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ABSTRACT 

 

The Isolation and Characterization of Lytic Bacteriophages against Listeria Spp and their 

Applications for the Rapid Detection of L. monocytogenes in Food Contact Surface and 

Broth 

 

      Safaa Fallatah              Advisor: 

University of Guelph, 2018      Dr.  Mansel Griffiths 

 

 

 

The aim of this study was to determine the potential application of bacteriophages for the detection 

of Listeria spp. on food contact surfaces (FCS). Eight phages were selected for further 

characterization to determine the most appropriate phage for use in a detection assay. They were 

characterized for host range, TEM, stability to air dying for 24 h at 25 °C, and restriction 

endonuclease pattern. L. monocytogenes strain C716 was very resistant to all phages, however; a 

mutated phage, AG13M, was able to infect L. monocytogenes strain C716. AG20 & AG23 phages 

were high specificity against their host (Listeria spp). AG20 phage was immobilized on ColorLok 

paper and used in the to detect L. monocytogenes C519 in broth and FCS. AG20 phage was able 

to detect as few as 50 CFU/mL of L. monocytogenes in TSB and 40 CFU/cm2 on FCS using a 

plaque assay to detect progeny phage within 24 h.  
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Chapter 1: Literature Review 

 

1.1 Foodborne Illnesses 

 

Foodborne illness is a universal problem that impacts both public health and global economics 

(Flint et al., 2005; Newell et al., 2010). Most foodborne diseases are the result of ingesting food 

or water contaminated with pathogens, such as bacteria, viruses, fungi, and parasites, or their toxins 

(Zhao et al., 2014). Each year an estimated one in six Americans (48 million people) are diagnosed 

with foodborne illnesses, resulting in approximately 128,000 hospitalizations and 3,000 deaths 

(CDC, 2017). Of these cases, 31 known pathogens are responsible for an estimated 9.4 million 

infections, 56,961 hospitalizations, and 1,351 deaths yearly (Scallan et al., 2011). The Public 

Health Agency of Canada reports that approximately four million individuals experience 

foodborne infections in Canada annually, resulting in 11,600 hospitalizations and 238 deaths 

(Thomas et al., 2013). Symptoms of foodborne illness include vomiting, diarrhea, and 

stomach/intestinal cramps and more serious symptoms such as life-threatening neurological 

syndromes, hemolytic uremic syndrome, and Guillain–Barré syndrome (Flint et al., 2005; Newell 

et al., 2010). Pathogens are more common in food products that are not cooked or treated, such as 

fruits, vegetables, raw milk, seafood, meat, and poultry (Wingstrand et al., 2006; Rosec et al., 

2012; Omurtag et al., 2013). When food safety procedures are not followed, these pathogens can 

grow or survive and cause foodborne diseases. Therefore, it is essential to analyze food for the 

presence of pathogens to ensure a safe food supply (Chung et al., 2010; Lee et al., 2014). 

According to a former Food and Drug Administration (FDA) economist, the annual health 

expenses related to foodborne illness in the United States total $152 billion (Scharff, 2010). The 
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Interagency Food Safety Analytics Collaboration (IFSAC, 2015) reported that the four key 

foodborne pathogens Salmonella, Escherichia coli O157, Campylobacter, and L. monocytogenes 

accounted for approximately 75% of foodborne illnesses related to bacterial infections from 2008 

to 2012. Most Campylobacter-related illnesses were attributed to dairy products (66%) and 

chicken (9%), most E. coli-related illnesses were attributed to contaminated beef (46%) and 

crops/vegetables (36%), and most L. monocytogenes-related illnesses were attributed to fruit 

(50%) and dairy products (31%). Salmonella-related illnesses were attributed primarily to seeded 

vegetables (18%), fruits (12%), eggs (12%), chicken (10%), beef (9%), sprouts (8%), and pork 

(8%) (IFSAC, 2015). 

L. monocytogenes is a common foodborne pathogen. Foods that are typically associated with L. 

monocytogenes include RTE meats, RTE salad greens, smoked seafood, and soft cheeses (FDA, 

2011). Among the major foodborne pathogens, L. monocytogenes stands out due to its significantly 

higher case fatality rate (Table 1.1) when compared to other major foodborne pathogens. L. 

monocytogenes ranks as one of the highest burden foodborne pathogens, not due to the number of 

cases, but because of its very high hospitalization rate (93.3%) and high case fatality rate (16.5%) 

across Canada and the United States (Batz et al., 2011; Thomas et al., 2013; Thomas et al., 2015). 
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Table 1.1 The top 10 foodborne illness by burden in Canada (Thomas et al., 2013; Thomas et al., 

2015) and the US (Batz et al., 2011).  

 

Foodborne 

pathogen 

Estimated incidence Estimated rate 

of hospitalization 

Estimated rate 

of death 

Canada US Canada US Canada US 

Campylobacter 145,000 845,000 

 

1,093 

 

8,500 

 

1 76 

 

Clostridium 

perfringens 

 

176,000 

 

966,000 

 

49 

 

438 

 

1 26 

Escherichia coli 

O157 

12,800 

 

63,000 

 

340 

 

2,100 

 

11 20 

Listeria 

monocytogenes 

 

212 

 

1,600 

 

190 

 

1,500 

 

44 255 

Norovirus 

 

1,050,000 

 

5,500,000 

 

6,067 14,700 

 

131 149 

Salmonella spp. 

 

87,000 

 

1,000,000 

 

1,565 

 

19,300 

 

29 378 

Shigella spp. 

 

1,202 

 

131,200 

 

137 

 

1,450 

 

1 10 

Toxoplasma gondii 

 

9,100 

 

86,700 

 

175 

 

4,400 

 

11 327 

Vibrio vulnificus 

 

1 

 

96 

 

1 93 

 

1 36 

Yersinia 

enterocolitica 

 

25,900 

 

97,600 

 

119 

 

533 4 29 
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1.2 Overview of Listeria Species 

 

1.2.1 Listeria monocytogenes infections: Epidemiology and Outbreaks 

Infections caused by Listeria spp., especially L. monocytogenes, are major contributors to 

foodborne disease outbreaks. L. monocytogenes can enter the human body through contact with 

infected animals or by consuming contaminated food (Gahan & Hill, 2014). According to the 

Centers for Disease Control and Prevention (CDC), there are approximately 2,500 confirmed 

listeriosis cases in the US every year, with 500 infections resulting in death (Centers for Disease 

Control and Prevention, 2005). In Canada, the percentage of listeriosis has increased over the last 

several years from 2.3 cases per million population in 2000 to 4.2 cases per million population in 

2007 (Clark et al., 2009).  According to the Public Health Agency of Canada (PHAC), 2008, there 

was a sharp increase in listeriosis incidence was noted in 2008, with 7.2 cases per million 

population reported. This was mostly can be attribute to large outbreak involving 57 of 40 

confirmed cases, respectively (PHAC, 2010). In some European countries such as France, the 

United Kingdom and several other increases in the incidence of listeriosis over the last several 

years. In these countries, the increase has been predominantly driven by an increased incidence in 

patients > 60 years of age. The reasons for this increase are unknown (ACMSF, 2009). 

Since L. monocytogenes is likely killed during pasteurization or other heat treatments, the risk of 

Listeria contamination with these foods is much lower than with foods that are not heated before 

eating. Listeriosis outbreaks have been associated with contaminated fresh and ready-to-eat food 

“RTE” products including dairy products, meat, egg products, vegetables, and seafood (Health 

Canada, 2011). Typically, >104 colony-forming units (CFU) is the required dose of L. 

monocytogenes to cause disease (Ooi & Lorber, 2005; Vazquez-Boland et al., 2001). Although 

low levels (<102 CFU) rarely cause foodborne illness (Chen, Ross, Scott, & Gombas, 2003), 
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immunocompromised individuals have acquired listeriosis by consuming 102 to 104 CFU L. 

monocytogenes (McLauchlin et al., 2004; Vazquez-Boland et al., 2001). The mortality rate for 

listeriosis can be as high as 20% to 30% (Todd & Notermans, 2011). In the European Union, for 

example, 1,476 cases were confirmed in 2011, with 12.7% of those resulting in death (EFSA, 

2013). In the US, an estimated 1,600 listeriosis cases and 250 listeriosis-related deaths occur yearly 

(Scallan et al., 2011). The economic burden associated with listeriosis, including health care costs, 

lost productivity, and diminished quality of life, is estimated at USD $2,040,000,000, with a cost 

per case of nearly USD $1,282,000 (Byrd-Bredbenner et al., 2013). European Union regulations 

specify that L. monocytogenes contamination in food should not exceed 100 CFU (EC, 2005). 

Furthermore, if the food can support L. monocytogenes growth, and the food processor cannot 

demonstrate that this limit is not exceeded during its shelf life, L. monocytogenes must be absent. 

For ready-to-eat products intended for children or special medical purposes, L. monocytogenes 

must be not detected in a 25-g sample. Although the FDA has established a zero-tolerance policy 

for L. monocytogenes in ready-to-eat products (FSIS, 2013), a nonbinding compliance policy states 

that the L. monocytogenes level is set at <100 CFU for ready-to-eat foods that do not support its 

growth (FDA, 2008).  

Up to 5 % of asymptomatic L. monocytogenes can be carried by humans in their intestines without 

making any issues related to Listeriosis. This transfer of Listeriosis classified in two different 

procedures, namely invasive and non-invasive. The invasive listeriosis usually grows in people 

with pathologic immune systems whereas non-invasive listeriosis can develop in any population 

around (103 CFU) that can be consumed. Many ways of Listeriosis transmission have been 

recognised which as mother-to-foetus infection, animal-to-human and, commonly; transmission to 

each through consumption of contaminated food (McLauchlin et al., 2004). 
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Listeria contamination can occur in the production of food, and its ingredients or via industrial 

processes through contaminated manufacturing equipment or the air. For example, in sandwich-

producing plants, equipment (e.g., slicers and conveyor belts) and sandwich ingredients were 

found to be contaminated by L. monocytogenes, and certain strains persisted for more than 9 

months on the equipment (Blatter et al., 2010). Recalling contaminated products can be expensive 

because of loss of the product and loss of customer trust (Swaminathan & Gerner-Smidt, 2007).  

A well-known outbreak in 2008 was traced back to Maple Leaf Foods, where L. monocytogenes 

was found in RTE products made at one of the company’s plants in Ontario, Canada, leading to a 

huge recall. The outbreak was caused by contaminated slicing machines and resulted in 57 cases 

of listeriosis and 24 deaths (Public Health Agency of Canada, 2010). According to Maple Leaf 

Foods, the cost of this outbreak was approximately CAD $20 million plus CAD $29 million to 

settle a class action suit. The average age of infected people was 76 (Health Canada, 2009).   

At Jensen Farms, Colorado, it was one of the deadliest listeriosis outbreaks occurred in 2011 in the 

United States. This outbreak was associated with cantaloupe and caused 146 invasive illnesses, 

one miscarriage, and 30 deaths (Laksanalamai et al., 2012). In the groups, most at risk for listeriosis 

(pregnant women, infants, the elderly, and individuals with weak immune systems), listeriosis may 

cause abortion or stillbirth, sepsis, pneumonia, meningitis, or serious infections of the nervous 

system (Todd & Notermans, 2011).  

Furthermore, on January 6, 2015, Bidart Bros. of Bakersfield, California, voluntarily recalled 

Granny Smith and Gala apples because environmental testing revealed contamination with L. 

monocytogenes at the firm’s apple-packing facility. The recall included all Granny Smith and Gala 

apples shipped from its Shafter, California, packing facility in 2014. On January 8, 2015, FDA 

laboratory analyses using PFGE showed that environmental L. monocytogenes isolates from the 
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Bidart Bros. facility were indistinguishable from the outbreak strains. In addition, Whole Genome 

Sequencing (WGS) showed that Listeria isolates from whole apples produced by Bidart Bros. A 

total of 34 infected were hospitalized; eleven were pregnant women or their newborn infant were 

also infected, with one illness resulting in a fetal loss. In this outbreak, 3 deaths were reported as 

being infected to listeriosis. Three invasive illnesses (meningitis) occurred among otherwise 

healthy children aged 5-15 years. There were some unusual facts about this outbreak. The first fact 

was the unusual food vehicle and the serious illnesses that occurred in healthy children. Also, co-

infection was reported in one patient, where two isolates of L. monocytogenes were detected in 

one patient. The source of this is outbreak was primarily discovered by using whole genome 

sequencing (WGS) rather than PFGE. The US FDA isolated L. monocytogenes from the apple 

packing facility, as well as from the caramel apples. WGS found that the isolates were highly 

related to those isolated from the patients. A subsequent research study found that insertion of the 

stick into the apple may have caused the formation of a local microenvironment at the apple-

caramel interface, that supported rapid growth of L. monocytogenes, whereas the apple or the 

caramel alone did not support growth.  

In 2016, a listeriosis outbreak was traced to frozen vegetables produced by CRF Frozen Foods in 

Pasco, Washington, affecting 9 individuals aged 56 to 91 years (median age, 76 years) in four 

states (CDC, 2016). Seven of the affected individuals were women, and all were hospitalized, 

including three who died (CDC, 2016). In another example reported by the CDC (on January 27, 

2016), the Dole Food Company voluntarily recalled all salad mixes produced in its Springfield, 

Ohio processing facility, after epidemiologic and laboratory evidence pointed to this facility as the 

likely source of a listeriosis outbreak. Overall, 19 illness associated with a particular strain of L. 

monocytogenes were reported in 9 states (CDC, 2016). All affected individuals hospitalized, one 
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of whom was pregnant, and at least one person died. L. monocytogenes remains an organism of 

concern because it can contaminate many food products and survive well in food processing 

environments (Kang et al., 2007).  

 

1.2.2 Individuals susceptible to L. monocytogenes infection 

Particular people are vulnerable to L. monocytogenes infection (Lund and O’Brien, 2011). Many 

aspects of the host contribute to increased susceptibility. Foodborne disease is therefore important 

to susceptible individuals, including people who are immunocompromised as a result of disease or 

medication, as well as pregnant women, infants, and the elderly. There are four cases that 

contributing to a person contracting listeriosis are discussed below.  

The case that affects susceptibility is individuals with pathological or iatrogenic 

immunosuppression. Although transplant patients are particularly immunocompromised, and 

therefore susceptible to L. monocytogenes, the reported incidence of listeriosis and other foodborne 

pathogens in this group is low but may still cause high mortality (Fernandez- Sabe et al., 2009). 

This low reported incidence may be due, in part, to the prophylactic use of trimer 

thoprimsulphamethoxazole (TMP-SMX) against Pneumocystis jiroveci pneumonia, ad drug which 

also inhibits L. monocytogenes and Toxoplasma gondii (Fernandez-Sabe et al., 2009). Cancer 

patients also show increased susceptibility to L. monocytogenes. In England and Wales in 1999–

2009, cancer patients accounted for more than one third of non-pregnancy-associated listeriosis 

cases (Mook et al., 2011). Two patients with oral cancer developed listeriosis after eating large 

quantities of soft cheese.  Listeriosis is often associated with the elderly and concomitant use of 

immunosuppressants, such as methotrexate (MTX), which is a corticosteroid (Raychaudhuri et al., 



9 
 

2009). For example, Listeria-associated endocarditis occurred in a psoriatic arthritis patient treated 

with the biological agent infliximab, who also consumed soft cheeses (Kelesidis et al., 2010).  

The second case concerns individuals with iron metabolism defects, cirrhosis, and other liver 

diseases, in whom the growth of several foodborne pathogens, including L. monocytogenes, can 

be stimulated by certain conditions arising from iron availability in the body, transfusions of whole 

blood or erythrocytes in excess, liver dysfunction, alcohol-induced cirrhosis, hemochromatosis, 

and thalassemia (Weinberg, 2009).  

The third case involves individuals with physiological impairment of the immune system. L. 

monocytogenes and T. gondii are significant foodborne pathogens affecting pregnant women. It is 

rare for pregnant women to be infected by L. monocytogenes; however, if infection does occur, 

serious symptoms can arise, such as fever or flu-like illness. Pathogenic infection can also cause 

fetal loss, stillbirth, or birth of a severely infected infant. (McLauchlin et al., 2004). However, in 

France, Germany, England and Wales, listeriosis mostly affects the elderly and those with 

malignancies (Gillespie et al., 2009a). 

The fourth case is individuals with impairment of physical barriers to foodborne infection such as 

among patients with hypochlorhydria or achlorhydria, or those who take proton pump inhibitors 

or H2 receptor antagonists, who are more vulnerable to Campylobacter, E. coli O157, L. 

monocytogenes, Salmonella, Shigella, and Vibrio cholerae infections, when compared to healthy 

individuals (Canani et al., 2010).  
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1.2.3 Microbiology of Listeria monocytogenes 

The original six species of the Listeria genus were L. monocytogenes, L. ivanovii, L. innocua, L. 

welshimeri, L. seeligeri, and L. grayi. The genus was recently expanded to include the following 

species: L. marthii, L. fleichmannii, L. floridensis, L. aquatica, L. newyorkensis, L. cornellensis, 

L. rocourtiae, L. weihenstephanensis, L. grandensis, L. riparia, and L. booriae (Orsi and 

Wiedmann, 2016). Members of this genus are small rod-shaped Gram-positive, facultative 

anaerobic, non-spore–forming, and motile species. Although L. ivanovii and L. seeligeri can infect 

humans, L. monocytogenes is the main cause of listeriosis, which primarily affects pregnant 

women, newborns, older adults, and people with weakened immune systems. (Scallan et al., 2011).  

Preventing L. monocytogenes contamination is challenging because of the organism’s ability to 

survive and thrive in a range of conditions including temperatures from –1.5°C to 50°C, pH from 

4.3 to 9.6, salt concentrations up to 25.5%, and freezing and desiccating conditions (Donnelly, 

2001). Although the incidence of listeriosis is relatively low, the mortality rate is high, approaching 

30% in populations at risk (Donnelly, 2001). Most species in the group Listeria sensu stricto have 

been isolated from different environments throughout North America (Chapin et al., 2014; Sauders 

et al., 2012; Stea et al., 2015). These species share the following phenotypic characteristics, which 

simplifies their isolation and study: ability to survive low temperatures (4°C); motility, at least at 

30°C; positive results for the Voges–Proskauer and catalase tests; and inability to reduce nitrate to 

nitrite. Listeria sensu stricto species can produce acetoin from glucose through the butanediol 

pathway and are able to ferment D-arabitol, α-methyl-D-glucoside, cellobiose, and lactose but not 

inositol, L-arabinose, or D-mannitol (Bertsch et al. 2013; Bille et al. 1992; den Bakker et al. 2014; 

McLauchlin and Rees 2009; Weller et al. 2015). L. monocytogenes is a facultative intracellular 

pathogen that can cause septicemia, abortions, encephalitis (McLauchlin and Rees, 2009), and 
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gastrointestinal illness without sign of systemic infection (Aureli et al., 2000; Dalton et al., 1997; 

Frye et al., 2002). L. monocytogenes can cause invasive disease in about 40 animal species. L. 

ivanovii has also been associated with listeriosis in animals, primarily sheep (Chand & Sadana 

1999; Sergeant et al., 1991), but is infrequently isolated from bovines (Alexander et al., 1992; Gill 

et al., 1997). 

Worldwide, food industry policies require a considerable number of tests to be performed to detect 

Listeria spp. in both food and environmental samples. Sales of these test kits contribute 

considerably to the income of a number of companies. The food industry typically uses kits that 

detect Listeria spp. to indicate the possibility of L. monocytogenes contamination. Thus, the 

identification of new Listeria species and changes in the taxonomy of Listeria can have 

considerable impacts on the food industry and test kit manufacturers.  

 

1.3 Monitoring Listeria in food processing plant 
 

Detecting L. monocytogenes in the processing environment is a large issue due to certain factors.  

L. monocytogenes can form biofilms which are hard to remove throughout cleaning and deliver 

protection against sanitizers for inner cells in the biofilm. Also, its ability to survive at temperatures 

of -0.4 to 45 °C, pH values of 4.4 or greater and water activities (aw) of 0.92 or higher (ICMSF, 

1996). Moreover, a minor quantity of Listeria in a food can quickly rise to dangerous numbers. 

Food that support L. monocytogenes growth are usually moist and of normal pH, low in salt and 

sugar and high in protein. Many RTE foods that require refrigerated storage will support the growth 

of Listeria to some extent as well. Listericidal stage is important for removing L. monocytogenes 

during the processing of foods, monitoring L. monocytogenes in the processing environment that 

is more critical for preventing post-processing contamination in these foods. It was approved that 

when L. monocytogenes is detected in managed RTE foods, this is usually because of a 
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recontamination after processing. In addition, it’s crucial to control the Listeria growth in the 

processing environment to reduce the potential for the for RTE foods that do not received a 

listericidal step to not to be contaminated (Ministry for Primary Industries, 2017).  

 

1.3.1 Policy on L. monocytogenes in Ready-to-Eat Foods 
 

In Canada, the “Policy on L. monocytogenes in ready-to-eat foods” is dependent on Good 

Manufacturing Practices (GMPs) and the principles of HACCP (Hazard Analysis Critical Control 

Point). A health risk assessment (HRA) was used to develop this policy of an inspection 

environmental sampling and end-product testing to verify control of L. monocytogenes in ready-

to-eat (RTE) foods (Health Canada, 2011).  

Health Canada (2011), in the “Policy on L. monocytogenes in Ready-to-Eat Foods” has stated that 

the current policy on Listeria in (RTE) foods has been working since 2004 until now which is 

concluded in several points as following:  1) New end-product compliance criteria have been 

developed. These are similar to the International Codex Alimentarius Commission standards 

(CAC, 2009a). 2) The definitions of RTE foods in which growth of L. monocytogenes can or 

cannot occur have been modified and/or developed. Validation data to support the categorization 

of RTE foods (i.e., Category 2A or 2B) are to be reviewed by regulatory authorities. The list of 

food products implicated in listeriosis outbreaks has been updated. 3) The compliance action 

decision tree, including environmental testing for Listeria spp. and end-product testing for L. 

monocytogenes, has been modified to include more details related to sampling.  4) It now states 

that an environmental monitoring program should be included in all plants used in the production 

of RTE foods, as defined in this policy. 5) It encourages the use of post-lethality treatments and/or 

L. monocytogenes growth inhibitors. 6) There is an increased focus on outreach with the 



13 
 

federal/provincial/territorial community to increase awareness of the risks of foodborne listeriosis 

and to provide guidance on how to reduce the risks of acquiring listeriosis to personnel in 

institutions where high-risk people may be exposed.  L. monocytogenes present in warning (RTE) 

has been separated into two categories depending on health risk. The first category covers products 

in which the growth of L. monocytogenes can occur. These should receive the maximum priority 

level of food safety for industry oversight and control along with the appropriate compliance. 

When the food became contaminated with L. monocytogenes, a public observant and recall will 

probably be delivered. The occupied product may be considered to be in violation of sections 4 

and 7 of the Food and Drugs Act (Government of Canada, 2011a). These warning could also 

contain hazard management cases anywhere in food processor which is done by presenting the 

data in order to demonstrate the growth of L. monocytogenes that will not occur in the product 

such as the validated use of preservatives, etc.  The second category is intended for foods that are 

identified to infrequently cover low levels of L. monocytogenes and/or RTE refrigerated foods with 

a shelf-life of ≤ 5 day. This category covers two subgroups: 2A) RTE food in which limited growth 

of L. monocytogenes to levels not greater than 100 CFU/g can occur throughout the stated shelf-

life (e.g., durable life date shown as a "best before" date on the package). However, these foods 

would support the growth of L. monocytogenes, still the growth is mostly limited due to some 

aspects such as short refrigerated shelf-life, a large background microflora containing anti-Listeria 

lactic acid and/or other microorganisms, etc. Foods in this category should obtain a medium to low 

priority, with regards to the level of oversight and compliance activities.  

2B category RTE food products are those in which the growth of L. monocytogenes cannot occur 

throughout the expected shelf-life of that food. These products should obtain a lower priority with 

regards to industry verification and control, as well as regulatory oversight and compliance 
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activities. This revised policy should lead to an enhancement of the verification and control of 

Listeria spp. in the food processing environment, permit earlier identification of any potential 

persistent contamination of the plant environment and provide an increased ability to identify and 

mitigate against L. monocytogenes contamination of finished product. These activities are meant 

to be preventative in nature so as to prevent end product contamination of ready-to-eat (RTE) foods 

with L. monocytogenes. RTE food processors would need to monitor their products to ensure that 

they continue to meet the criteria (e.g., physico-chemical parameters such as pH and aw) that 

justify their classification in this category. If information is insufficient, inadequate or no 

information exists to demonstrate that there is no growth of L. monocytogenes throughout the shelf-

life, as determined by validated data, the food will be treated, by default, as a RTE food in which 

growth of L. monocytogenes occurs.  

The third category is for RTE foods intended to be produced for High-Risk Population Groups 

(i.e., final distribution of such RTE products is known to be targeted specifically to pregnant 

women, elderly and/or immunocompromised individuals) and should receive the highest priority 

for industry verification and control, as well as regulatory an oversight and compliance activities. 

These RTE foods may be considered to represent a Health Risk 1 and not Health Risk 2 concern, 

irrespective of product type. In addition, specific control measures may need to be taken for these 

products (e.g., in the HACCP form). 

 

 

 

 

 



15 
 

 1.3.2 Food contact surfaces used in food processing environment 
 

A food contact surface (FCS) is one that comes into direct contact with exposed food. Conveyor 

belts, table tops, saw blades, augers, and stainless steel are some examples of food contact surfaces 

(USDA,2007).  There are several conditions that have to be met by in food contact surfaces which 

are to be smooth, impervious, has no any cracks and crevices, non-porous, non-absorbent, non-

contaminating, non-reactive, corrosion resistant, durable, and cleanable (Schmidt & Erickson, 

2005). In addition, food contact surfaces must be non-toxic, and not contain heavy metals (e.g., 

lead, cadmium, hexivalent chromium or mercury) or other toxic materials must be circumvented. 

These surfaces also should be fabricated, operated, and maintained in a manner such that these 

criteria are not compromised. Stainless steel is generally the most favoured and most usually used 

material in the design, construction and fabrication of food processing equipment and is specified 

in the 3-A Sanitary Standards (3A Sanitary Standards, 2012). Stainless steel as chemical, 

biological, organic, or inorganic inevitably accumulate on the surfaces of equipment in contact 

with food (3A Sanitary Standards, 2012). Attachment of pathogenic microorganisms to these 

surfaces are resulted in contamination leading to serious economic and health problems 

(Anonymous, 2005). 

The physicochemical properties (hydrophobicity and charges) and surface topography have a 

crucial impact on bacterial adhesion to inert surfaces. The most preferred parts for bacterial 

adhesion to food contact surfaces are the joints such as valves and any other difficult-to-reach 

spaces. Corrosion can lead to the formation and expansion of hollows and grooves (Cartonn et al., 

1999). The surface characteristics of the microorganisms themselves and the various 

environmental conditions encountered (organic materials, pH, temperature, water activity, etc.) 

also influence microbial attachment to inert surfaces (Gross et al, 2001).  
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At the time bacteria adhere to inert surfaces, they may show a greater degree of resistance to the 

chemical or natural cleaning and disinfecting agents compared to bacteria in suspension (Park et 

al., 2002).  

 

1.3.3 Surface adhesins and L. monocytogenes  
 

Cell surface proteins are the major adhesion factors contributing to surface colonization L. 

monocytogenes (Renier et al., 2011).  According to Renier et al., 2012, there are around 58 

unknown proteins foretold to be positioned in the cell wall, of which 43 correspond to LPXTG 

proteins covalently attached to the cell wall and 15 correspond to GW (five), WXL (four), LysM 

(five) and PGBD1 (one) proteins attached to the cell wall by noncovalent interactions. 

Furthermore, numerous proteins are predicted to be located at the cytoplasmic membrane, namely 

74 lipoproteins and 686 integrated membrane proteins (IMPs), in addition to cell surface 

supramolecular protein structures, namely the pseudo-pilus and flagellum. Only a few of these 

proteins and their role in adhesion to abiotic surfaces have been studied to date.  

One of the most important adhesion molecules of L. monocytogenes are has four to six peritrichous 

flagella per cell and their expression is regulated by temperature (Peel et al., 1988). The impact of 

flagella in surface attachment of L. monocytogenes was first demonstrated by non-flagellated fla 

mutants, which were reduced in early adhesion to stainless steel (Vatanyoopaisarn et al., 2000). 

Several transposon mutagenesis studies supported the finding that mutations in flagella synthesis 

affect biofilm formation (Chang et al., 2012). In addition to temperature, pH and salinity were also 

shown to have an influence on flagella biosynthesis and, consequently, L. monocytogenes adhesion 

(Caly et al., 2009). Yet, the non-appearance of flagella can only delay biofilm formation but not 

affect the final levels of adherent bacteria observed after longer periods of time (Vatanyoopaisarn 
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et al., 2000). A homologue of the biofilm-associated protein (Bap) was identified in L. 

monocytogenes and was named as BapL (Lmo0435) (Jordan et al., 2008). Among the 43 LPXTG 

proteins recognised until now in L. monocytogenes, BapL is the only one identified to play  a role 

in adhesion to abiotic surfaces.  

 

1.4 Detection of Foodborne Pathogens 
 

Food processing facilities use several methods to detect foodborne pathogens. The detection of 

pathogens in a food sample usually depends on advanced culture-independent methods that are 

automated, rapid, and able to handle multiple samples (Dwivedi & Jaykus, 2011). Methods have 

been developed to evaluate rapid detection methods in the food industry (Wang et al., 2014), which 

can be classified as qualitative or quantitative. Qualitative methods indicate whether the target 

bacterium is present in the food sample, whereas quantitative methods (enumeration techniques) 

directly or indirectly measure the number of bacteria in the sample (Gnanou Besse et al., 2010). 

For example, food products that test positive for any Listeria species may contain L. 

monocytogenes, which could be overgrown by the other Listeria species. Thus, positive results for 

Listeria spp.  are used to indicate the presence of L. monocytogenes (Gnanou Besse et al., 2010). 

Most bacterial pathogens are detected using traditional culture-based methods (i.e., culturing on 

agar plates followed by standard biochemical assays; Mandal et al., 2011). These methods 

sometimes are inexpensive; however, they can be costly when labor costs are taken into account. 

Also, the traditional cultured-based methods are mostly time-consuming because the microbes 

must be cultured in a variety of culture media such as pre-enrichment media, selective enrichment 

media, and selective plating media (Zhao et al., 2014). The multiple steps of culture-based methods 

include preparing the media, inoculation of plates, and counting colonies (Mandal et al., 2011). 
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Thus, identification of the pathogen may require several weeks. Furthermore, the low sensitivity 

of these methods limit their application (Lee et al., 2014). For example, viable but nonculturable 

pathogens may give false-negative results. 

To overcome the limitations of conventional culture-based methods to detect foodborne pathogens, 

more rapid methods with improved sensitivity, specificity, and suitability for in situ analysis and 

detection of viable cells have been developed (Zhao et al., 2014). Rapid detection methods are 

needed in the food industry to immediately detect the presence of pathogens in raw and processed 

foods. High sensitivity is important because a single microbe may cause contamination capable of 

causing illness. The new methods require less lab work and minimize errors; however, each has 

certain limitations (Mandal et al., 2011). Rapid detection methods can be categorized into nucleic 

acid-based, biosensor-based, and immunology-based methods (Zhao et al., 2014). This review 

examines the advantages and limitations of methods used to detect bacterial pathogens in food. 

 

1.4.1 Traditional Culture-based Methods 

Traditional methods use enrichment techniques to determine the presence or absence of pathogens, 

usually in 25 g food, with an overall detection limit of 1–5 CFU/test portion (Jasson et al., 2010). 

Food processing methods such as heating, freezing, drying, salting, and using preservatives, 

natural antimicrobial compounds, or other chemicals can injure bacteria without killing them (Wu, 

2008). The surviving bacteria may remain viable (and capable of causing disease) but 

nonculturable on typical laboratory media (Oliver, 2010). To detect these bacteria, a two-step 

method is used. A pre-enrichment step uses non-selective or half-selective medium to facilitate the 

recovery and growth of the target bacteria. This step also dilutes compounds used in food 

processing that may inhibit the target organism and rehydrates the bacterial cells (Dwivedi & 
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Jaykus, 2011). Then the enrichment step is carried out using a selective medium, which allows the 

growth of the target bacterium and inhibits the growth of background microflora. This step 

increases the population of the target pathogen to enable its isolation or detection (Jasson et al., 

2010). The use of selective and differential media to isolate colonies can take about one week 

(Jasson et al., 2010). Confirmation of the presumptive colonies requires additional tests to 

determine the morphological, biochemical, physiological, and/or serological characteristics of the 

bacterium, which may take an additional 4–7 days (Dwivedi & Jaykus, 2011; Jasson et al., 2010). 

 

1.4.2 Rapid Detection Methods 

Nucleic acid-based, biosensor-based, and immunology-based assays take less than 48 h and have 

detection limits of ≥104 cells in food samples. Immunology-based assays are based on the highly 

specific binding of an antibody to its antigen. A monoclonal antibody recognizes a single epitope 

on the antigen, whereas polyclonal antibodies recognize multiple epitopes. Enrichment is usually 

required to achieve the required detection limit (Table 1.2). The most commonly used 

immunology-based methods in food diagnostics are the lateral flow immunoassay, enzyme-linked 

immunosorbent assay (ELISA), enzyme-linked fluorescent assay, and immunomagnetic 

separation. Immunomagnetic separation isolates and concentrates the target pathogen using 

paramagnetic particles coated with antibodies. Lateral flow immunoassays are based on 

immunochromatography reactions, which use colored or fluorescent particles to visualize 

interactions between the immobilized antibody and its target. A lateral flow immunoassay 

combined with a magnetic concentration step can detect 102 CFU/mL L. monocytogenes in spiked 

milk within 2 h (Cho & Irudayaraj, 2013) using the monoclonal L. monocytogenes-specific 

antibodies LZF7 and LZH1.  
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A nucleic acid lateral flow immunoassay, which incorporates a polymerase chain reaction (PCR) 

step to amplify DNA of the target organism, has been shown to detect Listeria spp. and L. 

monocytogenes. This assay uses PCR primers labeled with an antigen (e.g., biotin), and amplicons 

are bound by the immobilized antibodies (Bzkova et al., 2009). The assay was used to test 24 food 

samples, and the results were found to be in concordance with those of the International 

Organization for Standardization (ISO) method. The detection limit was <10 cells/25 mL milk and 

was achieved within 28 h (including a 24-h enrichment step). A study by Kovacevic et al. (2009) 

compared commercial lateral flow and PCR assays with traditional culture-based methods used to 

identify Listeria spp. at meat processing facilities. The lateral flow and PCR assays were found to 

be highly specific and not significantly less sensitive in >300 confirmed tests. 

The ELISA method detects pathogens by using an antibody linked to an enzyme that catalyzes a 

color change or other signal. The most common form is sandwich ELISA, in which the antigen is 

first immobilized to another antibody on a solid surface before detection by the enzyme-linked 

antibody (Kovacevic et al., 2009). ELISA can also be combined with immunochromatography or 

immunomagnetic separation for qualitative detection of Listeria spp. and L. monocytogenes. A 

study evaluating immunochromatography-immunomagnetic separation reported that pathogens 

could be detected in naturally contaminated meat samples within 15 h, with a limit of 102 CFU/10 g 

(Kovacevic et al., 2009). In another study, ELISA was used to detect L. monocytogenes in 190 

naturally contaminated and 30 artificially contaminated samples of meat, seafood, and dairy 

products after an enrichment step (Portanti et al., 2011). The ELISA results showed high 

concordance with the ISO method, with a detection limit of 6.6 x 103 CFU/mL and relative 

detection limit of 5–10 CFU/g in spiked samples.  
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Numerous fluorescent systems have been developed to increase the sensitivity of immunoassays. 

For example, the sensitivity of ELISA can be increased by attaching a fluorescent label to the 

antibodies (i.e., enzyme-linked fluorescence assay). A study evaluating a commercial enzyme-

linked fluorescent assay to detect pathogens in 22 naturally contaminated samples (e.g., cheese, 

fish, milk, strawberries, and swabs) reported that the results were consistent with those of the 

commercial assay but the fluorescent assay required less time (16 h) and was more sensitive with 

a detection limit of 20 CFU/mL. Another study compared the ability of a commercial enzyme-

linked fluorescent assay, a commercial reverse transcription (RT)-PCR assay designed for food, 

and a culture-based method to detect L. monocytogenes in 50 vacuum-packed meat products 

(Netschajew et al., 2009). The results showed that after an overnight enrichment, the RT-PCR 

method was better able to detect low levels of the pathogen, especially if they were unculturable. 

A multiplex immunoassay was developed using magnetic nanoparticles with polyclonal antibodies 

for separation and quantum dot fluorescence. This assay successfully detected L. monocytogenes, 

E. coli, and Salmonella Typhimurium in inoculated ground beef, chicken, broccoli, and lettuce. 

Another technique combines immunomagnetic beads with L. monocytogenes-specific monoclonal 

antibodies for capture and antibody-bovine serum albumin labeled with fluorophores for detection. 

This assay was able to detect <5 CFU/mL L. monocytogenes in spiked milk in 4 h (including a 2-

h incubation at room temperature). Multiplex detection of E. coli and S. Typhimurium (mixed 

culture) was also demonstrated. 

Biosensor-based assays detect a pathogen by converting a biological response into an electrical 

signal. The biosensor consists of a bioreceptor (e.g., microorganism, cell, enzyme, antibody, or 

nucleic acid) and a transducer (Velusamy et al., 2010). The transducer may be visual 

(Raman/Fourier transform infrared spectroscopy, surface plasmon resonance, optical fibers), 
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electrochemical (amperometric, impedimetric, potentiometric, conductometric), mass-based 

(piezoelectric, magnetic), or thermal. Biosensors have been shown to rapidly detect Listeria 

contamination. For example, biosensor devices using impedance spectroscopy and monoclonal 

IgG1 antibodies achieved a calculated detection limit of 4 CFU/mL for L. monocytogenes in an 

artificially contaminated tomato extract without enrichment (Radhakrishnan et al., 2013). The use 

of screen-printed carbon electrode strips as disposable amperometric sensors for ELISA with 

commercial anti-L. monocytogenes antibodies was able to detect 102 CFU/g L. monocytogenes in 

spiked blueberries in about 1 h (Davis et al., 2013). Sharma and Mutharasan (2013) reported L. 

monocytogenes detection in milk using a piezoelectric cantilever biosensor and a commercial 

polyclonal anti-L. monocytogenes antibody, with a limit of 103 cells/mL. Adding a third antibody-

binding step enabled the detection of 102 cells/mL in 1 h. Geng, Morgan, and Bhunia (2004) 

developed a fiber-optic immunosensor system based on a sandwich immunoassay and a 

monoclonal antibody (C11E9) labeled with the cyanine dye Cy5. After a 20-h enrichment, L. 

monocytogenes was detected within 24 h in hot dogs and bologna samples that were artificially or 

naturally contaminated with 10–103 cells/g. A fiber-optic biosensor using an aptamer specific for 

a surface protein of L. monocytogenes (internalin A) as a reporter molecule showed a detection 

limit of 103 CFU/mL. This biosensor was able to detect 4 CFU/g in cold meats (beef, chicken, and 

turkey) after an 18-h enrichment. In a similar approach, Mendonca et al. (2012) generated 

monoclonal antibodies against internalin A and demonstrated that immunomagnetic cell separation 

coupled with a fiber-optic sensor could detect Listeria The detection limit for L. monocytogenes 

and L. ivanovii was 3×102 CFU/mL, and L. monocytogenes was detected in soft cheese and hotdogs 

inoculated with 10–40 CFU/g Listeria cultures after 18-h enrichment. These methods are rapid 

(<24 h) but have higher detection limits compared with PCR-based methods. In addition, their 
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sensitivity needs improvement, and several of these methods require further validation with 

reference species and other food tests (Mendonca et al., 2012). 

Nucleic acid-based assays include PCR amplification of target DNA, which can produce more 

than a billion copies of a target sequence from a single copy (de Boer & Beumer 1999). The 

denaturation step of PCR separates the double-stranded DNA template into two single strands at 

approximately 95ºC. The annealing step allows the primers to attach to the single-stranded DNA 

target sequence at approximately 55ºC. The extension step uses thermostable Taq polymerase to 

catalyze the generation of a new DNA strand at about 72ºC, using the target sequence as a template. 

This set of steps are repeated 30–40 times in a thermal cycler, resulting in exponential 

amplification of the target sequence. In traditional PCR, gel electrophoresis is used to detect the 

amplified sequence. To analyze mRNA levels rather than DNA levels, a reverse transcription step 

precedes PCR amplification. The advantages of PCR are high specificity and sensitivity if the 

target of choice has been carefully selected.  However, some food components can interfere with 

the PCR reaction.  In addition, this method can detect both viable and non-viable organisms. A 

pre-enrichment step to increase abundance of the target microbe improves the chance of detecting 

viable cells. Propidium monoazide can also be used to distinguish between live and dead cells. 

This DNA-binding dye prevents PCR amplification but cannot penetrate the cell membranes of 

viable cells (Dwivedi & Jaykus, 2011). 

The FDA and the US Department of Agriculture use quantitative PCR (qPCR) to screen food 

samples for microbial contamination (FDA, 2012b; USDA, 2013). The advantages of qPCR are 

its rapidity, greater sensitivity, and lower risk of contamination (Morillo et al., 2003). For qPCR, 

the thermal cycler is equipped with an optical system to capture the signal of fluorescent dyes (e.g., 

SYBR Green) or probes that label the double-stranded amplicons (Kubista et al., 2006). Thus, 
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DNA synthesis at each amplification cycle can be monitored as the increase in fluorescence signal 

(Nygren et al., 1999). Although SYBR Green is frequently used in qPCR, it can bind to any double-

stranded DNA in the sample rather than just the target sequence. Primer dimers may be generated 

as a byproduct of the PCR reaction, but the melting curve analysis can check for these artifacts 

(Nygren et al., 1999). After a 24-h enrichment, RT-qPCR detection of L. monocytogenes, based 

on analysis of the prfA gene, achieved detection limits of between 7.5 CFU/25 mL and 1–9 

CFU/15 g in artificially contaminated raw milk, salmon, pâté, and cheese. (Rossmanith et al., 

2006). Compared to the ISO standard method, the qPCR approach achieved a relative accuracy of 

96%, relative specificity of 100%, and relative sensitivity of 76.9% in 76 naturally contaminated 

food samples (fish, meat, and dairy products). This method was also used to confirm culture-based 

assay results during an international listeriosis outbreak (Schoder et al., 2012). A two-step 

enrichment (24-h incubation followed by 6-h subculture) coupled with qPCR (targeting actA gene) 

was evaluated against the standard ISO method in 144 naturally contaminated and 61 artificially 

contaminated meat, fish, dairy, and vegetable samples (Oravcova et al., 2007). The combined 

enrichment/PCR-based method detected contamination at level of 1 CFU/25 g and detected L. 

monocytogenes in three artificially contaminated samples that were negative using the ISO 

method. Similarly, two-step enrichment (24-h incubation followed by 8-h subculture) and qPCR 

(targeting the ssrA gene) detected L. monocytogenes in 175 samples taken from retail outlets and 

food processing plants with 99.44% specificity, 96.15% sensitivity, and 99.03% accuracy 

compared to the ISO standard; the detection limit was 1–5 CFU/25 g (O'Grady et al., 2009).  
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Table 1.2. Detection limits of standard and alternative rapid L. monocytogenes identification 

methods. 

Approaches Detection 

limits 

Enrichment Matrix References 

ISO 11290 <1 

CFU/25 g 

96/120 h, 

7 d 

All foods ISO, 2004a, b 

Hitchins & 

Jinneman,2013 

USDA-FSIS <1 CFU/g 

in 25 g 

66–74/ 

90–98 h, 4 d 

Meat, poultry, eggs, 

environmental samples 

FSIS, 2013 

ELISA 5–10 

CFU/g 

24 h Meat, seafood, dairy 

products 

Portanti et al., 

2011 

PCR 1 

CFU/15 g 

24 h Cheese Rossmanith et al., 

2006 

Isothermal 103 

CFU/mL 

Non-or 2.5 h Meat, milk powder Wan et al., 2012 

 

Piezoelectric 

biosensors 

102–103 

CFU/mL 

Non-or 1 h Milk Sharma & 

Mutharasan, 

2013b 
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1.4.3 Bacteriophages for Detection of Foodborne Pathogens 
 

Bacteriophage-based assays represent an alternative for foodborne pathogen detection. 

Immobilization of bacteriophages onto a substrate enables a wider array of uses, is cost-effective 

(depending on the substrate used), and allows for relatively simple assays (Anany et al., 2011). 

Positively charged substrates that bind the negatively charged phage head and allow the tail to bind 

to its host receptor are preferred (Cademartiri et al., 2010; Anany et al, 2011). Immobilization 

materials include modified silica beads (Cademartiri et al., 2010) and cellulose papers coated with 

cationic polymers (Pelton, 2009; Sohar, 2014). For this research project, bacteriophages against 

Listeria spp. were isolated. Bacteriophages that showed strong lysis activity against L. 

monocytogenes strains were immobilized onto ColorLok™ paper and used to detect L. 

monocytogenes in broth culture for use in end-product testing.   

 

1.5 Overview of Bacteriophage Discovery 

The British bacteriologist Ernest Hankin observed that drinking water from the Ganges and Jumna 

rivers in India prevented the spread of cholera. In 1896, he reported the antibacterial actions against 

Vibrio cholera by an unknown agent that was heat labile and able to pass through fine porcelain 

filters (Hankin, 1896). In 1915, this antibacterial agent was described as a “filterable agent” by 

Frederick Twort. He was attempting to culture vaccinia virus in a cell-free medium, based on his 

observation of Micrococcus colonies that couldn’t grow after sub culturing because of an unknown 

agent, which could be indefinitely transmitted to new Micrococcus cultures (Twort, 1915). In 

1917, the French-Canadian Félix d’Herelle reported the discovery of an anti-Shigella microbe and 

used it to treat lab animals injected with the Shiga toxin-producing bacterium (D’Herelle, 1917). 

He named the microbe “Le Bactériophage” (Ackermann & DeBow, 1987; Summers, 2005).  



28 
 

1.5.1 Biology of Bacteriophages 

Bacteriophages (phages), viruses that infect bacteria, are the most abundant organisms on earth, 

with an estimated number of 1031 (Weitz et al, 2013). Most phages are 20 to 200 nm long 

(Ackermann & DuBow, 1987). A large number have been studied, and their morphology described 

(Ackermann & Prangishvili, 2012) (Fig. 1.1). Tailed phages comprise the majority of all phages, 

but polyhedral, filamentous, and pleomorphic types also exist. Tailed phages belong to the order 

Caudovirales, which is made up of the families Myoviridae, Podoviridae, and Siphoviridae. 

Myoviridae phages have long, contractile tails; Siphoviridae phages have long, non-contractile 

tails; and Podoviridae phages have short tails (Ackermann, 2006; Orlova, 2012). Bacteriophages 

consist of a genome (single- or double-stranded DNA or RNA) surrounded by a capsid made up 

of protein subunits that form an icosahedron (i.e., head). The phage tail has tail fibers that help 

recognize attachment sites on bacterial receptors. 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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1.5.2 Bacteriophage Life Cycle 
 

Bacteriophages replicate via the lytic cycle, and some are also able to replicate via the lysogenic 

cycle (i.e., temperate phages). Both life cycles require the phage to attach to a bacterial receptor, 

which may be located on the capsule, pili, flagella, polysaccharides, lipopolysaccharides, or a 

protein on the outer membrane of bacteria (Carvalho et al., 2012; Rakhuban et al., 2010). After 

binding to the receptor, the phage inserts its genomic material (without the capsid) through a hole 

in the cell. The subsequent expression of phage genes directs the bacterium into the lytic or 

lysogenic cycle (Fig. 1.2).  

In the lytic life cycle, the bacterial DNA is degraded, and viral nucleic acids and proteins are 

synthesized. Genes expressed later in the lytic cycle encode holin, which damages the plasma 

membrane, and lysin, which breaks down the cell wall, to release progeny virions from the cell 

(Weinbauer, 2004). In the lysogenic cycle, the bacteriophage genome integrates into the bacterial 

Figure 1.1. Bacteriophages with different morphologies (Ackermann, 

2006). 
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DNA, where it remains dormant as a prophage and is replicated with the host genome (Weinbauer, 

2004). When conditions for the bacterium become unfavorable, the prophage is excised from the 

bacterial chromosome to begin a lytic cycle (Brüssow et al., 2004). Infrequently, the phage carries 

fragments of the host genome to a new host. The spread of virulence and antibiotic resistance genes 

are examples of genes spread in this manner, known as phage-mediated horizontal gene transfer 

(Brüssow et al., 2004). Phage-encoded genes have enhanced the virulence of pathogenic organisms 

such as E. coli, Salmonella enterica serovar Typhimurium, Clostridium botulinum, 

Corynebacterium diphtheria, Staphylococcus aureus, Shigella dysenteriae, and Vibrio cholerae 

(Brüssow et al., 2004; Wagner & Waldor, 2002). The development of sequencing technologies has 

led to the discovery that prophages are integrated into almost 20% of bacterial genomic material 

(Casjens, 2003).  

Bacteriophages have been suggested as therapeutic agents for both humans and animals (Jay et al., 

2005; Kutter & Sulakvelidze, 2005). Lytic phages in particular may be useful for the detection and 

biocontrol of bacteria, and certain phage proteins such as endolysins have been used to lyse 

bacterial cells (Jay et al., 2005).  Temperate phages have been used to modify bacterial genomes 

by inserting specific genes (Hagens & Loessner, 2010).  
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Figure 1.2. The lytic and lysogenic pathways of a typical bacteriophage (Brovko et al., 2012).  

 

1.5.3 Bacteriophage Based Methods as Detection Tools 

Bacteriophage have been used for the development of rapid, sensitive, and specific assays to detect 

pathogens. Phage typing is considered as an inexpensive, precise, and rapid method that can 

differentiate between bacterial strains for epidemiologic purposes (Anany et al., 2017).   

 

Whole-Phage-Based Detection Assay 

Bacteriophages have been used consistently to identify bacterial strains. According to Anderson 

& Williams (1956), the idea of phage typing is that bacteria can be recognized based on the phage’s 

ability to infect certain bacteria. The whole-phage method, such as phage typing in epidemiologic 

studies, is a great tool to enhance the sensitivity, specificity, and rapidity of detection techniques 

for many bacteria. This process is already being replaced by whole-genome sequencing (Anany, 
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2017). According to Anany et al. (2017), whole-phage-based detection approaches depend on the 

following: 1) The transduction of the reporter genes into host cells, 2) The recognition of stained 

host bacteria to which fluorescently labeled phages are attached, 3) The contamination of bacteria 

and the subsequent detection of phage-mediated lysis, which can be monitored by the release of 

bacterial components or the inhibition of bacterial growth, 4) as the identifying component in 

biosensors to detect progeny phages through culture-based methods, and 5) detection of progeny 

phage using immunoassays with antibodies that distinguish phage proteins, or nucleic acid–based 

detection techniques such as polymerase chain reaction (PCR).  

Phage- based detection methods involving the detection of cell components or progeny phages that 

released upon cell lysis or on reporter genes transduced into a host cell enable detection of live 

cells. By contrast, phage-based methods that do not involve phage replication are unable to 

distinguish between viable and nonviable cells. The following sections describe the approaches 

that employ whole phages to detect bacterial pathogens. 

 

Reporter Phages 

When phages become consistently restricted to their hosts, they insert their genetic material 

through the cell wall into the cytoplasm; subsequently capturing the host’s replication machinery. 

The combination of reporter genes in the phage genome permits the product of these genes to be 

expressed inside the bacterial cell and to be detected after infection. Bioluminescence (generated 

by the insertion of the bacterial luciferase lux or firefly luc gene), ice nucleation (inaW), β-

galactosidase (lacZ), and green fluorescent protein (gfp) have all been used as reporter genes to 

identify various Gram-positive and Gram-negative bacteria (Schmeicher & Loessner, 2014).  
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Methods such as colorimetry, fluorometry, or luminometry can be used to detect the expressed 

proteins in the genes of the target bacterium. The detection limit can vary from one to 1 million 

cells/mL. The detection outcomes are achieved in a few hours, depending on the reporter gene 

used, target bacterium, and detection environment. One of the main problems that can affect the 

use of a phage reporter in the luminescence-based detection method are the compounds of the 

tested sample (Brovko et al., 2012). These reporter phages have the potential to be used as tools 

for the rapid and sensitive detection of pathogens in different environments. 

A recombinant reporter phage containing ice nucleation genes obtained from species of 

Pseudomonas, Erwinia, or Xanthomonas was used to detect bacteria by Wolber & Green (1990). 

This method was able to distinguish heat-injured Salmonella cells because the metabolic activity 

of these cells was enough to produce the quantities of ice nucleation protein (Ina) essential for ice 

nucleus formation (Wolber & Green 1990).   

Bacillus anthracis Stern spores in milk and ground beef were detected by a recombinant P22: 

luxAB temperate phage (Sharp et al., 2015). The detection limit was approximately 8 CFU/mL and 

3.2×102 CFU/g after a 16 h enrichment at 35 °C in milk and ground beef, respectively. 

Furthermore, reporter phages encoding bacterial luciferase have also been obtained by 

mutagenizing prophage with a transposon that is modified to carry the lux operon, followed by 

induction of the phage with mitomycin C (Waddell & Poppe, 2000).  

Chen et al. (1996) created recombinant phages that carrying lux genes by contaminating 

luminescent Salmonella strains with wild-type phages. In the study by Chen & Griffiths (1996), it 

was reported that, using these reports phages, host cells could be detected at 10 CFU/mL, following 

6 h of pre-incubation on Petrifilm. Investigators have reported visualization of Salmonella 
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Enteritidis in whole eggs with a detection limit of around 63 CFU after 24 h of incubation (Chen 

& Griffiths ,1996).  

Reporter phages carrying GFP have also been developed. When an infection occurs with the 

recombinant λ phage containing GFP, the host cells start to produce GFP and fluoresce. A 10-fold 

increase above background auto fluorescence was observed in cells infected with the GFP λ phage 

after 6 h of incubation of the host and phage, and a 30-fold increase after 24 h of incubation 

(Funatsu et al., 2002). In a study by Hoang & Dien (2015), the cytochrome C peroxidase (CCP) 

chromogenic enzyme-encoding gene was used to genetically modify the PP01 E. coli phage. Once 

the phage infects the host cell, the recombinant phage forces the cells to produce CCP; after lysis, 

the oxidation of cytochrome C causes a color change from pink to orange. The PP01 CCP 

recombinant phage was used to detect E. coli O157:H7 in apple juice with a detection limit of as 

few as 1 CFU/mL within 15 h. A commercial assay using a lux+ phage has been developed for the 

enrichment-free detection of Listeria and Salmonella spp. with a detection limit of 1 CFU/mL in 

4 h of enrichment (Lu et al., 2013).  

 

Phages as Staining Agents 

Fluorescent dyes can be applied to bacteriophages to make them capable of distinguishing host 

bacteria in a mixed culture. The signal can be measured using flow cytometry, the epifluorescent 

filter technique, or it may be applied with any tool capable of detecting fluorescence. In general, 

this method is capable of detecting between 102 and 104 CFU/mL, depending on the technique 

used to monitor fluorescence (Goodridge et al., 1999a; Lee et al., 2006). To improve the detection 

of this method, fluorescent quantum dots can be used to label the phages, which could allow for 

the detection of 20 E. coli CFU/mL in water in only 1 h (Yim et al., 2009). DNA-staining dyes 
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have been used to fluorescently tag a diversity of bacteriophages that have been isolated from the 

sea. It was suggested that combining this method with flow cytometry can be done to test medical 

or food samples for pathogens using phages specific to those pathogens (Hennes et al., 1995). This 

method has been improved for detection purposes. It was tailored to E. coli O157:H7, which 

involved immunomagnetic separation, staining of target cells by fluorescently-labeled phages that 

remained infectious, and enumeration by epifluorescence microscopy or flow cytometry. Once the 

flow cytometry was applied, the limit of detection was 104 CFU/mL in liquid medium (Goodridge 

et al., 1999a).  

 

Phages as Lysing Agents 

The last phase of the phage infection cycle is “lysis” of the host cell, and involves release of 

progeny phages and bacterial intracellular materials. Monitoring the release of bacterial 

intracellular materials can be an indication of the presence of the targeted organism. Adenosine-5-

triphosphate (ATP) is found in all living cells and has been used to monitor phage lysis (Griffiths 

1996, Sanders 2003) using a bioluminescence assay where the strength of light resulting from the 

reaction catalyzed by the enzyme luciferase and its substrate luciferin is related to the ATP 

concentration present and, hence, the bacterial concentration (Anany et al., 2017).  

The release of the enzyme adenylate kinase (AK) can also be used to measure phage-induced lysis 

of target bacterial cells. This enzyme catalyzes the phosphorylation of adenosine diphosphate 

(ADP) to adenosine triphosphate (ATP). The addition of excess ADP following phage-induced 

cell lysis results in the AK-catalyzed production of ATP in quantities greater than those directly 

released by the lysed cells. Assay of ATP with the luciferase/luciferin reaction indicates the 

presence of cells that can be lysed by the phage. Using this method, a detection limit of 103 
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CFU/mL was achieved in less than 1 h for E. coli and in less than 2 h for Salmonella Newport 

(Blasco et al. 1998). A modification of the method by Squirrell et al. (2002), involving 

immunomagnetic separation (IMS) to remove the target bacterium, enabled detection of 2.6×103 

CFU/mL of E. coli O157.  

 

Detection of Progeny Phages 

Recognition of progeny phages can be considered as a rapid, specific, and sensitive basis for 

bacterial detection. When all the cells in the sample are infected by phage particles, the number of 

progeny phages released is related to the original host-cell number (Anany et al., 2017). If samples 

contain low numbers of target cells, the replication of phage particles following infection can be 

considered as an indirect enrichment step, particularly when the phage has a large burst size. By 

using the plaque assay, immunoassay, or molecular methods such as quantitative PCR (qPCR) or 

isothermal nucleic acid amplification techniques (thereby detecting the phage genome), detection 

of progeny phages can be easily done following an infection and replication (Brovko et al., 2012). 

In a recent study by Cox et al. 2015, a lateral-flow immunochromatography device was improved 

to detect B. anthracis on the basis of γ phage amplification in host cells and detection of progeny 

phage by polystyrene nanoparticle reporters conjugated with anti-γ phage antibodies. In 2 to 4 h it 

was possible to detect the target bacterium at levels of 2.5×104 CFU/mL. Moreover, it was shown 

that a detection limit of 800 CFU/mL could be achieved in 2 h when qPCR targeting a unique 

phage nucleic acid sequence was used to detect progeny T4 phage following capture of E. coli 

cells and infection by recombinant phage particles (Tolba et al. 2010). In order to enhance the 

sensitivity of the method involving the detection of progeny phages, the originally added phage 

particles should be removed before enumeration of the progeny phages.  
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Approaches that depend on a spot test, or overlay assay to count the progeny phages, incorporated 

a viricidal treatment to remove the initially added phages. These viricides included ferrous 

ammonium sulfate (Stewart et al. 1998), green tea extract (da Siqueira et al. 2006), pomegranate 

rind extract (Almeida et al. 2003), or laser treatment and toluidine blue O (Oliveira et al. 2012). 

However, when detection of the progeny phages is based on detection of nucleic acid or antibody, 

virucidal agents will not remove the exogenous phage protein and nucleic acid, with a 

consequential effect on assay sensitivity. Removing the originally added phage particles after 

infection, can solve the problem. In order to achieve this {Immunomagnetic separation} can be 

used to remove the phage-infected cells from samples; leaving the initially added phage in 

suspension (Favrin et al. 2001).  

Immobilizing the phage on a biosorbentw (such as paramagnetic silica beads or paper) is another 

phage detection method that has been projected as an alternative technique to remove the initially 

added phage before detecting the progeny phage (Sohar 2013, Tolba et al. 2010). Bacteriophages 

can be immobilized on magnetic beads to assist in removal of the target bacterium from the sample 

(Cademartiri et al. 2010). Immobilized phage separation and phage amplification with nucleic 

acid–based detection of the progeny phage is an attractive method for the rapid detection of 

bacteria (Anany et al, 2017).  

 

Using Whole Phages as Capturing Agents 

Bennett et al. (1997) provided the first report of an attempt to use immobilized phage in a bacterial 

detection assay. Felix O1 lytic phage was passively immobilized on polystyrene microtiter plates 

and polystyrene strips to separate Salmonella cells from other Enterobacteriaceae in a mixed-broth 

culture. The assay end point was PCR amplification of a unique DNA sequence of Salmonella spp. 
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Low sensitivity (107 CFU/mL) following phage capture was attributed to the inefficient 

immobilization of the phage particles, as most phage particles might have been randomly 

immobilized through their tail fibers using this approach and hence were not able to absorb to the 

target bacterial cells. Thus, attempts have been made to achieve oriented phage immobilization on 

solid substrates by leaving the phage tail fibers free to recognize host receptors. 

A method to covalently attach Salmonella phage P22 via the amine groups on its capsid proteins 

to magnetic tosyl-activated microparticles or carboxylic acid nanoparticles has been described 

(Laube et al. 2014). Captured Salmonella Typhimurium cells were detected using antibodies 

conjugated to horseradish peroxidase instead of detecting the progeny phages. Greater specificity 

was observed with P22-coated microparticles than with the P22-coated nanoparticles, possibly 

due to greater aggregation of the nanoparticles. Laube et al. (2014) reported a detection limit of 19 

CFU/mL in milk without any pre-enrichment and 1.4 CFU in 25 mL of milk following 6 h of pre-

incubation.  

Printing the phages onto paper appears to be a cost-effective and consistent approach to phage 

immobilization. Several methods of printing, including gravure, inkjet, piezoelectric, adsorption, 

and laser printing, have positively deposited phages onto paper (Gonzalez-Macia et al. 2010, 

Jabrane et al. 2008, Sohar 2013). These phage-printed paper strips were applied in combination 

with qPCR to detect E. coli O157:H7 in ground beef and spinach leaves, Salmonella Newport in 

chicken breast, and E. coli O45 in ground beef (Alasiri, 2015). The detection limit was about 10 

CFU/g and was achieved in 8 h. 

Interestingly, oriented immobilization of bacteriophages on hard surfaces has led to the 

development of biosensors to detect the binding of the phage to its host cells in real time using 
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optical, electrochemical, and/or microelectrochemical devices. Gervais et al. (2007) used a 

biosensor with recombinant biotinylated T4 as the sensing element to detect E. coli.  

In another method, surface plasmon resonance has also been used to detect the binding of 

immobilized phages to E. coli and Staphylococcus aureus cells to achieve detection limits of 7×102 

and 104 CFU/mL, respectively (Arya et al. 2011).  

 

Phage-component-based detection assays 

According to Anany et al, (2017), “biosensors couple a physical transducer to change the capture 

of a target into a readable signal, with a biological probe imparting specificity to the transduction 

platforms.” The latter include amperometry (Gau et al. 2001, Gervais et al. 2007), quartz crystal 

microbalance (Wong et al. 2002), surface plasmon resonance (Arya et al. 2011; Oh et al. 2005; 

Singh et al. 2010, 2011; Taylor et al. 2005), micromechanical resonators (Campbell et al. 2007; 

Fischer et al. 2008; Ilic et al. 2001, 2004; Poshtiban et al. 2013a,b), flow cytometry (Abdel-Hamid 

et al. 1998, 1999), magnetoresistors (Khatir et al. 2012, 2014), magnetoelastic (Huang et al. 2009, 

Lakshmanan et al. 2007,Wanet al. 2007), and surface acoustic wave (Cole et al. 2015) devices. 

Probing molecules have included DNA (Liao & Ho 2009), RNA (Joung et al. 2008), and 

monoclonal (Oh et al. 2005, Taylor et al. 2005) or polyclonal antibodies (Taylor et al. 2006)”.  

Phage components including long-tail fibers, lysins, and receptor-binding proteins (RBPs) have an 

affinity to the targeted bacterium. RBPs are located on virion tails, serving to anchor the phage to 

the host cell prior to infection (Andres et al. 2010, Casjens 2005, Casjens & Molineux 2012). 

Specific proteins or carbohydrate (polysaccharide) sequences on the surface of the host bacterium 

are recognized by the phage’s RBPs (Golshahi et al. 2011). In turn, bacteriophage-encoded 

enzymes, endolysins, are created inside the infected host bacterium at the end of the lytic cycle. 
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They also give the phage the ability to lyse the host cell from within and release the progeny phage 

particles.  

 

1.6 Advantages of Using Bacteriophages for Detection 
 
 

Bacteriophages are readily available, selective in terms of their host, and inexpensive. The short 

infection cycle of lytic phages (20–60 min) is ideal for rapid detection assays (Anany, 2010). In 

addition, phage-based detection assays can distinguish between live and dead cells. Bacteriophage 

tail proteins are used in commercial assays that detect L. monocytogenes. Similarly, paramagnetic 

beads coated with the cell wall-binding domains of bacteriophage endolysins have also been used 

to immobilize and separate Listeria from food suspensions or enrichment cultures (Kretzer et al., 

2007). When this method was used to analyze spiked and naturally contaminated foods such as 

lettuce, cheese, salmon, meat, and milk, the detection limit was 102 CFU/g for all foods after a 6-

h pre-enrichment and 0.1 CFU/g for all foods except soft cheese after a 24-h enrichment (Walcher 

et al., 2010). 

 

1.7 Immobilization of Bacteriophages 

Approaches using immobilized biological materials have long been used in the agricultural and 

food industries. Phage immobilization can be carried out by enzyme or gel entrapment, covalent 

binding, or physical adsorption (Esimbekova et al, 2009., Jirku, 1999; Knaebel et al., 1996; 

Selvaraj et al., 1997). Applications including food packaging, wound control, and phage therapy 

have been described. Using materials that improve phage stability is crucial. For example, 

bacteriophages prepared with certain polymer matrices are stable under a range of conditions. 

Methods used in the development of detection and biocontrol include phage coating, printing, 
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microencapsulation, and electrospinning (Yongsheng et al., 2008; Salalha et al., 2006; Sohar, 

2014; Jabrane et al., 2008). Microencapsulation (i.e., surrounding the phage with a thin layer of 

material such as a polymer) protects the phages until they reach the target site. This technique is 

used to deliver probiotics, antioxidants, and vitamins to prevent degradation during transit through 

the gut (Champagne & Fustier, 2007). Microencapsulation using biopolymer-based matrices based 

on alginate and pectin have been tested (Dini et al., 2012), because they provide a barrier between 

the phage and harsh gastric conditions to protect against inactivation of phage before it is released 

into the intestine. For the bacteriophage CA933P, encapsulation efficiency was higher with 

emulsified pectin (with oleic acid) compared with alginate and was not improved by coating with 

high-methoxylated pectin or guar gum (Dini et al., 2012). The pectin-based microspheres protected 

the phage from pepsin activity (4.2 mg/mL) for 3 h and at pH 2.4 for 3 h, suggesting that this 

method could protect phages in the stomach environment (Dini et al., 2012). 

Electrospinning produces nanofibers from a polymer solution in the presence of an electrical field. 

The ability of poly (vinyl alcohol) electrospun nanofibers to maintain the viability of E. coli, 

Staphylococcus albus, and bacteriophages T4, T7, and λ was tested at room temperature, 4°C, –

20°C, and –55°C (Salalha et al., 2006). After exposure to the various temperatures, viability was 

assessed by incubating the embedded organisms in Luria-Bertani medium for 1 h at room 

temperature to dissolve the nanofibers and then analyzing the colony-forming ability of the 

bacteria and plaque-forming ability of the bacteriophages. In general, the embedded bacteria and 

bacteriophages showed little or no loss of viability after 3 months at –20°C and –55°C, showed 

slightly decreased viability after 3 months at 4°C, and rapidly lost viability at room temperature 

(Salalha et al., 2006). Some loss of viability may be due to rapid evaporation of the solvent from 
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the electrospun nanofibers. In addition, the shear force applied during electrospinning may damage 

the bacteriophage capsid, tail, and especially the tail fibers (Salalha et al., 2006).  

Oriented immobilization of bacteriophages can be carried out using physical adsorption, chemical 

biotinylation, electrostatic interactions, or genetic modification (to express affinity tags) (Anany 

et al., 2011; Tolba et al., 2010). Disadvantages of using phage-based biosorbents include unstable 

binding. However, these immobilization problems have been addressed during the development 

of phage-based biosensors (Anany et al., 2011; Tolba et al., 2010). 

The immobilization of bacteriophages by adsorption is simple and does not require polymers 

(Klein & Ziehr, 1990). This method relies on electrostatic interactions between the bacteriophages 

and the support material. The use of piezoelectric printing to immobilize phages provides a number 

of advantages, including better control of the shape and size of the droplet. Unlike thermal printing, 

piezoelectric printing does not require heat and therefore minimizes degradation of the biological 

material (Sohar, 2014; Sumerel et al., 2006). This method was used to immobilize rV5 phage onto 

cationic ColorLok paper, which was then incubated in broth cultures of E. coli O157:H7 (103, 102, 

50, 10, and 1 CFU/mL) for 30 min at 37°C. After incubating the printed paper in fresh medium for 

another 4.5 h to allow phage propagation, the number of progeny phages was estimated using the 

overlay method and a PCR assay. This method is able to detect as few as 10 CFU/mL E. coli 

O157:H7 in 8 h (Fenn, 2014). 

 

 

 

 

 



43 
 

Research objectives 

My research focused on the development of an original technique to detect L. monocytogenes on 

food contact surfaces. The currently available methods are either too slow (traditional culture-

based methods), cannot differentiate between live and dead cells (nucleic acid-based), or are too 

expensive (ELISA). For this new detection method, bacteriophages against L. monocytogenes were 

isolated, characterized, and then immobilized onto ColorLok paper. The immobilized 

bacteriophages are able to bind to and infect viable L. monocytogenes cells in broth and on food 

contact surfaces. Progeny phage can be detected by overlay method. The specific objectives of 

this research were to: ● Isolate, characterize, and sequence specific lytic bacteriophages against 

Listeria monocytogenes. ● Determine the most suitable phage for the detection of Listeria 

monocytogenes. ● Use immobilized bacteriophages to detect Listeria monocytogenes in food using 

the overlay method. 
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Chapter 2 

Isolation and Characterization of Lytic Bacteriophages Against L. monocytogenes 

 

2.1 Abstract 
 

 

Nineteen bacteriophages that acted differently in lytic activities were selected from the culture 

collection of the Canadian Research Institute for Food Safety (CRIFS). They were tested for 

their host range against 18 Listeria spp. and 6 other Gram-positive strains that normally exist 

with Listeria spp. in food processing environments. The majority of selected phages have a broad 

host range against Listeria. spp; however, some phages were able to infect the exclusive strains 

(Gram Positive-non-Listeria spp.). These strains were Bacillus subtilis, Bacillus circulans, 

Bacillus spp., Cyanobacterium diverges, C. maltraomanticum, and Enterococcus faecium. Based 

on the TEM images, all of the selected phages have similar morphology and belong to the 

Myoviridae family. The restriction enzyme digestion pattern of the 8 selected phages showed that 

two phages (AG20 and AG23) have different patterns. Furthermore, AG20 and AG23 phages 

were able to tolerate air drying for 24 h at 25 °C with 2.26, and 3.09 log10 PFU/mL reduction in 

numbers, respectively. On the other hand, one Listeria monocytogenes strain involved in the host 

range experiment was not infected by any of the tested phages. Hence a phage-host co-evolution 

experiment was designed to develop a mutant phage that can infect this strain.  One phage 

(AG13) developed into a mutation (AG13M) that enabled it to infect the phage-resistant L. 

monocytogenes strain C716 after two propagation cycles at a ratio of 105 phages:103 bacteria. 

The efficiency of plating for the mutated phage (AG13M) ranged from 7.5 x 10-4 to 1.1 x10-3 and 

was adsorbed to its host at a percentage of 99% within 5 min. AG13M was also stable to air 

drying for 24 h at 25 °C with only a 3.17 log PFU/mL reduction in count.  In conclusion, two L. 
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monocytogenes phages (AG20 and AG23) were characterized and can be considered for 

inclusion in an immobilized phage-based detection assay for L. monocytogenes.  

 

2.2 Introduction 

 

L. monocytogenes is a Gram-positive, non-spore forming, facultatively anaerobic, rod-shaped 

coccobacillus. It belongs to the family of Listeriaceae, which is in the order Bacillales. L. 

monocytogenes has the ability to grow at temperatures as low as 0°C and as high as 45°C and 

survive a pH range from 4.3 to 9.6 (Low & Donachie, 1997). Listeriosis is a common foodborne 

disease caused by infection with L. monocytogenes. In patients whose immune system is relatively 

healthy, the disease leads to gastroenteritis, muscle aches and fever (Lorber, 1997). L. 

monocytogenes can enter the bloodstream and cause bacteremia. It can also pass through the blood-

brain barrier and infect the central nervous system and cause a brain infection and 

meningoencephalitis, which leads to death (Lorber, 1997). L. monocytogenes infection in pregnant 

women is extremely dangerous since the pathogen can cross the placental barrier and infect the 

fetus causing abortion (Lorber, 1997).  

 L. monocytogenes is a common foodborne pathogen. Ready-to-eat (RTE) meats, salad greens, 

smoked seafood, and soft cheeses are foods that are usually associated with L. monocytogenes 

(FDA, 2011). Among the major foodborne pathogens, L. monocytogenes has a significantly higher 

case fatality rate (Batz et al, 2011; Thomas et al, 2013; Thomas et al, 2015). It is also a foodborne 

pathogen that has one of the greatest public health burdens with about a 93% hospitalization rate 

and 16% case fatality rate in Canada and the U.S. According to the Centers for Disease Control 

and Prevention (CDC), approximately 2,500 cases of listeriosis are confirmed in the U.S. each 

year. In Canada, there was an estimate of 3.4 listeriosis cases per million persons in 1998 and 2.7 
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cases per million persons in 1999 (Food Safety Network, 2003). A national outbreak of foodborne 

listeriosis occurred in Canada in 2008 involving ready-to-eat meat produced by Maple Leaf Foods 

led to 57 confirmed cases in 7 provinces, with a total of 24 deaths (Health Canada, 2009). 

The required dose of L. monocytogenes to cause listeriosis is thought to be 104 CFU (Ooi & Lorber, 

2005; Vazquez-Boland et al., 2001). While low levels (<102 CFU) seldom cause foodborne 

illnesses (Chen, Ross, Scott, & Gombas, 2003), immunocompromised individuals have acquired 

listeriosis by consuming 102 to 104 CFU of L. monocytogenes (McLauchlin, Mitchell, Smerdon, 

& Jewell, 2004; Vazquez-Boland et al., 2001). The mortality rate from listeriosis can be as high 

as 20% to 30% (Todd & Notermans, 2011). In order to improve food safety and reduce the 

incidence of foodborne outbreaks, a detection limit for L. monocytogenes in food products has 

been set by most countries across the world. The Food and Drug Administration (FDA) and Health 

Canada have agreed that the allowed limit of L. monocytogenes in RTE foods that support the 

growth of L. monocytogenes over the shelf life is zero in 125 g, and <100 CFU in RTE food 

products that do not support growth (FDA, 2008; Health Canada, 2011).  

Bacteriophages are known to be an ideal tool for the biocontrol, detection, and identification of 

pathogens in food. Bacteriophages are very specific to the bacteria they infect which has led them 

to be used in the agri-food industry for both biocontrol and detection. They have the ability to 

differentiate between viable and dead cells by multiplying and replicating only inside living hosts. 

There are several advantages of using bacteriophages to detect bacteria in food. Bacteriophages 

inhibit the growth or metabolism of bacteria, and this can form the basis of a detection assay. They 

also act as reporters, biosensors and staining agents and there are also new approaches involving 

immobilized phages (Griffiths, 2010; Hagens & Loessner, 2007). In order for bacteriophages to 

be used for the detection of foodborne pathogens, they need to be well-characterized. There are 
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many characterization methods, including TEM imaging, host range, lysis and adsorption rates 

(Hagens & Loessner, 2010). The goal for this part of the study is to characterize specific phages, 

against L. monocytogenes with high lytic activity that can be used in a phage-based detection assay 

for L. monocytogenes. 
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2.3. Materials and Methods 

 

2.3.1. Bacteria and Bacteriophages were used in this study 
 
 
 

The strains and phages used in this study were obtained from the culture collection at the 

Canadian Research Institute for Food Safety (CRIFS), University of Guelph. Tables 2.1, 2.2 and 

2.3 show the source of the obtained phages and the strains that were used for phage isolation and 

for host range determination. All bacterial cultures were stored at –80°C in the presence of 50% 

v/v glycerol. Tryptic Soy Agar (TSA, BD Diagnostics, Mississauga, ON) was used to obtain 

overnight bacterial cultures every month following inoculation with strains from the -80 °C 

bacterial stocks. The bacterial stock culture was streaked onto TSA plates and then incubated for 

18-24 h at 37°C.  A single colony was removed, suspended in Tryptic 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 h. In the propagation 

and titration experiment, semi solid TSB (TSBss) medium (TSB+ 0.5% agar) was used. In 

addition, 1.25 mM of calcium chloride (CaCl2) was sterilized by filtration through a 0.2 μm pore-

sized filter (Fisher Scientific) and then combined with the TSBss at 500 mL to enhance phage 

attachment. Twenty-four phages were obtained from the CRIFS culture collection that had been 

previously isolated from sewage samples. They were stored at 4°C, and they were purified, 

propagated, enumerated, and characterized for further investigation in this study.  
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2.3.2 Bacteriophages isolated against L monocytogenes 

 

Twenty-four phages were isolated against L monocytogenes named S1-S24. These phages only were 

used in the spot test against the selected Listeria spp. Phages from S1-S24 haven’t been used at all 

in this study after the spot test against Listeria spp.. On the other hand, nineteen phages named 

AG6-AG24 were obtained from the CRIFS culture collection which have been used for the phage 

spot test in order to select the most suitable phages to be studied in this research. In this study, 

eight phages were selected to be studied and examined which they are listed in Table 2.1. 

 

Table 2.1. List of phages used for this study. 

Listeria phages as in 

“CRIFS” culture 

collection number 

 Bacterial host as in 

“CRIFS” culture 

collection number 

LmoM- AG9 Listeria.monocytogenes   

C519 

LmoM- AG10 Listeria.monocytogenes    

C519 

LmoM- AG11 Listeria.monocytogenes    

C519 

LmoM- AG12 Listeria.monocytogenes    

C519 
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LmoM-AG13 Listeria.monocytogenes    

C519 

LmoM- AG17 Listeria.monocytogenes    

C519 

LmoM-AG20 Listeria.monocytogenes    

C519 

LmoM- AG23 Listeria.monocytogenes    

C519 
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Table 2.2. Listeria strains used to initially screen bacteriophages. 

 

Bacterial Species CRIFS ID NO. 

Listeria monocytogenes C519 

LJH381 

LJH391 

Listeria seeligeri C716 

C373 

C876 

Listeria innocua C371 

C503 

C548 

C1269 

Listeria ivanovii C370 

C891 

C877 

Listeria welshimeri C377 

C570 

Listeria grayi C873 

C374 
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Table 2.3. Gram-positive related non-Listeria species (Exclusive strains). 

 

Gram-positive non-

Listeria species 

CRIFS ID NO. 

Bacillus subtilis C1003 

C1004 

Bacillus circulans C1013 

Bacillus spp. LJH157 

Cyanobacterium diverges LJH372 

C. maltaromaticum LJH428 

Enterococcus faecium C825 
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2.3.3. Preparation method of bacterial lawn 

 

In order to determine the phage concentration, the bacterial lawn method was used. To prepare 

bacterial lawns, 200 μl of overnight culture L. monocytogenes C519 are added to 5 mL of molten 

semi-solid TSA (ssTSA; TSB with 5% agar) and then was overlaid onto a plate of TSA. It was 

allowed to solidify for 15 min at room temperature. This bacterial lawn can be used for phage 

isolation, phage purification, and phage titration by making ten-fold dilation of the phage and 

pipetting 10 μl onto the plate and incubating for 24 h at 25°C. Phages can be indicated as clear 

areas (plaques) on the bacterial lawns.  

 

2.3.4 Bacteriophage isolation from environmental samples 

 

The environmental samples were collected from sewage and sludge at the Guelph Wastewater 

Treatment Plant, Guelph, Ontario, Canada. A sample (15 mL) was inoculated with 1 mL of a 

suspension containing 109 CFU/mL of each of the targeted L. monocytogenes strains (C519, C381, 

C716, C391). One mL of the resulting suspension was added into 10ml of 3 concentrated TSB, 

which was supplemented with filter sterilized CaCl2 to a final concentration of 1.25 mM. This 

mixture was then allowed to incubate at 37°C for 24 h.  After incubation, the bacteria were pelleted 

by centrifugation at 7,000 x g in a Beckman J-20 centrifuge (Beckman Coulter Inc., Mississauga, 

Ontario) for 20 min at 4°C. After this, the supernatant was 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). A bacterial lawn for each of the strains that were used was 

prepared in order to test the filtered lysate for phage by spotting multiple aliquots of 10 μl. The 

bacterial lawn was prepared by adding 200 μl of overnight culture (109 CFU/mL of the targeted 

bacteria) to 4 mL of molten TSBss (TSB +5% Agar) (Fisher Scientific) that was initially kept in a 
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water bath at 55°C.  The plates were then incubated at 25°C for 24 h. In the cases where lysis 

occurred on the bacterial lawn, the lytic area was removed using a sterile inoculating loop and it 

was placed into 1,000 μl of CM buffer (2.5g/L; MgSO4.7H2O; 0.05g/L gelatin; 6 mL/L 1M Tris 

buffer; pH 7.5) (Fisher Scientific) in a sterile 1.5 mL Eppendorf tube. The microcentrifuge tubes 

containing the lytic area and the 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 they were stored at 4°C. The phage was allowed to diffuse at 4°C for at least 3 h, 

but usually it was left for 18-24 h. The bacterial cells were removed using a table-top centrifuge at 

9,000 x g for 20 min and the supernatant was filtered into a sterile 1.5 mL Eppendorf tube using a 

0.45 μm filter. This would be treated as the phage stock and would be propagated to a high titration. 

 

2.3.5. Purification of isolated phages 

 

For phage purification, ten-fold serial dilutions were spotted onto a TSA plate with a lawn of L. 

monocytogenes C519 and they were incubated overnight at 37°C. After incubation, plaques on the 

TSA plates were observed. On the next day, the single plaques were isolated by using a sterile wire 

loop to cut the soft layer from the plate and the plaques were placed separately in 1 mL of CM 

buffer. Next, the solution was autoclaved at 121°C for 15 min, and filter-sterilized CaCl2.2H2O 

was added to the CM buffer to a final concentration of 1.25 mM. It was then left overnight at room 

temperature to help the phage diffuse inside the buffer. 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 caused by 

chemicals that were present in the original sample used for isolation. The determination of the 

phage titer was done by applying the 10-fold dilution method. The phage was picked and tested 
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by the soft agar overlay technique that was described earlier. The phage lysates were then kept at 

4°C for propagation. 

 

2.3.6. Phage propagation 
 

Using the soft agar overlay method, the phage stocks were prepared as mentioned before.  One 

hundred μl of the phage suspension were mixed with 100 μl (200 μl in case of Listeria) of an 

overnight culture of the original bacterial host and this was incubated for 15-30 min at 30°C to 

allow attachment. In the next step, 4 mL of molten TSB containing 0.4% agarose were added, 

mixed and poured onto the TSA plates. After solidification, the plates were incubated at 25°C for 

16-20 h. The phages were collected by adding 4 mL of λ-Ca2
+ or the CM buffer to each plate, 

and the top layer of soft agarose was then collected from all of the plates by scraping these layers 

using sterile hockey sticks. The next day, 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. 

 

2.3.7 Titration of the propagated phages 
 

Ten-fold serial dilutions in the CM buffer were performed on the propagated phage. Bacterial 

lawns were prepared by adding 200 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 
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dilutions were spotted by adding 10 μl of each dilution to the bacterial lawn and they were left to 

dry for 4 min. The upright plates were then transferred to the 37°C incubator for 18-24 h. On the 

following day, the number of plaques was counted using the following equation:  

PFU/mL = number of plaques/ (dilution factor) (volume spotted).     

 

2.3.8 Bacteriophage characterization 

 

Host range determination using the spot test 

The host range experiment was performed for each of the isolated phages by using the spot test 

method. A bacterial lawn was prepared using overnight cultures for each of the 18 Listeria spp. 

and non-Listeria spp. and 20 μl of each of the propagated phage lysates (1x 109 PFU/mL) was 

spotted onto a lawn of each of the bacterial strains. The plates were incubated at 25°C for 24 h. 

The presence or absence of lytic areas was then observed using a degree of lysis from (4+) (full 

clear plaques) to (1+) (weak turbid plaques). Eight phages were selected for characterization based 

upon the host range results. On two separate occasions, the phages were tested in triplicate to 

confirm the results.  

 

Host range determination using Bioscreen C 

The 19 selected phages were tested for their host range on selected strains of Listeria spp. and 

related Gram-positive strains that were obtained from the CRIFS Culture Collection, University 

of Guelph. The optical density (OD) of the tested bacterium was measured in the presence of phage 

using the Bioscreen C Microbiology Plate Reader (Labsystems, Helsinki, Finland). The following 

experimental parameters were used for all of the experiments: single, wide band (wb) wavelength, 

an incubation temperature of 25°C, at 5 min pre-heating time, measurement time of 24 h, and 
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reading every 20 min and medium intensity shaking for 10 second before measurements. Fifty      

of the phage lysate were transferred to each of the 100 wells of a plate of the Bioscreen C reader, 

and each of the wells was then inoculated with 125 μl of the diluted, overnight host bacterial culture 

(around 103 CFU/mL). The multiplicity of infection (MOI) was around 100. The control wells 

contained phage only, phage buffer only or bacteria with phage buffer to the same volume as the 

teste wells. All of the samples were tested in triplicate. The OD data were analyzed using the 

Bioscreen C data processing software version 5.26 (Labsystems, Helsinki, Finland) to determine 

the detection time (the time required for each test well to increase by 0.3 OD units). Detection 

times (h:min) were converted to decimal values, averaged and the mean control detection time was 

subtracted from all of the test data for each isolate tested and expressed as the detection time 

difference (DT diff.). Instead of having positive and negative results based on this time difference, 

we proposed that the lytic activity of the phages could be classified as (N): phage did not cause 

any delay in the tested bacterial growth and the growth curve was similar to that of the control, 

(D): phage caused a delay of tested bacterial growth by less than 5 h; DT < 5h, (D+): phage caused 

a delay of the tested bacterial growth by 5 or more h; DT ≥ 5 h, and (C): phage caused the complete 

inhibition of bacterial growth after 24 h. 

 

Restriction enzyme digestion and Gel Electrophoresis of digested genomic DNA     

The bacteriophage DNA was compared using restriction digestion patterns. HindIII and its 

associated buffer was obtained from Fisher Scientific™. For the reaction, the steps are outlined on 

the producer’s website. One μg of DNA was mixed with 2 μl of buffer and 2 μl of HindIII (10 

units/μl). Molecular biology grade water was added to reach a final volume of 20 μl. The mixture 

was then incubated at 37°C for 1 h in a water bath. When the extraction process was complete, the 
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DNA yield was determined using the Nanodrop 1000 spectrophotometer (Thermo Scientific, 

Wilmington, Denver). The DNA was examined by agarose gel electrophoresis by adding 1% (w/v) 

of agarose to TAE buffer, which had been earlier 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 aluminum 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). 

 

Transmission Electron Microscopy 

 One mL of a high titer phage suspension was centrifuged at 16,000 x g for 1 h (Beckman J-20 

Centrifuge, Beckman Coulter Inc., Mississauga, ON, Canada). The supernatant was discarded and 

1 mL of the CM buffer was added. This step was repeated two additional times to wash the phage 

lysate. For the preparation of the phage samples, 5 μl of each phage was applied to a 300-mesh 

copper grid that was coated with formvar. It was allowed to diffuse for 1 min. This was followed 

by the addition of 2% uranyl acetate to the grid, which negatively stains the phage. For 

transmission electron microscopy, the phage samples were taken to the TEM imaging room in the 

Summerlee Science Complex at the University of Guelph. They were examined in a LEO 912AB 

electron microscope (Energy filtered TEM, EFTEM, LEO 912ab model operated at 100 kv, Zeiss, 

Germany). 
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Phage stability on air drying  

To determine the phage stability upon drying, 100 μl of each high titer phage lysate (1.1 x 109 

PFU/ mL) were placed into wells of a 24 multi-well plate. All of the spotted phages were allowed 

to dry for 24 h at 25°C. This was performed in triplicate for each bacteriophage. On the next day, 

100 μl of the CM buffer were placed into each of the wells and the phage was allowed to diffuse 

for 3 h at room temperature. The CM buffer for each phage was removed, serial dilutions were 

performed and the titer was then determined. The titer was compared to the original phage titer to 

determine stability to drying.  

2.3.9 Phage evaluation experiment  

 

To select for a phage mutant of AG13 that can infect the phage-resistant strain L. monocytogenes 

C716, an evolution experiment was designed as previously described with some modification 

(Benmayor et al, 2009). Overnight cultures of phage sensitive L. monocytogenes strain C519 and 

phage L. monocytogenes resistant strain C716 were diluted to around 103 and mixed at different 

ratios with AG13 and AG20 phages. Ratios between the two bacterial strains of 5:5, 1:9, 0.1:9.9, 

and 0.01:9.99 mL were examined (Table 2.4). The phages were added to a final concentration of 

105 to all tubes. The tubes were incubated at 25 °C for 24 h with shaking. Then 1 mL from each 

tube was transferred to a fresh suspension of the bacterial strains and incubated for another 24 h 

at 25 °C. The last step was repeated 9 times. On day 10, 1 mL from each tube was centrifuged 

for 3 min at 13,000 g and filtered through a 0.45 μm membrane filter. Ten microliters from the 

supernatant were spotted on both the phage-sensitive (C519) and phage- resistant (C761) 

bacterial lawn. The lytic areas developed on L. monocytogenes C761 were collected and added to 

300 μl of phage buffer to diffuse overnight at room temperature. Then the phage lysate was 

diluted 10-fold in CM buffer and spotted on a bacterial lawn to isolate separate plaques. The 
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isolated plaques were purified three times as described above. The host range and stability to 

desiccation for the isolated mutant phage (AG13M) was determined by the spot test technique as 

previously described. 

  

Table 2.4. Different ratios of strains mixed in the mutation method. 

 

 

Efficiency of plating  

The efficiency of the plating (EOP) of the phages AG13 and AG13M was determined by first 

calculating the phage titer against their specific host and then calculation of the phage titer against 

the non-targeted infected strains was performed. The EOP was calculated by dividing the PFU/mL 

that was produced following infection of the specific host used to isolate the phage by the PFU/mL 

that was produced following the infection of the non-targeted strains. The bacterial lawns were 

prepared using the method described previously. The phages were serially diluted and spotted onto 

each bacterial lawn. Phage titers were counted and the EOP was calculated. All of the experiments 

were performed in triplicate.  

 

 

 

Tubes L. monocytogenes 

(519) (diluted to 103) 

(mL) 

L. monocytogenes 

(716) (diluted to 103) 

(mL) 

Phage (diluted to 107) 

(µl) (final dilution of 

105) 

1 5 5 100 

2 1 9 100 

3 0.1 9.9 100 

4 0.01 9.99 100 
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Phage adsorption  

This experiment was performed to determine the amount of the phages AG13 and AG13M 

adsorbed to the bacterial cell. The phages were added to their specific host C716 at a multiplicity 

of infection (MOI) of 0.1 and incubated in a water bath at 37 °C. The MOI is defined as the ratio 

of phage particles to the targeted bacterial cells. After every 5 min for up to 30min, 1 mL of the 

suspension was transferred into microcentrifuge tubes containing 50 μl of chloroform. The tubes 

were shaken thoroughly and then centrifuged at 1,000 g for 5min. One hundred μl of this mixture 

were added to 100 μl of an overnight culture together with 4 mL of TSBss (TSB+5% agar). This 

was poured onto a TSA plate. The plates were then incubated at 37°C for 24 h. The level of 

adsorption was determined by using the following equation:  

Adsorption percentage = [(Initial phage titer – Free phage titer) / initial phage titer] × 100   
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2.4 Results 

 

2.4.1 Bacteriophage isolation against L. monocytogenes 
 

Twenty-four phages named S1 to S24 were isolated against L. monocytogenes strains and six 

Listeria spp. These phages were isolated from sludge from the Guelph Wastewater Treatment Plant 

(WWTP) in Guelph, Ontario, Canada (Table 2.1). However, the 24 phages have the ability to infect 

all or most L. monocytogenes strains. They had a broad host range as they were able to infect all 

the six Listeria spp. Therefore, the isolated phages S1 to S24 were not specific to all four strains 

of L. monocytogenes C519, C391, C381, and C716 (Table 2.5). For this reason, other Listeria 

phages named AG1 to AG24 from a culture collection at the Canadian Research Institute of Food 

Safety (CRIFS) were chosen to be used in this research project. Nineteen bacteriophages have been 

obtained from the Culture collection at CRIFS. They were previously isolated from environmental 

samples of wastewater. They were initially differentiated by their unique plaque morphology on a 

lawn of L. monocytogenes strain C519. These phages were purified, propagated, and their titer was 

confirmed for further characterization.  

In conclusion, twenty-four phages were isolated against L. monocytogenes named S1-S24. These 

phages only were used in the spot test against the selected Listeria spp. After the spot test, phages 

S1-S24 haven’t been used at all because they didn’t meet the project goal that to isolate specific 

phages to only infect L. monocytogenes species.  Nineteen phages named AG6-AG24 were 

obtained from the CRIFS culture collection were used for the spot test, and eight out of these 

nineteen phages were chosen. The eight selected phages then were used in this study for most 

characterization experiments.  
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2.4.2 Bacteriophage Characterization 

 

Host range analysis of isolated phages against Listeria spp. 

 

Twenty-four phages (S1-S24) were isolated from environmental samples and tested for their host 

range against the 17 selected Listeria spp. Three out of four strains of L. monocytogenes were 

infected by all Listeria phages (Table 2.5). L. monocytogenes strain C716 was the only L. 

monocytogenes strain not infected by Listeria phages that were tested. Two strains of L. seeligeri 

were selected for Listeria phage host range tests. L. seeligeri strain C373 was infected by all 

Listeria phages except two phages, S7 and S8. The other strain of L. seeligeri, C876, was infected 

by 7 of the 24 phages. All L. innocua strains were infected by most Listeria phages.  Strain C371 

was only infected by one phage while strains C503 and C1260 were infected by all phages. In 

addition, strain C584 was infected by all phages except 7 phages. Two L. ivanovii strains, C370 

and C891 were both infected by all but phages except 6 of them. However, the third strain of L. 

ivanovii, C877, was not infected by only 6 out of 24 phages. There were two strains of L. 

welshimeri, C377 was only infected by 7 phages out of the 24, however, C570 was infected by 9 

phages out of the 24. Finally, the L. grayi strains C873 and C374 were infected by 8 of 24 phages 

in the host range assay. In conclusion, the isolated Listeria phages from S1-S24 were not specific 

for L. monocytogenes strains (Table 2.5). In brief, all the isolated Listeria phages S1-S24 were 

able to infect a variety of Listeria spp. with varying degrees of lysis. However, S8 phage seemed 

to be the most promising phage among all of the 24 phages because it was the most specific phage 

to all L. monocytogenes strains.  

In this study, Listeria phages that were previously isolated were obtained from a culture collection 

at CRIFS at the University of Guelph. Nineteen Listeria phages AG8-AG24 were obtained and 

their host range confirmed (Table 2.6). Those phages were tested against the same17 Listeria spp. 
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(L. monocytogenes, L. seeligeri, L. innocua, L. ivanovii.  L. welshimeri, and L. grayi).  All 19 

bacteriophages were able to infect the L. monocytogenes strains C519, C381, C391, however, one 

strain, C716, had a high resistance to all Listeria phages and none of the 19 phages was able to 

infect it. Most phages were able to infect all the strains of L. seeligeri, L. innocua, and L. ivanovii, 

and L. welshimeri strains (C377; C570) were also infected by most Listeria phages. One strain of 

L. grayi (C374) was resistant to all of the bacteriophages and the other (C873) was only infected 

by nine out of the 19-isolated bacteriophages (Table 2.6). As all the Listeria phages have the ability 

to infect most Listeria spp., the final selection of phages was based on their ability to infect Gram- 

positive non-Listeria spp. 

 

Cross-infectivity of the phages obtained from CRIFS with other bacteria 

 

An extended host range experiment was completed for the selected phages to investigate their 

ability to infect bacterial strains that normally coexist with Listeria spp. in a typical meat 

processing environment (Table 2.7). The tested bacterial strains included Bacillus subtilis (C1003), 

B. circulans (C1013), Bacillus spp. (LJH157), Carnobacterium divergens (LJH 372), C. 

maltraomanticum (LJH42), and E. faecium. (C825).  

A cross infection occurred with two of the six tested strains (Table 2.7). Bacillus spp. (LJH157) 

was infected by several Listeria phages (AG14, AG15, AG16, AG18, AG19, AG21, AG22). 

Strains AG10, AG17, and AG20 were able to infect Bacillus spp. (LJH157), albeit poorly. 

Conversely, strains AG9, AG11, AG12, AG13, and AG23 were not able to infect Bacillus spp. 

(LJH157).  Interestingly, strains AG10, AG17, and AG20 infected Bacillus spp. (LJH157) but the 

affect was difficult to detect on plates. However, this change was not recognized as lysate activity, 

and as a result, it was denoted by +/-, meaning these results need to be confirmed.   
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The second strain that was infected by Listeria phages was E. faecium. (C825). This strain was 

only poorly infected by two phages, AG6 and AG7. Based upon the cross-infectivity of Gram-

positive related non-Listeria species, host range test of 8 of the 19 bacteriophages (AG9, AG10, 

AG11, AG12, AG13, AG17, AG20 and AG23) were selected for further characterization by using 

the Bioscreen C.  

Host range pattern and determination of selected Listeria phages against selected strains of 

Listeria spp. and Gram- positive non-Listeria spp. using Bioscreen C 

 

The Bioscreen C was used to confirm some of the host range results that were obtained by the spot 

test technique. Eight Listeria phages (AG9, AG10, AG11, AG12, AG13, AG17, AG20, and AG23) 

were selected and tested against four Listeria strains: L. monocytogenes (C519), L. innocua (548), 

L. ivanovii (370), and L. welshimeri (570) (Table 2.8). These phages were not able to infect 

Bacillus spp. in the host range test by spot test against the exclusive strains. However, the 

infectivity of phages AG10, AG17, and AG20 to Bacillus spp. was not very clear with the spot 

test, so they were included in this test to confirm their host range pattern (Table 2.8).  

The four selected strains of Gram-positive non-Listeria spp. were B. subtilis C1004, B. circulans 

C1013, E. faecium C 825, and Bacillus spp. LJH 157. The selection of Listeria spp. as inclusive 

strains and Gram-positive no n-Listeria spp. as exclusive strains depended on the strain from each 

spp. that was least infected by the Listeria phage. Based on the obtained detection time difference 

values, some tested phages produced a growth curve similar to that of the control (N), while others 

caused a complete inhibition of growth within 24 hours (C). On the other hand, some tested phages 

caused a delay in the bacterial growth to reach the detection limit (OD = 0.3) and the bacteria 

started to grow again before the end of the experiment (D and D+) (Tables 2.8, 2.9).  



66 
 

In the host range test using Bioscreen C against Listeria spp., Listeria phages AG9, AG11, and 

AG23 were found to have the narrowest host range pattern of the tested Listeria phages. They were 

able to infect only one Listeria strain of the four examined. However, phage AG23 was able to 

infect one more strain, C548 (scored as D+) (Table 2.8). Conversely, Listeria phages AG10, AG13, 

AG17, and AG20 were able to infect all the examined Listeria strains with varying degrees of 

activity. Phages AG13, AG17, and AG23 were able to cause complete growth inhibition of the 

C519 strain. These phages were able to infect the other strains, C570, C370, and C548, and caused 

a delay in bacterial growth. In the host range test using Bioscreen C against Gram-positive non-

Listeria spp., Listeria phages were not able to infect the Gram-positive non-Listeria spp. B.  subtilis 

C1004, E. faecium C825, B. circulans C1013, and Bacillus spp. LJH 157. However, the Bacillus 

spp. strain LJH 157 was infected by phages AG10, AG17, and AG20, causing a delay in bacterial 

growth after 5 h, scored as D+ (Table 2.9).      
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Legend: 4+ = strong and clear lysis on lawn, 3+ = moderately strong and mostly clear lysis, 2+ = moderately weak and somewhat 

turbid lysis, 1+ = weak and turbid lysis, - = no lysis 

Table 2.5. Host range of isolated phages against L. monocytogenes. 

PHAGES Listeria monocytogenes Listeria 

seeligeri 

Listeria innocua Listeria ivanovii Listeria 

welshimeri 

Listeria grayi 

 C51

9 

C381 C391 C7

16 

C37

3 

C87

6 

C371 C50

3 

C5

48 

C12

69 

C37

0 

C8

91 

C8

77 

C377 C570 C873 C374 

S1 2+ 4+ 3+ - 2+ 3+ 2+ 3+ 2+ 1+ 3+ 1+ 2+ 2+ 2+ 1+ - 

S2 2+ 4+ 3+ - 2+ 3+ - 3+ - 2+ 3+ 2+ 3+ 3+ 3+ 2+ - 

S3 2+ 4+ 3+ - 3+ 3+ 3+ 3+ 2+ 2+ 4+ 1+ 3+ 3+ 2+ 2+ - 

S4 2+ - 4+ - 2+ 2+ 3+ 2+ 3+ 4+ 3+ 1+ 1+ 2+ 2+ 2+ - 

S5 2+ 2+ 2+ - 1+ 1+ 1+ 2+ 3+ 4+ 4+ 2+ 2+ 4+ 1+ 2+ - 

S6 3+ 4+ 4+ - 1+ 3+ 1+ 4+ 2+ 4+ 4+ - 3+ 2+ 4+ 2+ - 

S7 3+ 4+ 4+ - - 4+ 3+ 4+ 1+ 4+ 1+ 2+ 3+ 3+       2+  1+ - 

S8 4+ 1+ 4+ - - - 2+ 4+ 1+ 4+ - - - - - - - 

S9 2+ 1+ 2+ - 2+ - 3+ 4+ 2+ 4+ - - - - - - - 

S10 2+ 3+ 2+ - 1+ - 3+ 1+ 1+ 1+ 1+ - 2+ - - - - 

S11 2+ 3+ 3+ - 1+ - 4+ 2+ 1+ 1+ 1+ 2+ 1+ - 1+ - 1+ 

S12 3+ 4+ 3+ - 2+ - 3+ 2+ 1+ 1+ 1+ - 1+ - - - 1+ 

S13 2+ 3+ 4+ - 3+ - 2+ .5+ - 1+ - - - - - - 1+ 

S14 3+ 2+ 4+ - 1+ - 2+ 1+ 1+ 1+ 1+ 1+ 1+ - - - 1+ 

S15 3+ 4+ 3+ - 1+ - 2+ 1+ 1+ 1+ 1+ 1+ - - - - 1+ 

S16 3+ 4+ 3+ - 1+ - 1+ 1+ - 1+ 1+ 2+ 1+ - - - 1+ 

S18 3+ 1+ 4+ - 1+ - 1+ 1+ - 2+ 1+ 2+ - - - 3+ 1+ 

S19 3+ 3+ 2+ - 1+ - 3+ 2+ - 2+ 1+ 1+ 2+ - - - 1+ 

S20 4+ 4+ 1+ - 1+ - 3+ 3+ 1+ 3+ 1_ 1+ 3+ - - - - 

S21 3+ 4+ 2+ - 2+ - 2+ 2+ 3+ 2+ - 3+ - - - - - 

S22 3+ 4+ 3+ - 2+ - 4+ 2+ 1+ 2+ - 4+ 4+ - - - - 

S23 2+ - 3+ - 2+ - 3+ 3+ - 3+ - 3+ 3+ - - - - 

S24 2+ 2+ 4+ - 2+ - 2+ 1+ - 2+ 1+ 2+ 2+ - 1+ - - 
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Legend: 4+ = strong and clear lysis on lawn, 3+ = moderately strong and mostly clear lysis, 2+ = moderately weak and somewhat 

turbid lysis, 1+ = weak and turbid lysis, - = no lysis. 

Table 2.6: Host range of Listeria phages against Listeria spp. obtained from the Canadian Research Institute of Food Safety “CRIFS”. 

Phages  Listeria monocytogenes Listeria 

seeligeri 

Listeria innocua Listeria ivanovii Listeria 

welshimeri 

Listeria 

grayi 

 C519 C381 C391 C716 C373 C876 C371 C503 C548 C1269 C370 C891 C877 C377 C570 C873 C374 

AG6 3+ 4+ 2+ - 3+ 2+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 2+ 2+ - - 

AG7 3+ 2+ 2+ - 2+ 3+ 2+ 2+ 2+ 3+ 3+ 3+ 2+ 2+ 2+ - - 

AG8 3+ 3+ 3+ - 1+ 3+ 2+ 3+ 1+ 3+ 2+ 4+ 2+ 3+ - 4+ - 

AG9 3+ 3+ 3+ - 3+ 3+ 2+ 3+ 2+ 4+ - 3+ 4+ 3+ - - - 

AG10 2+ 4+ 3+ - 4+ 3+ 3+ 3+ 2+ 3+ 3+ 3+ 3+ 3+ 3+ 2+ - 

AG11 3+ 3+ 4+ - 4+ 4+ 1+ 4+ 2+ 3+ - 4+ 4+ 2+ - - - 

AG12 3+ 4+ 4+ - 3+ 3+ 4+ 3+ 2+ 4+ 3+ 3+ 4+ 2+ 1+ - - 

AG13 3+ 3+ 3+ - 2+ 2+ 2+ 3+ 2+ 3+ 1+ 4+ 2+ 1+ 1+ 1+ - 

AG14 3+ 3+ 3+ - 3+ 2+ 2+ 3+ 2+ 4+ 3+ 2+ 1+ 2+ 1+ 1+ - 

AG15 3+ 3+ 3+ - 3+ 2+ 2+ 3+ 2+ 4+ 1+ 4+ 3+ 1+ 2+ - - 

AG16 3+ 3+ 3+ - 3+ 2+ 2+ 3+ 2+ 3+ - 4+ 3+ 3+ 2+ 1+ - 

AG17 4+ 4+ 4+ - 4+ 3+ 1+ 3+ 2+ 3+ 1+ 4+ 3+ 1+ 1+ - - 

AG18 4+ 4+ 4+ - 4+ 2+ 1+ 3+ 2+ 3+ 1+ 4+ 1+ 2+ 1+ 1+ - 

AG19 3+ 3+ 3+ - 3+ 4+ 2+ 3+ 2+ 3+ 3+ 3+ 1+ 2+ - 1+ - 

AG20 3+ 3+ 3+ - 2+ 2+ 2+ 3+ 2+ 3+ 1+ 4+ 3+ 1+ 1+ - - 

AG21 3+ 3+ 3+ - 3+ 2+ 2+ 3+ 2+ 3+ 1+ 3+ 1+ 1+ - - - 

AG22 3+ 3+ 3+ - 2+ 3+ 2+ 2+ 2+ 3+ 3+ 2+ 3+ 3+ 1+ - - 

AG23 2+ 3+ 3+ - 3+ 2+ 2+ 2+ 2 4+ - 3+ 3+ 1+ - - - 

AG24 4+ 4+ 4+ - 4+ 2+ 2+ 3+ 1+ 3+ 1+ 4+ 3+ 1+ - - - 
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Table 2.7. Host range of obtained Listeria phages against Gram-positive non-Listeria spp. 

 

Legend: 4+ = strong and clear lysis on lawn, 3+ = moderately strong and mostly clear lysis, 2+ = moderately weak and somewhat 

turbid lysis, 1+ = weak and turbid lysis, - = no lysis. +/- = difficult to see the lysis. 

Phages Bacillus subtilis Bacillus 

circulans 

Bacillus spp. Cyanobacterium 

diverges 

C. 

maltaromaticum 

Enterococcus 

faecium 

 C1003 C1004 C1013 LJH 157 LJH 372 LJH 428 C 825 

AG6 - - - 1+ - - 1+ 

AG7 - - - 1+ - - 1+ 

AG8 - - - 3+ - - - 

AG9 - - - - - - - 

AG10 - - - +/- - - - 

AG11 - - - - - - - 

AG12 - - - - - - - 

AG13 - - - - - - - 

AG14 - - - 2+ - - - 

AG15 - - - 4+ - - - 

AG16 - - - 4+ - - - 

AG17 - - - +/- - - - 

AG18 - - - 4+ - - - 

AG19 - - - 4+ - - - 

AG20 - - - +/- - - - 

AG21 - - - 4+ - - - 

AG22 - - - 2+ - - - 

AG23 - - - - - - - 

AG24 - - - 2+ - - - 
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Table 2.8. Host range patterns of selected phages against Listeria spp. strains using Bioscreen C. 

 

 

 

C: Complete inhibition of bacterial growth. 

D+: More than a 5-h delay in bacterial growth to reach log10  phase compared to control (i.e, 

detection time difference ≥ 5 h). 

D: Less than a 5-h delay in bacterial growth to reach log10  phase compared to control (i.e. detection 

time difference < 5 h). 

N: No effect of the phage on bacterial growth (growth similar to control). 

 

 

 

 

 

Phages 

 

Listeria 

monocytogenes 

C519 

 

Listeria innocua  

C548 

Listeria ivanovii 

C370 

 

Listeria welshiemri 

C570 

AG9 D N N N 

AG10 D+ D+ D D 

AG11 D N N N 

AG12 D D+ D D+ 

AG13 C D+ D+ D+ 

AG17 C D+ D+ D+ 

AG20 C D+ D+ D+ 

AG23 D D+ N N 
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Table 2.9. Host range pattern of the selected Listeria phages against exclusive strains using 

Bioscreen C. 

 

C: Complete inhibition of the bacterial growth. 

D+: More than a 5-h delay in bacterial growth to reach log10  phase compared to control (i.e, 

detection time difference ≥ 5 h). 

D: Less than a 5-h delay in bacterial growth to reach log10  phase compared to control (i.e. detection 

time difference < 5 h). 

N: No effect of phage on bacterial growth (growth like control).  

Phages 

 

 

Bacillus 

subtilis 

 

C1004 

 

 

Bacillus 

circulans 

 

C1013 

 

Bacillus spp 

 

LJH 157 

 

Enterococcus 

faecium 

C825 

 

AG9 N N N N 

AG10 N N D+ N 

AG11 N N N N 

AG12 N N N N 

AG13 N N N N 

AG17 N N D+ N 

AG20 N N D+ N 

AG23 N N N N 
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2.4.3 Phage morphology based on TEM imaging 

 

Transmission Electron Microscopy (TEM) was used to determine the morphology of the selected 

phages (Figure 2.1). The 8 selected bacteriophages (AG8, AG9, AG10, AG11, AG12, AG13, 

AG17, AG20, and AG23) had icosahedral heads with contractile tails, and hence they belong to 

the Myoviridae family (Ackermann, 2007). All phages were tittered to be 109 PFU/mL. Table 

2.10 show the phage measurements. The average of the head diameter, and tail diameter are 

cited. It was also shown that phages have similar tail lengths and head diameters.  

 

 

 

 

 

 

 

 

Table 2.10. Phage head and tail dimensions. 

Phages Tail (nm) Head (nm) 

AG9 228 96 

AG10 272 108 

AG11 228 90 

AG12 214 108 

AG13 230 104 

AG17 252 106 

AG20 242 112 

AG23 222 92 

 

 
 

Figure 2.1. Representative transmission electron micrographs of phages AG13, AG17, and AG20 against 

Listeria spp. 
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2.4.4 Restriction enzyme digestion 

 

Several restriction endonucleases were examined, including ECORI, SwaI, NdeI, and HindIII, for 

their ability to digest the genome of the selected 8 phages. However, only HindIII was able to 

digest all the 8 phages (Figure 2.2). Digestion with the restriction enzyme showed that the studied 

phages have double-stranded DNA. A similar restriction digestion pattern was developed for DNA 

of each of the 8 selected phages using HindIII to differentiate between Listeria phages. The 

digestion pattern for phage AG20 is distinct from all of the other bacteriophages, while AG10 and 

AG23 appears to be close to each other and the remaining bacteriophages (AG8, AG9, AG11, 

AG12, AG13 and AG17) have similar digestion patterns.  

 

 

 

 

 

 

 



75 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 
 
 
 

 

2.4.5 Phage stability on desiccation 

 

The stability of phages stored in a dry environment was determined by storing the air- dried phage 

at room temperature for 24 h and then counting the surviving phages using a plaque assay. Phage 

AG20 had the greatest resistance to drying among the 8 phages (Figure 2.3). For example, it had 

a smaller log PFU/mL decrease than the other 8 bacteriophages; being 2.26 log10 PFU/mL. The 

next phage that had the lowest log10 reduction was AG23 that resulted in a 3.09 log10 PFU/mL 

reduction in titre. Phage AG12 had the highest log10 PFU/mL reduction, with numbers decreasing 

Figure 2.2. Electrophoresis on 1.0% agarose of HindIII restriction enzyme 

digests of DNA of representative isolated phages of Listeria showing 

similar host range patterns. DNA was digested with HindIII. Digested DNA 

was run on 1% agarose gel for 3 h at 60V. (1) Gene Ruler™ 1kb DNA 

ladder; (2) AG8; (3) AG9; (4) AG10; (5) AG11; (6) AG12; (7) AG13; (8) 

AG17; (9) AG20; (10) AG23; (11) Gene Ruler™ 1kb DNA ladder. Only 

lane 9 which corresponds to AG20 can be said to be definitively genetically 

distinct. Lane 4 (AG10) and lane 10 (AG23) may be different from the 

others as well. 
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by 4.24 log10 PFU/mL. Phages AG12 and AG11 had the second highest log10 PFU/mL reduction 

at 3.93. The five remaining bacteriophages had similar log10 PFU/mL decrease in number (Figure 

2.3).   

 

 

2.4.6 Phage evolution experiment  

 

Based on the previous results, all the tested Listeria phages in this study did not infect L. 

monocytogenes strain C761 (Tables 2.5, 2.6). In order to find a phage that could infect this 

particular strain, an evolution experiment was designed using two phages that were able to infect 

other tested L. monocytogenes strains, AG13 and AG20. The phage-sensitive strain (C519) and 

phage- resistant strain (C761) were mixed at different ratios (1:1, 1:4, 0.1:4.9, and 0.01:4.99) and 

the selected phage added. Phage AG13 was able to develop a phage strain mutant that infected 

strain C761 after the 8th subculture of the 1:1 ratio suspension, and this phage was called AG13M. 
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Figure 2.3. The stability to desiccation of the 8 selected phages after 24 h 25°C. Phages were air dried for 1 h 

and stored at room temperature for 24 h. The dried phage particles were reconstituted in phage CM buffer, and 

then they counted to determine the number of active phages in the produced phage lysate.  
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Phage AG20 was not able to develop any strain C761 infective mutants in all combinations and 

after 10 sub- cultures. 

The mutant phage AG13M was able to infect all Listeria spp. strains but exhibited no activity 

against the Gram-positive non-Listeria spp. (Table 2.11). Phage AG13M was characterized for its 

host range against Listeria spp. and non-Listeria spp., efficiency of plating, adsorption, and 

stability to air-drying. AG13M was able to infect all strains at the same level of lytic activity, 

showing that it infected most Listeria spp. with a score of 3+ (Table 2.11). However, there were 

two strains, L. ivanovii (C891) and L. welshimeri (C377), that were poorly infected by phage 

AG13M (score = 1+). One L. grayi strain was not infected by phage AG13M (Table 2.11). 

Additionally, phage AG13M could not infect any of the non-Listeria spp. strains (Table 2.12). The 

efficiency of plating (EOP) was determined for phage AG13M after five propagations. It has been 

shown that phage AG13M possesses the capacity to infect the resistant and host bacterial strains. 

It was also able to infect and be on both sensitive and resistant strains (Table 2.13).  However, 

after the fifth propagation, phage AG13M weakly infected the host strain C519 and was not able 

to infect the resistant strain L. monocytogenes C716.  

The efficiency of phage AG13M adsorption to the host resistant and sensitive strains was 

determined and compared based on the infectivity of the host cells (Listeria phages) in the early 

logarithmic growth phase. Phage AG13M adsorption occurred during the first 5 min, and the 

efficiency of adsorption for these phages to their hosts was 99%, whereas the amount of free 

phages was below 5%.  The efficiency of adsorption was calculated using the following equation:  

(Initial phage titer – unabsorbed phage titer)/ initial phage titer × 100. 
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The stability of phage AG13M to air drying was determined by measuring the log reduction of 

phage titer after being dried at room temperature (25°C) for 24 hrs. The log10 reduction of phage 

AG13M was recorded at log10 3.17 PFU/mL.  
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Table 2.11. Phage AG13M host range against Listeria spp. 

 

Legend: 4+ = strong and clear lysis on lawn, 3+ = moderately strong and mostly clear lysis, 2+ = moderately weak and somewhat 

turbid lysis, 1+ = weak and turbid lysis, - = no lysis. 

 

 

Table 2.12. Phage AG13M host range against Gram-positive non-Listeria spp. 

 
Phage Bacillus 

subtilis 

Bacillus 

circulans 

Bacillus 

spp. 

Cyanobacterium 

diverges 

C. maltaromaticum Enterococcus 

faecium 
AG13M C1004 C1013 LJH 157 LJH 372 LJH 428 C 825 

- - - - - - 

Legend: 4+ = strong and clear lysis on lawn, 3+ = moderately strong and mostly clear lysis, 2+ = moderately weak and somewhat 

turbid lysis, 1+ = weak and turbid lysis, - = no lysis. 

 

Phage Listeria 

monocytogenes 

Listeria 

seeligeri 

Listeria innocua Listeria ivanovii Listeria 

welshiemri 

Listeria grayi 

AG13M C5

19 

C38

1 

C3

91 

C71

6 

C373 C8

76 

C371 C5

03 

C5

48 

C12

69 

C370 C89

1 

C87

7 

C377 C57

0 

C873 C37

4 

3+ 3+ 3+ 3+ 3+ 3+ 3+ 2+ 3+ 2+ 3+ 1+ 3+ 1+ 3+ 2+ - 
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Table 2.13. The efficiency of plating to AG13M. 

 

 

 

*(-) = the phage AG13M wasn’t able to be tittered or propagated after the fifth propagation.   

 

 

 

 

 

 

 

 

 

Number of AG13M 

phage generation 

Efficiency of plating 

G1 7.6x10-4 

G2 4.0x10-4 

G3 6.8x10-3 

G4 3.2x10-3 

G5 1.1x10-3 

G6 -* 

G7 -* 
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2.5 Discussion 

 

 

Bacteriophages appear to be a promising biotechnology for detecting bacterial contamination in a 

food environment (Hagens & Loessner, 2007). In this study, two different groups of Listeria 

phages have been used during the study. The first group was consisted of 24 phages named S1-

S24 and were isolated from sewage and sludge samples and they have exhibited similar lytic 

activities. The phage plaques were observed after the spot test methods on TSA plates. Listeria 

phages can be isolated with relative ease from various environmental sources by the soft agar 

overlay method (Kropinski et al., 2009).  

The first reports of bacteriophages that were specific for L. monocytogenes was between the 

1940s and 1960s (Schultz, 1945; Sword, 1961). In the current study, the 24 phages were 

characterized for their ability and specificity to infect L. monocytogenes by the spot method. 

However, these phages were not specific to L. monocytogenes strains, because they were shown 

to infect various Listeria spp. Klumpp & Loessner (2013) described the isolation and 

characterization of 500 Listeria phages most of them have been used for phage typing. They also 

have been found in all major Listeria spp., except the unusual L. grayi (Klumpp & Loessner, 

2013). A511 is a virus infecting cells of the genus Listeria. It lyses approximately 95% of L. 

monocytogenes strains belonging to serovars 1/2 and 4, which were found to be responsible for 

most, if not all, cases of human listeriosis (Farber, Peterkin. 1991). 

The isolated Listeria phages S1-S24 did not meet the research goal of isolating Listeria phages 

specific to L. monocytogenes. However, a promising Listeria phage named S8 was the most 

specific phage to L. monocytogenes strains among all the 24 phages and is the best for detection 

of L. monocytogenes in food and food processing.  
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Nineteen Listeria phages were obtained from a culture collection at the CRIFS, University of 

Guelph. The 19 phages were refreshed, propagated, and tested for their host range using both the 

spot method and Bioscreen C tests. In the host range test of the 19 Listeria phages using a spot 

test technique, L. monocytogenes strains, C519, C391, and C381 were infected by all 8 selected 

phages. However, one L. monocytogenes strain C716 was resistant to all 19 selected phages. L. 

grayi strain C374 was also resistant to the 19 selected phages. Antimicrobial resistance can be 

occurred as a result of a natural property of an organism or developed by mutation or by means 

of plasmids or transposons (Russell et al,1996). Acquired antibiotic and sanitizer resistance in L. 

monocytogenes has been considered a very rare event, but during the last few years, resistance to 

different agents has been increasingly documented for this species (Aase et al, 2000). The 

general increase in the resistance among toward specific strains due to the phenotypes of these 

strains may have changed during repeated subculture. C716 was confirmed as L. monocytogenes 

strain that it was ribotyped and tested for the16S ribosomal RNA by Laboratory Services, 

University of Guelph. 

The absence of specific receptors for phage attachment could be an explanation for these 

differences in phage susceptibility. It could also be related to advanced resistance mechanisms 

against bacteriophages such as phage-genome uptake blocks, abortive infections, restriction 

modification and adsorption blocks (Hyman & Abedon, 2010). The bacterial cell, however, 

possesses various mechanisms in order to fight off infection by bacteriophages. (Samson et al., 

2013). Bacteriophages could also improve their mechanisms to better infect bacterial cells, a so-

called “arms race” between host bacteria and bacteriophage. The bacterial cells have the ability to 

change their receptor to prevent phage infection. However, after a few generations, bacteriophages 

are able to adapt and find a different receptor to which to bind (Samson et al., 2013). The bacterial 
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cells are also able to produce restriction enzymes that cut foreign DNA, while methylating their 

own DNA to prevent it from being cut.  

The CRISPR-CAS is another system in which the CRISPR loci and CAS proteins act as an anti-

phage system by cutting DNA in a sequence-specific way (Samson et al., 2013). For example, 

Pseudomonas aeruginosa bacteriophages produce “anti-CRISPR” proteins that target bacterial 

components in this process and disable them from operating (Bondy-Denomy et al., 2012). As 

bacteriophages are typically specific to their host cells, they only infect one or a few closely related 

species (Hyman and Abedon, 2010). This specificity is because of the host-receptor viral 

attachment protein interaction, which differs in Gram-positive and Gram-negative bacteria. The 

host receptors in Gram-negative bacteria are proteins or lipopolysaccharides of the outer 

membrane. The receptors in Gram-positive bacteria are typically placed in the peptidoglycan layer. 

In the case of L. monocytogenes, bacteriophage receptor binding proteins (RBP) bind to the N-

acetylglucosamine and rhamnose subunits of teichoic acid (Wendlinger et al., 1996; Bielman et 

al., 2015). More specifically, it was shown that to be identified by a bacteriophage, murein 

hydrolases that cut very specific amide bonds in the peptidoglycan can allow a bacteriophage to 

easily reach its host receptor more efficiently (Loessner, 2002). The isolated phages against L. 

monocytogenes are not always specific to only L. monocytogenes (although some are), and cross-

infection with other species of Listeria, such as L. innocua, L. ivanovii, and L. grayi, does occur 

(Loessner and Busse, 1990). According to Loessner and Busse (1990), it is rare for isolated phages 

against L. monocytogenes to infect other species of bacteria. 

In the exclusive strains host range test, cross-infection into related Gram-positive non-Listeria spp. 

was observed for two of the six tested strains. Interestingly, two strains of the six selected were 

infected by several phages. Bacillus spp. LJH 157 was infected by 11 of 19 phages. LJH157 was 
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confirmed that its a Bacillus spp. that the strain was ribotyped for its identity by Laboratory 

Services, University of Guelph. Phages AG9, AG10, AG11, AG12, AG13, AG17, AG20, and 

AG23 were more specific to Listeria spp., so this was one of the reasons to use these phages for 

further characterization. 

The second of the exclusive strains that was infected by Listeria phages was Enterococcus. faecium 

strain C825. Only two phages (AG6 and AG7) were able to infect this bacterium. The high 

specificity of these phages might be related to the structure of the Gram-positive bacterial 

membrane as mentioned in the discussion above. In conclusion, all 19 bacteriophages were able 

to infect many different strains of Listeria spp., which means that they are not specific to L. 

monocytogenes. Thus, the use of these bacteriophages for the detection of L. monocytogenes in 

end-product testing would not be ideal. These bacteriophages would be more suitable to be applied 

in testing environmental conditions within a food processing plant where Listeria spp., including 

L. monocytogenes, can be found and detected (Health Canada, 2011).  

In this study, it was encouraging to find a way to make the resistant strain of L. monocytogenes 

C716 to become infected by Listeria phages. A phage co-evolution method to produce a mutant 

phage was examined. The mutant phage AG13M was able to infect all Listeria spp. including L. 

monocytogenes strains. Due to the appearance of emerging pathogens interest has been renewed 

in understanding the evolutionary and ecological mechanisms that encourage organism 

adaptation to a new host (Woolhouse et al., 2005; Parrish et al., 2008). The inter relationship 

between susceptible, and novel hosts is important. There were four ratios of both L. 

monocyogenes sensitive (519) and resistant strains (716) used in the co-evolution experiments in 

order to maximize the possibility of a successful isolation of mutant phage that can infect the 

resistant strain (716). Due to the fact that adaptation to novel hosts can occur only under very 
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specific ecological conditions, any small changes in contact rates between host species were 

minimized. Phage AG13M was tested for its ability to infect Listeria spp. and it behaved in the 

same way as the parent phage, except for its ability to now infect the previously resistant strain 

C716. However, it had no effect on Gram-positive non-Listeria spp. In the EOP experiment, 

phage AG13M had a titer of 1.0  103 PFU/mL on strain C716 and 1.0  105 PFU/mL on strain 

C519 in the first generation. However, the titration of phage AG13M after being propagated was 

similar in both the resistant and host strains. The mutated phage AG13M lost its ability to be 

propagated on strain C716 and became weaker when propagated on strain C519, as compared to 

the original phage AG13. This happened after the fifth propagation. This could be because the 

growth of the newly arisen mutant phages did not vary between the new and old host, but the 

growth was considerably lower than the related phages on the original host (Benmayor et al., 

2009).   

The majority of the phage AG13M (99%) was adsorbed to the resistant and host strains within 5 

min. It has been indicated that phages with higher adsorption rates most of the time have shorter 

lysis times than low adsorption rate phages (Shao & Wang, 2008). These phages produce 

progeny phages in less time compared to those with a long adsorption time, which can be 

considered as one of the most important represents for a rapid detection method. 

The Bioscreen C can be considered as a high throughput assay for the determination of phage 

host range against a large number of bacterial strains. It is an automated turbidimetric approach 

providing both host range and quantitative lysis data simultaneously allowing the determination 

of the host range pattern for each isolated phage. Different MOIs can be tested and the detailed 

effect on bacterial growth can be obtained during the incubation period. The Bioscreen C was 

used to determine the host range of selected Listeria phages after the host range test by the spot 
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test method. Eight phages were selected for further characterization dependent on the Bioscreen 

C results. The eight selected phages (AG9, AG10, AG11, AG12, AG13, AG17, AG20, and 

AG23) showed different abilities to infect the Listeria spp. and non-Listeria spp., which was 

exhibited by different degrees of lysis. This lysis appeared as a delay to reach the detection limit 

(OD = 0.3) or inhibition of the growth of the tested bacterium.  

A few phages were identified to have a broad host range toward Listeria spp., and most were highly 

specific and infected only Listeria spp. The differences in susceptibility of the tested bacterial 

strains against the Listeria phages could be related to the development of resistance mechanisms 

against these phages through abortive infection, variation in membrane phage receptors 

(adsorption blocking) and/or a restriction endonuclease modification system (Petty et al., 2007).  

Bacteriocin is another reason may have an impact on Bioscreen C spot test results. They are 

produced by epidemic entero-pathogenic bacteria which is a common strategy to colonize the 

gastrointestinal tract, or whether it is an exceptional mechanism used only by some L. 

monocytogenes and Enterococci strains throughout their infection processes, remains to be 

explained (Kommineni et al, 2015). LLS was previously shown to be a hemolytic and cytotoxic 

factor and has recently been associated with infectious potential in a molecular epidemiological 

and comparative genomic study of L. monocytogenes strains from different lineages. 

The Bioscreen C turbidimetric assay rapidly provided valuable quantitative lytic activity and host 

range information that is an excellent and rapid alternative to agar-based overlay methods. 

Turbidity measurement of bacteria using the Bioscreen C has been used in several studies, 

including a study to determine the effect of different phage MOI values on the growth of host 

bacteria (Atterbury, 2007).  
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The morphology of the selected 8 phages indicated which family they belonged to.  According to 

Ackermann (2007), 96% of the phages examined since 1959 are tailed and belong to the families 

Myoviridae, Siphoviridae, or Podoviridae. However, 24.8% and 61% were Myoviridae and 

Siphoviridae, respectively. In this study, all 8 selected phages (AG9, AG10, AG11, AG12, AG13, 

AG17, AG20, AG23) are belong to the Myoviridae family, which are characterized by icosahedral 

heads and short non-contractile tails (Ackermann, 2007).   

The 8 selected phages showed different patterns following restriction enzyme digest with HindIII 

(Jamalludeen et al., 2007). Phage AG20 had a unique pattern among the 8 phages. Also, phages 

AG10 and AG23 showed a similar pattern that was different from the other phages. Several 

restriction endonucleases were examined in this study which are HindIII, EcoRI , SwaI, and NdeI. 

The only endonuclease that was able to digest all the selected 8 phages was HindIII. The restriction 

enzyme digest storage temperature and validity age are important factors that may either inhibit 

the restriction enzyme effectiveness or help in maintaining the enzyme's effectiveness to perform 

its work successfully and accurately. Most restriction enzymes are stable at different storage 

temperature such as 4°C, -20°C, and -70 °C. However, repeated freeze-thaw cycle from -70°C to 

0°C is undesirable and have a negative impact on enzyme activity (Robinson et al., 2001).  

All Listeria-specific bacteriophages found to date are members of the Caudovirales family, 

featuring long, non-contractile tails of the Siphoviridae family, or the complex contractile tail 

machines of the Myoviridae family. Interestingly, no podoviruses have ever been isolated for 

Listeria spp. (Klumpp & Loessner, 2013). The reason for this is unknown but might be associated 

with the structure of the Listeria cell; yet, morphological diversity in the Listeria phages seems 

limited. The Siphoviridae are currently grouped into six species depending on tail length.  
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Stability to air drying is a significant feature that is required for the successful application of 

phages in food and/or the environment (Strauch et al., 2007). In the current study, the stability of 

phages to air drying was determined for the 8 selected phages. Two phages, AG20 and AG23, 

were the most stable of the tested phages at 25 °C for 24 h. Even though these phages had a low 

log reduction, they are not considered to be stable for a long time. All phages in this study belong 

to the Myoviridae family, and most phages that belong to this family are less tolerant to the effect 

of air drying than the tested members of Siphoviridae. This can be explained by the effects on the 

contractile sheath, which plays a critical role in the infectivity of Myoviridae phages (Guttman et 

al, 2005). In view of these results, AG20 and AG23 phages were chosen for the further studies 

described in Chapter 3. 
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Chapter 3 

Rapid Detection of L. monocytogenes in Broth and Food Contact surfaces 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 Listeria spp.  by using a phage AG20 that is specific 

for Listeria spp.  A method was developed to detect the organism on inoculated stainless steel to 

represent a food contact surface and in culture medium (TSB). Listeria monocytogenes can 

attach to different types of food contact surfaces within a food processing environment. Thus, 

environmental sampling devices should be capable of detecting unacceptable contamination. In 

this study, an environmental swab, was used to remove low concentrations of L. monocytogenes 

from stainless steel. Phage immobilized on paper was developed as a sensor for the detection of 

Listeria. by printing them onto ColorLok paper (commercial paper) with a piezoelectric printer. 

These immobilized phages were used to capture the bacterial host removed from stainless steel 

and in TSB. Following infection of the bacterial cells by the immobilized phage, the progeny 

phages were detected using an overlay assay and the numbers of Listeria calculated based on the 

burst size of the phage. The detection limit for L. monocytogenes C519 was 50 CFU/mL and 40 

CFU/cm2  in broth and on the stainless steel surface, respectively. Detection of progeny phage by 

q PCR was not successful, as there was no amplification of the AG20 target sequence. It was 

found that the phage was only stable for one day. Detection methods based on phage are fast, 

cheap and easy to perform. The ubiquitous and selective nature of bacteriophages and specificity 

to their host bacterium up to the strain level can be applied for the detection of other bacterial 

pathogens.  
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3.2 Introduction 
 

 

The hazard of Listeria infection with foods that are exposed to heat or pasteurized is much lower 

than with foods that are not heated before eating since L. monocytogenes is usually killed during 

pasteurization. Food, such as fresh and ready-to-eat food products including dairy products, 

meat, egg products, vegetables, and seafood are usually associated with Listeria contamination 

(Ministry for Primary Industries, 2017). Listeria contamination can happen during production of 

food or its ingredients or via industrial processes through contaminated manufacturing 

equipment or the air. For instance, in a sandwich-producing factory, the preparation equipment, 

such as slicers, knifes, conveyor belts, and sandwich ingredients were contaminated by L. 

monocytogenes (Blatter et al., 2010). Recalling contaminated products can be expensive; 

resulting in both loss of the product and customer trust (Swaminathan and Gerner-Smidt, 2007).  

On most food contact surfaces, L. monocytogenes can adhere, contaminate foods and 

subsequently cause infections. The attaches to stainless steel surfaces with the participation of a 

polysaccharide and protein matrix. L. monocytogenes forms biofilms on solid food contact 

surfaces (Norwood & Gilmour, 2001). Different from other strong biofilm formers such as 

Pseudomonas spp. or Staphylococcus spp., L. monocytogenes did not produce adequate extra 

polymeric substances although it is known to form three-dimensional films (Norwood & 

Gilmour, 2001). Therefore, it is obvious that L. monocytogenes must possess some other abilities 

to form biofilms. To date, there is no strong evidence showing the exact mechanism of biofilm 

formation by L. monocytogenes. Recent studies showed that the amount and type of fatty acids 

played a differential role influencing the biofilm-forming properties of bacteria. Fatty acids in L. 

monocytogenes have been studied with respect to adaptation to cold temperature. However, 

adequate studies have not been performed profiling fatty acids among different biofilm formers. 
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In addition, microbial adherence is largely dependent upon the surface charge and 

hydrophobicity (Cademartiri et al., 2010).  Because L. monocytogenes has limited biofilm-

forming accessories, the role of cell surface hydrophobicity for adherence and biofilm formation 

requires particular attention. 

Bacteriophage have been used for the development of rapid, sensitive, and specific assays to detect 

pathogens. Phage typing is considered as inexpensive, precise, and fast with the ability to 

differentiate between certain bacterial strains (Anany, et al., 2017). Immobilization of phages onto 

a substrate allows a broader selection of uses, is cost-effective (depending on the substrate used) 

allowing for relatively simple assays (Anany et al., 2011). Positively charged substrates that bind 

the negatively charged phage head and allow the tail to bind to its host receptor are preferred 

(Cademartiri et al., 2010; Anany et al., 2011).  

Bioactive materials such as phages, antibodies and proteins have been printed onto paper by 

thermal, piezoelectric, gravure and laser printers in order to be used as detection tools for 

foodborne pathogens (Sohar, 2014; Jabrane et al., 2008). Cellulose is one of the most abundant 

and sustainable materials on earth so printed papers offer a cheap basis for biosensors (Pelton, 

2009).  

The detection assay based on immobilized phage consists of two stages:  1) the infection of host 

cells captured by the immobilized bacteriophage resulting in a large number of progeny phage; 

2) detection of the progeny phage using for example, a nucleic acid amplification assay, such as 

real-time PC. In a study conducted by López- Cuevas et al., (2011), it was shown that phage 

DNA could be amplified by qPCR (López- Cuevas et al., 2011). These two amplification stages 

improve the sensitivity of foodborne bacterial detection assays.  
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Listeria phages AG20 and AG23 were selected for printing based on their characteristics as 

outlined in Chapter 2. However, AG20 was the one that was used for detection experiments 

because its sequence was available. There were three goals of this study which were: 1) 

immobilize AG20 and AG23 phages onto positive by charged paper; 2) Steady the infectivity of 

AG20 and AG23 after printing using a piezoelectric bio-printer; 3) use immobilized phage AG20 

for the detection of L. monocytogenes in TSB and on a FCS.  

 

3.3. Materials and Methods 
 

 

3.3.1 Media, Bacteria, and Bacteriophages AG20 and AG23 

 

Phages AG20 and AG23 were obtained from the CRIFS culture collection and purified and 

propagated as described in Chapter 2. Listeria monocytogenes C519 strain was also obtained 

from the CRIFS culture collection. 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 in the presence of 50% v/v 

glycerol. Fresh cultures in vials were sub-cultured monthly from -80°C onto TSA agar plates. 

After a week, one colony from a stored TSA plate of L. monocytogenes C519 was streaked onto 

a new TSA plate. One colony of L. monocytogenes C519 streaked onto TSA was added to 10 mL 

of TSB and incubated at 37°C with shaking overnight at 200 rpm. Phages AG20 and AG23 were 

stored and diluted in 300 ul of CM buffer (2.5g/L MgSO4.7 H2O; 0.05g/L gelatin; 6 mL/L 1M 

Tris buffer; pH 7.5) (Fisher Scientific).  
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3.3.2 Propagation and counting bacteriophages 

 

To determine the number of phages, a bacterial lawn was used. Molten TSBss was placed in a 

water bath to cool to 55°C, then 200 μL of overnight bacterial culture were added. Then, the 

mixture was poured onto a TSA plate and left to solidify for 10 min. Bacterial lawns in this 

section were mainly used for phage propagation, and for the calculation of phage0 titer. For 

titration of the propagated phages, 10-fold serial dilutions in CM buffer of the propagated phages 

were prepared. The bacterial lawns were prepared by adding 200 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 phage 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 

18-24 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)  (volume spotted).  

 

3.3.3 PEG Precipitation and Purification of Phage DNA (DNA Extractions) and Agarose 

Gel Electrophoresis 

 

DNA was extracted from the eight selected phages, which were described in the previous 

chapter. Each phage was used at a titer of 1.0  109 PFU/mL. Two hundred mL of each phage 

were prepared. To the 200 mL of phage lysate, 10 μg/mL of both DNase I and RNase A were 

added and allowed to incubate for 30 minutes at 37°C. Sodium chloride (11.6 g) was then added 

and swirled to mix and to allow the NaCl to dissolve. The mixture was then stored on ice for 1 h. 

Solid polyethylene glycol (PEG) 8000 was then added to a final concentration of 10% w/v and 

allowed to dissolve overnight at 4°C by using a magnetic stirrer and stirring rod. The next day 

the PEG-bacteriophage was pelleted by centrifugation at 11,000 xg for 1 h (Beckman® Avanti J-
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26 XP centrifuge). The pellet was then resuspended in 8 mL of CM buffer. The CM buffer was 

then removed. To the 8 ml of CM buffer, 0.5 M ethylenediaminetetraacetic acid (EDTA) was 

added to a final concentration of 20 mM, proteinase K to a final concentration of 50 μg/mL and 

sodium dodecyl sulfate (SDS) to a final concentration of 0.5%. The mixture was then incubated 

in the water bath at 56°C for 1 h. After incubation, 1 mL of the mixture was transferred into a 

2ml Eppendorf tube. This was repeated for the remaining volume until there were eight 2 mL 

Eppendorf tubes each containing 1 mL of the mixture.  

The DNA was then purified from other components in the mixture by adding an equal volume 

(1ml) of phenol: chloroform: isoamyl alcohol (25:24:1, v/v) to each 2 mL Eppendorf tube. The 

components were mixed by inversion and the layers were separated by centrifugation using a 

tabletop centrifuge at 7000 x g for 10 min. This was repeated for a second time. The aqueous 

layer was then removed and the DNA was extracted using standard ethanol precipitation.  To 

each tube, 0.1 volumes of 3M sodium acetate (50 μl) and 2 volumes of -20°C 100% ethanol (2 

ml) were added. The tubes were mixed by inversion and allowed to remain at -20°C overnight. 

The next day, the DNA was pelleted by centrifugation using a tabletop centrifuge at 14000 x g 

for 20 min. The supernatant was discarded and the pellet was washed using 70% ethanol. After 

washing the pellet was allowed to dry (by opening Eppendorf and allowing the ethanol to air-

dry) for 30 min at room temperature. Finally, the pellet was resuspended in 50 μl of 1x Tris-

EDTA (TE) buffer and concentration and quality of DNA was measured using a NanoDrop™ 

1000 spectrophotometer (Thermo Scientific, Wilmington, Denver) The DNA was also analyzed 

by agarose gel electrophoresis by adding 1% (w/v) of agarose previously melted in a microwave 

for 40 seconds to TAE buffer. Ethidium bromide was added to a final concentration of 0.5 

μg/mL. The solution was poured into a casting tray, covered with aluminum foil to avoid gel 



95 
 

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). 

 

3.3.4 Sequencing and primer design for AG20 DNA 
 

The DNA of AG20 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 

AG20 genome was identified 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/cgibin/ primer3plus/primer3plus.cgi/).The sequence of the used 

primers was: 

Forward: AGCGACCAAACAGCTATCGT    

Reverse: TTGCTAACTCCTACCGTCCAA 

The primers were synthesized by Laboratory Services, University of Guelph. They were designed 

to amplify a 110 bp region unique to AG20. Each primer (4 μL; 500 nM) was used in a reaction 

volume (20 μL) containing the TSB or food contact surface swab diluent (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 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.bioinformatics.nl/cgibin/
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denaturation step for 15 second at 95°C and a combined annealing and extension step of 60°C for 

1 min, followed with a final melting cycle. 

3.3.5 The stability of phages AG20 and AG23 to bioink   

 

Before printing AG20 and AG23 on ColorLok, phage stability in bio-ink was determined. The 

bio-ink was prepared as follows: 700 μl of high titer filtered phage (minimum 109 PFU/mL) were 

mixed with 300 μl of 100% glycerol and 2 mM sterilized Triton-X for both AG20 and AG23. 

The mixture was allowed to mix and left overnight at 4°C. This was performed in triplicate for 

each bacteriophage. The next day, serial dilutions were performed and spotted onto a bacterial 

lawn. The plates were incubated at 25°C for 24 h and the phage titer was determined and 

compared to pre-treatment titer to establish stability. In addition, the infectivity of the printed 

phages was determined. For immobilized phage, two ways were used to test the infectivity of the 

printed paper “strips”. The first involved testing the infectivity of paper strips containing the 

immobilized phages AG20 and AG23 and control paper (on which was printed buffer only) by 

adding an overnight bacterial culture of L. monocytogenes C519 (serially diluted in TSB to 103 

CFU/mL) to an Eppendorf tube containing the paper strip. 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 bacterium. The second test for the infectivity of 

immobilized phages AG20 and AG23 involved incubating the paper strips on TSA plates 

containing a lawn of L. monocytogenes C519, which had been allowed to grow for 18 h at 37 °C. 

The TSA plates with papers strips were incubated at 25°C for 18 h. On the following day, the 

plates were observed for zones of lysis on the bacterial lawn due to phage infection.  
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3.3.6 Printing of phages AG20 and AG23 onto ColorLok Paper 

 

AG20 and AG23 phages were printed in the Biointerfaces Institute printing lab at McMaster 

University using the Dimatix Materials Printer DMP 2800 (Fujifilm Dimatix Inc., Santa Clara, 

CA, USA). They were printed onto HP-certified multipurpose paper with ColorLok technology 

(Hewlett-Packard Mississauga, ON). The bioink preparation of AG20 and AG23 was prepared a 

day before the printing, as described above.  A control bio-ink was also prepare of containing 

700 μl of CM buffer in place of the phage suspension. The mixtures were allowed to sit for 18 to 

24 hours at 4°C.before injection into the 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/cm2 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 it into rectangular strips (0.5 × 2.5 cm2) using sterile scissors and stored in a 

sterile Petri dish. Then, the Petri dishes were kept in a humidity chamber (80-85% RH) at room 

temperature and in the dark. The experiment was performed the same day after 2-3 h of storage. 

3.3.7 Immobilized bacteriophages of AG20 and AG23 leeching experiment 

 

The number of phages leeched from ColorLok™ paper was determined. Three strips for each of 

the phage printed and for each time point (total of 9 strips for each phage) were placed into 1 mL 

of CM buffer in a 1.5 mL Eppendorf tubs. The amount of leeching was measured at three-time 

points: 1 h, 3 h and 5 h. At these time points, the corresponding tube was taken and a sub sample 

of 200 μl of the CM buffer was removed and transferred into a clean 1.5 mL sterile Eppendorf 
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tube. The CM buffer was serially diluted and the dilutions were spotted onto a lawn of bacteria. 

The plates were incubated at 25°C for 18 to 24 h and the amount of phage which leeched off the 

paper was determined. 

3.3.8 Immobilized bacteriophage AG20 and AG23 infectivity experiment 

 

The infectivity of the printed phage (AG20 and AG23) was performed after storage of the phage 

printed strips for one day and one week at 25°C (room temperature) under 85% RH in an airtight 

container. The ability of the immobilized bacteriophage to infect target strains was also tested. 

For each printed phage, one tube of 1 mL of an overnight culture of L. monocytogenes diluted to 

103 CFU/mL was prepared. One paper strip was added to the 1 mL of diluted culture using sterile 

forceps. This was performed in triplicate for each phage. At the same time, three tubes 

containing only bacteria were prepared (acting as a control to growth without any bacteriophage 

present). These tubes were allowed to incubate for 24 h at 25°C. The next day a subsample of 

200 μl was removed from each tube. Following dilution, the bacterial suspensions were spread 

plated onto TSA and incubated for 24 h at 37°C. The bacterial count was then determined. 

Phages were printed onto ColorLok paper and stored at 85% RH for 24 h. Phage paper 

(immobilized phage) or control paper (on which was printed buffer only) was added to 

Eppendorf tubes containing an overnight culture of L. monocytogenes C519 diluted in TSB to 

103 CFU/mL.  Another tube only containing the bacterial culture was also added in order to 

confirm the bacterial growth. The tubes were incubated at 37 °C for 18 h on a rotator. The 

experiment was performed in triplicate where by each tube was serially diluted, plated onto TSA 

plates and incubated for 24 h at 37 °C to determine the bacterial concentration. 

The infectivity experiment was performed in triplicate in exactly the same way as described 

above. This experiment was performed at 3 h, after 1 week and 2 weeks after printing.  
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3.3.9 Preparation and inoculation of metal sheet as food contact surface 

 

A sheet of stainless steel was cut into 25 cm² pieces. The sheets were sterilized and each 

sterilized metal sheet was inoculated with 4x106 CFU/cm2 of L. monocytogenes C519. A total of 

100 ul of an overnight culture L. monocytogenes strain C519 was taken up by a pipits tips and 

spread with sterilized spreader over each stainless-steel coupon. A sponge stick immersed in 10 

mL of D/E neutralizing buffer was used. For sampling, one sponge stick was used for each 

stainless-steel coupon to swab the inoculated sheet. After that, the sponge was squeezed to 

release all the collected liquid culture inside a plastic bag, and then 1 mL from this liquid was 

taken and put into 2 mL Eppendorf tubes (Figure 3.2).  

3.3.10 Detection of L. monocytogenes in TSB/Food contact surface using AG20 printed 

phage (Immobilized phage)  

 

Triplicates of each dilution containing 103, 102, 50, 10, 1 and 0 CFU/mL of L. monocytogenes   

were used to determine the detection limit. A phage strip was added to each tube and 1 mL of 

TSB or the “D/E Neutralizing” 3M buffer containing the appropriate concentration of L. 

monocytogenes was also added. The samples were incubated for 30 min at 37 °C on a rotator and 

after that the old medium (TSB or 3M D/E Neutralizing buffer) was discarded, but the strips 

were kept. To these was added 1 mL of fresh TSB and the suspension allowed to incubate again 

for 5 h at 37 °C on a rotator. After incubation, the phage strips were removed from each tube and 

the suspension in each tube placed on ice following which the overlay technique was used to 

count the progeny phages.  
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                                                                       Petri dish + stored phage strips 

 

 

  

 

 

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

 

   

 

Bacteria + phage- paper+ TSB                                                                                      

 

                                                                                                                                       CONTROL: Phage-paper+ TSB                        

Bacteria concentration (103, 102, 50, 10, 1)                                        

                                                                                            

                                                                          Incubate for 30 min at 37°C                                       

                                                                                                                                                                                                    

                                                                            

                                                      

                               Discard the broth and add 1 mL of fresh TSB to the strips 

                                               And Incubate for 5 h in shaking at 37°C 

 

 Strips hold the bacteria captured by phage                                                                            Control, no bacteria added                                                                   

                                                         

                                                                    

                                                              

 

                                                           Count the progeny phage by overlay method      

 

 

 

 

 

 

 

Figure 3.1. Scheme of the detection steps of L. monocytogenes C519 using immobilized phage 
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Figure 3.2. The method of swabbing the metal sheet inoculated with L. 

monocytogenes C519 by sponge sticks. 3M TM immersed in D/E Neutralizing 

buffer 100 µl of 103 bacterial concentration (103, 102, 50, 10) was added to each 

metal sheet 25cm2. The control metal sheet was 25 cm2. The control metal sheet 

was “inoculated” with TSB. The experiment was done in triplicate for each 

bacterial concentration. 

Swab the inoculated bacteria by 3MTM  sponge stick 

 

 

 

                                                           

                                                                                                   

                                                                                                                             

    

 

 

 

 

 

 

 

 

 

 

 

 

Statistical analysis 
 

The detection experiment was performed in triplicate on 3 independent samples and the averages 

and standard deviations were determined. One-way ANOVA was performed using IBM SPSS 

statistics, version 24 Software and the differences between means were considered as significant 

at P < 0.05 for three independent trials. 
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3.4 RESULTS 
 

 

3.4.1 The leaching of immobilized phages AG20 and AG23  

 

Table 3.1 and Figure 3.3 show the amount of phages AG20 and AG23 that were leached from 

the printed paper that was tested. Samples were tested after 1, 3, and 5 h. There were no 

significant differences between the three-time points for either phages AG20 or AG23, indicating 

that any bacteriophages that did leach off the paper did so within the first hour. The remaining 

bacteriophages were tightly bound to the substrate. There was no significant difference between 

the amount of leaching for phage AG20 or AG23 at 1 and 3 h, but the number was significant 

after 5 h. 

 

3.4.2 The infectivity of the immobilized phages AG20 and AG23 

 

Table 3.2 and Figure 3.4 show the efficiency of the immobilized phages AG20 and AG23 before 

using them for detection. Both phages AG20 and AG23 remained infective against L. 

monocytogenes strain C519 and are significantly different (P < 0.05) from the positive control. 

The presence of phage AG20 resulted in a 2.24 ± 0.50 log10 CFU/mL reduction in count of strain 

C519 and phage AG23 caused a 3.49 ± 0.47 log10 CFU/mL reduction in the count of the 

bacterium. Phage AG23 was more active than AG20 against L. monocytogenes. The shelf-life of 

the strips was tested after one week. The printed bacteriophages were expected to be stable for 

approximately two weeks. However, after one week both strips of phages AG20 and AG23 were 

no longer effective against L. monocytogenes C519 and showed no reduction in CFU/mL values 

when compared to the positive control. 
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Table 3.1.The amount of leaching for the immobilized phages AG20 and AG23 after one day 

 

Printed papers of 1h (log PFU /mL) 3h (log PFU/mL) 5h (log PFU/mL) 

Control 0 0 0 

AG20 4.44 ± 0.187 4.33 ± 0.26 4.17 ± 0.222 

AG23 4.22 ± 0.454 4.02 ± 0.57 4.75 ± 0.147 
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Figure 3.3 The leaching experiment of immobilized phages AG20 and 

AG23 one day after printing. The amount of leached bacteriophage 

(measured in log PFU/mL) after 1, 3 and 5 h for the two printed 

bacteriophages AG20 and AG23 were compared to the control strips.  



104 
 

Table 3.2: Infectivity and bacterial growth of L. monocytogenes adding immobilized phages 

AG20 and AG23 one day after printing. 

 

Samples Log CFU/mL of L. monocytogenes 

Bacteria only 8.94 ± 0.001 

Control strip 8.94 ± 0.033 

Immobilized paper AG20 6.70 ± 0.498 

Immobilized paper AG23 5.45 ± 0.467 
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Figure 3.4. The infectivity of immobilized phages AG20 and AG23 24 h after printing. 

Counts of L. monocytogenes strain C519 (measured in log CFU/mL) after 24-hour 

incubation at 25°C compared to a positive control consisting of bacteria only 

immediately following immobilization of the bacteriophage. Both the bacteria only and 

the control strips had the same number of bacteria present with approximately 9 log 

CFU/mL. Phage AG20 reduced this value to 6.7 ± 0.498 log10 CFU/mL. Phage AG23 

reduced this value to 5.45 ± 0.467. Phages lost their infectivity after one week. There 

were no significant differences between any of the test conditions, suggesting the 

bacteriophages were no longer infective after this storage period. 
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3.4.3 Detection of L. monocytogenes strain C519 in TSB or on food contact surface using 

immobilized phage AG20 on ColorLok paper by the overlay method. 

   
 

The detection limit of an assay based on the use of phage AG20 immobilized onto ColorLok 

paper for L.  monocytogenes in TSB or food contact surface by plaque assay method was 

assessed. The immobilized phage was able to detect 10 CFU/mL of L. monocytogenes in TSB, 

and 5 CFU/cm2 on a stainless-steel surface (Tables 3.3 to 3.5 and Figures 3.5 to 3.6).  

 

 

 

 

Table 3.3. The detection limits of L. monocytogenes in TSB and on a food contact surface using 

the immobilized phage assay of AG20 with subsequent detection of progeny phage by the 

overlay method. 

 

Pathogen Detection assay Storage periods of 

immobilized 

phage 

onto ColorLok 

paper 

Medium Detection limit 

L. monocytogenes 

C519 

Plaque assay or 

overlay method 

One Day TSB 50 CFU/mL 

Food Contact 

Surface 

40 CFU/cm2 
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Table 3.4. Detection of L. monocytogenes C519 in TSB with AG20 phage-paper stored for one 

day at room temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Values are significantly different from the control. Data are from the means of three biological 

replicates. 

 

 

 

 

 

 

Approximate bacterial 

count (CFU/mL) 

Log10 AG20 phage Titer 

(PFU/mL) ± stdv 

1000 6.9 ± 0.7* 

100 6.1 ± 0.07* 

50 4.9 ± 0.1* 

10 3.9 ± 0.1 

1 3.4 ± 0.2 

Control 3.5 ± 0.4 
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Table 3.5. Detection of L. monocytogenes strain C519 on a food contact surface with AG20 

phage-paper stored for one day at room temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Values are significantly different from the control. Data are from the means of three biological 

replicates. 

 

 

 

 

 

 

Approximate bacterial 

count (CFU/cm2) 

Log10 AG20 phage Titer 

(PFU/mL) ± stdv 

4000 6.7 ± 0.2 * 

400 6.0 ± 0.2* 

40 5.3 ± 0.1 * 

4 3.75 ± 0.2 

Control 3.73 ±0.4 
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Figure 3.5. Detection of L. monocytogenes in TSB with AG20 phage-the paper stored for one 

day at room temperature using the immobilized phage assay with detection of progeny phage by 

plaque assay method. The bacterial cells were diluted to achieve final counts of 1000, 100, 50, 

10, 1, and control with 0 cells. 
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 Figure 3.6. Detection of L. monocytogenes strain C519 on a food contact surface with 

AG20 phage-paper stored for one 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 4000, 400, 40, 4, and control with 0 cells. 

 
 

 
  

 

 
 Figure 3.3. Detection of L. monocytogenes strain C519 on a food contact surface with AG20 phage-paper 

stored for one 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 4000, 400, 40, 4, and control with 0 

cells. 
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3.5 Discussion 

 

Many methods of the use of bacteriophages as detection tools for foodborne pathogens have been 

explained and described due to the unique specificity against their bacterial host.  For instance, in 

a study done by Chai et al. (2012), a detection limit of 1.6 × 102 CFU/cm2 of Salmonella 

Typhimurium was attained in 30 minutes following the direct capture of the organism from 

artificially contaminated eggshells using a magnetoelastic biosensor with phage E2 immobilized 

by physical adsorption. By monitoring the resonant frequency change of the sensors, the 

attachment of S. Typhimurium to the phage was detected. It was suggested that it is crucial to 

guarantee that the surface of the device is covered with a high concentration of phage in the 

correct location to improve their capture efficiency.  

Several studies were done on methods of printing, including gravure, inkjet, piezoelectric, 

adsorption, and laser printing, of phages onto paper (Gonzalez-Macia et al. 2010, Jabrane et al. 

2008, Sohar 2013). The phages printed on paper strips were applied along with qPCR to detect E. 

coli O157:H7 in ground beef and spinach leaves, Salmonella Newport in chicken breast, and E. 

coli O45 in ground beef (Alasiri, 2015). The detection limit was about 10 CFU/g and was achieved 

in 8 h. 

In the current study, phage AG20 was immobilized onto ColorLok paper by printing using a 

piezoelectric printer and used to detect L. monocytogenes strain C519 in TSB and on stainless 

steel. According to the host range study conducted using either the overlay method or Bioscreen 

C, restriction enzyme digestion, and stability to air drying that were described in Chapter 2, phage 

AG20 was the only phage that had a unique pattern when its DNA was digested by the enzyme 

HindIII. Phage AG20 was also the most stable phage among all the selected phages to air drying.  
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Also, AG20 was able to infect most Listeria spp., which makes it a very useful phage to be used 

in food processing environmental plant or food contact surfaces.  

Finally, it was the only phage that was sequenced, which enables it to be used in detection based 

on a q PCR assay. The features of this phage make it the ideal candidate to be used for 

immobilization and detection applications. There are several benefits of applying a phage-based 

biosorbent as a dipstick for detection. First, phages have the ability to specifically capture the target 

pathogen, and remove it from the food matrix. In addition, bacteriophages can overcome a possible 

interference of the assay through non-target bacteria in the food, which can sometimes result in 

incorrect positive outcomes. Background microflorae can also block the detection of the target 

pathogen due to their more rapid growth in the food.  

The infectivity and stability of phage AG20 printed (immobilized) onto ColorLok paper was 

investigated. The printed papers were stored for one day at room temperature in the dark at a 

relative humidity of 85%. Phage AG20 printed onto ColorLok paper retained its infectivity 

against L. monocytogenes strain C519 for only one day at room temperature, and was able to 

decrease L. monocytogenes populations by about 1 log10 cycles after 18- 24 h of incubation. The 

effectiveness of the printed phage AG20 for the detection of L. monocytogenes strain C519 in 

TSB and on a food contact surface was also determined. The phage strips were not able to 

decrease the count of bacterial culture after one week of storage. However, in another study by 

Alasiri (2016), E. coli O45:H2 immobilized phages on ColorLok paper (strips) retained their 

infectivity for one week. After two weeks, the phage paper was able to decrease E. coli O45:H2 

populations by about 1 log10 cycles after 18- 24 h of incubation.  

Many factors can play significant roles in phage stability, and resistance in unfavorable 

environmental conditions. Numerous outside physical and chemical influences, such as 
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temperature, acidity, salinity, and ions, determine the occurrence, viability, and storage of 

bacteriophages which may disable a phage by damaging its structural elements (head, tail, 

envelope), lipid loss, and/or DNA structural changes (Ackermann et al., 2004). It also was shown 

that; although, tailed phages were the most stable in adverse conditions, there was no evidence to 

show any substantial difference in sensitivity between phages with contractile, non-contractile, 

or short tails (Ackermann et al. 2004). On the other hand, the phage capsid can play an important 

role of phage sensitivity. For example, phages with a large capsid (100 nm in diameter) survive 

better than phages with a head 60 nm in diameter (Ackermann et al. 2004). It was suggested 

there may be some relationship between phage structure and their survivability under adverse 

environmental conditions. It was proven that phages from sewage and determinedly not pure 

water, which mostly belonged to the Siphoviridae family, suggesting phages with Siphoviridae 

morphology are the most resistant to adverse conditions (Lasobras et al., 1997).  

Temperature is another important aspect for bacteriophage survivability. It plays a fundamental 

role in attachment, diffusion, reproduction, and the length of the latent period (Olson et al., 

2004). At low temperature, little phage genetic material penetrates into bacterial host cells; 

therefore, fewer of them can be involved in the multiplication phase. In contras, at high 

temperatures may prolong the length of the latent stage (Tey et al., 2009). 

 

Immobilized phage on ColorLok paper strips were used in an assay for L. monocytogenes strain 

C519 detection limit of 50 CFU/mL in broth was achived and 40 CFU/cm2 on a simulated food 

contact surface by detecting progeny phage released following infection by a plaque assay.  

In a study by Alasiri (2016), however, the immobilized phage on ColorLok paper strips were 

used for E. coli O45, and a detection limit of 10 CFU/mL in both broth and ground beef 
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homogenate was achieved by detecting progeny phage released following infection by both a 

plaque assay technique and PCR. The detection limit achieved using the phage strips stored for 

one week was increased to 50 CFU/mL of E. coli O45:H2 in ground beef homogenate using the 

overlay while in broth the detection limit obtained by strips stored for one week by the overlay 

method 10 CFU/mL of E. coli O45:H2.   

Several factors can contribute to a low detection limit and to the infectivity and stability of a 

phage. For example, the preparation of bioink, temperature of storage, amount of ink diffused 

from the printer nozzle, and light exposure, which can possibly cause degradation of the phage 

DNA and loss of phage, are all important factors for successful immobilization of the 

bacteriophage. The printing process of the bacteriophages should not negatively affect the 

survival of phages or its stability either by the ink used or any other factors associated with the 

technology. In this study, phage AG20 immobilized onto ColorLok paper survived up to one 

day, which is not considered to be a great shelf life for this phage, especially for commercial 

applications. Therefore, it is important to find a way to improve the shelf life of this phage. The 

bioink preparation consisted of 2 mM (1.25 ul) Triton X100 and 30% of 100% glycerol and 70% 

of phage AG20. Triton X100 was used 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). Additionally, glycerol may improve the stability of 

immobilized phage due to its humectant properties that help prevent desiccation of the phage 

during storage.  

In the present study, immobilized phage AG20 was handled under conditions expected to 

increase its shelf life and its infectivity; however, the phage still lost its infectivity after one day 

of printing. The relative humidity (RH) during storage was 85%, which was recommended. Also, 
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the storage temperature was an important factor that helped increase the shelf life of the printed 

phage. Phage AG20 was stored at 25°C in the dark. In this case, additional 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. A study conducted by Fenn 

(2014) successfully extended the infectivity of rV5 phage against E. coli O157:H7 to two weeks 

by storing the phage paper at 4°C in the dark. Although the temperature of storage (room 

temperature) might have affected phage survival in our study, the storage of phage AG20 in the 

dark might have increased its survival by reducing phage degradation, which can be caused by 

continuous exposure to light, especially when stored at room temperature. In a study conducted 

by Jabrane et al. (2008), it was shown that the infectivity of phage immobilized onto paper using 

gravure printing was improved after one week of storage in the dark as compared to phage 

printed on paper, which was subsequently stored at room temperature or under refrigeration 

alone. In Richardson and Porter’s study (2005), found that in order to study the effect of a less 

intense light (visible light) during the prolonged storage of the virus at different temperatures, the 

virus must be kept in an Eppendorf tube wrapped in foil to remain stable. Murine leukaemia 

virus was stored in the dark for seven days and retained around 25% infectivity whilst the viruses 

stored in the light for the same period of time only retained ~0.1% infectivity. In the same study, 

different light intensities were also compared. The viruses that were stored at room temperature 

in the dark could retain 60% and 30% of their infectivity after three and seven days, respectively. 

Also, the titer of viruses exposed to the light decreased dramatically depending on the intensity 

of light exposure. Due to these facts, the storage of viruses in the dark could improve the survival 

and viability of the phage (Richardson & Porter, 2005).  
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Coating the phage paper in polymers could improve the stability of the phages, even when stored 

in a dry environment. A study by Vodyanoy et al. (2009) showed that the stability of Salmonella 

and E. coli O157:H7 immobilized and coated in acacia gum (complex and highly branched 

carbohydrate polymer) was enhanced by up to 21 days. Salmonella and E. coli O157:H7 retained 

their normal size and motility upon their release by irrigation with phosphate buffer. Thus, the 

addition of polysaccharides to the bioink may help stabilize phage AG20. Also, bacterial cells 

were stabilized for an extended period of time and their viability was ensured under adverse 

conditions imposed by pH, temperature, and enzymatic reactions when soluble, non-crosslinked 

polysaccharides were added.  

A study by Anany et al. (2011) indicated that a dry tolerant phage could successfully delay the 

degradation of the infectivity of the printed phage paper during storage. For instance, using a 

phage such as SenS-AG11 (dry tolerant phage) might help to improve phage stability when 

printed on paper. Furthermore, the stability of the Myoviridae E. coli O157:H7 phage 

(vB_EcoM-AG10) stored under drying conditions was significantly improved by mixing the 

phage lysate with a mixture of two forms of polysaccharides before drying (Hajar Hawsawi, 

personal communication). The mixture of dehydrated phage/polysaccharides was kept at 22°C 

and 4°C for one week before reconstituting the dried mixture and counting the phages. The count 

of the vB_ EcoM-AG10 phage was below the detection limit (10 PFU/mL) in the control 

samples when 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 were stored at 

22°C and 4°C, respectively, for one week. An examination of the stability of the phage-

polysaccharide mixture was determined after four weeks of storage at 22°C and caused only a 
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2.5 log unit reduction in the phage count (Hajar Hawsawi, personal communication). All in all, 

the use of polysaccharides could improve the survival of stored printed phages.  

The dipstick method was the format of the detection assay used in the current study. At different 

concentrations of L. monocytogenes strain C519, the bacteriophage strips were dipped into 

medium then transferred into non-inoculated fresh medium after 30 minutes of incubation at 37 

°C then re-incubated again for 5 hours before counting the progeny phages by plaque assay 

method. The detection limits achieved in both the TSB and food contact surface swab buffer 

were identical when the results were obtained by the overlay method. 

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). In this study, the detection of L. monocytogenes C519 using the 

immobilized phage AG20 by only the overlay method was achieved.   
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Conclusion 
 

The immobilization of bacteriophages onto paper offers a promising approach for the detection 

of foodborne pathogens. The bacteriophage dipstick method had the ability to detect as few as 50 

cells of L. monocytogenes strain C519 in 24 h in both TSB and on a food contact surface by the 

overlay method. The storage of the paper on which the phages were printed affected its 

performance. Yet, 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 bacteriophages could be applied to 

paper, the bioink formulation, and 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 L. monocytogenes has a serious impact on the food industry. Therefore, the need to 

develop reliable detection methods targeting these strains in food is needed.  L. monocytogenes 

has been linked with many outbreaks.  Listeriosis outbreaks have been linked with contaminated 

fresh and ready-to-eat food products as well as dairy products, meat, egg products, vegetables, 

and seafood (Health Canada, 2011).  

Bacteriophages are the most ubiquitous organisms on the earth. They bind to their host cells 

through tail fibers, initiate an infection, replicate then release progeny phages causing bacterial 

lysis and death in a short period of time. Phages are highly specific organisms being able to only 

infect specific strains while not infecting any other strains. Thus, bacteriophages make the 

perfect tool for inexpensive approaches to detect Listeria. spp including L. monocytogenes. 

Twenty-four phages were isolated from sludge samples against L. monocytogenes; however, 

these phages have a broad host range and they were not specific to L. monocytogenes, but which 

make them suitable for environmental monitoring. However, S8 phage was the most specific 

phage among these twenty-four against the L. monocytogenes strains except C716. This property 

would make it eligible to be used in a detection assay.  

AG13M phage is a mutated phage that was isolated from AG13 Listeria phage against the 

selected L. monocytogenes strains.  It was characterized by the host range test against the six 

selected Listeria spp.  AG13M was able to infect all strains at almost same level of degree. It was 

shown that it infected most Listeria spp. at degree of (3+) which is considered moderately strong 

and mostly clear lysis. AG13M was also tested for its efficiency of plating (EOP) and it was able 
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to be counted on the L. monocytogenes resistant strain C716 for almost five generations of 

propagation. 

The efficiency of plating (EOP) for AG13M adsorption to the host resistant and sensitive strains 

was determined and compared based on the infectivity of the host cells (Listeria phages) in the 

early logarithmic growth phase. Phage AG13M adsorption occurred during the first 5 min, and 

the efficiency of adsorption for these phages to their hosts was 99%, whereas the amount of free 

phages was below 5%. The stability of AG13M phage to air drying was determined. By 

calculating the log10 redaction of phage titer after being exposed to the air to dry at room 

temperature for 24 h. The log10 reduction of AG13M through recorded at log10 3.17 PFU/mL. 

AG13M was still not specific for L. monocytogenes was still able to infect other Listeria. spp. 

AG13M also lost its stability and infectivity against L. monocytogenes C716 after the fifth 

generation of propagation. It was not able to be counted and tittered. 

In this case, another 24 phages were obtained from the culture collection at Canadian Research 

Institute for Food Safety. Only phages with the narrowest host range and lack of specificity for 

gram positive non- Listeria spp were chosen. First, 19 out of the 24 phages (AG6, AG7, AG8, 

AG9, AG10, AG11, AG12, AG13, AG14, AG15, AG16, AG17, AG18, AG19, AG20, AG21, 

AG22, AG23, AG24) were selected for further characterization before the selection of the ideal 

phage for the detection application. After the first screening against 6 Listeria strains and non- 

Listeria strains, eight phages were selected as they were very specific against Listeria spp. The 

eight phages were AG9, AG10, AG11, AG12, AG13, AG17, AG20, AG23.  TEM images have 

shown that phages belonged to the Myoviridae family. Phage DNA was purified and digested 

using HindIII restriction endonuclease. The digestion pattern for AG20 was distinct from all of 

the other bacteriophages, AG10 and AG23 had similar digestion patterns and the remaining 
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phages (AG8, AG9, AG11, AG12, AG13 and AG17) had similar digestion patterns. The stability 

of phages to air drying was determined by measuring the log10 reduction of phage titer for 24h at 

25°C. AG20 was the most stable among the eight phages with a 2.26 log10 PFU/mL reduction in 

count. AG23 had the second lowest reduction that resulted at a 3.09 log10 PFU/mL decrease. Two 

phages (AG20 and AG23) were identified as candidates for the detection application; yet only 

one of them was chosen for further characterization.  

In this study, AG20 and AG23 phages were printed onto ColorLok paper in the correct 

orientation by using electrostatic interactions between phage and paper, AG20 and AG23 phages 

retained their infectivity against L. monocytogenes C519 when printed on paper that was 

subsequently stored for one day. However, AG23 was more stable than AG20 but they both lost 

infectivity when the printed papers were stored for 1 week in the dark at a humidity of 80-85%.  

Hence, additional adjustments should be done to the bioink formulation, storage temperature or 

other modification to the paper used for printing to increase the stability of the phage paper. 

AG20 phage was immobilized onto ColorLok paper by printing and the compound of 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. AG20 immobilized onto ColorLok 

paper was successfully used to detect L. monocytogenes in TSB and an inoculated food contact 

surface. The detection limit was determined by using one method to detect progeny phage. In the 

overlay (plaque) assay, the detection limit of L. monocytogenes was 50 CFU/mL in liquid 

medium (TSB) and 40 CFU/cm2 on stainless steel.  

In conclusion, this thesis describes the successful isolation of lytic phages that can be considered 

as potential candidates for detection applications. Moreover, it describes the development of a 
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novel, simple, site-specific phage immobilization technique that may be applied to newly 

isolated phages without the need for laborious and time consuming genetic modification.   

 

4.2 Future Research 

 

In this study, it was found that the selected immobilized bacteriophages were not sensitive or 

specific enough for the use in end-product testing of RTE food products since they have shown 

an ability to detect L. monocytogenes (and based upon host range other Listeria spp.) at a 

relatively high sensitivity. Applying a few changes such as isolating and using bacteriophages 

that are specific to strains of L. monocytogenes along with increasing sensitivity these strips 

could prove to be more suitable to end-product testing. By adding a single additional enrichment 

step for 24h it would be expected that the sensitivity of the bacteriophage strips could be 

significantly improved; for example.  

A planned step was to use real time PCR (RT-PCR) in replacement of the plaque assay technique 

to more decrease time of analysis. The overlay method, as any other plating method, requires 24 

hours’ incubation to obtain final results. In contrast, after the 5 hours’ enrichment for the 

proposed detection method in this paper RT-PCR could produce results in short time as 3 hours 

(1 hour for sample preparation followed by 2 hours to run the thermocycler).  

Additionally, one of the main issues appeared was the lack of stability of these bacteriophages 

when immobilized onto the paper substrate. The bio-ink formula should be adjusted in this case 

to attempt to increase stability of the immobilized bacteriophages. There were some substances 

such as “trehalose” as sucrose and albumin have been proposed and have showed promise in 

increasing survival of bacteriophages (Vandenheuvel et al, 2015) and should be explored for the 

use in the bio-ink formula. Isolation and extensive characterization of more phages in addition to 
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more application research would definitely assist to understand this new emerging detection 

and/or biocontrol tool for different foodborne pathogens to enhance food safety.  
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