a small
number are polyhedral, filamentous or pleomorphic. Classifications of bacteriophages can
differ according to their genetic component (DNA or RNA), their morphology, their
specific host, for example viruses that only infect staphylococci belong to a single family
(Deghorain & Van Melderen, 2012), their origin and place of existence, and their life
cycle (lytic vs. temperate). However, for phage therapy, detection or biocontrol, lytic
phages are considered to be of greatest interest. Lytic phages mainly fall under three
families of the order Caudovirales: the Myoviridae, the Podoviridae, and the
Siphoviridae. All phages related to these families are tailed phages; Myoviridae phages
possess long, contractile tails, Podoviridae phages possess short, non-contractile tails,
and Siphoviridae phages possess long, non-contractile tails (Ackermann, 2006; Orlova,
2012). Structurally, a bacteriophage consists of two parts; genomic material (single or
double strands of DNA or RNA) contained inside a capsid or protein shell that takes the
form of an icosahedron known as the head, and the tail that possesses tail fibers to
identify the attachment sites of the bacterial receptors on the cell. Bacteriophages are
usually specific to their hosts at the strain or species level and less commonly to a whole
genus (Carvalho et al., 2012; Hagens & Loessner, 2010).
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5.3 Life cycle of Bacteriophages

The attachment of bacteriophages to the receptors on the bacterial cell is essential in both
cycles (lytic and temperate). This is necessary for them to inject their genomic material
into the bacterial cytoplasm. These receptors vary in type as they may be located at
different sites on the bacterial cell such as capsules, pili, flagella, polysaccharides,
lipopolysaccharides, or on the proteins on the outer membrane of Gram-negative bacteria
(Carvalho et al., 2012; Rakhuban et al., 2010). Once a bacteriophage binds to its receptor,
it will make a pore in the bacterial cell and inject its DNA inside the cell, leaving the viral
capsid outside the bacterium. The expression of the phage genes will direct the bacteria
into one of two cycles, either the lytic (virulent) or lysogenic (temperate) cycle. In the
lytic life cycle, phages will insert their nucleic acid into the bacterial cell, initiating the
degradation of the bacterial DNA, then begin to synthesise viral proteins and nucleic
acids. In order to release the progeny phages packed inside the bacterial cell, the
bacteriophage’s late enzymes (holins, lysins) will work as a synthesis suppressor and lyse
the bacterial cell, causing the release of virions into the environment. The number of
phages released depends on the conditions within the bacterial cell, the phage, and the
surrounding environment, such as nutrient availability (Weinbauer, 2004). In the
lysogenic cycle (temperate phages), bacteriophages will introduce their genome
(prophage) into the bacterial chromosome, where it will remain for a period of time and
replicate when the host chromosome replicates (Weinbauer, 2004). Under unfavorable
conditions, the prophage will separate itself from the bacterial chromosome and initiate a
lytic cycle.

27

Figure 1.1: Life cycle depicting the lytic and lysogenic pathways of a typical
when it infects bacterial cell (From Brovko et al., 2012).

bacteriophage

Occasionally upon induction, lysogenic phage can transfer the host genetic material that
is in contact with its genomic insertion site on the bacterial chromosome from one host to
another. Interestingly, bacteriophages have had a major impact on the genomic evolution
of some bacterial species with Brüssow describing them as an agent for lateral gene
transfer (Brüssow et al., 2004). This process of gene transference has led to the
acquisition of virulence and antibiotic resistance genes by some bacteria. Some
prophages may lose their ability to separate from the bacterial chromosome and initiate a
lytic cycle. Although these prophages are not able to carry out a lytic cycle, they continue
carrying functional genes that alter the virulence factors in many pathogens, such as E.
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coli,

Salmonella

enterica

serovar

Typhimurium,

Clostridium

botulinum,

Corynebacterium diphtheria, Staphylococcus aureus, S. dysenteriae, and Vibrio cholera
(Brüssow et al., 2004; Wagner & Waldor, 2002). Furthermore, since the phage DNA has
become a part of the host genome, sequencing technology has led to the discovery of
prophages integrated within almost 20% of bacterial genome sequences (Casjens, 2003).
Many studies have suggested using bacteriophages as therapeutic agents for humans and
animals or for the detection or biocontrol of their bacterial hosts (Jay et al., 2005; Kutter
& Sulakvelidze, 2005). However, lytic phages are already widely used for the detection
and biocontrol of bacteria. Phage proteins, such as endolysins, have been used for the
lysis of bacterial cells (Jay et al., 2005); whereas lysogenic phage were used to modify
the bacterial genome by inserting specific genes (Hagens & Loessner, 2010).
5.4 Bacteriophages as a Detection Tool
The high specificity of bacteriophages against their host makes them a promising tool for
pathogen detection in food. Both food inspection agencies and the food industry hold a
major interest in having a detection method that is cost effective, rapid, and sensitive with
less labor time. As for bacteriophages, their abundance in nature increases their
availability for isolation and the likelihood of isolating phage with the specificity desired
against a specific host bacterium. Their ability to multiply within their host and produce
many progeny phages makes them ideal for amplification steps. Based on these
properties, many studies have suggested using bacteriophages for detection and
biocontrol applications in food (Endersen et al., 2014).
Despite the early discovery of bacteriophage, interest in using them for therapeutic
applications has been low due to the discovery of antibiotics (O’Mahony et al.,
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2011;Hagens & Loessner, 2007; Sambrook et al., 2001). Nevertheless, bacteriophages
regained their importance with the emergence of antibiotic resistant bacteria. (O’Mahony
et al., 2011)
One of the classically used methods of phage-mediated bacterial detection is phage
typing. This method depends on the inspection of bacterial lysis when bacterial cells are
exposed to their specific bacteriophage. Therefore, if the bacterium shows sensitivity to
the bacteriophage then no growth will be observed. The positive results can be visualized
with a naked eye when the plaque assay technique is used, which yields a clear zone or
partly turbid plaques when the bacterium is susceptible to infection by the phage. A large
area of lysis indicates that the bacterial host is highly sensitive to the phage (Anany et al.,
2011). The main drawback of this method is that it is time-consuming, as it is dependent
on bacterial growth.
A number of applied detection methods using bacteriophages offer improvements by
increasing sensitivity or decreasing the detection time. One of these methods is to
supervise microbial metabolism and growth in the presence of bacteriophage and measure
the inhibition that occurs in the bacterial cell by monitoring the electrical changes
(impedance or conductance) in the medium resulting from bacterial growth. The delays in
the development of these changes with phage present indicate the presence of the host
bacterium. In a study by McIntyre & Griffiths (1997), the detection of bacterial pathogens
was conducted by monitoring the impedance changes during the growth of the target
bacterium on selective medium in the presence and absence of the specific bacteriophage.
In the recent years, a development from the classical-based impedance method to
impedimetric biosensors for bacterial detection has been achieved (Shabani et al., 2008).
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In one study, bacteriophage was used for direct impedance detection of the bacteria,
whereas bacteriophage T4 was immobilized covalently onto functionalized screen-printed
carbon electrode (SPE) and serve as receptor recognition. However, it has been observed
that the value of the charge-transfer resistance (RB) which is normally increase with the
increasing of the bacterial concentration (simple attachment of the intact bacteria to the
electrode surface), has decreased in this case with the increasing of concentration of the
bacteria from 102 to 108 CFU/mL. This may have resulted from the lysis occur to the E.
coli cell upon their attachment with the phage-modified electrode surface, which
subsequently, leads to the release of highly mobile ionic material (such as K+ and Na+)
near to the electrode surface. The release of these materials has been resulted in the
decrease of RB value with the increase of E. coli concentration in addition to the increase
of conductivity of the media near to electrode surface. However, this method has showed
high specificity against E. coli K12 and achieved a detection limit of 104 CFU/mL
(Shabani et al., 2008)
In another study (Jassim & Griffiths, 2007), a new approach was used for the detection of
pathogens by phages using metabolism and growth inhibition. In this study, the number
of amplified phages were estimated by using two nucleic acid stains, SYTO9 (green
fluorescent nucleic acid stain) and propidium iodide (red fluorescent nucleic acid) that are
included in the Live⁄Dead BacLight Bacterial Viability kit. Bacteria were added to equal
amounts of the two stains, mixed together in the presence of bacteriophage and incubated
in the dark for 15 min. The fluorescence was then measured with a fluorescence
microscope. The wavelength of both stains was also measured and by the calculation of
the ratio of red fluorescence (SYTO9) and green fluorescence (propidium iodide), the
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level of amplification of phage was estimated. The results showed that intact bacterial
cells exhibited green fluorescence compared to the red fluorescence exhibited by
damaged cells. This method allowed the detection of 100 CFU/mL of P. aeruginosa in
only 4 hh (Jassim & Griffiths, 2007).
The measurement of an intracellular component released upon the lysis of the bacterial
cell by phage can also be used for detection.

ATP is a well-known intracellular

component in all living cells where it is present at high concentrations, making it easy to
detect using the bioluminescent ATP assay (Sanders, 2003;Griffiths, 1995). The ATP
concentration can be determined upon measurement of the intensity of the light emitted
by the firefly luciferin/luciferase enzyme reaction. However, the quantity of produced
light depends on the density of bacterial cells and the concentration of the ATP. The
drawback of this assay is its sensitivity as its detection limit was 105 CFU/ml. As
adenylate kinase (AK) is an essential enzyme in metabolism which functions by
phosphorylating AMP in all viable cells, and results in the formation of adenosine
diphosphate (ADP); measuring the adenylate kinase (AK) released upon lysis of bacterial
cells was suggested to enhance the sensitivity of the bioluminescent phage-based assay.
In the presence of excess ADP, AK will catalyze the reaction to generate ATP that can be
measured by the luciferase/luciferin reaction. This application improved the detection
limit to 103 CFU/ml for E. coli and Salmonella with results obtained in 1 to 2 hh (Minikh
et al., 2010). Moreover, using immunomagnetic separation (IMS) can improve the
specificity of this method by separating the target bacteria from the sample and then
lysing the captured cells with phage before the AK reaction is performed (Squirrell et al.,
2002). Moreover, detection of intercellular components has been also applied for the
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detection of presence of coliphage by detection of AK and ATP released after bacterial
lysis by measuring the evaluated bioluminescent signals. However, even that using as
low as 10 PFU phage has successfully produced bioluminescent signals in 2h of
incubation with bacterial host, significant bioluminescent signals were achieved after 3h
of incubation when phage concentration was > 10. In conclusion, this method has proved
the ability of the detection of as low as 10 PFU in the sample (Luna et al., 2009). In a
recent study (Willford et al, 2011) conducted for the detection of non-O157 Shiga toxin
E. coli serotypes a field based diagnostic assay was developed using a system known as a
swap. The swap test based on the capture of the STEC bacterial serotypes using IMS
followed by a quick wash step prior to the addition of the labeled phage (chemically
labeled with horseradish peroxidase) to their specific targeted bacteria. After another
quick wash the substrate then added and the results can be measured visually or by
luminometer depending of the type of the substrate added. However, the detection limit
achieved without a pre enrichment step were between 105 and 106 CFU/ml in broth while
after the enrichment of 8h, the detection limit in variety of food was improved to 1
CFU/g, 100 CFU/100 cm2 and 102 CFU/100 mL in Spanish, meat and water, respectively
(Willford et al, 2011).
Phage amplification assays hold promise for the detection of pathogens in food. As for
detecting progeny phages, two techniques can be used, either plaque assay or detecting a
specific part of the bacteriophage, such as a nucleic acid sequence or phage proteins. In
1998, Stewart et al. described a method involving four steps: 1) the phage bacterial
infection including attachment and the insertion of phage genetic material; 2) removing
the exogenous phages by adding pomegranate rind (virucidal agent); 3) propagation of
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bacteriophage inside the bacterial cell; 4) the enumeration of released progeny phages by
the appearance of lysis (plaques) on a medium. Immunomagnetic separation (IMS) has
been proposed as an alternative to using virucidal agents to remove exogenous phages.
IMS was used by Favrin et al. (2001) to segregate the infected bacterial cell from the noninfected ones in the medium. This method was applied in broth by using antibody-coated
beads to extract the target bacteria. The extracted bacterial cells were then infected with
their specific bacteriophage and then by applying a magnetic force, the bacterial cells
infected with bacteriophages were separated from the free phages in the medium.
Progeny phages released following infection of the captured bacteria by the adsorbed
phages were added to a fresh culture of a host (signal amplifying cells) for the phage and
amplified. Progeny phages were determined by using optical density or by fluorescence
measurement following the addition of the Live⁄Dead BacLight Bacterial Viability stain.
The detection limit for this assay was <104 CFU/mL within 4 to 5 hh. This method was
also applied for the detection of Salmonella Enteritidis and E. coli O157:H7 in chicken
rinses, skim milk powder and ground beef. In this study, the detection limit was 3 CFU
per 25 g of food and 2 CFU/g for E. coli O157:H7 within 20 hh, which included an
enrichment step (Favrin et al., 2003). More recent study for the detection of amplified
phages has been also proposed for the detection of Mycobacterium tuberculosis whereas
phage-based commercial test, FastPlaqueTB™ kit (BIOTEC Laboratories, U.K.) used for
the detection of the slow growing Mycobacterium tuberculosis. This assay has been also
modified and used for the detection of Mycobacterium avium subsp. Paratuberculosis
(MAP) by combining a peptide-mediated magnetic separation-phage assay (PMS-phage)
in order to enable the capturing and concentrating of the MAP and then detecting the
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viable cells in milk and feces by using FastPlaqueTB™. The detection limit achieved by
PMS- phage was range from 1 to 110 PFU in 50 ml of milk and from 6 to 41,111 PFU/g
of feces (Foddai et al., 2011). In a related study, FASTPlaqueTB has been also used for
MAP detection, whereas the viable cells present in the samples were detect by the
formation of phage plaques in only 24h (Stanley et al., 2007). However, since the phage
used in the assay for the detection of MAP was not specific a PCR based detection step
has been combined to enhance the sensitivity of the assay whereas an amplification of a
unique sequence of MAP DNA was added. Moreover, the combination of the phagebased detection assay with PCR- based detection assay allowed for a rapid and accurate
detection of MAP in milk after the incubation in only 48h (Stanley et al., 2007).
Labeling phage DNA is another detection method used. This technique depends on the
initial binding between the phage and the bacterial cell as a tag to identify the bacterium.
This method is carried out by labeling the DNA of the phages with fluorescent dyes such
as YOYO-1 or POPO-1. Goodridge et al. (1999) applied this method by using YOYO-1
dye to label the DNA of LG1 phage and used it to detect the presence of E. coli O157:H7.
Once the labeled phage attached to E. coli O157:H7, a fluorescent halo appeared around
E. coli cells. The O157:H7 cells to which phages were adsorbed were easily distinguished
from phage-insensitive cells (different host) by using epifluorescence microscopy. This
assay was further modified by separating or removing E. coli O157:H7 by IMS and
labeling them with a highly fluorescent stained specific phage. Two different techniques
were used in order to monitor the fluorescence: a modified direct epifluorescent filter
technique (DEFT) or flow cytometry. When IMS was paired with the fluorescent phages
in conjunction with flow cytometry, the detection limit of the assay when performed on
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artificially contaminated ground beef was around 2 CFU/g after 6 hh of pre-enrichment
and 10 to 102 CFU/ml of skim milk after 10 hh of pre-enrichment (Goodridge et al.
1999). Lee et al., 2006, has used SYPR green staining of the phage for the detection of
Microlunatus phosphovorus, which is a bacterium known for its ability to uptake and
release phosphate in active sludge. Moreover, a direct flow cytometric- detection assay
of bacteriophage after staining with SYPR green has been described in (Brussaard, 2009),
whereas high fluorescence-yield nucleic acid-specific stains are used for; the enumeration
and rapid detection of the phage by using epifluorescence microscopy. It is worthy to
mention that using nucleic acid stain in combined with flow cytometry assay has showed
comparable detection results to the one obtained by electron microscopy and helped in
distinguishing different group of viruses in natural samples depending on their green
fluorescence (Brussaard, 2009; Brussaard et al., 2000; Marie et al., 1999).
Another detection approach involves the use of reporter phages. These reporters consist
of one gene or a set of genes inserted into the phage genome. When the phage infects the
bacterial host cell and transfers its genome, these reporter genes will produce an easily
identified protein that will help to indicate the presence of the host cell when expressed
inside the bacterial host. Bacterial luciferase (lux) and firefly luciferase (luc) genes have
been commonly used in reporter phage-based detection assays. These genes will encode
the enzyme system to produce light by using a bioluminescent reaction that includes a
substrate [luciferin (luc) or a long-chain aldehyde (lux)], a protein catalyst (luciferase), an
oxidant (O2), ancillary protein and a cofactor [flavin mononucleotide (lux) or ATP (luc)]
(Goodridge & Griffiths, 2002; Stewart et al., 1991). Bacterial luciferase genes (luxA and
luxB) have been used the most in detection applications. Ulitzur & Kuhn (1987) were
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able to detect 10-100 cells/ml of E. coli in milk and urine within 1 h when they
introduced the luxAB gene from Vibrio fischeri into the bacteriophage λ Charon 30.
Therefore, using lux+ phage helped in the detection of the targeted bacteria by the
production of bioluminescence. Luciferase Phage reporter (LPR) is now widely available
for different foodborne pathogen such as E. coli (Waddell & Poppe, 2000) and
Salmonella (Thouand et al., 2008). According to the more recent study for the detection
of Listeria using reporter phages (Hagens et al., 2011). A511, which is known to have
very board host range against Listeria spp., has been genetically modified for that
purpose. The construction of the A511::celB was achieved by the homogenous
recombination between the A511 phage DNA and the plasmid pCK511F3s celB during
the Listeria infection cycle by A511 phage. This recombination has been resulted in the
insertion of the encoding gene for the hyperthermophilic CelB glycosidase that amplified
from the archeon Pyrococcus furiosus genomic DNA to the genome of phage.
Subsequently, a strong gene expression and synthesis of functional

-glycosidase was

observed after the Listeria-A511::celB infection. Reporter phage (A511::celB) was then
used for the detection of Listaria viable cells in the samples by the recording the signals
emitted during the infection which was recorded when combined with different substrate
in the 69 well plate. However, the best signal-to-noise ratio and sensitivity was achieved
with using 4-Methylumbelliferyl-

-D-Glucopyranoside (MUG) sustrated with a

detection limit of 6 x 103 cfu/mL in only 6 h (Hagens et al., 2011).
Molecular detection methods were also applied to detect progeny phages and have the
advantage in that these methods involve double amplification. The first amplification is
the production of a large number of progeny phages upon bacterial lysis. The second
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amplification occurs when the phage genome (DNA) is amplified by using PCR. The
advantage of this technique is that a long pre-enrichment period is not required for
detection, only a short pre-enrichment, or no enrichment at all. As metabolically active
bacterial cells are essential for phage infection these detection methods only detect viable
cells.
5.5 The advantage of using bacteriophage for detection
There are several advantages of using bacteriophages as a detection tool; the low cost, the
sensitivity and selectivity of the phages, and the availability of their specific host. Phages
are also known for their short infection cycle (lytic phage), lasting 20-60 min, which
makes the detection of released progeny phages or bacterial intracellular components
released upon lysis ideal for rapid detection (Anany, 2010).
5.6 Immobilizations of Bacteriophages
The immobilization of biological material has been evaluated in agricultural applications
and the food industry over the years. There are many potential phage immobilization
strategies, such as enzyme entrapment (Esimbekova, Torgashina, & Kratasyuk, 2009), gel
entrapment, physical adsorption, and covalent binding (Jirku, 1999; Knaebel et al., 1996;
Selvaraj et al., 1997).
Using different applications of phages in phage therapy, wound control, and food
packaging can create different stressful environments for phages. Therefore, the need to
use materials that enhance the stability of phage is essential under some conditions. The
entrapment of bacteriophage using different polymer matrices can allow the use of
phages under any conditions. Phage coating, printing, microencapsulation, and
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electrospinning are some of the methods that have been used along with bacteriophages
for biocontrol and detection of pathogens (Yongsheng et al., 2008; Salalha et al., 2006;
Sohar, 2014; Jabrane et al., 2008 ).
Microencapsulation is a technique that may enhance therapeutic efficiency, where solids,
liquids or even gases may be enclosed within a thin layer of different material (polymers).
Microencapsulation is considered an excellent vehicle to deliver bioactive substances,
such as drugs and pesticides, and sustain their release at the target site. This technique has
been used in food to protect probiotics, antioxidants, and vitamins (Champagne &
Fustier, 2007). As this technique has proven its effectiveness, it has been used in a
number of applications including the delivery of encapsulated phages as an oral
biocontrol agent in animal models. It has been shown that the microcapsultion of phages
in natural biopolymers can work as barrier between the phage and harsh gastric condition,
prevent the total inactivation of phage and control the release of phage in bovine intestine
(Dini et al., 2012).

Alginate and pectin were used as a biopolymers base for the

encapsulation bacteriophage CA933P. This bacteriophage was emulsified with oleic acid
then coated with high-methoxylated pectin or guar gum. However, it has been observed
that the highest encapsulation efficiency was achieved by the emulsification of pectin
with oleic acid (Dini et al., 2012). The mixture of pectin base beads and oleic acid had
encapsulation efficiency 1.2 x 106 PFU/bead. Also achieved the highest titer of the
remaining infective phage particles 103 after 30 min of the exposure under extreme acidic
condition of pH 1.6. It has been also observed that emulsified pectin offered a full
protection of phages with no significant change in the phage titer when exposed to pepsin
concentration of 4.2 mg mL-1f or 3h at pH 2.4. In contrast, free phages under same
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condition were undetectable and completely inactivated (Dini et al., 2012).
Microencapsulation here provided the phage with the protection needed from the acidic
environment in the stomach. This evidence supports the use of microencapsulation for the
protection of bacteriophages under unfavourable conditions.
Some parameters should be considered before deciding what polymer should be chosen
for phage encapsulation. Polymers must be suitable for the material to be encapsulated as
the encapsulation process should not affect the bioactivity of the enclosed substance, nor
cause any inactivation. In bacteriophage applications, polymers should also provide
protection against extreme conditions, such as pH, temperature, pressure, and drying
(Griffiths, 2010). In one study, therapeutic phage was delivered orally to the gut using
microencapsulation of Felix O1 phage. This study highlighted the use of chitosanalginate-CaCl2 as a compatible polymer that can support phage survival during their
passage through the gastrointestinal tract. A comparison between survival of free phage
and encapsulated phage in simulated gastric fluid (SGF) showed that encapsulated phage
were able to overcome an acidic pH of 2.4 for 1 h with a 2.58 log10 PFU/mL decrease in
viable phage followed by a complete inactivation of the encapsulated phage in 2 hh in
SGF. However, it was also shown that the exposure of the encapsulated phage Felix O1
to 1%-2% of bile salts for more than 3 hh resulted in no reduction in the number of viable
phage, while it caused a reduction in Felix O1 free phage of 1.29 and 1.67 log10 PFU/mL
in 1 and 3 hh, respectively. Free phages were also not able to survive the acidity of the
SGF and were undetectable after a 5-minute exposure to a pH less than 3.7. Encapsulated
phages stored in a wet microsphere were able to maintain their stability for six weeks at 4
o

C while encapsulated phage in a dry microsphere lost almost 89% of their viability under
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the same storage conditions (Yongsheng et al., 2008).
In another study, microencapsulation of Staphylococcus aureus and Pseudomonas
aeruginosa phages in a poly (DL-lactic- co-glycolic acid) (PLGA) microsphere was used
as treatment for bacterial lung infections. The PLGA microspheres were designed with
specific density and size to allow for easier passage to the lung by the inhalation process
as a dry powder. In this process of microencapsulation, a double emulsion protocol was
employed to minimize the exposure of the protein coat of bacteriophages to
dichloromethane, an organic solvent used for microencapsulation. Dichloromethane is
known for its strong ability to denature proteins. Using modified water-in-oil-in-water
(w/o/w) double emulation helped to decrease the loss of lytic activity of the phage.
Encapsulated phages were fluorescently labeled and tracked using a Leica DM6000B
microscope and a confocal scanning microscope (TCSSP5). However, it was found that
109 PFU of encapsulated phages were able to prevent the death of mice infected with
Staphylococcus aureus and encapsulated phages appeared to be stable and retain their
lytic activity against Staphylococcus aureus more than Pseudomonas aeruginosa, which
might be related to the susceptibility differences of phages to the encapsulation process
(Puapermpoonsiri et al., 2009).
Electrospinning is another method of encapsulation that produces nanofibers. The
creation of these nanofibers depends on the extrusion of a polymer solution in the
presence of an electrical field. These nanofibers will protect the embedded bacteriophage
or bacteria and ensure viability for at least 3 months when frozen. Using electrospinning
for encapsulation of E. coli, S. aureus, T4, T7 and λ bacteriophages illustrated the
possibility of a successful phage immobilization. The test of the viability of the
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embedded organism in the nanofibre was determined by adding 1 mL of LB medium to a
weighed piece of fibrous material and leaving it for 60 min at room temperature until the
fibrous material dissolved. The phage remaining in the resulting suspension containing its
host was determined using the overlay method. It was observed that the viability of
embedded bacteria was stable when stored at -20 °C and -55 °C but viability was lost
after one month when stored at room temperature and three months at 4 °C. However,
there was a big drop in viable numbers of E. coli, S. aureus, T4, T7 and λ bacteriophages
by 81%, 99%, 98%, and 6%, respectively (Salalha et al., 2006). The phages were added
to a polymer solution by adding them to a salt or Luria–Bertani (LB) media and mixed
with 14% of an equal volume (w/w) of an aqueous solution of poly(vinyl alcohol). The
solution then undergoes the electospinning process. The inability of the bacteria and
phage to survive may be due to dehydration from the rapid evaporation of the solvent
from the electrospun fiber. In addition, damage may have occurred to the phage capsid,
tail and tail fibers, as tail fibers are known for their sensitivity to the high shearing forces
caused by electrospinning (Salalha et al., 2006). Korshei and Kadla, (2013), used
different electrospinning technique to achieve significant survival of T4 bacteriophage.
Phages were pre-encapsulated in calcium-alginate capsules, which work as reservoir of
the bacteriophages prior to electrospun them into fibers. The suspension, emulsion and
coaxial electrospinning effects on the viability of phage was studied and a reduction of 5,
2 and 0 log10 of the phage count was obtained, respectively. However, coaxial
electrospinning allows for a complete incorporation of the alginate- encapsulated T4
bacteriophage and the outer polymer layer (shell layer) into the fibre core in order to
minimize the dehydration effect that could occur during the electrospinning process. In
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conclusion, coaxial electrospinning has successfully maintained the T4 bacteriphages
bioactivity and enable them to retained their bioactivity for several week when stored in
freeze-dried form at 4°C and -20°C (Korshei & Kadla, 2013). In a related study, coaxial
electrospinning has been also used to control the release of T4 bacteriophage in order to
control and prevent bacterial growth in contaminated food surface (Korshei & Kadla,
2014). Poly(ethylene oxide) (PEO) and Poly(ethylene oxide) (PEO)/ cellulose diacetate
(CDA) blends were the solutions used with the coaxial electrospinning. PEO served as a
shell polymer and T4 phage /puffer suspension serve as a core. Moreover, it has been
observed that using PEO alone cause rapid release of the T4 particles within 30 min after
immersion to puffer solution due to the high hydrophilicity of PEO, which allow them to
dissolve faster in the puffer (Korshei & Kadla, 2014). Therefore, in order to overcome
this issue increase the PEO fiber diameter by increase the PEO molecular weight from
100K to 600K was the method applied to control the dissolution rate of the electrospun
fibers. As a result, a slower release of T4 bacteriophage has been achieved. However, the
effect of PEO/CDA blends on the release rate of T4 phage has been also observed. The
PEO/CDA blends showed significant effect on the release of T4 phage even when the
initial molecular weight of 100K of PEO were used and CDA improved the structural
integrity of the fiber (Korshei & Kadla, 2014).
5.6.1 Oriented Immobilization of Phages
The ability of bacteriophages to bind specifically and selectively to their target host has
made them an attractive probe for pathogen detection. The use of phage-based
biosorbents for the detection and identification of targeted pathogens has gradually
developed. It began with physical adsorption, followed by chemical and electrostatic
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immobilization to make them more stable, and finally the use of genetically engineered
phages to allow for their attachment to desirable surfaces (Anany et al., 2011; Bennett et
al., 1997; Sun et al., 2001; Tolba et al., 2010). The drawback of immobilization using
physical biosorbent surfaces is the inability to maintain a consistent concentration of
phages adhering to these surfaces. However, phage-based biosensors have been
developed and continue evolving to overcome these problems.
Using surface immobilization of bacteriophages has many benefits, as it is easy to apply
and does not require any barrier material (polymers), as is the case when phages are
encapsulated (Klein & Ziehr, 1990). Bennett et al. (1997) used a phage-based biosorbent
as a novel capture method for the separation and concentration of Salmonella from food
matrices. This method was achieved by the immobilization of Salmonella-specific
bacteriophage on a solid surface by allowing them to physically adsorb to polystyrene
dipsticks and microtiter plates. This indicated that Salmonella can be selectively captured
from a background of different microorganisms using immobilized phage. Assessment of
the capture ability was determined by PCR or by epifluorescence microscopy. However,
the capture of Salmonella using this method had a low efficiency, as the detection limit
was high (107 CFU/mL). The poor efficiency of this method to capture the targeted cell
was probably due to the low surface area of biosorbent and the wrong orientation of
bacteriophage on the solid surface, as bacteriophage should be immobilized in an
orientation that enables the tail to be free to capture the targeted bacteria. In a similar
study using a phage-based biosorbent, Sun et al. (2001) chemically biotinylated a
Salmonella Enteritidis-specific phage to improve capture efficiency. These modified
phages were then coated onto streptavidin-labeled magnetic beads. The limit of detection
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decreased significantly compared to that described by Bennett et al., (1997). Using this
biosorbent system, capture efficiency for S. Enteritidis increased from 5.4% with nonbiotinylated phage to 19.3% for biotinylated phage, which enabled the capture 2 × 106
CFU/mL or higher numbers of S. Enteritidis. However, since phage was passively
immobilized onto polystyrene solid phases, there is a possibility that both the head and
tail were bound to the surface; thus resulting in the non-specific binding of the phage to
the biosorbent surface, which might affect efficiency of the capturing process in addition
to the negative effect of the high concentration of biotin on the phage activity.
Tolba et al. (2010) used phage display for the oriented immobilization of T4 phage on
streptavidin-coated magnetic beads and microcrystalline cellulose beads. Phage display
techniques depend on the insertion of a foreign gene, which encodes peptides or proteins,
into the phage DNA. This involves the fusion of these foreign genes with one of the
phage coat protein genes, resulting in the expression of these genes and the display of the
encoded peptides or proteins on the phage surface. Biotin carboxyl carrier protein
(BCCP) gene or the cellulose binding module (CBM) gene was introduced (fused) to the
head capsid protein gene, which enabled the respective ligand to be expressed on the head
of the phage. It was shown that lytic activity and host range of the recombinant
bacteriophages (BCCP-T4 and CBM-T4) were similar to the wild-type T4 phage. In
contrast, the burst size for both BCCP-T4 and CBM-T4 was significantly decreased and
the latent period was prolonged by approximately 5-10 min compared to the wild-type T4
phage. However, this study showed that E. coli B cells could be captured with high
efficiency at the concentration of 10 – 105 CFU/mL. By using a DNA amplification assay
(PCR) and BCCP-T4 phage, 800 CFU/mL of E. coli B were detected after 2 hh.
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Moreover, the capture efficiency of the biotinylated BCCP-T4 phages that were
chemically immobilized onto streptavidin-coated gold surfaces were fifteen times greater
than wild type T4 phage that was attached to the beads by physisorption. (Gervais et al.,
2007).
However, genetic modification of phages is laborious, costly and time consuming.
Therefore, a simple, effective technique for oriented immobilization of bacteriophage is
preferable. As bacteriophage surfaces have inherently different surface charge, this
phenomenon can be used as an immobilization strategy. Many studies have been
conducted to determine the electrostatic charge of bacteriophages. One study on the net
charge of T7 phages has shown that the phage head was negatively charged while the
phage tail was positively charged (Serwer & Hayes, 1982). In a similar study of the net
charge of T4 phages, it was found that phages were mostly negatively charged (Archer &
Liu, 2009). Cademartiri et al. (2010) conducted a study using the electrostatic differences
between four bacteriophages and modified silica beads. Silica beads were modified
internally and externally at the surface by using the agents monotriethoxysilane
polyethyleneglycol (PEG), aminopropyltriethoxysilane (APTS), or N-(trimethoxysilylpropyl) ethylenediamine triacetic acid (ED3A). Treating silica beads with these
agents changed the charge on the surface of the beads from anionic to cationic. An
increase in APTS concentration led to an increase in the number of bacteriophage binding
to the surface by 2 to 3.6 log10 PFU. However, high concentrations of APTS could also
lead to inactivation of the phage and decreased binding due to the inaccessibility of the
phage to the surface as a result of multiple attracted layers of phages surrounding the
beads.
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Following the same approach for oriented immobilization of bacteriophages, Anany et
al., (2011) immobilized phages on modified cellulose membranes for biocontrol of
Listeria monocytogenes and E. coli O157:H7 using the electrostatic differences between
the surfaces of the support material (cellulose membrane) and the phage. Cellulose is one
of the most abundant polymers, and its low cost and ease of manipulation and
modification make it ideal for immobilization of the phage (Mahiout et al., 1997).
Cellulose membranes were modified with polyvinyl amine, which gave them a positive
charge. The electrostatic status in this case was employed to support the attraction
between the negative charged heads of phages active against L. monocytogenes and E.
coli O157:H7 and the positive charge of the membranes. These immobilized phages were
used to control the two pathogens in ready-to-eat meat and ground raw beef, respectively,
under different packaging conditions and storage temperatures. After allowing a cocktail
of E. coli O157:H7 phages to attach to the modified positively charged cellulose
membrane and unmodified cellulose membrane, the infectivity of the immobilized phages
on the membranes was tested by both a bioluminescence assay and overlay technique. In
the overlay technique, after the inoculation of cellulose membranes with different
concentrations of phage (109, 107 and 103 PFU), 105 CFU/mL of E. coli O157:H7 were
added to the membranes. The plaque count was significantly higher when the modified
cellulose membrane was used for immobilization as compared to the non-modified one.
Moreover, phage infectivity of a luminescent strain of E. coli O157:H7 was also
determined for different concentrations of phages immobilized on modified and
unmodified membranes. Upon incubation at 25°C, bioluminescence was measured hly for
12 hh. No bioluminescence was observed when the bacteria were exposed to the cellulose
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membrane to which were immobilized high concentrations of phage (109, 107 and 105).
When the membrane containing immobilized phage was used to control growth of L.
monocytogenes on ready-to-eat meat (RTE) (oven-roasted turkey breast), a reduction of
around 1 log CFU/g was observed following storage at 25 °C for 6 and 12 hh and around
1.4 log CFU/g when stored for 24 hh when compared to meat that was not exposed to
immobilized phage. The count of L. monocytogenes on meat stored at 4 °C for 6 days was
reduced to below the detection limit of 10 CFU/mL in the presence of the immobilized
phage (Anany et al., 2011).
Another study (Sohar, 2014) highlighted the use of paramagnetic silica beads as the basis
for a rapid-phage amplification method to detect E. coli O157:H7. Paramagnetic silica
beads were modified with (3-aminopropyl)triethoxysilane (APTS) to achieve a positive
surface charge and rV5 phages active against the bacterium were electrostatically
immobilized on the beads, so that the heads (net -ve charge) were attracted to the beads.
Sohar (2014) illustrated that pH is an important factor that affects the electrostatic
interaction, as protonation and deprotonation can affect the amine group in the APTS
substrate and the amine and carboxylic groups of the phage. Therefore, a pH of 6.5 was
used for protonation of the amine acid group on APTS so that the efficiency of the phage
was not affected. Immobilization of the rV5 phage on modified silica beads resulted in a
detection limit of about 11-25 CFU/mL of E. coli O157:H7. This method involved two
incubation periods. The first short incubation period (1h) during which the immobilized
phage was exposed to the target bacterial population to allow adsorption of the phage to
the host and a second incubation period of 4 h enabled phage replication. After that the
beads were removed by a magnetic separator and the phages remaining in the suspension
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were enumerated by plaque assay and real-time PCR. Assuming that the burst size is
constant, then the number of progeny phages produced is directly proportional to the
initial population of the host bacterium, which makes the assay quantitative.
It was observed that the immobilization efficiency, and hence the detection limit of the
assay, was affected by the zeta potential of the APTS-modified beads as phages were
strongly absorbed when beads had a zeta potential of 19.8 – 22.3 mV; whereas at low
zeta potential of 7mV phages constantly desorbed from the beads (Sohar, 2014).
Printing of biologically-active materials such as phages, antibodies and proteins onto
paper is a technology of low cost that can be applied on a large scale. Inkjet,
piezoelectric, gravure, adsorption and laser printing are different methods of printing,
which have been successfully used to deposit bacteriophage onto paper (Sohar, 2014;
Jabrane, 2008). In a study conducted by Fenn (2014), piezoelectric printing was used for
phage immobilization. The printing was achieved by applying a voltage to the
piezoelectric materials. The voltage then generates a pressure in the ink fluid, which leads
to the formation of an ink droplet from the nozzle. Using piezoelectric printing has many
advantages as it allows for complete control of the shape and size of the ink droplet and,
unlike thermal printing, piezoelectric printing does not require heat, which prevents any
degradation of biological materials, such as viruses, proteins and enzymes (Sohar, 2014;
Sumerel et al., 2006). Moreover, using cationically charged papers, such as ColorLok
improves the immobilization of phages. Strips of ColorLok paper on which were printed
rV5 phages were dipped into suspensions of different concentrations of E. coli O157:H7
(103, 102, 50, 10, 1 CFU/mL) for 30 min at 37 °C. The strips were removed, immersed in
fresh medium and re-incubated for an additional 4.5 hh to allow propagation of the phage
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in the captured E. coli cells. The progeny phages were counted using the overlay method
and by a PCR assay, which targeted a unique sequence within the phage genome. This
assay resulted in the detection of as few as 10 CFU/mL of E. coli O157:H7 in 8 hh.

Conclusion
In recent years, Shiga toxin producing E. coli (STEC) have been linked to many
foodborne illness outbreaks. While the O157:H7 serotype has become widely recognized
and extensively studied, other serotypes (non-O157 STEC) have emerged with similar
characteristics that can be associated with human disease. Moreover, as well as being
linked to outbreaks, non-O157 STEC have been implicated more frequently in sporadic
cases of HC and HUS than E. coli O157:H7. More than 50 serotypes of STEC have been
associated with bloody diarrhea and other severe symptoms. However, since the
diagnostic methods for the detection of non-O157 STEC serotypes can be labourintensive, expensive, time consuming and sometimes lack specificity, the need to develop
a reliable, rapid, sensitive, cost effective and specific detection method is critical.
Bacteriophage-based detection methods can reduce the time to detection as well as
increase the sensitivity of detection of non-O157 STEC strains in food. Bacteriophages
are the most abundant microorganism in the biosphere, which makes them a perfect tool
for inexpensive approaches for the control and detection of foodborne bacterial
pathogens. When using bacteriophage for bacterial detection, they will propagate inside
the bacterial cell and cause bacterial lysis and death. The increased number of propagated
phages can be determined by different methods, for instance the overlay method (plaque
assay), which is unsuitable for rapid detection as it requires time for the plaques to appear
on the plates. Alternatively, nucleic acid amplification techniques can be used to rapidly
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detect progeny phage, provided a unique nucleic acid sequence in the phage can be
identified. The objective of this study is to demonstrate the potential of bacteriophages as
a detection tool for non-O157 STEC in food.

RESEARCH OBJECTIVES
The objectives of this project were to:
● Isolate, characterize, and sequence specific lytic bacteriophages against nonO157:H7 Shiga toxin producing E. coli;
● Determine the most suitable phage for the detection of non-O157:H7 E. coli;
● Design primers to target unique sequences in the genome of the chosen
bacteriophage, and to test their effectiveness;
● Use the most effective primer for optimization of a real-time PCR assay;
● Detect non-O157:H7 E. coli in food using DNA amplification (PCR) of the
specific phage.
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Chapter 2
Isolation and Characterization of Lytic Bacteriophages against NonO157:H7 Shiga Toxin Escherichia coli (O45, O26, O121, O121, O103,
O111)
2.1 Abstract
Thirty-five phages with different lytic activities were isolated from different
environmental samples and tested for their host range using twenty-one Escherichia coli
strains. Fourteen out of 35 phages were then selected and their host range determined
against a further twenty E. coli strains. The phages varied from having a broad host
range to a very limited host range of only one strain. These fourteen phages were tested
for their morphology by transmission electron microscopy (TEM) and eight of these
phages were tested for their efficiency of adsorption against their bacterial host. Based on
the TEM images, phages belonged to Myoviridae, Siphoviridae or Podoviridae. Phages
AG2A, AG6A, AG8A and AG24 had the narrowest host range and strong lytic activity
against E. coli O45:H2 and all belonged to the Podoviridae family. AG2A phage was
selected for further investigation.
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2.2 Introduction
Escherichia coli (E. coli) are Gram-negative bacteria that fall under the family of
Enterobacteriaceae (Eisenstein et al., 2000). Theodor Escherich, a German
microbiologist, was the first to discover them in 1885 in the human colon and they were
later named after him (Feng et al., 2002). E. coli are well studied organisms, as over 700
serotypes have been identified. These serotypes are distinguished based on some unique
antigens on their cell surfaces: O-antigen, H-antigen and K-antigen (flagella) (Eisenstein
et al., 2000; Griffin et al., 1991). The majority of E. coli strains do not cause diseases in
humans. However, there are some strains associated with gastrointestinal or systemic
infections, such as urinary tract infections.
The Public Health Agency of Canada has estimated that there are around 4 million
episodes of domestically acquired foodborne illness in Canada annually, which include
11,600 hospitalizations and 238 deaths (Thomas et al., 2013). It has been also estimated
that foodborne illness in the United States affects 1 in 6 people annually, which
represents approximately 48 million illnesses, 128 000 hospitalizations, and 3 000 deaths
each year (Scallan et al., 2011).. E. coli is one of the predominant organisms linked to
foodborne outbreaks (Eisenstein et al., 2000). Shiga-toxin producing E. coli (STEC) can
cause detrimental illness, especially in children. They can be very harmful, potentially
causing hemolytic uremic syndrome (HUS), which can lead to kidney failure. STEC are
capable of producing two types of toxins, Shiga toxin 1 (Stx1) and Shiga toxin 2 (Stx2),
and they were given the name STEC based on their ability to produce stx1, which is
similar to the toxin produced by Shigella dysenteriae. Cattle are recognized as reservoirs
for E. coli O157:H7 and non-O157 STEC strains. Dairy products, beef and fresh produce
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can be contaminated with STEC during processing, as the majority of pathogenic E. coli
are part of the normal gut flora of cattle and other animals, such as chicken, pigs and
sheep (Cobbold et al., 2008; Hussein & Sakuma, 2005; Hussein & Bollinger, 2005).
Interestingly, STEC carried by these animals does not cause them any harm, so they serve
as reservoirs for these bacteria. E. coli O157:H7 is the most virulent serotype of STEC,
according to CDC around 73,480 cases related to E. coli O157:H7 are reported in the
U.S. annually (Frenzen et al., 2005; Scallan et al., 2011). It has been reported that nonO157:H7 cases present similarly to those for E. coli O157:H7, and result in 36,740
reported cases each year (Frenzen et al., 2005; Scallan et al., 2011). In addition, nonO157 STEC are associated with relatively fewer HUS cases than E. coli O157:H7.
However, even though non-O157 STEC appear to be less harmful than E. coli O157:H7,
they are capable of causing infections as serious as E. coli O157:H7 (Frenzen et al.,
2005). For example, in 2011 in Japan, EHEC serovars O111:H8 and O157:H7 were
found to be responsible for a serious food poisoning outbreak caused by the consumption
of a raw beef dish at a barbecue restaurant. The outbreak resulted in 181 illnesses, 34
cases of HUS and 5 deaths (Watahiki et al., 2014). Over 200 non-O157 STEC serotypes
have been identified from outbreaks and HUS sporadic cases in the U.S. and other
countries. Of these STEC serotypes, O111, O103 and O26 were the most commonly
detected (Ogura et al., 2009).
Non-O157 STEC infections in the U.S. remained underestimated until the year 2000;
whereas E. coli O157:H7 had become a pathogen of interest nationally in the U.S. by
1994 (CDC, 2008; CDC, 2007) following a number of outbreaks linked to the organism.
Since then all epidemiological surveillance laboratories in the U.S. were equipped for the
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detection of E. coli O157:H7. The lack of reported cases of non-O157 STEC was due to
difficulties in diagnosing them. This was because the identification of E. coli O157:H7
depends on their inability to ferment sorbitol, unlike non-O157 STEC, which can ferment
this carbohydrate. Suspected stool samples were tested for Shiga toxin by using a Shiga
toxin enzyme immunoassay (Stx EIA), which does not differentiate between E. coli
O157:H7 and non-O157 STEC. However, the positive STEC stool samples were
collected and sent to the CDC for serotyping (CDC, 2006; CDC, 2007). Recently, with
the development of diagnostic tests, which include the detection of Stx proteins or genes
that encode these proteins, many non-O157 STEC have been recognized (Beutin et al.,
2007; Hara-Kudo et al., 2008). However, using these genetic tests does not necessarily
mean that the sample contains viable bacteria. According to the CDC and the Food
Surveillance Network, the incidents related to non-O157 STEC increased in the period
between 2000 and 2005 from 0.4 to 0.6 per 100,000 people (CDC, 2007). In the period
between 1983 and 2002, around 940 isolates of non-O157 STEC were collected from
sporadic cases and submitted to the Centers for Diseases Control and Prevention
reference laboratory for serotyping. This confirmed that six serotypes were mostly
responsible for foodborne illness caused by non-O157 STEC in the U.S. (Brooks et al.,
2005). The percentage of cases associated with the six identified non-O157 STEC were:
O103 (12%), O26 (22%), O121 (8%), O45 (7%), O145 (5%) and O111 (16%) (Brooks et
al., 2005). Most STEC infections have been linked to beef, raw milk, dairy products and
fresh produce (Cobbold et al., 2008; Hussein & Sakuma, 2005; Hussein & Bollinger,
2005). Contamination of food products with STEC serotypes presents major challenges in
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the food industry, as they can lead to serious public health issues. Therefore, there is an
urgent need to develop appropriate detection methods targeting these serotypes.
Bacteriophages can be an ideal tool for many applications in food, such as biocontrol,
detection, and the identification of pathogens. They are highly specific against their
bacterial host, can form the basis of a rapid assay, as their multiplication cycle usually
takes 1-2 hh only, which is cost effective and able to distinguish between viable and dead
cells, as they can only multiply inside living hosts.
Based on these advantages of using bacteriophages, different phage-based methods have
been proposed for bacterial detection. Phages have been developed into commercially
available products (Henry & Debarbieux, 2012), such as LISTEX P100, which controls
Listeria monocytogenes contamination in foods (Oliveira et al., 2014). Bacteriophage can
successfully inhibit bacterial growth or metabolism, which can form the basis of a
detection assay. Phages can also be used as reporters, biosensors, staining agents and new
applications involving immobilized phages have recently emerged (Griffiths, 2010;
Hagens & Loessner, 2007).
To use bacteriophages for the detection or biocontrol of foodborne pathogens, they need
to be well-characterized using various methods, including TEM imaging, host range, lysis
and adsorption rate (Hagens & Loessner, 2010).
The objective of this part of the study is to isolate and characterize phages against nonO157 STEC belonging to the so-called “big six” serotypes (O111, O103, O121, O45,
O145, O26). The ultimate goal is to find very specific phages that possess the narrowest
host range with high lytic activity against one or more of the “big six” serotypes and
develop a detection assay based on these phages.
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2.3 Material and Methods
2.3.1 Bacteria and Bacteriophages and the Samples used to isolate the
bacteriophages.
Tables 2.1, 2.2 and 2.3 show the source of phage isolation and the strains used throughout
this thesis for phage isolation and determination of their host range. The strains used for
the isolation of bacteriophages were obtained from the Canadian Research Institute for
Food Safety (CRIFS) culture collection. For the host range test, two sets of strains were
obtained; one from the CRIFS culture collection and the other from the Public Health
Agency of Canada, which were used for the extension of the host range test. All bacterial
cultures were stored at –80 °C in the presence of 50% glycerol. Tryptic Soy Agar (TSA,
BD Diagnostics, Mississauga, ON) was used to grow bacterial strains from the -80 °C
bacterial stocks every three to four weeks. After streaking the bacterial stock culture on
TSA, plates were incubated for 18-24 hh at 37 °C. A single colony was removed,
suspended in Trypic Soy Broth (TSB) (Fisher Scientific, Grimsby, ON, Canada) and used
to inoculate a tube containing 5 mL of TSB. This was then incubated in a shaking
incubator at 150 rpm and 37 °C for 18-24 hh. In addition, TSB semi solid (TSBss)
medium, which contained TSB + 0.5% agar, was used for the isolation, propagation and
the titration of bacteriophages. Calcium chloride (CaCl2) was filter-sterilized using 0.2
µm pore sized filters (Fisher Scientific) and added to TSBss to enhance the attachment of
bacteriophages to their bacterial host. Table 2.3 details the samples taken from which
phages were isolated.
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Table 2.1: E. coli strains used to initially screen bacteriophages.
E. coli serotypes

CRIFS ID No.

O111:NM
O121:H7
O103:NM
O145:H2
O45:H2
O26:H11
O157:H7
O126:H8
O104:H4
O153:H25
O156:NM
O115:H18
O15:H27
O46:H38
O6:H35
R08-O149:H7:K88ac

C470
C467
C469
C757
C1328
C1327
C462
C465
C1321
C464
C463
C477
C462
C461
C468
C1345

Table 2.2.a: Escherichia coli pathotypes used in the extended host range test. Part 1
LFZ ID

E. coli
Serotypes

Original
Isolate ID

EC20130473

O78:H11

ETEC H10407

EC20130474

O149:NM

ETECP97-2554B

EC20130475

O128:H12

ETECTD213C2

EC20130476

O25:NM

ETECTD427C2

EC20130477

OR:H6

EPECE2348/69

EC20130478

O119:NM

EPEC 01-5877

EC20130479

O55:H7

EPEC 02-1194

EC20130480

O128:H2

EPEC 02-6955

EC20130465

O111:H21

EAEC 01-7987

EC20130466

O44:H18

EAEC 042
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Table 2.2.b: Escherichia coli pathotypes used in the extended host range test. Part 2

LFZ ID

E. coli
Serotypes

Original Isolate ID

EC20130467

O3:H2

EAEC 17-2

EC20130468

O104:H4

EAEC 58989

EC20130469

O28ac:NM

EIECH84 invX

EC20130470

OR:NM

EIEC 02-0453

EC20130471

O18ac:H7

EIEC 84-8229

EC20130472

OR:NM

EIEC 99-4706

EC20130461

O15:H18

DAEC A22

EC20130462

O75:H5

DAEC AL851

EC20130463

O21:H4

DAEC RS51-1

EC20130464

O126:H27

DAEC 2787

Enterotoxigenic
E. coli (ETEC),
Enteropathogenic E. coli (EPEC), Enteroaggregative E. coli (EAEC), Enteroinvasive E.
coli (EIEC) and Diffusely adherent E. coli (DAEC) were obtained from Public Health
Agency of Canada (PHAC).
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Table 2.3.a: Sources of the bacteriophages isolated - Part 1

Phage Name

Isolation Source

AG1A

Speed River water

AG2A

Speed River water

AG4A

Speed River water

AG6A

Speed River water

AG8A

Speed River water

AG9A

Sewage

AG12A

Sludge

AG13A

Sewage

AG14A

Sludge

AG15A

Sewage

AG16A

Sewage

AG17A

Sludge

AG18A

Sewage

AG19A

Sewage

AG20A

Sewage

- Sewage/Sludge collected from Guelph Wastewater Treatment Plant (WWTP)
- Speed river water samples collected from Guelph.
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Table 2.3.b: Sources of the bacteriophages isolated- Part 2

Phage Name

Isolation Source

AG21A

Sludge

AG22A

Sewage

AG23A

Sewage

AG24A

Speed River water

AG25A

Sewage

AG26A

Sludge

AG27A

Sewage

AG28A

Sewage

AG29A

Sewage

AG30A

Sludge

AG31A

Sludge

AG32A

Sewage

AG33A

Sewage

AG34A

Sludge

AG35A

Sludge

- Sewage/Sludge collected from Guelph Wastewater Treatment Plant (WWTP)
- Speed River water samples collected from Guelph.

2.3.2 Preparation of bacterial lawn (overlay)
Bacterial lawns were used to determine phage concentrations. Molten TSBss (TSB +
0.5% Agar) was cooled to 55 °C, then added to 100 µl of overnight bacterial culture. This
mixture was poured onto a TSA plate and left to solidify for min10 min then incubate for
24 hh at 37 °C. However, bacterial lawns can be used for phage isolation, phage
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purification, and phage titration by making ten-fold dilutions of the phage and pipetting
10 µl onto the plate and incubating for 24 hh at 37 °C. Phage existence will observed as
clear areas (plaques) on the bacterial lawn.
2.3.3 Bacteriophage Isolation
Samples were obtained from different sources: sewage and sludge from Guelph
Wastewater Treatment Plant (WWTP) in Guelph, Ontario, Canada and samples of water
from the Speed River at Gordon street in Guelph. Fifteen millilitres of the samples were
inoculated with a suspension containing 109 CFU/ml of each of the targeted strains of E.
coli (O45, O111, O103, O121, O26, O145) and 1 mL of each was added to 5 mL of 3×
TSB medium supplemented with 1.25 mM filter-sterilized CaCl2. The mixture was then
incubated at 37 °C for 24 hh. After incubation, each enriched sample was centrifuged at
7,000 g in a Beckman J-20 centrifuge (Beckman Coulter Inc., Mississauga, Ontario) for
20 min at 4 °C. The supernatant was then collected into different tubes to avoid pellet resuspension within the supernatant. The supernatant was then filtered through a 0.45 µm
pore sized filter (Fisher Scientific). The lysate was then tested for the presence of phages
by spotting multiple 10 µl spots of the centrifuged, filtered lysate on a bacterial lawn. The
bacterial lawn was prepared by adding 100 µl of overnight culture (109 of the targeted
bacteria) to 4 ml of molten TSBss (TSB +5% Agar) (Fisher Scientific) that initially was
kept molten in a water bath at 55 °C. The plates with the samples spotted on the bacterial
lawn were transferred to a 37 °C incubator and incubated upright for 18-24 hh. The
following day, the plates were checked for any potential lysis. For each lytic area, a wide
pipette tip was used to isolate the plaques from the lawn or, if the plaque area was very
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large, a sterile disposable loop was used to scrape the whole lytic area. The lytic areas
collected were then transferred into a microcentrifuge tube that contained 450 µl of CM
buffer (2.5g/L MgSO4.7H2O; 0.05g/L gelatin; 6 mL/L 1M Tris buffer; pH 7.5) (Fisher
Scientific). The microcentrifuge tubes containing the lytic area and CM buffer were then
stored overnight at room temperature. On the next day, the suspensions were filtered
through 0.45 µm disposable syringe filters (Fisher Scientific) and stored at 4 °C.
2.3.4 Purification of Isolated Phages
To purify plaques, ten-fold serial dilutions were spotted on a TSA plate with a lawn of E.
coli and incubated overnight at 37 °C. After incubation and upon observation of plaques
on the TSA plates, non-overlapping single plaques were isolated using wide bore tips, as
described above. The separated plaques were then added to 450 µl of CM buffer and left
overnight at room temperature to help the phage diffuse. These steps were repeated three
times for each plaque to ensure the purity of the phages and to make sure that the lysis
was not related to any chemicals that were present in the original sample used for
isolation.
2.3.5 Phage Propagation
After picking the plaque for the third time and suspending it overnight in 450 µl of CM
buffer at room temperature, a solid medium propagation was performed the next day,
which involved mixing 200 µl of an overnight bacterial culture with 100 µl of the purified
phage and incubating the resulting suspension at 37 °C for 15–20 min. Five millilitres of
TSBss were then added to the suspension and poured onto TSA plates and left to solidify
for 3 min. The plates were then incubated upright at 37 °C for 18-24 hh. The next day,
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the plates were taken out of the incubator and 4 mL of CM buffer were added to the
surface of the semi solid layer, which was then removed using an L-shaped spreader and
poured into a 50-mL centrifuge tube and left on ice until the next step. The collected semi
solid layer, which contained the propagated phage, was then centrifuged at 5,500 g using
a Beckman J-20 centrifuge (Beckman Coulter Inc.) for 20 min at 4 °C. The supernatant
was then filtered through a sterile 0.45 µm pore size syringe filter (Fisher Scientific). The
filtered supernatant was then stored at 4 °C.
2.3.6 Titration of the propagated phages
Ten-fold serial dilutions in SM puffer were performed on the propagated phage.
Bacterial lawns were prepared by adding 100 µl of an overnight culture to 4 mL of TSBss
(TSB supplemented with 0.5% agar). Once the mixture of the TSBss and bacteria
solidified, the serial dilutions were spotted by adding 10 µl of each dilution to the
bacterial lawn and left to dry for 1 min. The upright plates were then transferred to the 37
°C incubator for 18-24 hh. On the following day, the number of plaques was counted and
the titer of the phage was calculated using the following equation:
PFU/mL = number of plaques/(dilution factor)(volume spotted).
3.3.7 Phage characterization
3.3.7.1 Isolation of environmental E. coli
Twenty environmental samples were collected from each environmental source (Speed
River water and soil). Serial dilutions for each sample in PBS were performed and plated
on TSA plates and incubated for 24 hh at 37 °C. One hundred microlitres of the sixth and
the seventh dilutions were spread onto MacConkey media using L-shaped spreaders. The
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plates were then incubated at 37 °C for 18 to 24 hh. The colonies appearing on the plate
were then picked depending on their different morphologies. Each colony was streaked
out on a new TSA plate to ensure the purity of the isolated colony. After incubation of the
plates for 24 hh at 37 °C, a single colony from each plate was suspended separately in
TSB tubes and incubated for 24 hh at 37 °C and subjected to biochemical testing using
the Remel Rap ID SS/u system (Fisher Scientific). The liquid cultures of the isolates were
inoculated into the test kits, which contained dehydrated reactants in each well, and
incubated for two hh. After two hh of incubation, some of the well colors had changed.
Isolates were also tested for oxidase and catalase in addition to the indole reaction. The
indole test was included in the commercial kit, where the well color changed to a black
color when 2 drops of indole were added to the well, indicating a positive indole reaction
whereas 2 drops of the oxidase and catalase reagents were added separately to a loopful
of culture. Positive results appear as bubble formation for the catalase test and as a color
changing to dark purple within 5 to 10 seconds for the oxidase test. Identification of the
isolate was based on the color change of the wells. Each color was given a number, which
was then used to calculate a final number that consisted of 4 digits. These digits were
compared to those on the company’s online database, known as ERIC® Software for
RapID™ Systems, to determine the species of the isolates. Environmental E. coli isolates
were then included in the host range test and all non E. coli strains were discarded.
3.3.7.2 Host Range Test
This experiment was performed using the spot test technique. Twenty-one strains were
tested. The isolated, purified and high titer phages (1 x 109 PFU/mL) were spotted onto
plates that contained lawns of the different E. coli strains. Each phage lysate (10 µl) was
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spotted onto the bacterial lawn. The plates were then incubated at 37 °C overnight or until
plaques appeared. Observations of the shape, strength of lysis and the size of the plaques
were used to determine the infectivity level of the isolated phages on those strains. The
plaques with high lytic activity were given a score of ++++ to indicate complete clearing
descending to + to indicate few individual plaques. A score of 0 was allocated to samples
showing no observed lysis; indicating that the phages were not able to infect the host.
3.3.7.3 Extended host range
Fourteen phages tittered (1 x 109 PFU/mL) were selected to determine their extended host
range whereupon they were exposed to a further 20 serotypes. The fourteen phages were
tested against different serotypes related to different pathotypes including: EHEH, ETEC,
DAEC, EAEC and EPEC.
3.3.7.4 Efficiency of plating
Since each phage was isolated against a specific STEC serovar, the efficiency of plating
(EOP) of six phages was determined by first calculating the phage titre against their
specific host, then the phage titer against the non-targeted infected strains was calculated
and, finally, the EOP was calculated by dividing the PFU/mL produced following
infection of the specific host used to isolate the phage by the PFU/mL produced
following infection of non-targeted strains. Bacterial lawns were prepared using the
method described in 2.3.1.1. The phages were serially diluted and spotted onto each lawn.
Phage titers were counted and the EOP calculated. All experiments were performed in
triplicate.
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3.3.7.5 Transmission Electron Microscopy
Fourteen phages were prepared for TEM. One millilitre of high titre phage (1 × 1010
PFU/mL) was used. This phage lysate was centrifuged at 16,000 g for 1 h at 4 °C in a
Microfuge® R centrifuge (Beckman Coulter Inc.). The supernatant was discarded and 1
mL of CM buffer was added to the phage pellet and centrifuged for a second time. This
process was repeated twice to wash the phage lysate using the same volume of buffer,
centrifugation conditions and temperature. After the third centrifugation, 40 µl of CM
buffer were retained in the tube for pellet suspension. The tube was then kept at room
temperature to help the phage pellet to diffuse. The following day, 5 µl of the washed
phages were applied onto 300-mesh copper grids coated with formvar. The pipetted
phages were kept on the grid for 1 minute and the excess liquid was drawn off using filter
paper. This step was directly followed by addition of 2% uranyl acetate to the grid,
which was left for 30 sec to negatively stain the phages. Any excess liquid was again
drawn off using filter paper. The grid was then transferred into the energy filtered LEO
912ab transmission electron microscope (LEO, 912ab model operated at 100 kilo volts,
Zeiss, Germany).
3.3.7.6 Phage adsorption
This experiment was performed to determine the level of phages adsorbed to the bacterial
cell. The experiment was applied to 8 phages following this method. Phages were added
to their specific host at a multiplicity of infection (MOI) of 0.1 and incubated in a water
bath at 37 °C. MOI is defined as the ratio of phage particles to the targeted bacterial
cells. After every five min for up to 30 min (or more for some phages such as AG15A
and AG16A), 1 mL of the suspension was transferred into microcentrifuge tubes
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containing 50 µl of chloroform and thoroughly shaken. These tubes were then centrifuged
at 1,000 g for 5 min. One hundred microlitres of this mixture were added to 100 µl of an
overnight culture together with 4 mL of TSBss (TSB+5% agar) and then poured onto a
TSA plate. The plates were then incubated at 37 °C for 24 hh.
The level of adsorption was determined by taking the count of free phages after
inoculation compared to the initial count of phages using the following equation:
Adsorption percentage = [(Initial phage titre – Free phage titre) / initial phage titre] × 100
3.3.7.7 One-step Growth Curve
The main goal of performing this experiment was to determine the burst size and the
latent period of the phages. The method used was described by Ellis & Delbrück, (1939)
with some modifications. First of all, phages were added to their host bacterium at an
MOI of 0.1 and incubated in a water bath at 37 °C for five min. Afterwards, to determine
the level of phage adsorption to bacterial cells, 1 mL of the phage/bacteria suspension
was transferred to 50 µl of chloroform and adequately mixed. Next, 100 µl of this mixture
were then added to 100 µl of an overnight culture of E. coli O45:H2 with 4 mL of TSBss
(TSB+ 5% agar) and then poured onto a TSA plate. After around 5.5 min, 100 µl of the
original mixture were removed into a tube containing 9.9 mL of fresh TSB and shaken
gently. From this tube, 1 mL was transferred to 9 mL of fresh TSB and again shaken
gently. Again, 1 mL from the last tube was transferred into 9 mL of fresh TSB
supplemented with CaCl2 to enhance the phage attachment and shaken gently. All three
tubes were incubated for the same time in a water bath at 37 °C. Starting from 6 min
after adding the phage to the bacterial host, the suspensions were plated every five min
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for about 236 min. This method involved adding 100 µl of the suspension to 100 µl of an
overnight culture of the host bacterium and 4 mL of TSBss (TSB+5% agar), which was
poured onto a TSA plate and then incubated for 24 hh at 37 °C. The number of plaques
that appeared was counted to determine the burst size using the equation:
Average of the constant PFU that reflects the maximum release of virions/Average of the
constant PFU that reflects the phage particles before an increase due to phage released
was observed.
The latent period was determined by calculating the elapsed time between infection and
the release of new virions.
3.3.7.8 Investigation the nature of phage receptors.
The isolation of bacteriophage resistant mutants was performed as described by CavalliSforza & Lederberg (1956) with some modifications. The host bacterium was grown in
TSB broth overnight in a shaker at 37 °C. The overnight culture was then diluted
1/1,000,000 into 20 tubes of fresh TSB broth and regrown to the late log phase
(Absorbance600nm = 0.2 − 0.3). Phage was then added to the cultures to an MOI of 10
and allowed to attach to the host for 15 min before plating onto TSA plates. Upon
incubation for 24-48 hh at 37°C, one colony was picked per plate, and streaked three
times to eliminate phage carry-over. The isolated strains were tested again with the phage
using the overlay technique to confirm if they were still sensitive to the phage after the
purification step. All 20 strains were tested for: (i) the nature (roughness or smoothness)
of the LPS and (ii) their motility. Testing the nature of the LPS was achieved by
performing the following tests: (a) NaCl agglutination, (b) acriflavine agglutination as
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described below.
ii) Determine the roughness/ smoothness of the isolates
A) NaCl agglutination
This experiment was conducted following the method described by Kropinski et al.
(1979) by adding 8% NaCl (w/v) (Fisher Scientific) to a final concentration of 4% to the
broth cultures. Agglutination should be observed in several hh if the isolates were rough
mutants, while agglutination cannot be observed, even if left overnight, in the case of
smooth mutants.
B) Acriflavine agglutination
The method is described in Kropinski et al. (1979) and was carried out by scraping a
large amount of bacterial growth from a TSA agar plate and suspending it in 1 mL of
0.85% (w/v) NaCl containing 0.5 mL of 0.2% (w/v) acriflavine hydrochloride (SigmaAldrich Canada Co. Oakville, Ontario, Canada). The rough mutant should agglutinate due
to their lack or low concentration of O-polysaccharides side chains in LPS and can also
show different agglutination patterns depending on the density of O-polysaccharides in
the side chain. Most Enterobacteriacae carry a negative surface charge at neutral pH. If
members of this family are treated with salt such as NaCl, the cells will agglutinate as salt
can disturb the negative charge of the surface and cause the agglutination. In contrast, the
smooth mutants should not show any agglutination.
iii) Motility of the resistance isolates
The motility of the isolates was tested using Motility Test Medium containing 1%
triphenyltetrazolium chloride (TTC) (Fisher Scientific), which helps in determining the
motility of Gram-negative enteric species. The technique involves stabbing the center of
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the medium to a depth of 2 cm with an overnight culture using an inoculating loop. The
tubes were then incubated under aerobic conditions for 18-24 hh at 37 °C. After
incubation, the results can be observed. Bacterial growth that appears as red streaks
flaring out from the line of the stab indicates a positive result (i.e., a motile strain), while
for non-motile cells; the bacterial growth was confined to the line of the stab.

2.4 Results
2.4.1 Bacteriophage isolation
From a total of 35 phage isolates, only phages with the narrowest host range and
specificity for STEC were chosen. Eight phages showed high specificity against E. coli
O45, while another six phages were chosen based on having the narrowest host range
possible against non-O157 STEC (O111, O121, O103, O145, O26 and O45).
2.4.2. Characterization studies
2.4.2.1. Environmental E. coli isolation
Four environmental E. coli strains were isolated from two different sources: Speed
River water and soil. The isolated strains were Gram-negative rods, catalase
positive, indole positive and oxidase negative. The environmental E. coli isolates
are documented in Table 2.4.
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Table 2.4: The sources of environmental E. coli isolated and their ID number in Canadian
Research Institute for Food Safety Culture Collection.

Isolates Name

Source

EnviN2 (en2)

River water

EnviN4 (en4)

Soil

EnviN5 (en5)

Soil

EnviN6 (en6)

River water

2.4.2.2. Host range test
A total of 35 out of 100 isolated phages were chosen for the host range study. The
35 phages all had the same titer of 1 × 109 PFU/mL. Those phages were tested first
against 21 E. coli strains ranging from pathogenic E. coli, environmental E. coli
isolates and lab strains of non-pathogenic E. coli. The final selection of 14 phages
was again based on their specificity against each. Eight phages (AG1A, AG2A,
AG4A, AG6A, AG8A, AG14A, AG24A and AG25A) had high specificity and high
lytic activity against E. coli O45 with no sign of infection against any other strain
tested (Table 2.5). As for the other phages, the bacteriophages that had the
narrowest host range for the STEC serotypes O45, O103, O111, O103, O145 and
O26 and weak infectivity against the other E. coli strains were chosen. These
phages were AG9A, AG12A, AG15A, AG16A AG17A and AG18A (Table 2.5).
However, these phages still lack high specificity for the “big six” STEC strains and
were found to infect other E. coli strains. Therefore, the efficiency of plating was
determined for these phages against the infected strains.
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2.4.2.3. Extended host range
Surprisingly, after testing the eight phages that showed high specificity against E. coli
O45:H2, only four out of eight remained highly specific to E. coli O45:H2 (Table 2.5).
Phages AG2A, AG6A, AG8A and AG24A were not able to infect any of the additional
41 serotypes tested. The other four phages, AG1A, AG4A, AG14A and AG25A, showed
lytic activity against some strains (Table 2.5). For example, AG1A and AG4A were able
to infect E. coli O25:NM strongly (+3) whereas their lytic activity decreased with other
strains such as E. coli O78:H11 (+1) and O44:H18 (+2). For some phages, their
infectivity was limited to one strain, such as AG14A, as it showed weak lytic activity
against E. coli O25:NM (+1). On the other hand, AG25A showed a similar infection
pattern against the same host, O25:NM, but with a slightly higher virulence of +2 (Table
2.6). Moreover, none of the eight phages was able to infect any EPEC and EHEC
although the non O157 STEC belong to the EHEC pathotype. The rest of the phages,
such as AG9A, AG12A and AG18A, were able to lyse some strains poorly, with their
lytic activity ranging from +1 to +2 in strength, while other phages, such as AG15A and
AG16A, strongly lysed the strains of E. coli O28ac:NM (+4) and OR:NM70 (+3).
AG17A had lost its ability to infect any strains, even the strain used for its isolation, E.
coli O145:H2 (Table 2.6). Therefore, AG17A was excluded from the host range test. This
test was followed with the adsorption test for some of the phages.
2.4.2.4 Morphology (TEM)
Transmission Electron Microscopy (TEM) is one of the most utilized methods for phage
classification and morphological studies. According to the TEM images, phages AG1A,
AG2A, AG4A, AG6A, AG8A, AG9A, AG14A, AG24A and AG25A belong to the
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Podoviridae family (Figure 2.1). Phages belonging to this family are characterized by
icosahedral heads and short non-contractile tails (Ackermann, 2007). AG12A, AG17A
and AG18A belong to the Myoviridae family (Figure 2.1), although they possess different
shapes, while AG15A and AG16A belong to the Siphoviridae family (Ackermann, 2007)
(Figure 2.1). Table 2.7 provides the phage measurements, where the average of three
measurements of the head diameter, tail diameter, and tail length are cited.
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Table 2.5: Host Range of E. coli lytic phages against different E. coli strains

Phages/ E.
coli strains
AG1A
AG2A
AG4A
AG6 A
AG8A
AG14A
AG24A
AG25A
AG9A
AG12A
AG13A
AG7A
AG10A
AG11A
AG20A
AG21A
AG29A
AG30A
AG31A
AG32A
AG33A
AG34A
AG15A
AG19A
AG23A
AG26A
AG27A
AG28A
AG16A
AG17A
AG22A
AG18A
AG3A
AG5A

Non O157 Shiga toxin E. coli

Other Pathogenic E. coli

Environmental E. coli

Lab strains E.
coli

O111

O121

O103

O145

O45

O26

O157

O104

O126

O153

O154

O115

O15

O46

O06

En2

En4

En5

En6

E.coli
B

E.coli
Jm109

+1
+1
-

+3
+4
+4
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+2.5
+4
+3
+1
+4
+2

+1
+1
+4
+4
+1
+1

+1
+3
+1
+1
+1

+4
+4
+4
+4
+4
+4
+4
+4
+4
+1
+1
+1

+1
+2
+3
+2
+2
+1
+1
+1
+2
+2
+3
+1
+1

+3
+4
+4
+3
+4
+3
+3
+3
+4
+4
+4
+3
+1
+2

+1
+1
-

+1
-

+1
+1
+3
+1
-

-

+1
+1
+1
-

-

+2
+2
+1
-

+1
+1
+1
+1
+2
+1
+3

-

-

-

-

+4
+4
+4
+4
+4
+2
+3
+3
+2
+2
+3
+3
+4
+4
+4
+3
+4
+4
+1
+1

+4
+3
+3
+3
+3
+3
+3
+3
+4
+4
+3
+3
+3
+4
+2
+1

*(+1 to +4) Indicate the level of the phages positive infection (lysis) against different strains started with lower infection rate with (+1) and Highest infection rate with (+4)
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*(-) Indicates no infection (no lysis)

Table2.6: Extended Host Range for 14 phages chosen from the First Host range table against different E. coli Pathotypes DAEC, EAEC,
EHEC, ETEC and EPEC).
DAEC

E. coli strains

Phages
AG1A
AG2A
AG4A
AG6A
AG8A
AG14A
AG24A
AG25A
AG9A
AG12A
AG15A
AG16A
AG17A
AG18A

O15:
H18
+1
+2
+1
-

O75:
H5
+2
+1/2
+1
+1
+1
+1
-

O21:
H4
+1
-

EAEC
O126:
H27
-

O111:
H21
-

O44:
H18
+2
+2
+2
-

O3:H
2
-

EHEC
O104:
H4
-

O28ac
:NM
+2
+4
+4
-

OR:N
M70
+3
+3
+3

O18ac
:H7
+1
-

ETEC
OR:N
M
+2

O78:
H11
+1
+1/2
-

O149:
NM
-

O128:
H12
+2

EPEC
O25:
NM
+3
+3
+1
+2
+3
+1
-

OR:
H6
-

O55
:H7
-

*(+1 to +4) Indicate the level of the phages positive infection (lysis) against different strains started with lower infection rate with (+1) and highest infection rate with (+4)
*(-) Indicates no infection (no lysis)
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O128:
H2
-

K88
-

2.4.2.5 Efficiency of plating (EOP)
The efficiency of plating (EOP) was determined for the six phages (AG9A, AG12A,
AG15A, AG16A AG17A and AG18A) that showed infectivity against some hosts other
than the “big six” STEC. Each of these phages was originally isolated and purified in
STEC strains with serotypes O103, O121, O111, O145, O45 and O26. Therefore, to
compare the efficiency of plating, the phage titers were calculated for the infected host in
the host table with the titer for the original host of isolation and purification of the phage.
It has been shown that most bacteriophages possess a capacity to infect multiple bacterial
hosts with different levels of infectivity. For example, bacteriophages AG15A and AG16A
were found to infect other hosts (E. coli O157:H7 and JM109) at the same level as their
isolation host (E. coli O121:H7) with an EOP of 1, whereas these two phages were also
able to lyse other E. coli strains (B and O26:H11), but their EOPs were 102 and 106 lower
than observed for the original host (Table 2.8). AG9A on the other hand was found to
infect the original host, E. coli O45:H2, and also another 2 STEC strains of O103:NM and
O145:H2. Moreover, AG12A, AG17A and AG18A were also checked for their EOP
against the original and infected hosts and the ability of these phages to infect some hosts
was confirmed, as the EOP for most of them ranged from 103 to 107 lower than for the
original hosts. Although these six phages showed a broader host range compared to the 8
phages chosen against E. coli O45:H2, they were chosen because each phage has the
ability to cover two or three of the STEC serovars tested and mostly give a poor lytic
activity against other pathogenic strains (Table 2.8). An extended host range for these six
phages in addition to the specific phages against E. coli O45:H2 was needed to determine
the most appropriate phage to use for the development of a detection method.
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Table 2.7: Head and tail dimensions of 14 phages

Phage Name

Host

Head (nm)

Tail (nm)

Family

AG1A

E. coli O45:H2

74

22

Podoviridae

AG2A

E. coli O45:H2

60

14

Podoviridae

AG4A

E. coli O45:H2

56

9

Podoviridae

AG6A

E. coli O45:H2

86

18

Podoviridae

AG8A

E. coli O45:H2

70

19

Podoviridae

AG9A

E. coli O45:H2

78

16

Podoviridae

AG12A

E. coli O121:H7
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Figure 2.1: Transmission electron micrographs of 14 isolated phages against Shiga
Toxin E. coli belonging to different families Myoviridae, Siphoviridae and
Podoviridae.
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* Transmission electron micrographs of 14 isolated phages: AG4A (A), AG1A (B), AG2A
(C), AGA (E), AGA (F), AG18A (G), AG14A (H), AG24A (I), AG15A (J), AG25A (K),
AG9A (L), AG16A (M), AG12A (N), AG17A (O), stained with 2% uranyl acetate.
Scale bars represent 20 nm.
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Table 2.8: Efficiency of plating for 6 phages

Bacteriophages
AG9A

AG12A

AG15A

AG16A

AG17A

AG18

Indicator host
E. coli O45 (Host)
E. coli O145
E. coli O103
E. coli O121 (Host)
E. coli O153
E. coli B
E. coli O121 (Host)
E. coli O26
E. coli O157:H7
E. coli JM 109
E. coli B
E. coli O121 (Host)
E. coli O26
E. coli O157:H7
E. coli JM 109
E. coli B
E. coli O145 (Host)
E. coli O45
E. coli O121
E. coli 126
E. coli O6
E. coli JM 109
E. coli O103 (Host)
E. coli O45
E. coli O46
E. coli O104
E. coli O26

Phage titer
3.1x1010
1x103
1x103
3.8x1010
1x103
2.68x106
2.51x1010
1x104
2.33x1010
3.5x1010
1x108
1.5 x1010
1x104
1.53 x1010
3.5x1010
1x108
2.5 x 108
1x103
1x107
1x103
8.7x109
1x107
1x109
1x108
8.9x109
1x104
1x108
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EOP
1.00
3.1x10-7
3.1x10-7
1.00
3.1x10-7
1x10-3
1.00
1x10-6
1.00
1.00
1x10-2
1.00
1x10-6
1.00
1.00
1x10-2
1.00
1x10-5
1x10-1
1x10-5
1x10-1
1x10-1
1.00
1x10-1
1.00
1x10-5
1x10-1

2.4.2.6 Phage Adsorption
The efficiency of phage adsorption to the host was determined based on infectivity of the
host cells (E. coli strains) in the early logarithmic growth phase. For most of the phages,
adsorption occurred during the first 5 min followed by a latent period and slow
attachment rate (for the remaining free phages) of 15 - 20 min prior to releasing the first
generation of progeny phages. Phages, such as AG1A, AG2A, AG9A, AG14A and
AG24A, showed similar adsorption patterns towards E. coli O45 at 5 min with a latent
period of 20–25 min before cell lysis. The efficiency of adsorption for these phages to
their hosts ranged from 98 to 100%, whereas the numbers of free phages were below 5%.
On the other hand, phages AG15A and AG16A showed a different pattern of adsorption
towards E. coli O121:H7 where the number of adsorbed phages in the first 5 min and up
to 20 to 25 min was zero (no adsorption). However, adsorption only occurred after 20
min for AG15A and 25 min for AG16A. The efficiency of adsorption for both phages
AG15A and AG16A was around 97-98%. Moreover, phage AG12A also adsorbed to E.
coli O121:H7 at 5 min and showed a virtually complete adsorption after 25 min with
only 1 unabsorbed phage particle remaining. The adsorption rates of the phages are
shown in Table 2.9. The efficiency of adsorption was calculated using the following
equation:
(Initial phage titer – unadsorbed phage titer)/ initial phage titer × 100.
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Table 2.9: The adsorption extent of nine phages against the big six STEC serovars.
Phage

Adsorption time
(Min)

Time of progeny phages
released (Min)

Efficiency of
Adsorption

AG1A

5 - 20 min

25 min

99.4%

AG2A

5 - 15 min

20 min

99%

AG9A

5 – 20 min

25 min

99 %

AG12A

5- 25 min

30 min

99.9%

AG14A

5 - 20 min

25 min

98.3%

AG15A

25 min

30 min

98%

AG16A

30 – 40 min

45 min

98.15%

AG18A

5 - 20 min

25 min

99.55%

AG24A

5 - 20 min

25 min

99.36%

2.4.2.7 One step growth curve
One phage (AG2A) that represents the narrowest host range among the 14 phages
studied was selected to perform the one step growth curve to determine its burst size and
latent period. This Podoviridae phage has a burst size of 223 and a latent period of 11
min. (Figure 2.2; Table 2.10)
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Table 2.10: One Step Growth Curve for AG2A phage (latent and burst size), in
addition to the family and the dimentions of the head and the tail of
AG2A phage
Phage Name

Latent period
(Min)

Burst Size
(Phage
partials)

Family

Head (nm)

Tail (nm)

AG2A

11

223

Podoviridae

60

14

100000

Burst Size

Log PFU/mL

10000
1000
100
Latent
Period

10
1
0

20

40

60

80

100

120

140

Min

FIGURE 2.2: ONE STEP GROWTH CURVE OF AG2A PHAGE
2.4.2.8 Bacteriophage receptors based on the LPS (Rough or Smooth) of the
targeted bacterial host (Mutant resistance)
Twenty phage-resistant E. coli O45:H2 isolates were tested for their sensitivity to AG2A
phage, acriflavine agglutination, NaCl agglutination and motility and compared with the
original strain, E. coli O45:H2. The aim of this experiment was to identify the phage
receptor that is responsible for phage attachment to bacterial cells. If E. coli isolates
were insensitive to phage and able to agglutinate the acriflavine and NaCl, this should
indicate the rough nature of the LPS of the isolates and vice versa. The original strain of
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E. coli O45:H2 was motile and sensitive to the AG2A. One isolate (number 14) (Table
2.11) showed behavior typical of the original strain (E. coli O45:H2). It was sensitive to
AG2A phage, motile and did not have the ability to agglutinate in the presence of
acriflavine or NaCl. The other isolates were all rough with different sensitivity patterns
against AG2A. Four isolates (1, 2, 7 and 16) were motile, sensitive to AG2A phage and
possessed the ability to agglutinate in the presence of acriflavine and NaCl, which
indicates that they were rough mutants. The rest of the strains were motile, resistant to
the AG2A phage, showed different patterns of acriflavine and NaCl agglutination, which
also indicates that they were rough mutants (Table 2.11). This test indicates that the
receptors for the phage might be located on the LPS or outer membrane protein, as some
rough strains showed resistance to the phage compared to others, while one was smooth
but resistant to the phage. However, all isolates, including the original host, were motile,
which excluded bacterial flagella from being potential receptors.
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Table 2.11: The study of AG2A phage receptors using resistant strains of the parent E.
coli O45:H2 and their sensitivity to the phage, motility and LPS
composition (rough or smooth) by agglutination in the presence of NaCl
and acriflavine.
Mutants
isolates/
original host

Sensitivity to
the AG2A
phage

Motility

NaCl
agglutination

Acriflavine
agglutination

+++

Motile

-

-

8

-

Motile

-

-

14

++

Motile

-

-

1

+++

Motile

+++

+++
Granulated

2

+++

Motile

+++

+++
Granulated

7

+++

Motile

+++

+++

16

++

Motile

+++

+++
Granulated

3

-

Motile

+++

+++

4

-

Motile

+++

+++

5

-

Motile

+++

+++

6

-

Motile

+++

+++

8

-

Motile

+++

+++

9

-

Motile

+++

+++

10

-

Motile

+++

+++

11

-

Motile

+++

+++

12

-

Motile

+++

+++

13

-

Motile

+++

+++

15

-

Motile

+++

+++

17

-

Motile

+++

+++

18

-

Motile

+++

+++

19

-

Motile

+++

+++

20

-

Motile

+++

+++

E. coli O45:H2
(Original Host)

(+ to +++) Indicate the level of the positive reaction
(-) Indicates no reaction
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Notes
(LPS Nature)
Smooth
(Sensitive to
the phage)
Smooth
(Resistance to
the phage)
Smooth
(Sensitive to
the phage)

Rough
(Sensitive to
the phage)

Rough
(Resistance to
the phage)

Discussion
Bacteriophages have emerged as a promising biotechnological tool to detect and control
bacterial contamination in food matrices (Hagens & Loessner, 2007). To utilize
bacteriophages as detection and biocontrol agents against foodborne pathogens, phages
should possess strong lytic activity (Greer, 2005). In this study, 35 phages with different
sizes, plaque morphology and lytic activities were isolated from different environmental
sources (sewage, sludge and Speed River water) against the non-O157:H7 STEC
serotypes O45:H2, O103, O121, O145, O26 and O111. The environmental samples used
for phage isolation were similar to those previously used to isolate phages against E. coli
O157:H7 (Muniesa & Jofre, 1998) but with the inclusion of river water samples.
According to the FoodNet Canada integrated surveillance sites, O157:H7 and non O157
STEC strains were isolated from the surface water in the Grand River watershed
(Ontario, Canada), of which the Speed River is a part (Johnson et al., 2014).
All plaques from each host were harvested, purified and tested for host range using a
spot test technique. The ability of each bacteriophage to lyse the bacterial host varied. In
the first host range, some phages were limited to infecting 2 to 4 of the non-targeted
strains, as the targeted strain were limited to the “big six” non-O157 STEC (O121, O103,
O111, O145, O45, O26). The degree of lysis ranged from poor to full lysis against the
non-targeted strains, except for phages AG1A, AG2A, AG4A, AG6A, AG8A, AG9A,
AG14A, AG24A and AG25A. Eight of them showed high specificity against E. coli
O45:H2 except AG9A, which was not limited to E. coli O45:H2 only but also infected
two of the targeted strains, E. coli O103 and O145, albeit poorly. However, none of the
isolated phages were able to infect the environmental E. coli strains. In contrast, some
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phages showed a high infection rate against the lab strains, E. coli B and E. coli JM109.
These differences in phage susceptibility could be related to the lack of specific receptors
for phage attachment or due to the development of resistance mechanisms against
phages, such as phage-genome uptake blocks, abortive infections, restriction
modification and adsorption blocks (Hyman & Abedon, 2010).
Fourteen out of 35 phages were selected for the extended host range experiment against
different serotypes related to the different pathotypes: EHEC, ETEC, DAEC, EAEC and
EPEC. TEM images and adsorption efficiency were used to select the final phage for
further studies and pick the most suitable phage for detection applications.
Six out of these fourteen phages (AG9A, AG12A, AG15A, AG16A, AG17A and
AG18A) were first tested for their efficiency of plating (EOP) to confirm that the lysis
that occurred against non-targeted bacterial hosts was not related to handling errors or
resulted from a phenomenon known as “lysis from without” or abortive infection. This
phenomenon can cause bacterial death due to the high multiplicity of phage infection.
However, the results showed that this was not the case and some bacterial hosts still have
an identical infection rate of EOP = 1 compared to the host of isolation while some were
102 and 106 lower than the original host, such as E. coli B compared to E. coli O121:H7.
For the extended host range, surprisingly only four out of eight phages (AG2A, AG6A,
AG8A, AG24A) remained highly specific for E. coli O45:H2. The high specificity of
these phages might be related to the structure of the bacterial membrane (LPS or outer
membrane protein), which will be discussed later in the study of phage receptors. Some
phages, such as AG12A, exhibited broader host ranges compared to the four phages
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mentioned above. The wide host range might be related to their ability to attach to
receptors commonly located on the susceptible bacterial surfaces, for example: on the
lipopolysaccharide (LPS), outer core oligosaccharide (OS), and outer membrane proteins
(OMP) (Goodridge et al., 2003). According to a study conducted by Kęsik-Szeloch et
al., (2013), Siphoviridae and Podoviridae viruses possess a very narrow host range with
high multiplicity infections so they are capable of eliminating their host bacteria more
efficiently.
Nine phages were selected, AG1A, AG2A, AG14A and AG24, in addition to AG9A,
AG12A, AAG15A, AG16A and AG18A to determine their adsorption efficiency against
their bacterial host. More than 80% of these nine phages adsorbed significantly within 5
min. On the other hand, the adsorption rate for AG15A and AG16A phages was very
low, as their adsorption initially started 25-30 min after exposure to the bacterium.
AG17A phage was not tested due to the loss of its ability to infect its bacterial host. The
adsorption rate can contribute positively to phage fitness. It has been found that phages
with higher adsorption rates usually have shorter lysis times than low adsorption rate
phages (Shao & Wang, 2008). A shorter lysis time means progeny phages will be
produced in less time, which is one of the important properties needed to achieve a rapid
detection method.
TEM images for the fourteen phages indicate differences in morphology. Phages were
mostly (75%) members of the Podoviridae family with the others belonging to either
Myoviridae or Siphoviridae. A recent survey revealed that since 1959, out of 5,568
examined phages, 96% were tailed and belonged to one of three families: Myoviridae,
Siphoviridae, or Podoviridae (Ackermann & Prangishvili, 2012). Moreover, of these
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phages 24.8% and 61% were Myoviridae and Siphoviridae, respectively. To conclude,
nine of the phages possessed a short non-contractile tail (AG1A, AG2A, AG4A, AG6A,
AG9A, AG8A, AG14, AG24A, AG25A), three phages had a long contractile tail
(AG12A, AG15A, AG16A), and two had a complex contractile tail (AG17A, AG18A).
These nine phages are related to T7-like viruses (A. M. Kropinski, personal
communication; Pajunen, 2011)
In the selection of phages with potential for use to detect the target pathogen, only one
phage (AG2A), which has the narrowest host range against the specific pathogen (E. coli
O45:H2), was selected for further study. Having broader host range is not favorable for a
specific and sensitive detection application against a specific E. coli serotype, unless
these phages with broader host ranges were directed to detect or control a group of
bacteria, for example, as is the case with Felix O1, a well-known phage that possesses
the ability to lyse 96-99.5% of Salmonella (Whichard et al., 2003). The goal of this
research was to detect non-O157 STEC by using a phage that possesses a high specificity
against a specific bacterial serotype associated with food contamination. Therefore,
AG2A phage was selected for further experiments, such as one step growth curve,
identification of phage receptors and DNA extraction and genome sequencing.
As AG2A showed strong lytic activity against E. coli O45:H2 and adsorbed quickly,
with more than 99% adsorption to its host within only five min, AG2A was tested using
the one step growth curve to determine the latent period and its burst size. These
parameters are important for better understanding of phage-host interactions (Adams,
1959). This test indicated that AG2A has a burst size of 223 PFU/mL with a short latent
period of 11 min. Interestingly, the same latent period was observed for Siphoviridae and
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Podoviridae viruses isolated against Klebsiella pneumoniae in a study conducted by
Kęsik-Szeloch et al. (2013). However, it has been suggested that there is a correlation
between burst size and latent period; phages with larger burst sizes were found to have
longer latent periods, while phages with shorter latent periods were found to have
smaller burst sizes (Abedon, 1989). Phages with a short latent period are preferable for
phage-based detection and biocontrol due to their ability to multiply and to be released
faster; resulting in rapid infection of higher numbers of their host than phages with
longer latent periods (Abedon, 1989, Lenski & Levin, 1985).
In order for bacteriophages to cause an infection and start intracellular replication, they
need to attach to their bacterial host and inject their DNA into the bacterial cytoplasm
(Samson et al., 2013). Bacterial receptors mainly determine the host range of
bacteriophages. Associated factors, such as the location, density and the number of these
receptors, can greatly contribute to bacteriophage adsorption to their hosts (Rakhuba et
al., 2010). There are four main types of receptors in Gram-negative bacteria: pili, outer
membrane protein, flagella and extracellular polysaccharides (Crook et al., 2013). All the
isolated mutants resistant to phage AG2A were motile and, due to the fact that the E. coli
O45:H2 strain (C1328) used to isolate AG2A was also found to be smooth and motile,
excludes the bacterial flagellum as being the target receptor. However, 80% (15 isolates)
of the phage mutants were both rough and resistant to the phage while 15% {4 isolates
(1,2,7 and 16)} were rough but sensitive to the AG2A phage. Two of them (1 and 2)
showed high sensitivity to the phage, which might be because the phage changed its
receptors to overcome the resistance mechanism of the bacterium. The other two (7 and
16) showed slightly less sensitivity to the phage compared to the previous two, which
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might be because they started to develop some resistance to the phage to block the
infection. Different lipopolysaccharide (LPS) sites and outer membrane proteins can
serve as phage receptors in Gram-negative bacteria (Lindberg, 1973). Hence, LPS and/or
membrane proteins can be considered as potential receptors for AG2A phage. It was
found that phages adsorbing to the smooth type of LPS had an extremely narrow host
range due to the highly variable structure of the O-antigen in bacteria (Rakhuba et al.,
2010). Therefore, considering LPS O-antigen as the AG2A receptor might provide an
explanation for the high specificity of this phage towards the tested E. coli O45:H2
strain. In addition, isolating 15 rough phage resistant strains also provided evidence that
the receptors might be located in the LPS O-antigen core. In contrast, bacteriophages that
adsorbed to rough types show a broad host range and this could be related to the
conservative LPS core structure in different species of Gram-negative bacteria. As
isolates that were susceptible to the phage AG2A were rough (1, 2, 7 and 16), it indicates
that the phage receptor for these strains might be located on the LPS core or outer
membrane proteins. The LPS core is the receptor for T7 phage and any mutation to the
LPS core structure appears to have a major impact on phage adsorption to the host cell
(Feige & Stirm, 1976). For instance, it has been found that T3 and T7 phages were able
to adsorb to E. coli K12 mutants with an ending core of heptose and glucose (Picken &
Beacham, 1977). Bacterial outer membrane proteins can also be a potential receptor for
AG2A in these four strains. It has been found that transport proteins, such as TonA,
FhuA and TonB, serve as receptors for T7 phages (Rakhuba et al., 2010). The function of
these proteins is to passively transport solid substances, such as vitamin B12 and iron, by
binding to them and exporting them out of cells (Bassford et al., 1976; Frost &
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Rosenberg, 1975; Hancock et al., 1976) Among the isolated strains in this experiment,
only one strain, “Strain 8”, was resistant to the AG2A phage but at the same time found
to be smooth. Further investigation is required to pinpoint the different receptors for
these strains.
In view of these results AG2A phage was chosen for the further studies described in
Chapter 3.
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Chapter 3
Rapid Detection of E. coli O45:H2 in Broth and Ground Beef using
Immobilized Bacteriophage (or Phage-Based Bioactive Paper Strips)
3.1. Abstract
The aim of this research was to develop a rapid and specific detection method based on
the use of phages as biosensors for the detection of one of the “big six” non-O157 Shiga
toxin producing E. coli serovars. Using a previously isolated phage that was specific for
E. coli O45:H2, an assay was developed to detect the organism in inoculated ground beef
and TSB. The detection method was based on double amplification: phage amplification
within the bacterial host followed by another amplification of a specific sequence of the
progeny phage genome by real-time PCR in only 8 hh. Alternatively, the progeny phage
particles were detected by a plaque assay. Phage immobilized on paper was developed as
a sensor for the detection of E. coli, by printing them onto ColorLok paper (commercial
paper) with a piezoelectric printer. These immobilized phages were used to capture the
bacterial host in the inoculated beef homogenate samples. The detection limit in TSB
was found to be as few as 10 CFU/mL after 1 day of phage-paper storage and 10
CFU/mL in ground beef after 1 day of storage of the immobilized phage, by both the
overlay and PCR assays. Moreover, bacteriophage AG2A remained infective against E.
coli O45:H2 on paper for one week after printing. The stability of the printed phage after
one week was tested and the detection limit for E. coli O45:H2 in TSB and ground beef
was 50 CFU/mL and 10 CFU/mL, respectively, using the overlay method. The detection
limit achieved by real-time PCR was 50 CFU/mL in both TSB and ground beef. This
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phage based detection method is rapid, cost effective and easy to perform. It also has
potential to be applied for the detection of other bacterial pathogens due to the ubiquitous
and selective nature of bacteriophages in addition to, their specificity against their host
bacterium up to the strain level. The advantage of this assay is its high sensitivity due to
the double amplification process achieved.

3.2. Introduction
Escherichia coli are one of the predominant organisms linked to foodborne outbreaks
(Eisenstein et al., 2000). According to The Public Health Agency of Canada (PHAC), in
a report summarizing the outbreaks incidents in Canada between 2008-2014, 115 out of
1.027 outbreaks reported to the Outbreak Summaries (OS) Reporting System were food
related which represent 11.2% of all outbreaks reported. E. coli STEC was accounted of
14.7% of the reported cases. It is estimated that foodborne outbreaks accounted of 3.301
illnesses, 225 hospitalization and lead to 30 deaths. Salmonella and E. coli were
responsible of the majority of hospitalizations of 106 and 84, respectively. E. coli
associated cases had higher hospitalization rate than Salmonella, as around 41.8% of
patients infected with E. coli were hospitalized while the corresponding figure for
Salmonella was about 12%. Patients infected with Clostridium botulinum and Listeria
monocytogenes or suffering from histamine poisoning were among those with the highest
hospitalization rate; being 100%, 90%, and 75%, respectively. Listeriosis patients had
the highest mortality rate of 73.3% compared to 32.8% among all outbreaks cases
(PHAC, 2015). It has been reported that in 12 out 17 outbreaks associated with E. coli,
meat was the main product related followed by raw vegetables, nuts or seeds, dairy
product and fruit (PHAC, 2015). In the U.S. an increase in STEC cases associated with
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non-O157 serotypes has been observed. It is has been reported that the non-O157 STEC
serotypes O26, O103, O111, O45, O121 and O145 were among the most common
identified in the U.S. during 2000 to 2010 and even caused more illness than STEC
O157:H7 (Gould et al., 2013; Smith et al., 2014). Although illness caused by non-O157
STEC are mostly milder than those due to O157:H7, the former have been also
associated with more serious diseases, such as hemorrhagic colitis and hemolytic uremic
syndrome and in severe cases death (Smith et al., 2014). Hale et al., (2012), estimated
that in the United States only, the number of illnesses caused by STEC was 321,157
annually; with 59.7% of these related to non-O157 serotypes compared to the 40.3% of
the domestically acquired illnesses caused by STEC O157. According to Scallan et al.,
2011, the annual estimate of cases of foodborne infections associated with STEC
serogroups in the U.S. was 179,905. Non- O157 STEC was responsible for the greater
percentage of the foodborne illnesses with 64.1% of the cases whereas STEC O157 was
responsible of 35.9% (Scallan et al., 2011). Marks et al. (2013) estimated that the mean
of the annual number of cases of infection associated with non-O157 STEC in the period
of 2005 to 2010 was around 117,712 with an average cost per case being $449.
Moreover, in a study aimed to characterize 97 non-O157 STEC strains isolated from
human patients during 2000-2009 in Switzerland, strains of O26, O103, O121 and O145
accounted for 46.4% of isolates (Kappelli et al., 2011). More recently, in a study
conducted by Luna-Gierke et al. (2014), 46 outbreaks associated with non-O157 STEC
infection caused 1727 illnesses, 144 hospitalization and one death in 26 U.S. states. In
this paper the outbreaks that occurred in the U.S. from 1990 to 2010 were summarized.
However, most of the outbreaks (59%) were reported during 2007 to 2010. The study
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showed that among the 46 outbreaks, 38 (83%) were caused by a single aetiological
agent, which was responsible of 889 (51%) of illnesses. Of the patients for whom
information was recorded, around 13% were hospitalized, 36% reported bloody
diarrhoea, 4% had HUS and I person died. This death was linked to an outbreak of STEC
O111. STEC O111 (responsible for 14 outbreaks) and O26 (responsible for 11
outbreaks) serogroups were the cause of 66% of the outbreaks followed by O45 (4
outbreaks), O103 (2 outbreaks), O121 (2 outbreaks), O145 (2 outbreaks), O104 (4
outbreaks), and O165 (1 outbreak). The median outbreak size caused was 7·5 illnesses.
Moreover, 17 of the outbreak cases reported were definitely foodborne, with a median
outbreak size of 18 illnesses. However, It is has been noticed the median outbreak size
related to foodborne was significantly higher than the median outbreaks caused by single
aetiology (Luna-Gierke et al., 2014). Most HUS cases (36 cases) resulted from non-O157
STEC foodborne outbreaks. Dairy products, leafy vegetables, game meat, beef, pork and
fruits or nuts were found to be the vehicle of 10 foodborne related outbreaks (LunaGierke et al., 2014). In Japan, EHEC serovars O111:H8 and O157:H7 were responsible
for a serious foodborne outbreak that was linked to the consumption of a raw beef dish at
branches of a barbecue restaurant. The outbreak resulted in 181 illnesses, including 34
haemolytic-uremic syndrome (HUS) cases; 21 of whom developed acute encephalopathy
(AE) causing 5 deaths (Watahiki et al., 2014)
The outbreaks associated with EHEC have been linked to many different products, such
as with apple cider (Meng et al, 2012; Besser et al., 1993; McCarthy, 1996), mayonnaise
(Meng et al, 2012; Boyce et al., 1995), and fermented sausage Salami (Starz et al., 2008).
However, although that the majority of non-O157 infections are not usually attributed to
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ground beef, studies have shown that non-O157 pathogenic serotypes can be present in
cattle and could cause contamination during beef production. Shiga Toxin producing E.
coli (STEC) can lead to devastating illnesses. Hemolytic uremic syndrome (HUS) is one
of the severe illnesses associated with consuming food contaminated with STEC, which
may lead also kidney failure in more severe cases, especially in children.
Currently, molecular based methods used for the detection of STEC serotypes require a
lengthy pre-enrichment to ensure the sensitivity of the detection assay and to enable the
recovery of injured bacterial cells in the samples. They also require extraction of good
quality (pure) DNA. However, positive results can be obtained in a time frame of 8 to 24
h in addition to some confirmation tests that might extend the detection by a few days
before the final outcome is known (Malorny et al., 2004; Rossen, Norskov, Holmstrom,
& Rasmussen, 1992)
Detecting pathogenic bacteria from food is a challenging task. Complex food matrixes
such as ground beef might be inhibitory to the PCR reaction by causing degradation or
capture of the nucleic acid, inactivation of the stable DNA polymerase or by interference
with the lysis of the cells (Rossen et al., 1992; Wilson, 1997; Kainz, 2000; Opel et al.,
2010). According to Schrader et al. (2012), different components in food can be PCR
inhibitory substances such as fats, minerals, polysaccharides, and glycogen, in addition
to the enzymes present in food, which may degrade components required for the
reaction. In one study aimed to detect E. coli O157:H7 in ground beef, the inhibitory
effect of the ground beef on the PCR reaction was observed and was related either to the
binding of the DNA to the ground beef or the presence of nuclease in the ground beef,
which interfered with DNA amplification (Uyttendaele et al., 1999).
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Using immobilized bacteriophages can increase the sensitivity and the efficiency of
detection by real-time PCR as they will capture and separate viable host cells from the
background microflora, the food matrix and/or any other PCR inhibitory substances that
may be present. In one approach a virucide was used to enhance the sensitivity of a
phage-based detection assay when used to remove exogenous phages in the sample so
only progeny phages were detected (Favrin et al., 2001). However, this method requires
precise time measurement between the introduction of phages to the test sample and the
infection of the bacterial host. Another approach that can increase the efficiency of
detection is by using oriented immobilization of specific bacteriophages onto modified
surfaces such as ColorLok paper or magnetic beads to enable easy removal of the
infective phage particles from the assay and increase the capture efficiency.
Bacteriophages are the most ubiquitous organisms on the earth. Bacteriophages bind to
receptors located on the bacterial cells via tail fibers, initiate an infection, replicate, then
release new virions with resulting bacterial lysis and death. The ability of bacteriophages
to infect a specific strain has increased their potential for use as a biosensor for the
detection of pathogens in food or their control (Anany et al., 2011; Kannan et al., 2010).
The therapeutic potential of bacteriophage to control E. coli O157:H7 and non-O157
STEC in meat products has been examined by Tomat et al., (2013). Beef samples were
artificially inoculated with the bacteria and phages were added after allowing bacterial
attachment to the beef samples, following which they were incubated at different
temperatures 5°C and 24°C for times of 3, 6, or 24 h. The phage treated samples
exhibited a significant reduction in counts of E. coli O157:H7 and non-O157 strain,
compared to the control (non-treated samples). The obtained reduction in the viable cells
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of E. coli O157:H7 and non-O157 STEC after 3 h of incubation was 0.67 log10 CFU/g
(p=0.01) and 0.77 log10 CFU/g (p=0.01), respectively, and 0.80 log10 CFU/g (p=0.01)
and 1.15 l log10 CFU/g (p=0.001), respectively, after 6h. However, it has been observed
that when phage cocktail were used as a treatment for E. coli O157:H7, the reduction of
O157:H7 viable cells increased up to 2.58 log10 after 6 h of the treatment and 2.20 log10
after 24 h of treatment with a slight decline compare to the reduction occurred at the first
6 h of phage cocktail treatment (Tomat et al., 2013).
The inherent charge differences between the phage tail and capsid (phage head) can be
utilized to achieve oriented phage immobilization so that the phage tail is free to
recognize and bind to the appropriate receptors located on the surface of the bacterial
host (Cademartiri et al., 2010). Electrostatic interaction between a positively charged
surface and the negatively charged head of the bacteriophage results in the correct
orientation of immobilized bacteriophages. Bacteriophages retain their infectivity when
immobilized on positively charged silica beads, which indicates that using electrostatic
interaction can greatly benefit the use of oriented phage immobilization for the detection
of bacteria (Cademartiri et al., 2010).
Other methods to achieve oriented immobilization of phage have been described,
including the genetic modification of phage heads to carry specific affinity tags. Phages
immobilized in this way retain infectivity and were used in an assay to detect E. coli
O157:H7 at low concentration. However, genetic modification can be a time consuming
process, costly and can reduce the number of new virions released after infection (Tolba
et al., 2010).
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Thermal, piezoelectric, gravure and laser printers have been recently used to print
bioactive materials such as phages, antibodies and proteins onto paper (Sohar, 2014;
Jabrane et al., 2008). Cellulose is one of the most abundant and sustainable materials on
earth. Therefore, paper is a cost effective material as the basis for biosensors (Pelton,
2009). Piezoelectric printers have been used in many applications including printing of
E. coli cells (Flickinger et al., 2007), fibroblast cells, (Di Biase et al., 2011) and
horseradish peroxidise (Di Risio and Yan, 2011), while thermal inkjet printers were used
to print insulin

(Watanabe

et

al.,

2003), mammalian cells (Xu et al., 2005) and other

biological material. Generally inkjet printers are equipped with disposable cartridges,
which can be filled with a range of materials, which are then forced through a
microfluidic chamber to the nozzle forming drops during the printing process (Binder et
al., 2011). While the deposition of ink by thermal inkjet printers depends on pressure
(small air bubbles) created inside the chamber as a result of heat generated by the printer,
piezoelectric printers eject ink by applying pulses through microfluidic bibs to create the
pressure necessary to dispense the ink drop from the nozzle. However, the drops
produced by both piezoelectric and thermal printers are not uniform. This variability
might be related to the need to print under low voltage or low heat to ensure the viability
of cells (Narayan, 2014). Moreover, it has been noticed that voltage amplitude applied in
piezoelectric printers is important for the stability of inkjet printing, with 40V being the
minimum needed for stable printing (Narayan, 2014). The ink viscosity required for
piezoelectric printers is higher than any other inkjet printer and this is necessary to lower
misting and eliminate ink leakage (Narayan, 2014). Thus, piezoelectric printing can
reduce degradation of biological material such as enzymes, bacteria and viruses
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compared to thermal printing and it can also allow for full control of the characteristics
of the droplet, including its size (Sohar, 2014; Sumerel et al., 2006; Delaney et al., 2009).
Printing for bacteriophage immobilization should retain phage fitness and prevent the
loss of their infectivity. Therefore, using a cationic modified paper such as ColorLok can
enhance the capture of phage onto the paper. The cationic properties and hence the
positively charged surface of ColorLok paper is the result of the incorporation of salts
during the manufacturing of these papers (Stoffel, 2007). ColorLok paper proved
effective for the immobilization of bacteriophage. In a previous study conducted by
Sohar (2014), phages printed (immobilized) onto Colorlok paper retained their infectivity
more than those printed onto Whatman filter paper (Sohar, 2014). In addition, rV5 phage
was successfully immobilized onto ColorLok paper and used in an assay for E. coli
O157:H7, which achieved a detection limit of 10 CFU/mL in spinach and 50 CFU/mL in
ground beef (Fenn, 2014).
The immobilized phage-based detection assays involve two amplification steps. The first
starts with the bacteriophage infecting its host cells where they replicate and a large
number of progeny phages are subsequently released. These progeny phages are then
detected by a nucleic acid amplification assay, such as real-time PCR, which results in a
second round of amplification. It has been shown that phage genomes can be
successfully amplified from one copy into billions of copies by real-time PCR (LópezCuevas et al., 2011). The two amplification steps enhance the sensitivity of foodborne
bacterial detection.
Previously in this thesis, a bacteriophage, AG2A, was isolated and found to be highly
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specific to E. coli O45:H2. This Chapter will describe the use of this phage in an assay to
detect the bacterium. The objectives of this study are to: 1) immobilize AG2A phage
onto paper that is positively charged; 2) determine the infectivity of AG2A after printing
using piezoelectric bio-printer; 3) use the immobilized phage for the detection of a nonO157:H7 STEC (E. coli O45:H2).

3.3. Material and Methods
Bacteriophage, Bacterial strain and Media
Phage AG2A was previously isolated from a water sample collected from the Speed
River in Guelph, purified and propagated as described in Chapter 2. E. coli O45:H2
(C1328) was obtained from the Canadian Research Institute for Food Safety (CRIFS),
Culture Collection, Guelph, ON. Tryptic Soy Agar (TSA), Tryptic Soy Broth and semisolid Tryptic Soy Broth (ssTSB; TSB+ 0.5% agar) (Fisher Scientific, Grimsby, ON,
Canada) were used for bacterial growth. All bacterial cultures were stored at -80 °C with
50% glycerol added. Fresh cultures were revived monthly from -80°C vials onto TSA
agar plates. Each week one colony from this plate was streaked onto a new TSA plate.
One colony of E. coli O45:H2 streaked on TSA was added to 10mL of TSB and
incubated at 37°C with shaking at 200 rpm overnight. Bacteriophage AG2A was stored
and diluted in CM buffer (2.5g/L MgSO4.7 H2O; 0.05g/L gelatin; 6mL/L 1M Tris buffer;
pH 7.5) (Fisher Scientific).
Preparation of bacterial overlay
A bacterial lawn was used to determine the number of phages. Molten TSBss was placed
in a water bath to cool to 55°C, then 100µL of overnight bacterial culture were added.
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This mixture was poured onto a TSA plate and left to solidify for ten min. Bacterial
lawns in this section were mainly used for the phage propagation, and for the calculation
of phage titer.
Titration of the propagated phages
Ten-fold serial dilutions in SM puffer of the propagated phage were prepared. The
bacterial lawn was prepared by adding 100 µL of an overnight culture to 4 mL of TSBss.
Once the mixture of the TSBss and the bacterial suspension solidified, serial dilutions
were spotted by adding 10 μL of each dilution to the bacterial lawn and left to dry for 1
min. The plates were then transferred to the 37°C incubator and incubated upright for 1824 h. On the following day the number of plaques were counted and the titer of the
phage was calculated using the following equation:
PFU/mL = number of plaques/(dilution factor) x (volume spotted).

PEG Precipitation and Purification of Phage DNA (DNA Extractions)
Purified phage supernatant (100 mL) was used for the DNA extraction. The phage
nucleic acid was digested by adding pancreatic DNase 1 and RNase, each to a final
concentration of 10 µg/ml. The lysate was then incubated at 37 °C for 30min. This step
was followed by addition of NaCl to a final concentration of 1M, whilst mixing the
lysate until all the salt was dissolved. This mixture was then kept in 4 °C for 1 h before
centrifugation at 11,000 × g for 20 min at 4°C. The supernatant was then transferred to a
clean bottle. Solid PEG 8000 (PEG) was added to a final concentration of 10% w/v of
the final volume of the previously centrifuged supernatant and stirred at room
temperature overnight at 4 °C. PEG was used to precipitate phage particles. The
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precipitated bacteriophage particles were recovered by centrifugation at 11,000 × g for
50 min at 4°C. The bacteriophage pellet was then re-suspended in CM buffer. To the
phage suspension 0.5 M of EDTA (pH8.0) to a final concentration of 20 mM was added.
Proteinase K (Sigma-Aldrich,

Oakville,

ON) and sodium dodecyl sulphate (SDS) were

added to achieve a final concentration of 50 µg/mL and 0.5% (w/v), respectively. The
tube containing this mixture was incubated for 1 h at 56 °C. This was followed by
several organic extractions to purify the phage DNA. An equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1, v/v) was added to the phage lysate. This
mixture was centrifuged for 5 min at 3.000 × g. The aqueous phase containing DNA was
transferred to a clean tube and an equal volume of phenol:chloroform added. The mixture
was centrifuged at 3.000 × g for 5 min. The aqueous phase containing DNA was then
transferred into a clean tube when an equal volume of chloroform was added. The DNA
was precipitated by transferring a final concentration of 0.3 M of sodium acetate
followed by adding 2 volumes of 100% ethanol at a temperature of -20 °C. The mixture
was kept frozen for 1h then centrifuged at 15.000 × g for 15 min at 4 °C. The pellet
obtained was washed two times by adding an equal volume of 70% ethanol, discarding
the supernatant obtained on each occasion after centrifugation at 15.000 × g for 15 min
at

4

°C. The resulting pellet containing DNA

was

air-dried, re-suspended in elution

buffer and stored at -20 °C.
Agarose Gel Electrophoresis
After

extraction,

DNA

yield

was

determined

using

the

Nanodrop

1000

spectrophotometer (Thermo Scientific, Wilmington, Denver). The DNA was analyzed by
agarose gel electrophoresis by adding 1% (w/v) of agarose to TAE buffer previously
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melted in a microwave for 40 seconds. Ethidium bromide was added to a final
concentration of 0.5 µg/mL. The solution was poured into a casting tray, covered with
aluminium foil to avoid gel drying and allowed to solidify for 30 to 60 min at room
temperature. The purified DNA was mixed with 2 volumes of 6 × DNA loading dye
(New England BioLabs, Pickering, ON, Canada) and loaded into the wells in the gel.
The DNA was electrophoresed for 1h at 70 V in 1 × TAE buffer. A 1 kb DNA ladder
was used to give an indication of the DNA size and purity. The gel was imaged in the
Gel Doc 2000 (Bio-Rad Laboratories Limited, Mississauga, Canada).
Sequencing and primer design for AG2A DNA
The DNA of AG2A phage was sequenced at Laboratory Services, University of Guelph.
using the Ion Torrent Personal Genome Machine PGMTM with an Ion 316TM Chip v2 and
Ion PGMTM Hi-QTM Sequencing Kit (Life Technologies). A unique sequence of the
AG2A

genome

was

identifed

by

a

BLAST

search

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Primers for this unique sequence were designed
using

primers3plus

software

(http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi/). The sequence of the used primers was:
Forward: GATGCATATGGGGCTAATCG
Reverse: ATCCGTTTCCTATGGCCTTT)
The primers were synthesized by Laboratory Services, University of Guelph.
Preparation and inoculation of Ground Beef
Beefsteak was purchased from a local grocery store and divided into 25 g portions,
ground using a food processor and then placed in filter stomacher bags. Samples were
stomached for 3 min at 150 rpm and the supernatant was collected and placed in 50 mL
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tubes after removing the large particles of meat by centrifugation (Beckman Coulter Inc.,
Mississauga, ON, Canada) at about 1,000 × g for 5 min. The ground beef supernatant
was inoculated with 109 CFU/mL of E. coli O45:H2 and serially diluted in additional
ground beef supernatant. Different concentrations of E. coli O45:H2 were tested in
triplicate in addition to an un-inoculated control.
Printing Bacteriophage bioink onto ColorLok Paper
AG2A phage was printed at McMaster University using the Dimatix Materials Printer
DMP 2800 (Fujifilm Dimatix Inc., Santa Clara, CA, USA). The phage was printed onto
HP-certified

multipurpose

paper

with

ColorLok

technology

(Hewlett-Packard

Mississauga, ON). The “bioink” contained 109 PFU/mL of AG2A phage suspended in
30% glycerol (v/v) and 2 mM Triton X-100 and it was prepared the night before
injection into Dimatix Materials Printer Cartridges (Hewlett-Packard, Mississauga, ON)
through a 0.22 µM membrane filter. The printer settings were: firing voltage 40V; firing
frequency 5 kHz; drop space 20 µM; and meniscus vacuum 11.43 cm H2O. The nozzle
cleaning cycles were set every 120 seconds and around 500 drops/cm were spotted with
each drop composed of 10 pL of the bioink. A control bioink composition was also
prepared in equivalent volumes to the phage-bioink except that the phage lysate was
replaced with phage buffer. After printing, the paper was allowed to dry for 30 min
before cutting them into rectangular strips (0.5 × 2.5 cm2), which were then transferred
into a humidity chamber (80-85% RH). Finally, the strips were placed into empty Petri
dishes and kept under these conditions to avoid desiccation. The experiment was
performed the next day after 18-24 hh of storage.
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Infectivity and stability of printed phages
In order to examine the printing efficiency of the phages before using them for detection,
AG2A phage was printed onto ColorLok paper and stored at around 85% RH for 24 hh.
Phage paper (immobilized phage), control paper (on which was printed buffer only) and
free phage were added to the TSB to an equivalent concentration of 106 PFU/mL.
Infectivity was determined in Eppendorf tubes by addition of an overnight bacterial
culture (E. coli O45:H2) serially diluted in TSB to 103 CFU/mL to each tube. In addition,
a control was included comprised of a tube with 103 CFU/mL of bacteria alone without
phage but with paper added. The tubes were incubated at 37 °C, for 18 h on a rotator.
The experiment was performed in triplicate where each tube was serially diluted, plated
onto TSA plates and incubated for 24 h at 37 °C to determine the concentration of the
bacteria.
The stability of the printed phage (AG2A) was examined after storage of the phage
printed strips for one and two weeks at 25°C (room temperature) under 80-85% RH in an
airtight container. The experiment was performed in triplicate in exactly the same way
as described above.
Detection of E. coli O45:H2 in TSB/Food using AG2A printed phage (Immobilized
phage)
Triplicates of each dilution containing 103, 102, 50, 10, 1 and 0 CFU/mL of E. coli were
used to determine the detection limit. To each tube was added one phage strip (phage
printed paper) and 1 mL of TSB or food homogenate inoculated with the appropriate
concentration of E. coli O45:H2. The samples were incubated for 30 min at 37 °C on a
rotator and after that the old medium (TSB or food homogenate) was discarded, the strips
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were kept, 1 mL of fresh TSB was added and the suspension allowed to incubate again
for five hh at 37 °C on a rotator. After incubation, the phage strips were removed from
each tube and the suspension in each tube was divided into two equal amounts in
separate tubes; one tube was centrifuged at about 1,000 × g for 3 min and placed on ice
following which the overlay technique was used to count the progeny phages. The other
tube was placed in a water bath for 15 min at 95 °C to release the progeny phages DNA
before detecting it using real-time PCR. Hence, both the overlay and real-time PCR
techniques were used to determine the presence of progeny phages in different samples.
This experiment was performed using immobilized phage store for one day and one
week after printing to examine the stability of printed phage. Table 3.1 illustrated the
detection steps followed for the detection of E. coli O45:H2
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Petri dish + stored phage strips

Add phage-printed paper & phage-free paper strips to the bacteria

Bacteria + phage- paper+ TSB
3

CONTROL: Phage-paper + TSB

2

Bacteria concentration (10 , 10 , 50, 10, 1)

Incubate for 30 min. at 37°C
Discard the broth and add 1 mL of fresh TSB to the strips

Strips hold the bacteria
captured by phage

Control no bacteria added
or attached

Incubate 5 h, 37 °C

Count the progeny phage by overlay method
Perform qPCR
Figure 3.1: Scheme of the detection steps of E. coli O45:H using immobilized phage
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Real-time PCR detection of progeny AG2A bacteriophage
Oligonucleotides

(Forward:

GATGCATATGGGGCTAATCG

and

reverse:

ATCCGTTTCCTATGGCCTTT), which were designed to amplify a 133 bp region
unique to AG2A, were synthesised by Laboratory Services, University of Guelph. Each
primer (4 µL; 500 nM) was used in a reaction volume (20 µL) containing the TSB/food
homogenate (6 µL) and the Power Sybr Green Master Mix (10 µL; Applied Biosystems,
Life Technologies, Burlington, ON). The Vii A7 real-time PCR instrument (Life
Technologies) was set to fast mode for 40 cycles. PCR conditions consisted of an initial
activation step of 10 min at 95°C, followed by 40 cycles of a denaturation step for 15 sec
at 95°C and a combined annealing and extension step of 60°C for 1 min, followed with a
final melt cycle.
Statistical analysis
The detection experiment was performed as three independents trials where the averages
and standard deviations were determined. The cycle threshold (Ct) values were averaged
for each concentration and compared to the average Ct values for the incubated control
paper without phage. An Independent-Samples T-Test using IBM SPSS statistics,
version 23 Software was applied to the data and the differences between means were
considered as significant at P < 0.05 for three independent trials.
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Results
AG2A sequence and primers design
The genome size of phage AG2A was 40,470 bp, which encodes for 54 open reading
frames (ORFs). The genome sequence was deposited in GenBank with accession number
KT990215. The phage sequence was analyzed by BLAST against the whole GenBank
database.

The sequencing coverage is 60X, and the software used in assembly is

SeqMan NGen (DNASTAR) (http://www.dnastar.com/t-nextgen-seqman-ngen.aspx) and
the PXCR primers match the sequence from position 13520 to 14020 to amplify a
unique

sequence

consisting

of

133

bp

(ATCTTCTTAGAGAACGTAAATATGCGTAGGGAGTGGAAGGATGTCATAACG
TCAGAGCTGGGAATCAATCCAGTAGAAATATGCGCATCCACATTATCACCTT
TCCGTAGAAACCGATTATACTGGTTCAACTGGGAGTCAGCACCTGAAATAAA
GACTGTCAGTTTCAAGGAGCTAACTGGTGGTTTACCATGTAGTATAGTTGGT
AGACCACTTGACGAGAACCTTAAGAGGGTAGACGGAAAAGGCCTTCCGGTG
GTTCAATGCATAGAGGTTACAAATGGGGATATTGGAAGATGTGTAACTACGG
TATCAAAAGACTCATGTGTATACCTAGGGGCTAATAGACCTCCGTCTAGAAT
ACCTGATGCATATGGGGCTAATCGTAACTTATGGAGAGACCTTACTATATCC
GAGCTGGAGGTGGGGCATgGGTATGACAGTGGGTTTTTTGATAATGTCAAGG
AATCTACCGCCAGAAAGGCCATAGGAAACGGATGG). Oligonucleotide primers
(Forward:

GATGCATATGGGGCTAATCG

and

reverse:

ATCCGTTTCCTATGGCCTTT) were designed and synthesized to amplify this 133bp
region in the AG2A genome
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Infectivity and stability of printed phage in broth
Figure 3.2 shows that the bacteriophage AG2A remained active for one day and one
week of storage after printing onto ColorLok paper. The growth of E. coli O45:H2 was
less than 1 log10 CFU/mL(which was below the detection limit of the assay) after 18-24 h
of incubation at 37°C following exposure to the immobilized phage stored for both one
day and 1 week. The printed phage lost infectivity after two weeks of paper storage. Free
phage also stored for one day, one or two weeks and added to the bacterial culture of E.
coli O45:H2 at concentrations similar to those observed for immobilized phage inhibited
growth of the bacterium during incubation of 18-24 h at 37°C. The ColorLok paper
printed with the ink that did not contain phage had no effect on bacterial growth.
Table 3.2: The effect of phage-paper, control paper (ink without phage) and free phage on
the growth of E. coli O45:H2 after 18 h at 37°C The phage paper was tested
after 1 day, 1 week or 2 weeks of storage at room temperature and compared
to the growth that occurred in the presence of control paper (printed with ink
without phage), free phage and E. coli O45:H2 alone. The free phage
concentration added was 106 PFU/mL to mimic the concentration of phage
applied to the phage paper surface. All numbers in the table are expressed as
log10 CFU/mL
In a period
of

Bacteria
E. coli
O45:H2

Bacteria +
control
Paper

Phage paper
+ Bacteria

1 day
9
8.77
BDL
1 week
8.84
8.47
BDL
2 weeks
8.92
8.62
8.58
*BDL: Below detection limit (or no growth observed)

113

Free phage
+ Bacteria
BDL
BDL
BDL

12
11
10

log CFU/ mL

9
8
7

1 day

6
5

1 week

4

2 weeks

3
2
1
0
Bacteria

Bacteria + control phage paper +
Paper
bacteria

Free phage +
bacteria

Figure 3.2: The infectivity and stability of AG2A phage immobilised on ColorLok paper,
which was subsequently stored for 1 day, 1 week or 2 weeks before assessing
their effect on growth of E. coli O45:H2.

Detection of E. coli O45:H2 in TSB or ground beef using AG2A phage immobilized
on ColorLok paper
The detection limit of an assay based on the use of phage AG2A immobilized onto
ColorLok paper of E. coli O45:H2 in TSB or ground beef homogenate was assessed. The
immobilized phage was able to detect 10 CFU/mL of E. coli O45:H2 in TSB and ground
beef following assay of progeny phage by both real-time PCR and plaque count. All PCR
samples were diluted 10-fold as detection of progeny phage by the real-time PCR assay
was inhibited in all samples exposed to the ColorLok paper but the phage sequence was
successfully amplified with the Power Sybr Green Master Mix following dilution.
Moreover, the stability of the detection assay using AG2A phage printed onto ColorLok
paper was also tested after one week of storage at 25°C (room temperature). When this
114

paper was used to detect the bacterium, the detection limit of E. coli O45:H2 in TSB was
50 CFU/mL using the overlay method and qPCR, while the detection limit in ground
beef was 10 CFU/mL using the overlay method and 50 CFU/mL by qPCR. All results
(detection limits) obtained were significantly different than the control (p <0.05).
Moreover, in order to determine the possibility for phage to leach from ColorLok paper,
the suspension of the control sample was not discarded (i.e., after the phage strips were
removed) and the suspension was 10-fold diluted and plated using the overlay method to
determine the count of leached phage if any. However, it was observed that in the control
sample (phage strip + medium only) around 2.3 × 104 PFU/mL phage particles were
leached from ColorLok paper during incubation for 30 min at 37°C. The results are
documented in Tables 3.3 to 3.7 and Figures 3.3 to 3.10.

Table 3.3: The detection limits of E. coli O45:H2 in TSB and ground beef using the
immobilized phage assay with subsequent detection of progeny phage by
overlay and qPCR assay

Pathogen

Detection
assay

Storage periods of
immobilized phage
onto ColorLok paper

TSB
Ground beef
TSB
Ground beef
TSB
Ground beef
TSB
Ground beef

1 day
Overlay
1 week

E. coli
O45:H2

Medium

1 day
qPCR
1 week
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Detection limit
10 CFU/mL
10 CFU/mL
50 CFU/mL
10 CFU/mL
10 CFU/mL
10 CFU/mL
50 CFU/mL
50 CFU/mL

Table 3.4: Detection of E. coli O45:H2 in TSB with AG2A phage-paper stored for 1 day at
room temperature

Approximate Bacteria
Count (CFU/mL)

Log AG2A Titre
(PFU/mL) ±
STDEVa

Ct Mean ± STDEV

1000
100
50
10
1
Control

8.06 ± 0.10 *
7.00 ± 0 *
6.59 ± 0.40*
4.35 ± 0.07*
3.76 ± 0.26
3.93 ± 0.17

16.49 ± 0.23*
18.01 ± 1.77*
18.74± 0.32*
23.20± 0.08*
23.76± 0.16
23.84± 0.12

*Values are significantly different from the control.
Data are from the mean of three biological replicates
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Log PFU/mL

8
7
6
5
4
3
2
1
0
1000
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50

10

1

control

E. coli 045:H2 CFU/mL

Figure 3.3: Detection of E. coli O45:H2 in TSB with AG2A phage-paper stored for 1 day at
room temperature using the immobilized phage assay with detection of
progeny phage by plaque assay. The bacterial cells were diluted to achieve
final counts of 103, 102, 50, 10, 1, and control with 0 cells.
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1

Cont

Figure 3.4: Detection of E. coli O45:H2 in TSB with AG2A phage-paper stored for 1 day at
room temperature using the immobilized phage assay with detection of
progeny phage by real-time PCR. The bacterial cells were diluted to achieve
final counts of 103, 102, 50, 10, 1, and control with 0 cells.

Table 3.5: Detection of E. coli O45:H2 in TSB with AG2A phage-paper stored for 1 week at
room temperature
Approximate Bacteria
Count (CFU/mL)

Log AG2A Titre
(PFU/mL) ±
STDEVa

Ct Mean ± STDEV

1000
100
50
10
1
Control

7.02± 012*
5.48 ± 045*
4.41 ± 037*
3.29 ± 0.11
3.29 ± 0.37
3.16 ±0.15

17.30 ± 0.26*
20.46± 0.71*
22.47± 0.49*
23.59± 0.05
23.57± 0.08
23.70± 0.19

*Values are significantly different from the control.
Data are from the mean of three biological replicates.
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Figure 3.5: Detection of E. coli O45:H2 in TSB with AG2A phage-paper stored for 1 week
at room temperature using the immobilized phage assay with detection of
progeny phage by plaque assay. The bacterial cells were diluted to achieve
final counts of 103, 102, 50, 10, 1, and control with 0 cells.
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Figure 3.6: Detection of E. coli O45:H2 in TSB with AG2A phage-paper stored for 1 week
at room temperature using the immobilized phage assay with detection of
progeny phage by real-time PCR. The bacterial cells were diluted to achieve
final counts of 103, 102, 50, 10, 1, and control with 0 cells.
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Table 3.6: Detection of E. coli O45:H2 in ground beef with AG2A phage-paper stored for 1
day at room temperature

Approximate Bacteria
Count (CFU/mL)

Log AG2A Titre
(PFU/mL) ±
STDEVa

Ct Mean ± STDEV

1000
100
50
10
1
Control

6.39 ± 0.27 *
6.36 ±0.10 *
6.33 ± 0.55*
4.62 ± 0.27*
3.25 ± 0.42
3.26 ± 0.24

24.06± 0.54*
24.91 ± 0.91*
24.56 ± 1.03*
26.77 ± 0.06*
26.68 ± 0.64
27.78 ± 0.14

*Values are significantly different from the control.
Data are from the mean of three biological replicates
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Figure 3.7: Detection of E. coli O45:H2 in ground beef with AG2A phage-paper stored for
1 day at room temperature using the immobilized phage assay with detection
of progeny phage by plaque assay. The bacterial cells were diluted to achieve
final counts of 103, 102, 50, 10, 1, and control with 0 cells.
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Figure 3.8: Detection of E. coli O45:H2 in ground beef with AG2A phage-paper stored for
1 day at room temperature using the immobilized phage assay with detection
of progeny phage by real-time PCR. The bacterial cells were diluted to achieve
final counts of 103, 102, 50, 10, 1, and control with 0 cells.

Table 3.7: Detection of E. coli O45:H2 in ground beef homogenate with AG2A phage-paper
stored for 1 week at room temperature after printing
Approximate Bacteria
Count (CFU/mL)

Log AG2A Titre
(PFU/mL) ±
STDEVa

Ct Mean ± STDEV

1000
100
50
10
1
Control

6.91 ± 0.15 *
6.26 ± 0.24*
5.45 ± 0.62*
4.19 ± 0.19*
2.91 ± 0.22
2.46 ± 0.30

25.58± 0.18*
26.62± 0.96*
28.09± 0.16*
28.53± 0.63
29.78± 0.74
28.95± 0.18

*Values are significantly different from the control.
Data are from the mean of three biological replicates.
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Figure 3.9: Detection of E. coli O45:H2 in ground beef with AG2A phage-paper stored for
1 week at room temperature using the immobilized phage assay with
detection of progeny phage by plaque assay. The bacterial cells were diluted
to achieve final counts of 103, 102, 50, 10, 1, and control with 0 cells.
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Figure 3.10: Detection of E. coli O45:H2 in ground beef with AG2A phage-paper stored for
1 week at room temperature using the immobilized phage assay with
detection of progeny phage by real-time PCR. The bacterial cells were diluted
to achieve final counts of 103, 102, 50, 10, 1, and control with 0 cells.
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Discussion
Several methods for the detection of foodborne pathogens using bacteriophage have been
described and are based on the fact that bacteriophages have an innate specificity to their
bacterial host. Virtually all of these methods have employed phages in their free form.
For example, according to Jassim and Griffiths (2007), metabolism and growth inhibition
of bacteria by applying free phage can be used for pathogen detection. These researchers
used the Live⁄Dead BacLight Bacterial Viability kit to stain bacteria following the
addition of phage. The ratio of intact to damaged Pseudomonas aeruginosa was
measured by given that intact bacterial cells exhibited green fluorescence compared to
the red fluorescence emitted by damaged cells. This method allowed the detection of 100
CFU/mL of P. aeruginosa in only 4 hh. Bacteriophage immobilized onto solid surfaces
has been used to effectively capture target bacterial pathogens. In a study conducted by
Chai et al. (2012), a detection limit of 1.6 × 102 CFU/cm2 of Salmonella Typhimurium
was achieved in approximately 30 min following direct capture of the organism from
artificially contaminated eggshells by using magnetoelastic biosensor with E2 phage
immobilized by physical adsorption. The attachment of Salmonella Typhimurium to the
phage was detected by monitoring the resonant frequency change of the sensors.
However, it is essential to ensure that the surface of the sensor is covered with a high
density of phage in the correct orientation to optimize their capture efficiency. Therefore,
in this study the immobilization of bacteriophages to the surface of paper using
electrostatic charge between the head of the phage and the paper surface was applied and
the obtained results showed that immobilization of phage onto solid surfaces offers a
promising detection tool for foodborne bacterial pathogens and achieved a detection limit
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as low as 10 CFU/mL of E. coli O45:H2 in beef.
In our study, phage AG2A was immobilized onto ColorLok paper by printing using a
piezoelectric printer. According to the host range study described in Chapter 2, AG2A
phage was very specific for E. coli O45: H2. The specificity of this phage makes it the
ideal candidate to use for immobilization and detection applications. The detection
method applied was based on double amplification; primarily, phage amplification after
the infection of bacterial host in the food followed by secondary amplification of a
specific sequence of the phage genome by qPCR.
Using a phage-based biosorbent as a dipstick for detection provides many advantages.
Firstly, it can enable specific capture of the pathogen of interest and separate it from
background food matrices. Secondly, it can also overcome potential interference of the
assay by competitor microorganisms in the food matrix, which can sometimes lead to
false positive results or can mask/block the detection of the targeted pathogen due to
their more rapid growth in the food. Thirdly, the cell captured by immobilized phage can
be moved into new medium where only progeny phages will be counted (detected) either
by overlay or qPCR or both. Finally, dipping the phage paper (dipstick) for a limited
time in the food to allow capture and removal of the target organism can increase the
efficiency of the detection by qPCR as food matrices may contain inhibitors that affect
qPCR (Rossen et al., 1992).

Therefore, using a dipstick method can facilitate the

isolation of the targeted pathogen and increase the speed of the analysis.
In this chapter, the infectivity and stability of phage printed (immobilized) onto
ColorLok paper was investigated following storage of the paper after printing for 1 day,
1 week or 2 weeks at room temperature in the dark at a relative humidity of 85%. The
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efficacy of the printed phage for the detection of E. coli O45:H2 in TSB and ground beef
homogenate was also determined.
Phage AG2A printed onto ColorLok paper retained its infectivity against E. coli O45:H2
after at least 1 week of storage at room temperature, and was able to decrease E. coli
O45:H2 populations by about 9 log10 cycles after 18- 24 hh incubation. In previous
studies, Sohar (2014) also showed that Salmonella and E. coli phages were able to retain
their infectivity after printing onto ColorLok paper. However, AG2A phage papers
(strips) stored for two weeks lost their infectivity and were not able to decrease the
bacterial population significantly.
When phage immobilized onto ColorLok paper strips were used in an assay for E. coli
O45, a detection limit of 10 CFU/mL in both broth and ground beef homogenate was
achieved by detecting progeny phage released following infection by both a plaque and
qPCR technique. This detection limit achieved using the phage strips stored for a week
was increased to 50 CFU/mL of E. coli O45:H2 with ground beef homogenate using
overlay and qPCR method while in broth the detection limit obtained after 1 week by
qPCR was 50 CFU/mL and 10 CFU/mL of E. coli O45:H2 by overlay method.
There are many factors contributing to the achieved detection limit and to the infectivity
and stability of phage such as the bioink composition, temperature of storage, the amount
of ink diffused from the printer nozzle and light exposure which can possibly cause
degradation of the phage DNA and loss of phage. Immobilization of the bacteriophage
by printing should not negatively affect the survival of phage or its stability either by the
ink used or any other factors associated with the technology. In this study, although
AG2A phage immobilized onto ColorLok paper survived up to one week a greatly
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improved shelf-life is needed if this technique is to be used commercially. However, the
bioink used for inkjet printing in both experiments was prepared to enhance the optimum
ejection of the ink during printing and also to ensure the survival of the printed phage.
Triton X100 and 30% glycerol both were used in the bioink. Triton X100 was added to
control the surface tension without affecting phage activity and glycerol was used to
control the viscosity of the solution and is known to be biocompatible (Hossain et al.,
2009). In addition, glycerol may improve the stability of immobilized phage due its
humectant properties that help prevent desiccation of the phage during storage. Despite
this, the immobilized phage lost its infectivity in the second week of storage.
There are other factors that contribute to the stability of AG2A phage after printing and
during storage. The relative humidity (RH) used during storage was increased by up to
30% compared to conditions used in previous studies with printed phage (Jabrane et al.,
2008). Further modification of the bioink composition, storage temperature or other
modification to the paper used for printing is required to further increase the stability of
the phage on paper. For example, Fenn (2014) successfully extended the infectivity of
rV5 phage against E. coli O157:H7 to 2 weeks by storing the phage paper at 4°C in the
dark. However, although that temperature of storage (room temperature) might have
affected the phage survival in our study, the storage of AG2A in the dark might have
increased AG2A survival by reducing phage degradation, which can be caused by a
continuous exposure to light especially when stored at room temperature. According to
Jabrane et al. (2008) the infectivity of phage immobilized onto paper using gravure
printing was improved after one week of storage in the dark compared to phage printed
on paper, which was subsequently stored at room temperature or under refrigeration
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alone. In another study conducted to examine the effect of a less intense light (visible
light) during prolonged storage of murine leukaemia virus at different temperatures, it
was shown that the virus kept in Eppendorf tube and wrapped in foil was much more
stable than virus particles exposed to light. The virus stored in the dark for 7 days
retained around 25% infectivity whilst the viruses stored in light for the same period only
retained >0.1% infectivity. In the same study, different light intensities were also
examined compared. The results that viruses stored at room temperature in the dark
retained 60% and 30% of their infectivity after 3 and 7 days, respectively. Moreover, the
titer of viruses exposed to the light decreased dramatically depending on the intensity of
light exposure (Richardson & Porter, 2005). Therefore, storage of viruses in the dark
might enhance the survival and viability of phage.
Other modifications to the paper such as coating them in polymers might also help to
prolong the stability of the phage even when stored in dry conditions. According to
Vodyanoy et al., 2009, the stability of Salmonella and E. coli O157:H7 immobilized and
coated in acacia gum (complex and highly branched carbohydrate polymer) was
improved by up to 21 days. Salmonella and E. coli O157:H7 retained their normal size
and their motility upon their release by irrigation with water containing phosphate buffer.
Moreover, the addition of polysaccharides to the bioink may help stabilize the AG2A
phage. In a patented study conducted by Charley (1994), soluble, non-crosslinked
polysaccharides such as alginate stabilized bacterial cells for an extended period of time
and ensured their viability under adverse conditions imposed by pH, temperature and
enzymatic reactions. Moreover, the stability of the Myoviridae E. coli O157:H7 phage
(vB_EcoM-AG10) stored under drying condition was significantly enhanced by mixing
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the phage lysate with a mixture of two types of polysaccharides before drying (Hajar
Hawsawi, personal communication). The dried phage/polysaccharides mixture was
stored at 22 and 4°C for one week before reconstituting the dried mixture and counting
the phage. The count of the vB_ EcoM-AG10 phage was below the detection limit (10
PFU/mL) in the control samples where no polysaccharide was added before drying.
However, addition of the polysaccharide mixture to the phage lysate before drying
caused only around 3 and 1.8 log unit reductions in the phage count after the dried
samples stored at 22 and 4°C, respectively, for one week. The stability of the phagepolysaccharides mixture also examined after 4 weeks of storage at 22°C and caused only
2.5 log unit reduction in the phage count (Hajar Hawsawi, personal communication).
Therefore, using polymers such as polysaccharides may enhance the survival of the
storage of the printed phage. It is a noteworthy to take to count that in out study we
applied 85% humidity storage condition compared to the dry storage applied in
Hawsawi’s study, which could be used as a plus for maintaining printed phage viability
and stability if humidity storage conditions combined with polysaccharides as a future
suggestion of our study. Another approach, using a dry tolerant phage may successfully
prolong the infectivity of the immobilized phage paper during storage. For instance,
using a phage such as SenS-AG11 (dry tolerant phage) as observed by Anany et al.
(2011) might help to improve phage stability when printed on paper.
Dipstick approach was the format of the detection assay used in this study. The phage
sticks were dipped into media inoculated with different E. coli concentrations, moved
into non inoculated fresh media after 30 min of incubation at 37C then re-incubated
again for 5 h before the counting of the progeny phages by overlay and PCR. The
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detection limits achieved in broth TSB and ground beef homogenate were mostly
identical whereas the results obtained by overlay and qPCR were similar when the
immobilized phage strips were stored for one day. However, differences in detection
limits were observed between the two methods used to detect progeny phage when phage
strips stored for 1 week were used. It was anticipated that qPCR would provide a more
reliable and sensitive way of detecting progeny phage, but this was not always the case.
The efficiency of the assay may be affected by the non-homogeneous distribution of
phage-bioink when printed onto the paper as a result of the low voltage that had to be
used to maintain phage viability (Narayan, 2014). According to Binder et al. (2011), cell
distribution could be affected by repeated printing whereas the bioink viscosity, drop size
and the sedimentation of the phage particles in the bioink after a period of time might
play a significant role in the concentration of phage applied to the paper and
subsequently contributed to the detection limit (Binder et al., 2011; Narayan, 2014).
Therefore optimizing inkjet-printing parameters is important for successful phage
printing. The printing of one sheet of phage strips using the laboratory scale piezoelectric
printer required at least 30 min per sheet. Therefore, the development of efficient
commercial piezoelectric printing is required and can improve the efficiency of the
production of commercial phage-based detection kits.
Real-time PCR was applied for the detection of Shiga toxin-producing Escherichia coli
(STEC) O157:H7, O26, O45, O103, O111, O121, and O145 in retail raw ground beef
using the DuPont™ BAX® system targeting stx and eae genes (Wasilenko et al., 2014).
This method was less sensitive than our assay system as the detection limit was around
1.23 × 103 CFU/mL. Therefore, using immobilized phage can help increase the
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specificity and the sensitivity of detection of foodborne bacterial pathogens without the
need for enrichment. The detection limit achieved for this study was 10 CFU/mL of E.
coli O45:H2 using qPCR and overlay.
Although our assay requires further optimization, it still offers a significant degree of
sensitivity compared with other phage amplification detection assay. For example, in a
study using free phages for the detection of Yersinia pestis, the sensitivity achieved for
the detection of Yersinia pestis was 103 CFU/mL using qPCR for the amplification of the
phage genome. However, since the initial phage added was high, 105 PFU/mL, high
sensitivity cannot be achieved because of problems associated with high levels of noninfective phage particles that would be present that interfere with the detection of newly
propagated phage (Sergueev et al., 2010). However, although that we couldn’t detect as
low as 1 cell of E. coli O45:H2 but it is suggested to add a short enrichment step of one h
for future work in order to enhance the sensitivity of our detection assay. In this way the
count of the bacteria will at least double and the chance to detect one cell could be
achievable. In a study conducted for the detection of E. coli O157:H7 using IMS prior to
bacterial detection, a pre enrichment of 5 h was required and, when combined with qPCR
or cultural methods, allowed for the detection of 2 CFU/g in approximately 80% of
positive samples (Fedio et al., 2011). Further improvements to our assay could be made,
for example the time allowed for the attachment (dipping approach) of the immobilized
phage to its target could be changed from 30 min to 15 min, as according to the results of
the one step growth curve, the latent period of the phage was 11 min. Changing the
period of attachment will prevent losing some of the progeny phage that might be
released early since the latent period of the phage before releasing new virions was less
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than the actual attachment time used in the assay. Additionally, since some leaching of
the phages from the ColorLok paper occurred, further modifications to the paper surface
to increase the surface positive charge may ensure that the phages remain on the paper
for longer times. Fenn (2014) showed that a high surface zeta potential of 18-20 mV was
necessary to reduce leaching of phages from the surface.

Conclusion
The immobilization of bacteriophages onto paper offers a promising approach for the
detection of foodborne pathogens. The bacteriophage dipstick assay had the ability to
detect as few as 10 cells of E. coli O45:H2 in only 8 hh in both TSB and ground beef.
However, storage of the paper on which phage was printed affected its performance.
Nevertheless, printing phage onto paper can form the basis of an accurate, cost effective,
and rapid technique to detect bacterial foodborne pathogens that can be applied to
different phages. However, further improvements to the consistency of bacteriophage
applied to the paper, the bioink formulation or the type of paper may enhance the
immobilization of the phages onto the paper.
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Chapter 4 – Conclusion and Future Research
4.1 Thesis Summary and Conclusions
Foodborne pathogens have continued to be a burden all over the world. Contamination of
food products with non-O157:H7 STEC serotypes presents major challenges for the food
industry, as they can lead to serious health issues that might finally cause death.
Therefore, the need to develop reliable detection methods targeting these serotypes in
food is needed. In recent years, the top six Shiga toxin producing E. coli (STEC) have
been linked to many outbreaks, foodborne illnesses and implicated more frequently in
sporadic cases of HC and HUS than E. coli O157:H7. Bacteriophages are the most
ubiquitous organisms on the earth. These bacteriophages bind to the bacterial cells via
tail fibers, initiate an infection, replicate then release progeny phages causing bacterial
lysis and death in a short period of time. In addition, bacteriophages are highly specific
organisms, which means that they can only infect specific strains and cannot initiate any
infection against other strains. Thus, bacteriophages make the perfect tool for
inexpensive approaches to detect non-O157:H7 STEC strains.
Thirty-five phages were isolated from different sources such as sewage, sludge and river
water against the top six STEC strains (O111, O121, O103, O145, O45, O26). Only
phages with the narrowest host range and specificity for STEC were chosen. Therefore,
fourteen out of the 35 phages (AG1A, AG2A, AG4A, AG6A, AG8A, AG9A, AG12A,
AG14A, AG15A, AG16A, AG17A, AG18A, AG24A and AG25A) were selected for
further characterization before the selection of the ideal phage for the detection
application. After the first screening against 21 E. coli strains, eight phages (AG1A,
AG2A, AG4A, AG6A, AG8A, AG14A, AG24A and AG25A) had high specificity and
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high lytic activity against E. coli O45 with no sign of infection against any other strain
tested. A further 20 E. coli strains were then screened and four of the phages remained
very specific and had a narrow host range. Six out of the original fourteen phages
(AG9A, AG12A, AG15A, AG16A AG17A and AG18A) were tested for their efficiency
of plating (EOP) to confirm that lysis observed against non-target bacterial hosts was not
related to handling errors or resulted from a phenomenon known as “lysis from without”
or abortive infection. The results indicated that most bacteriophages possess a capacity to
infect multiple bacterial hosts with different levels of infectivity. For example,
bacteriophages AG15A and AG16A were found to infect other hosts (E. coli O157:H7
and JM109) at the same level as the strain used for isolation (E. coli O121:H7) with an
EOP of 1. In addition, TEM images have shown that phages belonged to different
families. Phages AG1A, AG2A, AG4A, AG6A, AG8A, AG9A, AG14A, AG24A and
AG25A belong to the Podoviridae family with icosahedral heads and short noncontractile tails; AG12A, AG17A and AG18A belong to the Myoviridae family while
AG15A and AG16A belong to the Siphoviridae family. Most of these phages were
adsorbed to their bacterial host within 5 min followed by a latent period and slow
attachment rate (for the remaining free phages) of 15 - 20 min prior to releasing the first
generation of progeny phages. While for others such as AG15A and AG16A, the
adsorption occurred after 20 min for AG15A and 25 min for AG16A of incubation with
O121:H7. However, the efficiency of adsorption for both phages AG15A and AG16A
was around 97-98% while it was around 98-100% for the other phages. Finally, four
phages (AG2A, AG6A, AG8A and AG24A) were identified as candidates for the
detection application; yet only one of them was chosen for further characterization. The
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propagation of AG2A was tested by the one step growth curve test, which showed that
AG2A has a burst size of 223 and a latent period of 11 min. Phages with a short latent
period are preferable for phage-based detection and biocontrol due to their ability to
multiply and to be released faster; resulting in rapid infection of higher numbers of their
host than phages with longer latent periods (Abedon, 1989, Lenski & Levin, 1985).
The nature of the AG2A phage receptors was also tested. There are four main types of
receptors in Gram-negative bacteria: pili, outer membrane protein, flagella and
extracellular polysaccharides (Crook et al., 2013). Location, density and the number of
these receptors, can greatly contribute to bacteriophage adsorption to their hosts
(Rakhuba et al., 2010). Results suggested that the receptors for phage AG2A might be
located on the LPS or outer membrane protein, as some rough strains showed resistance
to the phage compared to others while one was smooth but resistant to the phage.
Because all isolates, including the original host, were motile, bacterial flagella could be
excluded from being a potential receptor.
In the study of the efficiency of phage printed onto ColorLok paper using electrostatic
interactions between phage and paper, AG2A phage retained its infectivity against E. coli
O45:H2 when printed on paper that was subsequently stored for one to 7 days. However,
the immobilized AG2A phage lost infectivity when the paper was stored for 2 weeks in
the dark at a humidity of 80-85% Therefore, further modification of the bioink
composition, storage temperature or other modification to the paper used for printing
may help to increase the stability of the phage paper. Fenn (2014) has successfully
extended the infectivity of rV5 phage against E. coli O157:H7 up to 2 weeks when phage
paper was stored at 4°C in the dark.
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For the detection experiment, AG2A phage was immobilized onto ColorLok paper by
printing and the bioink used in the printing contained 30% glycerol, which might help in
the retention of moisture on the surface of paper; thereby increasing the stability of the
phage. AG2A immobilized onto ColorLok paper was successfully used to detect E. coli
O45:H2 in TSB and artificially contaminated ground beef. The detection limit was
determined by using two methods to detect progeny phage. For the overlay (plaque)
assay, the detection limit of E. coli O45:H2 was 10 CFU/mL in liquid medium (TSB)
and ground beef. When real-time PCR was used to detect progeny phage the detection
limit was again 10 CFU/mL for both TSB and ground beef. The results were similar for
both methods, however, PCR produces faster, more reliable results, which can be
obtained within only 8h (5 ½ h of incubation and 2 h for real-time PCR analysis)
compared to the 24h incubation needed for the overlay method.
The stability of the immobilized phage for detection after one week of storage was also
tested by overlay and real-time PCR. Using the overlay assay with 1week old phage
strips, the detection limit was 10 CFU/mL of E. coli O45:H2 in ground beef, which was
the same as the detection limit obtained using the phage strips that were one day old,
while the detection limit observed for the phage paper stored for 1 week was 50 CFU/mL
in TSB. However, when real-time PCR was used to detect progeny phage released
following infection by the phage on the paper stored for 1 week, the detection limit was
50 CFU/mL for both TSB and ground beef. These inconsistent results between the
detection limit for E. coli O45:H2 in ground beef measured by the overlay and the realtime PCR assays might be related to the non-homogeneous distribution of phage-bioink
when printed onto the paper as the need to print the phage under low voltage to maintain
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the phage viability might result in an unequal distribution of the bioink on the paper
surface (Narayan, 2014). According to Binder et al. (2011), cell distribution could be
affected by repeated printing whereas the bioink viscosity, drop size and the
sedimentation of the phage particles in the bioink after a period of time might contribute
to variations in the concentration of phage applied to the paper and subsequently exerted
an effect on the detection limit (Binder et al., 2011; Narayan, 2014). However, further
improvements in detection time and specificity can be achieved with further research.
4.2 Future Research
The immobilization of bacteriophage for the detection of bacterial pathogens was
successfully achieved during this study. Some of the concerns raised during this study
require further investigation in order to improve stability, sensitivity and achieve optimal
phage-based detection assays for foodborne bacterial pathogens. Improving bioactive
paper is suggested to overcome their inhibitory effects on qPCR as a ten-fold dilution
was essential to achieve a successful amplification for both broth and ground beef
samples. In addition, a modification to the paper to increase the positive charge of the
surface and prevent the leaching of phage from the paper may improve its efficiency to
immobilize phage.
Furthermore, production of bioactive material on a commercial scale for detection
purposes would also require improved non-thermal printing technologies such as
piezoelectric printing, for high-efficiency production of the phage-based materials, since
the printing of phage in this study was a lengthy process and only enough for small scale
detection applications. Moreover, an improvement to the method for ink distribution
from bioprinters is suggested to ensure the stability of applied phages, since the
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repetitive printing and temperature or voltage applied from the printers have been
associated with a possible lack of efficacy of the printed material and viability of the
phage.
Although the immobilized bacteriophage in this study were stable for up to one week of
storage, an increase in the stability of the immobilized phage is needed for the
commercial production of detection kits. Other factors might require some modification
in order to increase the stability of immobilized phages such as the composition of the
bioink and the temperature of storage, which can impact stability during storage.
Moreover, in order to improve the sensitivity of this test to be able to capture as few as
one cell, pre enrichment of one h is suggested for the samples before detection using
PCR.
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