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Abstract 

Identification of receptors for two novel Escherichia coli 0157:H7 bacteriophage 

E. coli 0157:H7 is a major human pathogen transmitted to humans primarily through 

contaminated meat products. Reducing the pathogen load in food animals with the use of 

natural bacteriophage can improve food safety. The objective of this thesis was to 

characterize the receptor sites of two novel bacteriophage that form part of an effective 

cocktail product under development at Gangagen Life Sciences Inc. This was 

accomplished by developing and characterizing mutants resistant to R26, a Tl-like phage 

and P39, a T4-like phage. Most mutants resistant to P39 were sensitive to R26 and vice 

versa suggesting that the two phage target different receptor molecules. 

Lipopolysaccharide (LPS) was identified as a potential receptor for phage R26 as 

indicated by differences in LPS profiles of the R26-resistant mutants. Sequence analysis 

of the rfaF gene in Ec4BIMR26R12, an R26-resistant mutant, revealed a mutation that 

would give rise to a truncated non-functional enzyme, resulting in truncated LPS. OmpC 

was shown to be required for P39 binding using PCR, Southern blot analysis and genome 

walking. A deletion in the region of the ompC gene resulting in a non-functional OmpC 

protein was identified. This was confirmed by sequencing and complementation studies 

by expressing OmpC from E. coli 0157:H7 in a P39-resistant mutant, Ec4BIMP39R3. 
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1. Introduction 

Escherichia coli (E. coli) 0157:H7 was first identified as a human pathogen in 

1982 with two outbreaks of haemorrhagic colitis (HC) in Oregon and Michigan that were 

linked to hamburgers from the same fast food chain. It is however possible that the strain 

did exist for some time before 1982, but was never identified due to the lack of suitable 

detection systems (Riley, 1987; Law, 2000). Since its discovery, E. coli 0157:H7 has 

been identified as a major cause of food and waterborne illnesses in the developed world 

(Armstrong et al, 1996). The incidence of outbreaks has since increased dramatically and 

the origin of the infection has varied, with water and food sources being the most 

common causes of infections. In Canada the levels of E. coli 0157:H7 infection has 

remained relatively stable with values of-3.3/100,000 (1,048 cases) reported in 2006 

(Public Health Agency of Canada, 2006; Statistics Canada, 2007). Fig. 1 illustrates the 

incidence rates in Canada between 1994 and 2004. Aside from a spike in rates in the year 

2000, which is the year of the Walkerton tragedy (Ontario, Canada), the levels of 

incidence of E. coli 0157:H7 infection have remained relatively stable. In the United 

States, the levels ofE. coli 0157:H7 infection are 1.31 cases/100,000 and have been 

stable at that level for the last decade (Centers for Disease Control and Prevention, 2007). 

It should be noted in both cases that these rates reflect only confirmed cases of E. coli 

0157:H7 infection based on stool samples. It is believed that the actual rate of infection 

is ten times higher due to unreported cases. Many people will not go to the doctor if they 

have mild symptoms and therefore it is impossible to get an accurate estimation of the 

incidence of E. coli 0157:H7 infection (Public Health Agency of Canada, 2003). 
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Figure 1: Rates of verified cases of E. coli 0157:H7 in Canada per 100,000 people from 
1994-2004. 
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Outbreaks of E. coli 0157:H7 are typically linked to contaminated meat products and to 

some extent to lettuce and other salad greens grown using manure from livestock as 

fertilizer. E. coli 0157:H7 contamination of meat products is the leading cause of recalls 

in the food industry, sometimes with devastating consequences to the business. A recent 

example was in the fall of 2007 when Topps Meat Company, one of the United States of 

America's largest manufacturers of frozen hamburgers, recalled more than 21.7 million 

pounds of ground beef products in one of the largest meat recalls in recent years. The size 

of the recall caused the company to go out of business since meat processing was their 

main business (Belson and Fahim, 2007). The Food Safety and Inspection Service (FSIS) 

has reported that in 2004 only 0.17 % of samples tested in the USA were positive for E. 

coli 0157:H7 which marks a significant decline from a rate of 0.86 % in 2000 (Becker, 

2006). A possible explanation for the reduction in meat contaminations rates is due to the 

ability of meat producers to use the contaminated meat for the manufacture of fully 

cooked meat products of lower quality prepared in their factories prior to being sold to 

the consumer. Since proper cooking kills the pathogen, this is an acceptable practice and 

the producers do not have to report it to the regulators. 

One reason E. coli 0157:H7 is a major concern is that a relatively low number of 

cells are required for infection and the effects are relatively harsh. The dose of E. coli 

0157:H7 required to cause infection is known to be well below 100 organisms (Karch et 

ah, 2005; Chart, 2000). An E. coli 0157:H7 infection generally causes diarrhea and 

cramps that leads to bloody diarrhea in 70-90 % of cases. This could further develop into 

HC which is characterized by severe inflammation and oedema of the colonic mucosa 

(Karch et al., 2005; Chart, 2000). At this point, it is possible for the infection to develop 
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into a more serious condition, hemolytic uremic syndrome (HUS). HUS usually develops 

anywhere from five to thirteen days after the appearance of first symptoms and has been 

seen in about 15 % of infections involving children under the age often. This age group 

is most severely affected, with the elderly a close second (Karch et al., 2005). Overall it 

has been shown that 10 % of patients develop HUS with 5 % developing chronic renal 

failure and 5 % ultimately dying (Chart, 2000). 

A key factor in understanding why this organism is such a major pathogen is its 

prevalence in nature. Most infections can be traced back to an animal source. E. coli 

0157:H7 is commonly found in the feces of healthy cattle (Armstrong et al, 1996), and 

other animals such as sheep and pigs. The levels of E. coli 0157:H7 in feces are highest 

in the summer; on the other hand, levels on animal hides peak from spring through fall 

(Barkocy-Gallagher et al., 2003). The most important figures to consider for food safety 

are the incidence rates at the time of slaughter, where numbers as high as 27.8 % of 

animals infected with E. coli 0157:H7 have been reported in the summer months 

(Hussein and Bollinger, 2005). This incidence frequency has to be viewed in the context 

of the total beef cattle slaughtered in North America alone, which was about 40 million 

head, of which Canada accounted for about 3 miiiion head (2007 figures) (USDA NASS, 

2008; Agriculture and Agri-Food Canada, 2008). The contamination potential of bovine 

fecal E. coli 0157:H7-incidence alone is staggering. 

Though contaminated meat is believed to be the largest source of E. coli 0157:H7 

contamination in the food supply, other animal sources include unpasteurized milk and 

cheese. Feces from infected animals can not only lead to contaminated meats and milk 

products, but can also cause contamination of vegetables due to the use of manure as 
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fertilizer. Feces also contaminate waterways and other surface water sources through 

runoffs from manure fertilizer used in the fields, which subsequently contaminates 

vegetables through irrigation. The infection risk is further magnified since many 

vegetables and fruits are consumed un-cooked (Armstrong et al, 1996). Surprisingly, 

apple cider, which is also often unpasteurized, has been linked to outbreaks of E. coli 

0157:H7 in recent years (Armstrong et al, 1996; Buchanan et al, 1998). Fig. 2 

illustrates several possible modes of infection of E. coli 0157:H7. 

Some methods currently used to reduce E. coli 0157:H7 contamination during 

processing include spot carcass decontamination (remove visible contaminants to meet 

FSIS zero-tolerance performance standards), thermal decontamination (high-pressure, 

hot-water rinse or pressurized steam), and irradiation of case-ready product (National 

Cattlemen's Beef Association, 2006). There are many researchers who believe that the 

best method for reducing the number of E. coli 0157:H7 infections is to treat the E. coli 

0157:H7 at the source, i.e. treat the animals carrying the pathogen when the animals are 

in the feedlot before being shipped to the slaughter plant. By treating the animals that are 

reservoirs of E. coli 0157:H7 one may reduce the load in the food supply as well as 

reduce the load of E. coli 0157:H7 in the environment. Bacteriophage therapy has been 

one of the proposed methods for treating animals that may contain E. coli 0157:H7 in 

their digestive tracts, potentially in combination with vaccines and antibiotic treatments 

(National Cattleman's Beef Association, 2006). Bacteriophage therapy is one of the 

preferred methods of treatment since phage are naturally abundant in animals and in the 

environment making it an environmentally friendly alternative (Hendrix et al., 1999). 
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Figure 2: Modes of infection of E. coli 0157:H7. 
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Some other benefits of bacteriophage, when compared to antibiotics, include the 

fact that bacteriophage self-replicate exponentially in the presence of the specific 

bacterium they target. They are also self-limiting. As the amount of bacteria in the system 

decreases, the number of phage in the system decreases. In addition to their inability to 

multiply in the absence of an appropriate host bacterium, environmental conditions play a 

major role in controlling phage numbers, with phage being sensitive to extreme heat, cold 

and UV radiation. Another advantage of phage-based therapeutics is that a number of 

different phage for any given pathogen can be found in nature making it a technology that 

can address the issue of development of resistance very effectively. Finally, unlike 

antibiotics which often cause bacterial imbalance as they do not target specific bacteria 

and frequently lead to secondary bacterial infections, bacteriophage target a species or 

strain of bacteria causing minimal disruption to the natural flora (Lorch, 1999). This last 

advantage means that it is possible to develop a phage product that will reduce the 

numbers of E. coli 0157:H7 in the intestinal tract of the treated animal without affecting 

the natural flora of the intestinal tract and thus have few side effects on the treated animal 

(Babalova et al, 1968; Mandeville et al, 2003; Tanji et al, 2004). An added benefit of 

this approach is that by reducing the pathogen load in the animal's feces, one would 

effectively reduce environmental contamination and ultimately human infection rates. 

Hankin provided the first recorded evidence of heat labile, filterable particles with 

bactericidal properties in 1896. He noted that the waters of the Ganges River in India had 

antiseptic properties against many different organisms. At the time, he did not understand 

the concept of bacteriophage. He concluded that it was a heat labile chemical entity that 

gave the water its antiseptic properties (Hankin 1896). Bacteriophage were discovered 

7 



independently by Twort in 1915 and Felix d'Herelle in 1917 (Twort, 1915; d'Herelle, 

1917). Bacteriophage are natural parasites of bacteria. They do not possess the required 

machinery to generate energy or produce proteins on their own. Instead, they contain the 

genetic material required to direct their own replication within an appropriate host. 

Bacteriophage typically target a subset of bacteria within a species; however, it is 

possible that several related bacterial species could be an appropriate host for a given 

phage strain. 

Bacteriophage are found readily in nature and are one of the most abundant life 

forms. They are usually concentrated near their host but have been shown to maintain 

infectivity for decades in the absence of an appropriate host (Babalova et al, 1968; 

Kutter and Sulakvelidxe, 2005). Bacteriophage have developed various approaches to 

infect host bacteria. Unlike many other viruses, bacteriophage remain attached to the cell 

surface throughout the duration of the infection process. Of the known bacteriophage, 

over 95% are tailed bacteriophage, representing the order Caudovirales. These 

bacteriophage are further divided into the families Myoviridae, Siphoviridae, and 

Podoviridae. Bacteriophage belonging to these three families have contractile, long non-

contractile and short non-contractile tails, respectively. While bacteriophage tails from all 

the families are complicated structures, the Myoviridae family uses a contractile tail that 

is especially elaborate (Kutter and Sulakvelidxe, 2005; Rossmann et al, 2004). Fig. 3 

illustrates a typical Myoviridae bacteriophage showing the tail structure. As illustrated in 

this figure, the tail is attached to a proteinaceous capsid that contains the phage genome. 

The tail is used for host recognition and attachment, and for delivery of the phage 

genome into the host cell. 
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Figure 3: Schematic representation ofMyoviridae bacteriophage (right) based 
electron micrograph (left). 

(Modified from Rossmann et al, 2004) 
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The two types of bacteriophage studied in this research project were similar to T4 of the 

Myoviridae family and Tl of the Siphoviridae family. Bacteriophage T4 infects E. coli 

and is one of the most well studied bacteriophage. The diversity and success of the 

bacteriophage in the T4-like family can be traced back to its efficiency of infection and 

the fact that only half the genes present in the T4 genome are required for reproducing 

daughter bacteriophage in the E. coli host (Rossmann et al, 2004; Leiman et al, 2003). 

The capsid contains double-stranded DNA that has 274 open reading frames of which at 

least 40 encode structural proteins. During infection the long tail fibers attach the phage 

particle to the cell surface and undergo a change from the 'hexagonal' to the 'star' 

conformation. This conformational change causes the tail tube to penetrate through the 

cell envelope, which results in the transfer of the bacteriophage genome into the cell 

(Rossmann et al, 2004; Leiman et al., 2003). Unlike other viruses, bacteriophage T4 is 

extremely efficient at infecting host cells. Only a single T4 particle is required to infect a 

bacterial cell. Upon infection, the bacteriophage interferes with host-specific functions 

such as nucleic acid and protein synthesis. This ensures that all host resources will be 

diverted to the production of phage components, finally resulting in the production of as 

many as 100 bacteriophage progeny within a single host cell. Following the production of 

phage particles, the host cell is lysed and the new phage are released ready to infect other 

host cells. In T4 DNA, cytosine residues are replaced with 5-hydroxymethylcytosine. 

This modification protects the phage DNA from many host restriction enzymes during 

the infection process (Rossmann et al, 2004; Leiman et al, 2003; Calender, 1998). Fig. 4 

illustrates the typical life cycle of a lytic bacteriophage such as T4. 
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Figure 4: Myoviridae bacteriophage life cycle. 

(1) Phage attaches to a specific host bacterium and (2) injects its DNA, (3) disrupting the 

bacterial genome and killing the bacterium, and (4) taking over the bacterial DNA and 

protein synthesis machinery to make phage parts. (5) The process culminates with the 

assembly of new phage and (6) the lysis of the bacterial cell wall to release a hundred 

new copies of the input phage into the environment. 

4 

(Modified from Thiel, 2004) 
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In contrast to T4, bacteriophage Tl is the least understood of the T bacteriophage. 

Delbruck first characterized Tl in 1942. It carries double stranded DNA in a polyhedral 

head and has a noncontractile flexible tail. Phage Tl adsorbs to the host receptor in two 

stages. The first stage involves a reversible binding, followed by an energy requiring 

irreversible binding. The DNA is then passed into the host cell through the tail fiber. Tl 

does not have modified DNA and is sensitive to many host restriction enzymes 

(Calender, 1988). Fig. 5 illustrates the membrane structure of gram-negative bacteria 

with components that can be used as receptor sites for bacteriophage. These include the 

lipopolysaccharide (LPS), which is broken down into the core polysaccharide and the O-

polysaccharide and cell surface proteins, such as porins, that are often associated with 

bacteriophage receptor sites. LPS and outer membrane protein C (OmpC) have been 

identified as receptor sites on E. coli K-12 for bacteriophage T4. It is believed that the 

presence of both LPS and OmpC are required for bacteriophage T4 binding. The two 

component nature of this phage-receptor system confounds the receptor site and is an 

example of why it is difficult to determine the receptor sites in the more complex phage-

receptor systems. When a receptor site is identified, it is unclear whether this is the only 

receptor site and what the exact role of the identified molecule plays in phage infection 

(Yu and Mizushima 1982; Henning and Jann, 1979). For bacteriophage Tl of the 

Siphoviridae family, FhuA, an outer membrane protein required for the uptake of 

ferrichrome into the cell, has been identified as a receptor site on E. coli K-12. TonB is an 

internal membrane protein of E. coli that interacts with FhuA to open the ferrichrome 

channel. Both proteins are required for Tl infection of E. coli K-12 (Killmann et ah, 

2001; Langenscheid et al, 2004). 
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ure 5: Membrane structure of gram-negative bacteria. 
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Gangagen Life Sciences Inc. (GLSI), a biotechnology company in Ottawa, was 

established to develop phage-based food safety products. The approach taken by this 

company was to isolate and characterize natural bacteriophage in order to develop a 

product to reduce human pathogens entering the food chain by treating animals at source 

prior to slaughter (Thiel, 2004). A bacteriophage product under development was shown 

to be effective at reducing the E. coli 0157:H7 load in beef cattle with an oral dose of the 

preparation (data unpublished). The selected phage were also shown to have a different 

host range profile using E. coli 0157:H7 field isolates, suggesting that they targeted 

different receptor sites on the bacteria. As exemplified by antibiotic resistance in 

pathogenic bacteria, mutations in the bacterial genome are a concern in any anti-bacterial 

treatment strategy, and therefore it is generally held that a phage cocktail is required to 

effectively combat E. coli 0157:H7 and other bacterial pathogens (Mandeville et al., 

2003; Tanji et al., 2004; Hermos et al, 2007). Knowledge of the receptor sites will help 

develop the most effective phage cocktail for reducing E. coli 0157:H7, a major 

pathogen in the food supply. 

In this thesis the hypothesis that the phage cocktail developed at GLSI as an anti 

E. coli 0157:H7 product contained phage that recognize different receptor sites on the 

surface of E. coli 0157:H7 bacteria is tested. First, naturally occurring E. coli 0157:H7 

mutants that were resistant to infection by R26 (a Tl-like phage) and P39 (a T4-like 

phage) were isolated. These E. coli mutants were further characterized by examining the 

ability of different bacteriophage in a library to adsorb to these strains. All bacterial 

isolates used in this study were drawn from the above mentioned panel of resistors. 

OmpC has been identified as a potential receptor site on E. coli for T4 bacteriophage. 
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Since one of the bacteriophage was similar to T4 as determined by sequence analysis of 

the phage genome, the ompC gene in resistors was analyzed for potential mutations. This 

was achieved by PCR and Southern blot analysis followed by confirmation of the 

mutations by DNA sequencing. Complementation studies were carried out to confirm that 

OmpC was required for binding by the T4-like phage. LPS profiles were also used to 

characterize the mutants. To determine if changes in the LPS profiles were due to 

mutations that altered the function of enzymes in the LPS production pathway 

appropriate genes from selected isolates were amplified by PCR and evaluated by DNA 

sequence analysis. 
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2. Materials and Methods 

Experimental protocols, bacterial strains, bacteriophage and oligonucleotide 

primer sequences were obtained from GLSI unless otherwise noted. 

Materials: 

All chemicals used in these studies were of analytical grade and obtained from 

Fisher Scientific (Ottawa, Ontario), VWR (Mississauga, Ontario) or Sigma-Aldrich 

(Mississauga, Ontario). All oligonucleotide primers were synthesized by Sigma-Aldrich 

(Mississauga, Ontario). 

2.1 Bacterial Strains and Bacteriophage 

E. coli 0157:H7 strains and bacteriophage used for these studies are listed in 

Table 1. Bacterial strains were maintained on Luria-Bertani (LB) medium (1% tryptone, 

0.5% yeast extract, and 1% NaCl). LB agar plates were prepared by adding agar to LB 

broth to a final concentration of 1.5%. Bacterial cultures were routinely grown at 37°C 

overnight. Bacteriophage were propagated by infecting the host bacteria at room 

temperature followed by incubation at 37°C. All microbial manipulations were done 

inside a BK2 Biological Safety Cabinet from Microzone. 

2.2 Generation of Bacteriophage Resistant Mutants 

A culture of the desired host bacterial strain was prepared by inoculating 3 mL of 

LB broth with an isolated bacterial colony and incubated with shaking at 200 rpm and 

37°C for 3 hrs. For generating P39 (a T4 like phage)-resistant mutants, 500 uL of a 3 

hour culture (OD6oo=l-0) of the desired bacterial strain was mixed with the target 

bacteriophage at a multiplicity of infection (MOI) of 1.0 and incubated in 10 mL of LB 

broth overnight at 37°C with shaking at 200 rpm. 
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Table 1: E. coli 0157:H7 strains and bacteriophage used in this study. 

Host Serotype Name Source 
E. coli 0157-.H7 Ec2 GLSI 
E. coli 0157:H7 Ec4 GLSI 

E. coli K-12 ATCC 31608 ATCC 
E. coli K-12 RK4784 NIG Collection 

E. coli 0157:H7 Bacteriophage P39 GLSI 
E. coli 0157:H7 Bacteriophage R26 GLSI 

E. coli K-12 Bacteriophage T4 GLSI 
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