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ABSTRACT 

 

THE USE OF POTENTIALLY PROBIOTIC BACTERIA FOR 

THEIR BIOCONTROL EFFECTS ON THE FOODBORNE 

PATHOGEN HUMAN NOROVIRUS GII.4 AND ITS 

SURROGATE MURINE NOROVIRUS-1 

 

Matthew Dallner                Advisor:  

University of Guelph, 2020              Dr. Jeffrey Farber 

 

 This thesis is an investigation of potential probiotic bacteria for their biocontrol effects against the 

foodborne pathogen human norovirus (HuNoV) and its surrogate murine norovirus-1 (MNV-1). Norovirus 

(NoV) is the foodborne pathogen responsible for the largest number of foodborne illnesses 

worldwide, but there is a noticeable lack of therapeutics available. In in vitro infectivity 

experiments no significant increases in BV-2 survival were observed after potential probiotic 

treatment. The next objective was to asses the ability of six selected potential probiotics to bind to 

both viruses measured using droplet digital PCR (ddPCR). Lactobacillus rhamnosus was the only 

strain to cause a statistically significant reduction in MNV-1 genome copies/mL, indicating that it 

may be able to bind to MNV-1. For HuNoV GII.4, none of the probiotics caused a significant 

reduction, and only E. cloacae, the binding control, did. This work gives further evidence of 

bacteria-virus interactions, but more study is required.
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RESEARCH RATIONALE 

 Foodborne illness continues to be a significant burden on the economy, on the health care 

system and a significant cause of morbidity in Canada and worldwide, in both developing and 

developed countries (Bartsch et al., 2016; Shah & Hall, 2016; Thomas et al., 2013). Annually in 

Canada, there is an estimated 4 million cases of domestically acquired foodborne illness (Thomas 

et al., 2013) resulting in 11,600 hospitalizations and 238 deaths (Thomas et al., 2015). 

 One of the leading foodborne pathogens in terms of number of illnesses caused is norovirus 

(NoV). NoV is an enteric virus which causes gastroenteritis in humans. In Canada, it may be 

responsible for an estimated 1 million cases each year of the 1.6 million cases of domestically 

acquired foodborne illness which have a known cause (Thomas et al., 2013). It also results in a 

confirmed 1606 hospitalizations and 21 deaths every year, but these numbers may be as high as 

6061 hospitalizations and 131 deaths when taking into account cases where a causative agent was 

not determined and estimating the proportion of those likely due to norovirus (Thomas et al., 2015).  

 When considering its importance as a leading cause of foodborne illness, the understanding 

of the biology of NoV is relatively limited. This is mainly due to a lack of robust culturing methods 

for human genotypes of NoV (HuNoV). For this reason, research that can expand upon the 

understanding of the biology of norovirus is vital and may help researchers in developing potential 

biocontrol measures which could reduce the impact of this virus in Canada and worldwide. 

 One of these potential biocontrol measures which has received some interest are probiotic 

bacteria. Probiotic bacteria have been explored for their potential biocontrol effects against 

foodborne pathogens and have shown an ability to control some of these pathogens. In recent years, 

the use of probiotic bacteria for the control of enteric viruses has begun to be explored. One of the 
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proposed ways by which probiotics may be able to control enteric viruses is through the binding 

of these bacteria to the viruses, thus preventing the viruses from binding to host cells and initiating 

infection (Ng et al., 2009). 

 The aim of this research is to identify a strain or strains of potential probiotic bacteria 

capable of controlling infection of NoV in vitro by utilizing the HuNoV surrogate virus murine 

norovirus-1 (MNV-1) and whether binding of probiotic bacteria to NoV could be a potential mode 

of action for these biocontrol effects.  
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HYPOTHESIS 

 This research thesis proposes to explore potential probiotics for their bio-control effects 

against both MNV and HuNoV. This will be assessed based upon the ability of these potential 

probiotics to reduce infectivity of MNV-1 in in vitro cell culture systems and by the ability of these 

bacteria to bind to MNV and HuNoV. The hypothesis of this thesis is that one or more potential 

probiotic strains will be able to reduce infectivity of MNV and will be able to bind to MNV 

and/or HuNoV virions. 
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RESEARCH OBJECTIVES 

The main objectives of this study are to: 

1. Select among a large number of potential probiotic strains a smaller subset of strains which 

have shown beneficial properties or potential for the biocontrol of enteric viruses. 

2. Determine the impact of these potential probiotics on MNV-1 infectivity using the in vitro 

BV-2 cell culture system. 

3. Determine a ratio of potential probiotics: NoV genome copies that could mimic real-life 

applications and yield good binding results.  

4. Determine which potential probiotics are capable of binding to one or both of MNV-1 and 

HuNoV GII.4 using digital droplet PCR (ddPCR). 

5. If binding of the potential probiotics to MNV-1 occurs, determine if this binding alone 

causes a reduction in the infectivity of MNV-1 when it is applied in the BV-2 cell culture 

system.  
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INTRODUCTION 

 HuNoV is currently the leading cause of foodborne gastroenteritis, causing an estimated 

700 million cases each year worldwide (Iturriza-Gomara & O’Brien, 2016; Scallan et al., 2011; 

Thomas et al., 2013). HuNoV causes acute gastroenteritis cases and is also responsible for sporadic 

outbreaks; combined these account for over 1 million foodborne illnesses in Canada each year 

(Thomas et al., 2013). 

 As an important foodborne pathogen, bio-control measures to prevent or reduce NoV-

related gastroenteritis are being explored. Unfortunately, however, difficulties have arisen 

surrounding this field of research, resulting in a lack of understanding of the biology of NoV. The 

main issue causing these difficulties is a lack of a robust cell culture system. This has made it 

extremely difficult for researchers to find applicable bio-control measures for HuNoV and has 

made the development of a vaccine nearly impossible. Due to this, research instead has relied upon 

surrogate viruses of HuNoV (mainly feline calicivirus and MNV-1), norovirus viral-like particles 

(NoV-VLPs) and upon genetic based methods to garner a better understating of HuNoV biology. 

However, these methods all have the drawback of not directly analyzing how HuNoV infects host 

cells. Recent developments into new culturing methods by Jones et al. (2014) and Ettayebi et al. 

(2016) seem to indicate that the search for a robust cell culture system for HuNoV is progressing 

well, but still requires further study. 

 Probiotic bacteria, namely members of the lactic acid bacteria (LAB) have been widely 

explored for their potential health benefits. One of these potential health benefits is the biocontrol 

of enteric pathogens (Bermudez-Brito et al., 2012). Probiotics have shown effectiveness against 

other foodborne pathogens such as Salmonella (Casey et al., 2007; Sherman et al., 2005; Spinler 

et al., 2008) and against other enteric viral pathogens such as rotavirus (Kyung et al., 2015; 
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Maragkoudakis et al., 2010). One of the ways in which probiotics may control viruses is through 

the binding of the probiotic bacteria to the virus, thus preventing the virus from binding to the host 

cell (Ng et al., 2009). Without binding to its host cell, the virus would not be able to initiate 

infection and thus would not cause illness. In regard to this binding, some studies have shown that 

probiotics are capable of binding human NoV-VLPs, as well as to HuNoV virions (Lei et al., 

2016a). 

 This thesis study aimed to further explore the binding ability of potential probiotic bacteria 

with NoV, both HuNoV and MNV, and to determine if this binding could play a role in the 

biocontrol of NoV by probiotic bacteria. To achieve this, 30 potential probiotic strains were 

screened, and a smaller subset was selected based upon initial screening tests and results, as well 

as related literature on their beneficial use. Once a smaller subset of potential probiotics was 

selected, these were applied to HuNoV GII.4 and MNV-1 and the binding potential was assessed 

by ddPCR. The successful strains were then planned to be applied to BV-2 cells to assess the effect 

of binding on viral infectivity, however, the COVID-19 pandemic prevented this part of the project 

from being completed. 
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CHAPTER 1: LITERATURE REVIEW 

 The purpose of this review is to provide a background understanding to allow for a better 

understanding of this thesis. The review first covers norovirus (NoV), and gives further 

information regarding: (i) its impact as a pathogen; (ii) how it is transmitted between individuals; 

(iii) its importance as a foodborne pathogen; (iv) the biology behind how it infects a host cell; (v) 

its genome structure and phylogenicity; (v) its host cellular receptors; (vi) difficulties surrounding 

HuNoV research; and (vii) recently developed methods for culturing human norovirus (HuNoV). 

This review then covers probiotic bacteria, the types of bacteria which are considered probiotics 

and how they can be used to improve health, how probiotics can be used, with examples, as 

therapeutic agents to control the infection of enteric pathogens including enteric viral pathogens, 

binding interactions between bacteria and HuNoV and interactions between HuNoV and bacteria 

which may potentially positively or negatively impact the virus. 

 

 

 

 

 

 

 



2 
 

1.1 Norovirus 

 NoV is the etiological cause of norovirus related gastroenteritis. Globally, it is the leading 

cause of sporadic cases and outbreaks of gastroenteritis across all age groups worldwide ( Ahmed 

et al., 2014). NoV is a non-enveloped positive sense single-stranded RNA virus with a capsid 

diameter of 23-40 nm. The first reported NoV outbreak occurred in Norwalk, Ohio in 1968. Studies 

of fecal samples from infected individuals using electron microscopy revealed that a 27-nm non-

bacterial particle was responsible for the outbreak (Kapikian et al., 1972). This virus was given the 

name Norwalk virus, and other closely related viruses were given the name Norwalk-like viruses. 

This name lasted until 2002, when the International Committee on Taxonomy of Viruses approved 

the change of the name of the entire group of viruses (Norwalk-virus and Norwalk-like viruses) to 

norovirus for the viruses and Norovirus for the genus. Norovirus forms a genus within the 

Caliciviridae family (Figure 1.1) and is further subdivided into 7 confirmed genogroups, and three 

tentative genogroups. Of the confirmed genogroups, three are able to infect humans (Figure 1.2) 

(Bartnicki et al., 2017) and two of the tentative genogroups can also infect humans (Chhabra et al., 

2019). All together, amongst all of the genogroups, as of 2019, there are a total of 49 genotypes 

(Chhabra et al., 2019).  
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Figure 1.1. Norovirus genus (red) within the Caliciviridae family. Different genogroups exist 

within the Norovirus genus and cause infections in different host species (Institute of Virology and 

Cell Biology, University of Lubeck. Available from: https://www.vuz.uni-

luebeck.de/index.php?id=110&L=1). 

 

Figure 1.2. Phylogenetic tree showing separation of norovirus into eight genogroups (coloured 

circles) based upon neighbour-joining phylogenetic inference on complete amino acid sequences 

of VP1 (Chan et al., 2017). Each genogroup is then further divided into separate genotypes. 

Genotypes capable of infecting humans are in one of three genogroups, i.e., GI, GII and GIV. This 

paper was published before the discovery of GIX and GX. 

 

https://www.vuz.uni-luebeck.de/index.php?id=110&L=1
https://www.vuz.uni-luebeck.de/index.php?id=110&L=1
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 The understanding of the biology of the human genotypes of NoV is relatively limited. The 

reason for this is that, despite many attempts, means of culturing HuNoV in vitro has eluded 

researchers. This lack of a culturing method has limited the amount of research into the biology of 

this virus, as well as hindered work on the development of vaccines or other treatments (Moore et 

al., 2015). Research into HuNoV biology has instead relied upon surrogate viruses of HuNoV, 

such as murine (mouse) norovirus (MNV) and feline calicivirus (FCV) (Moore et al., 2015). These 

are closely related viruses which can be propagated in cell culture and are used as a means to 

predict how HuNoV may react under a variety of different conditions in vitro. Within the last 

decade, two new methods have been proposed for culturing HuNoV (these methods are discussed 

further in 1.1.7).  

1.1.1 Impact of HuNoV infections 

 It has been estimated that HuNoV is the cause of one-fifth of all acute gastroenteritis 

worldwide, causing an annual estimated 700 million cases and 220,000 deaths worldwide (Bartsch 

et al., 2016). Every year in the U.S. HuNoV is estimated to cause 19 to 21 million illnesses, 1.7 to 

1.9 million out-patient visits, 400,000 emergency department visits, 56,000 to 71,000 

hospitalizations and 570 to 800 deaths (Hall et al., 2013). In Canada, annually, there are an 

estimated one million cases of HuNoV of the 1.6 million cases of domestically acquired foodborne 

illnesses which have a known cause (Thomas et al., 2013).  

 HuNoV also causes a huge economic burden. Globally, annually, it causes a total of $4.2 

billion (USD) in direct healthcare costs and $60.3 billion in societal costs, of which $35.9 billion 

is due to lost productivity (Bartsch et al., 2016). In the US, annually, NoV is responsible for a loss 

of approximately $2.24 billion (direct healthcare and societal costs combined). This makes NoV 
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the fourth highest cause of economic loss due to foodborne illness in the US annually (Hoffmann 

et al., 2015).  

 Children under 5 years of age and the elderly represent two of the main risk groups for 

complications and economic burden due to HuNoV infection. Globally, cases in children 5 years 

of age and under have the largest societal costs, causing an estimated annual burden of $39.8 billion 

compared to $20.4 billion for all other age groups combined (Bartsch et al., 2016). Children under 

5 years of age also have the highest number of cases requiring hospitalization or outpatient visits. 

In the U.S., 14,000 out of the total of 56,000 to 71,000 hospitalizations, and 627,000 of the 1.7 to 

1.9 million outpatient visits, were due to children under 5 years of age (Hall et al., 2013). These 

represent 7 hospitalizations and 319 outpatient visits per 10,000 population for children 5 years of 

age and younger, as compared to 1.9 hospitalizations and 64 outpatient visits when all age groups 

are considered (Hall et al., 2013; Scallan et al., 2011). Individuals 65 years of age and older also 

have a significantly higher hospitalization rate, 8.1 per 10000 populations compared to 1.9 per 

10000 population when all age groups are considered, as well as a higher case-fatality rate, i.e., 

0.2 per 10000 population of individuals 65 years of age or older as compared to 0.019 per 10000 

population when all age groups are considered (Bartsch et al., 2016; Hall et al., 2013).  

 On top of certain populations being at greater risk of infection and complications due to 

HuNoV, certain environmental settings also have a higher risk of potential infections occurring 

and are more likely to result in outbreaks of HuNoV among certain sub-populations. These settings 

are typically semi-enclosed, with close contact between individuals, where person-to-person 

transmission becomes highly prevalent. Some examples of these settings include hospitals, nursing 

homes, schools, day-care facilities, military settings, cruise ships and resorts (Robilotti et al., 

2015). Many of these settings also include a higher proportion of at-risk populations, e.g., the 
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elderly in nursing homes and hospitals, young children in schools and day-care facilities, 

compounding the importance of these locations for HuNoV outbreaks. 

1.1.2 HuNoV transmission and epidemiology 

 HuNoV is spread through the fecal-oral route. A few main vectors are responsible for the 

majority of cases. The main vectors by which norovirus is transmitted is through: (i) person-to-

person contact; (ii) contact with contaminated environmental surfaces; and (iii) consumption of 

contaminated food and water (Shah & Hall, 2016). It is likely that person-to-person transmission 

represents the largest cause of HuNoV transfer, with foodborne being the second most prevalent 

cause, followed by waterborne and environmental surfaces as the third and fourth most prevalent 

causes, respectively (Shah & Hall, 2016). Estimates of each fraction, however, has varied among 

different studies. Using meta-analysis of published outbreaks between 1993 and 2011, Matthews 

et al. (2012) estimated the foodborne fraction to be the largest cause (54%), followed by person-

to-person (26%), waterborne (11%) and environmental surfaces (9%) (Matthews et al., 2012). In 

comparison, Vega et al. (2014) examined outbreaks in the U.S. between 2009 to 2013 and 

estimated the person-to-person and foodborne fractions at 83.7% and 16.1%, respectively (Vega 

et al., 2014). Some other estimates of the HuNoV foodborne fraction of total outbreaks include: 

14% globally (Verhoef et al., 2015), 11% in England and Wales (Adak et al., 2002), 17% in 

Australia (Vally et al., 2014) and 23% globally ( Ahmed et al., 2014).   

 The foodborne fraction represents an important proportion of infectious gastroenteritis due 

to the high number of total cases of HuNoV. For example, taking the 14% estimate of the 

foodborne fraction for norovirus as a moderately-conservative estimate (Verhoef et al., 2015), and 

combining this with the global estimated total of 700 million cases of HuNoV per year (Bartsch et 

al., 2016), would result in a total of 98 million foodborne cases of HuNoV per year globally. 
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Among the major foodborne gastroenteritis causing pathogens, HuNoV has been estimated to 

cause the greatest number of cases, with some estimates of the proportion of foodborne 

gastroenteritis cases attributed to HuNoV being 65% in Canada (Thomas et al., 2013), 34% in 

France (Cauteren et al., 2017) and 58% in the U.S. (Scallan et al., 2011) 

 As foodborne transmission represents a significant proportion of the total cases of HuNoV, 

it is important to understand which foods carry a higher risk of being contaminated by HuNoV. 

The most commonly implicated foods in HuNoV-related foodborne outbreaks and cases of 

gastroenteritis are fresh salads, sandwiches, shellfish, fresh berries and fresh leafy greens (Kwan 

et al., 2017). All of these foods are ready-to-eat (RTE) and are commonly eaten raw; cooking food 

may be an effective way to reduce the potential risk of HuNoV infection. For many of the 

commonly implicated food products, cross-contamination from infected food handlers represents 

an important cause of HuNoV transmission (Hardstaff et al., 2018). As many as 60% of all HuNoV 

outbreaks in the U.S. and 45% in the European Union linked to fresh produce have been reported 

in foodservice settings (Callejon et al., 2015). 

 For many commonly implicated foods, one of the main sources of contamination is 

contaminated water. Water contamination can occur due to viral shedding from infected 

individuals. These viral particles can then enter into the sewage system and potentially into water 

systems. HuNoV is able to effectively survive in water for an extended period of time, with genome 

concentrations of GII remaining consistent for 150 days or more at 21ºC (Kauppinen & Miettinen, 

2017). If this water is used for irrigation for fresh leafy greens, fresh berries and other (RTE) 

produce, HuNoV can then be spread onto this produce (Terregino & Arcangeli, 2016). As well, 

contaminated water can lead to contamination of shellfish, of particular importance being bivalve 

molluscs (Lees, 2000). Bivalve molluscs are filter feeders, filtering the water in which they reside 
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to feed. This filtering, while mainly used to accumulate nutrients, can also lead to the concentration 

and thus accumulation of microbes such as HuNoV (Lees, 2000). The commonly edible species of 

molluscs also typically live in inshore estuaries and coastal areas, where the highest levels of 

HuNoV are likely to be present (Lees, 2000). These edible species of molluscs are also often eaten 

raw, lacking any kill step before ingestion (Lees, 2000). These properties make shellfish a 

particularly important cause of HuNoV outbreaks. For example, between December 2016 and 

March 2017, a total of 331 clinical cases of HuNoV in British Columbia, Alberta and Ontario were 

linked to contaminated oysters from four oyster farms in British Columbia (PHAC, 2018).  

 While contaminated water may be one of the causes of contamination of fresh berries, some 

studies in raspberries have indicated that cross-contamination from contaminated food-handlers is 

actually the main way HuNoV is spread. Berries are not able to be harvested mechanically and 

thus undergo large manual manipulation by farm workers during harvest (Terregino & Arcangeli, 

2016). A quantitative farm-to-fork investigation of norovirus contamination in frozen raspberries 

by Jacxsens et al. (2017) actually showed that cross-contamination from workers or work surfaces 

represented 95.8% of the sources of contamination, as compared to only 4.2% due to contaminated 

irrigation water (Jacxsens et al., 2017). 

1.1.3 Biology of HuNoV infections 

 When an individual comes into contact with HuNoV contaminated water, contaminated 

food, contaminated surfaces or comes in contact with a contaminated individual, an infection can 

occur. The dose response of HuNoV is quite low, estimated to be between 18 and 1000 viral 

particles, with the variability being viral genotype and host dependent (Atmar et al., 2014). Once 

an infectious dose of HuNoV is ingested, the virus can travel to the gastrointestinal tract, infect 

host cells by binding to the host cellular receptor (information regarding the host cells and host 
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receptors are expanded upon in 1.1.5) and use these host cells to multiply. Symptoms of HuNoV 

infection typically occur after a 24 h incubation period and usually last for 72 h. The symptoms 

can include diarrhea, vomiting, abdominal pain and fever in 87.5%, 25.5%, 4.4% and 2.2% of 

cases, respectively (Tseng et al., 2011). Studies have suggested that diarrhea caused by HuNoV is 

not due to the destruction of the intestinal wall of epithelial cells, but instead is due to viral induced 

changes in secretory or absorptive processes in these cells (Karst et al., 2015). This has been shown 

in multiple human studies where the intestinal epithelium appears to remain intact and where there 

seems to be blunting and broadening of the villi in the small intestine (Blacklow et al., 1972; Dolin 

et al., 1975). Whereas there seems to be an understanding of how HuNoV diarrhea occurs, the 

mechanism behind how HuNoV induced vomiting occurs is unknown (Karst et al., 2015). 

 Once a productive infection has occurred, HuNoV can be shed through the feces of the 

infected individual. This can occur at a high concentration and rate, i.e., between 108 to 1010 viral 

genome copies per gram of feces, and in some cases can be shed for up to two weeks after 

symptoms have subsided (Lee et al., 2007; Morillo & Timenetsky, 2011). The high viral excretion 

rate along with a low dose response leads to a high number of secondary cases and is one of the 

main reasons why HuNoV outbreaks and infections are so prevalent. In some cases, infected 

individuals will not show any symptoms, but still may shed the virus in their feces. These are 

known as asymptomatic infections and estimates suggest that asymptomatic infections occur in 

approximately 32.1% of all cases (Miura et al., 2018). Virus shedding in asymptomatic infections 

is about 1 log10 of genome copies/µl less than in symptomatic cases (Atmar et al., 2008).  

 HuNoV infection is typically self-limiting, with symptoms lasting just a few days before 

being resolved. In rare cases, more severe symptoms may occur, and this often happens when the 

virus is able to cause persistent and/or chronic infections. Chronic infections can lead to severe 
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dehydration, hospitalization and potentially death in vulnerable populations. Causes of death due 

to HuNoV related complications includes: aspiration/pneumonia, gastroenteritis (dehydration), 

sepsis, cardiac complications, necrotizing enterocolitis (mainly in newborns) and malnutrition 

(Trivedi et al., 2013). 

1.1.4 Genome structure and phylogenicity of NoV 

 NoV, as well as all other members of the viral family Caliciviridae, are positive sense 

single-stranded RNA viruses (+ssRNA). This allows the genetic material of these viruses to act 

directly as mRNA when the genetic material enters into the host cell and immediately be used for 

the production of viral proteins. The viral genome is 7.5 to 7.7 kilo-bases (kb) in length and is 

separated into three open-reading frames (ORFs) (Fig. 3) (Lambden et al., 1993; Robilotti et al., 

2015). The first ORF, known as ORF1, encodes for a non-structural protein that is self-cleaved 

into 6 to 7 proteins (Figure 1.3) (Moore et al., 2015). The second ORF, known as ORF2, encodes 

the major (VP1) capsid protein. The third ORF, known as ORF3, encodes the minor (VP2) capsid 

protein (Prasad et al., 1999). ORF2 and ORF3 are encoded on both the main viral genomic RNA 

as well as a sub-genomic RNA particle containing the last 2.4 kb of the genome as a separate RNA 

particle (Herbert et al., 1997; Jiang et al., 1993). The exact function of this subgenomic RNA is 

unknown, but mutation of this sub-genomic RNA resulted in significant decreases in viral titer, 

suggesting that it may be important in viral replication (Simmonds et al., 2008). 
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Figure 1.3. Genome structure of HuNoV (Robilotti et al., 2015). The genome is separated into 

three ORFs, ORF1 encoding for a polyprotein that is cleaved into multiple functional proteins. 

These proteins include a protease (Liu et al., 1996), an NTPase (Pfister & Wimmer, 2001), an 

RNA-dependant RNA polymerase (Fukushi et al., 2004) and a genome-linked protein, VPg, that 

is covalently linked to the 5’ end of the genome and may initiate translation (Rohayem et al., 2006). 

 

 Once the viral genetic material enters the host cell, it can use host cellular machinery and 

viral proteins to replicate (Figure 1.4) (Thorne & Goodfellow, 2014). The viral-protein genome 

(VPg) linked proteins act as a cap substitute, protecting the viral RNA, and recruits host ribosomes 

to allow the virus to initiate translation of viral RNA using host cellular machinery. Translation of 

viral RNA produces viral proteins required for viral progeny. Once produced by the initial round 

of translation, the viral RNA-dependant RNA polymerase (RdRp) produces new viral genomes 

which can combine with the newly produced viral proteins to produce complete progeny virions. 

The creation of new viral genomes occurs through the production of the negative strand of the viral 

RNA, which combines with the positive strand to form a double-stranded replicative form (RF). 

The RF can then be used as a template to produce the final positive single-stranded viral genomic 

RNA as well as the viral sub-genomic RNA (Thorne & Goodfellow, 2014).  
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Figure 1.4. Overview of process of genome and viral replication for HuNoV (Thorne & 

Goodfellow, 2014). As viral genomes enter the cell, an initial round of translation occurs to 

produce a viral polyprotein which is cleaved into functional viral proteins. These proteins in 

combination with host cellular machinery then produce new viral genomes. These RNA genomes 

can than act again to produce even more viral proteins and viral progeny. 

 

 NoVs are classified into one of 10 genogroups, seven confirmed and three tentative (GI – 

GX), based upon the sequence of a section of their ORF2 which encodes for the major capsid 

protein VP1 (Zheng et al., 2006). The VP1 also contains the protruding domain (P), which itself 

contains the P2 subdomain, the most exposed part of the virus and the part responsible for binding 
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to host cellular receptors (Cao et al., 2007; Tan et al., 2003). Using the sequence of the binding 

protein VP1 for classification purposes gives the added trait of typically separating NoVs which 

target different species into different genogroups, as similar P domains target specific hosts. GI, 

GII and GIV contain the majority of NoVs which target humans (Moore et al., 2015). GI contains 

only genotypes which target humans, some genotypes in GII can infect pigs (Wang et al., 2005) 

and some genotypes in GIV can infect canines and felines (Soma et al., 2015). GIII NoV infects 

bovine and sheep species (Mattison et al., 2007; Wolf et al., 2009), GV infects murine species 

(Farkas et al., 2012), GVI infects canine and feline species (Di Martino et al., 2016; Mesquita et 

al., 2010) and GVII infects canine species (Tse et al., 2012). Two of the tentative genogroups, i.e., 

GVIII and GIX, have genotypes which only infect humans and the third tentative genogroup GX 

has only one genotype and it infects bats (Chhabra et al., 2019). Among the genogroups capable 

of infecting human hosts, GII is by far the most commonly implicated in HuNoV infections, 

representing greater than 90% of all human cases (Beek et al., 2018; Tran et al., 2013). Among 

GII, one genotype known as GII.4 is estimated to cause 66.6% and 64.7% of cases in developing 

and developed countries, respectively (Kumthip et al., 2019).  

1.1.5 Host cellular receptors and host cells for NoV 

 The susceptibility and the host range for each NoV genotype is determined by the cellular 

receptors in which each of the genotypes of NoV target and bind. It has been recognized that histo-

blood group antigens (HBGAs) are the host cellular receptors for HuNoV and determine 

susceptibility of hosts to infection (Huang et al., 2003; Hutson et al., 2002; Rockx et al., 2005). 

Binding sites within the P dimer (the protruding domain) of HuNoV binds to α 1,2 – linked fructose 

on HBGAs which itself is a residue attached to the carbohydrate core of the α-(1,2) 

fucosyltransferase 2 enzyme (FUT2) (Bartnicki et al., 2017). FUT2 effects the secretor status of 
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individuals. Those with functional FUT2 enzymes are known as secretors and will secrete ABO 

antigens into bodily fluids other than just the blood. Those with non-functional FUT2 do not 

secrete ABO antigens and only have these antigens in the blood (Kelly et al., 1995). People who 

lack the functional FUT2 enzyme, known as non-secretors, have been shown to be less susceptible 

to HuNoV infection (Belliot et al., 2014; Currier et al., 2015). Different HuNoV genotypes interact 

with HBGAs in a strain-specific manner, with many of the common blood antigens such as A, B, 

H and Lewis antigens playing a role in the strain specificity of HuNoV genotypes (Chen et al., 

2011). Huang et al (2003) elucidated some of the binding patterns for common NoV genotypes. It 

was shown that the majority of strains can be separated into two groups based on what specific 

HBGA antigens they bind. The first group binds to A/B or H antigens and never to Lewis antigens, 

the second group binds to H and Lewis antigens, but never to A/B antigens (Huang et al., 2003). 

Analysis of a 2002 HuNoV outbreak that occurred in a British Military hospital located in 

Afghanistan, further expanded upon the potential specificity of HuNoV to certain blood group 

antigens. It was shown that in this outbreak, individuals with blood group B appeared to have 

reduced susceptibility to this (unknown) genotype of HuNoV, whereas individuals with the O 

blood type were more susceptible and had a higher chance of developing severe symptoms 

(Hennessy et al., 2017). Morozov et al. (2018) compared the HBGA binding pattern of three 

different HuNoV genotypes: GI.1, GII.4 and GII.17, and found that GII.4 had the widest binding 

pattern and interacted with a wide variety of HBGA related carbohydrates. This wide receptor 

range may be an important factor in the ubiquity of GII.4 strains. GI.1 strains interacted mainly 

with A and H type HBGAs, while GII.17 was the most specific, interacting with only long chain 

carbohydrates on the HBGAs (Morozov et al., 2018).  
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 HBGAs are not the only potential receptors for HuNoV. Studies have suggested other 

ligands may also interact with different HuNoV genotypes (Table 1.1).  

Table 1.1. List of ligands which have shown potential to act as a receptor for HuNoV. 

Ligand Type Specific Ligand HuNoV genotype(s) which 

successfully bound ligand 

Reference 

Chemical 

compounds 

Heparan sulfate Multiple GII (Tamura et al., 2004) 

Citrate GII.10 Hansman et al., 2012 

Glycerol Novel lineage Liu et al., 2015 

Fucosylated and 

sialylated glycans 

GII.4 Wegener et al., 2017 

Complex 

human 

biological 

components 

Histone H1 Multiple GII Tamura et al., 2003 

Breast milk glycans GI.1, GII.4, GII.9  Jiang et al., 2004 

Ileal samples GII.6 Murakami et al., 

2013 

Food ligands Oysters, which have 

HBGA-like antigens  

GI.1, GII.4, GII.9 Tian et al., 2007 

Carbohydrates on 

leafy greens 

GII.4 Esseili et al., 2012 

HBGA-like 

moieties 

Enterobacter cloacae GII.4 Jones et al., 2014 

 

 The recognition of carbohydrate receptors seems to be a conserved trait for members of the 

Norovirus genus and other members of the Caliciviridae family. Murine norovirus-1 (MNV-1) 

recognizes the glycoproteins CD300lf and CD300ld and likely sialic acid (Haga et al., 2016). 

Feline calicivirus (FCV) also recognizes sialic acid as a receptor (Stuart and Brown, 2007), as well 

as junctional adhesion molecule-1 (Makino et al., 2006). Tulane virus (TV) can recognize sialic 

acid (Tan et al., 2015) and A Type 3 and B HBGAs ( Zhang et al., 2015) as receptors, while the 

rabbit hemorrhagic disease virus can recognize HBGAs as well (Leuthold et al., 2015). 

1.1.6 Difficulties surrounding HuNoV in vitro culturing and alternative methods 

 As mentioned earlier in this review, there has been a noticeable lack of research into the 

biology of HuNoV as compared to other foodborne pathogens, particularly when its importance as 

the leading cause of foodborne illness is considered. The main reason for this has been the lack of 
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an applicable and robust method for culturing HuNoV in vitro. One of the most widely used 

methods to study viral biology has been through the use of a cell culture system which is 

susceptible to infection by the virus of interest. Despite decades of efforts, culturing methods for 

HuNoV have eluded researchers. For example, Duzier et al. (2004) tested a wide range of cells, 

including different human intestinal epithelial cells lines (intestinal epithelial cells being a likely 

host cell as indicated by symptoms of norovirus infection), non-epithelial human cells, monkey 

kidney cells and other animal cells (Table 1.2). Their experiments were unsuccessful, and they 

were not able to develop a reproducible cell culturing method for HuNoV (Duizer et al., 2004). 

Upon the discovery that MNV-1 was capable of infecting dendritic cells and macrophages (Wobus 

et al., 2004), the search for a cell culture system expanded to include immune cells as a potential 

target. However, when human macrophage and dendritic cells were tested for susceptibility to 

HuNoV infection, there was no increase in viral titer indicating a lack of productive infection in 

these cells (Lay et al., 2010). 
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Table 1.2. List of cells tested by Duzier et al (2004) for culturing HuNoV. The majority of cell 

cultures were HuNoV RNA negative before passage number five, with only three, Caco-2, HCT-

8 and HuTu-80 being HuNoV positive until passage six, but negative by passage seven.  

 

 

 The difficulties brought into question how HuNoV acts in cell cultures systems and 

whether the virus is able to interact with cells in vitro. Researchers were able to show that HuNoV 

is in fact able to interact with cells in culture systems, but productive infection was being blocked 

by these host cells, potentially by their innate immunity (Straub et al., 2011; Takanashi et al., 

2015). Within the last decade, two research groups have described and published culturing systems 



18 
 

which have shown potential for propagating HuNoV (these two methods will be discussed further 

in 1.1.7). Prior to these, other alternative methods were used in order to gain an understanding of 

the biology of HuNoV. The main methods used were surrogate viruses and norovirus viral-like 

proteins (NoV-VLPs).  

 Surrogate viruses are used in place of a virus of interest, whenever there is a factor which 

makes working directly with the virus of interest difficult, to predict how the virus of interest may 

react. These viruses are chosen based upon genetic, physical and pathogenic (if virus of interest is 

a pathogen) similarity (Baert et al., 2009; Hirneisen & Kniel, 2013). For HuNoV, the most 

commonly used surrogate viruses is MNV-1, with FCV also commonly used (Hirneisen & Kniel, 

2013). On top of these two, other surrogate viruses have been used including poliovirus (Bae & 

Schwab, 2008), bacteriophage MS2 (Su et al., 2009, 2010), echovirus 12 (G. W. Park et al., 2011) 

and Tulane virus (Tian et al., 2014), although these are much less commonly used than MNV-1 or 

FCV. These viruses all have the ability to be propagated effectively in vitro allowing for a deeper 

understanding of their biology. The results obtained from these surrogates is then used, due to their 

similarity to HuNoV, to predict how HuNoV may react under different conditions and 

circumstances. The main drawback of using surrogate viruses to predict HuNoV activity is that 

they are not HuNoV itself and may not react identically to HuNoV. 

 Various studies have in fact shown that the various surrogate viruses react differently than 

each other under different conditions and that HuNoV may also react differently. For example, 

MNV-1 was shown to be more stable than FCV, poliovirus and bacteriophage MS2 in regard to 

viral persistence in surface and ground water (Bae & Schwab, 2008). When choosing a surrogate, 

using the conditions in Bae and Schwab (2008) as an example, due to the fact HuNoV is known to 

be quite stable in surface and ground water (Kauppinen & Miettinen, 2017), MNV-1 may be the 
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best surrogate for predicting HuNoV survival in surface and ground water. In another study, MNV-

1 and FCV were compared based upon their inactivation profiles under exposure to pH extremes, 

organic solvents, thermal inactivation and surface persistence under wet and dry conditions 

(Cannon et al., 2006). MNV-1 was stable across the entire pH range tested, whereas FCV was 

inactivated at pH values < 3 and > 9, and MNV-1 and FCV had similar responses to organic 

solvents. In addition, FCV was more stable than MNV-1 at 56°C, but had similar inactivation at 

63°C and 72°C and MNV-1 was more stable that FCV in long term environmental survival in a 

fecal matrix, as well as on stainless steel coupons at room temperature (Cannon et al., 2006). TV, 

a relatively new surrogate virus, was also compared to MNV-1 (Hirneisen & Kniel, 2013). The 

viruses were exposed to pH extremes, chlorine treatment, heat treatments, survival in tap water at 

room temperature and refrigeration temperatures, and then their infectivity after treatment was 

determined. MNV-1 was more stable than TV under pH treatment, while there were no differences 

in survival with MNV-1 and TV after chlorine and heat treatments. There was also no difference 

in infectivity of the two viruses in tap water left at room temperature for 30 days, however, MNV-

1 remained more infectious after 30 days at 4°C (Hirneisen & Kniel, 2013). Chitosan, a known 

antimicrobial, was explored for its effect against HuNoV surrogates. The compound was able to 

reduce the FCV and MS2 bacteriophage titres by 2.83 and 1.41 logs, respectively, but had no effect 

on MNV-1 (Su et al., 2009). FCV and MNV-1 have also been compared directly to human 

norovirus using genetic based quantification methods, e.g., RT-qPCR. The quantity of FCV 

detected by RT-qPCR was shown to be reduced below the limit of detection after treatment at 

63.3°C for 2 min, whereas the same results for HuNoV GII.4 required treatment at 76.6°C for 2 

min (Topping et al., 2009). There was no significant difference in MNV-1 capsid and HuNoV 

GII.4 capsid survival after heat treatment at 70°C for 2 min, although MNV-1 RNA itself may be 
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more susceptible to heat treatment than HuNoV GII.4 RNA (Li et al., 2012). Taking all these 

results together, it can be seen that there are large differences in how each surrogate reacts under 

different conditions. It is also likely that MNV-1, due to it generally being more resistant than 

other surrogates, is the best one to predict HuNoV activity, as HuNoV is also known to be very 

environmentally resistant.  

 The other commonly used method for studying HuNoV has been NoV-VLPs. In this case, 

recombinant baculoviruses containing the sequence for the HuNoV viral protein VP1, the capsid 

from HuNoV, are used. These recombinant viruses can grow in the HG23 cell line and express the 

HuNoV VP1 on their capsid. NoV-VLPs have been used to further understand the binding 

properties of HuNoV VP1, particularly how the VP1 interacts with HBGAs (Huo et al., 2016; 

Shirato-Horikoshi et al., 2007; Zhang et al., 2013), as well as how it interacts with compounds 

such as the carbohydrates of romaine lettuce leaves (Esseili et al., 2012) and with shellfish (Langlet 

et al., 2015). This method, however, has the drawback of being limited to testing the binding 

properties of HuNoV, and furthermore other components besides VP1 may play a role in binding 

of HuNoV to its host cells. 

1.1.7 Recently developed methods for culturing HuNoV  

 Due to the drawbacks of using surrogate viruses and NoV-VLPs, researchers have 

continued to search for an effective method for culturing HuNoV in vitro. A potentially seminal 

paper published by Jones et al. (2015) demonstrated that the culturing of HuNoV in vitro was 

possible. Based upon previous work showing that NoVs had a tropism for immune cells (Wobus 

et al., 2004), the group examined the susceptibility of B cells to NoV infection. They were able to 

show that B cells were susceptible to infection by HuNoV GII.4, and that the infection was more 

robust when a fecal-related bacterium known as Enterobacter cloacae was used as an agent of co-
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infection (Jones et al., 2014). They initially came upon this discovery while observing that MNV-

1 and MNV-2 were capable of infecting mouse B cells in vitro and in vivo, and that the infection 

of the mice was less robust when the mouse fecal microbiota was depleted using oral antibiotic 

treatment. Subsequently, they showed that a human B-cell line, BJAB, was susceptible to infection 

by HuNoV GII.4 when the virus was inoculated as part of a HuNoV positive stool suspension. The 

component of the fecal sample that was aiding the infection of the B cells was determined to be 

the fecal bacterium E. cloacae which, unlike other fecal bacteria such as Escherichia coli, was able 

to increase the infection rate of the B cells by HuNoV GII.4 (Jones et al., 2014). The researchers 

proposed that due to the fact that the H antigen of E. cloacae has structural similarity to human 

HBGAs, that this bacterium may help in the recognition of the HuNoV virions to their host cellular 

receptors during the binding process (Jones et al., 2014). It was further found that after heat 

inactivation of E. cloacae, followed by isolation of H-antigens, that these antigens were also 

capable of increasing the infection rate to a similar level as the HuNoV positive stool sample (Jones 

et al., 2015). Unfortunately, as promising as this method initially appeared, limitations and 

difficulties have arisen. This cell line is only capable of infection by one genotype (GII.4) and the 

infection is not robust, with only around between a 0.5 to 3-fold log increase in viral titer (Jones 

et al., 2015). As well, successful infection has not been reported across all laboratories. For 

example, multiple groups have been successful in replicating the results of the Jones lab, but other 

groups including the Vinjé research group at the U.S. Center for Disease Control and Prevention, 

despite extensive collaboration and efforts, have not been able to replicate the infection (Jones et 

al., 2015). Other groups working at the Erasmus Medical Center have been capable of replicating 

the results when done at the Jones lab at the University of Florida but were unsuccessful when 

they returned to their own lab and tried to replicate the experiments. The Jones lab group has 
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suggested that this variability may be due in part to the source of fetal bovine serum used to grow 

the BJAB cells (Jones et al., 2015).  

 Another method which has shown potential for culturing HuNoV was developed by 

Ettayebi et al. (2016). This method uses enterocytes in stem cell-derived, non-transformed human 

intestinal enteroid monolayer cultures. It can support the infection of multiple different genotypes, 

although all other genotypes tested besides GII.4 required bile as a supplement for successful 

infection. This method also has the advantage of being able to produce cells derived from different 

regions of the small intestine by inoculating human intestinal enteroides with human biopsies 

obtained from different intestinal segments such as the duodenum, jejunum, and ileum, which 

could help one understand where HuNoV infection occurs (Ettayebi et al., 2016). While this 

method has been shown to be reliable, it is not without its disadvantages. Similar to the BJAB cell 

culture method, the infections only produce modest increases in viral levels, i.e., between 1.5 and 

2.5 log increases in viral genomes as detected by RT-qPCR and can be quite difficult, costly and 

complex to implement for routine analysis (Ettayebi et al., 2016).  

1.2 Probiotic bacteria 

 Probiotic bacteria have been defined by the World Health Organization (WHO) as “Live 

microorganisms, which when administered in an adequate amount confer a health benefit to the 

host” (WHO, 2002). Probiotic bacteria have been widely explored for their potential beneficial 

health effects for humans. The majority of probiotics are members of a group of bacteria known 

as the lactic acid bacteria (LAB). This is not a genetically related group, but instead are bacteria 

that share common metabolic and physiological characteristics, notably the release of lactic acid 

after carbohydrate fermentation. Some of the most common probiotics are members of the genera 

Lactococcus, Lactobacillus, Bifidobacterium, Leuconostoc and Pediococcus. Some other non-
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LAB probiotic bacteria include E. coli Nissle 1917, some Bacillus species, as well as some species 

of yeast such as Saccharomyces boulardii. 

 When ingested, probiotics can gain access to the gastrointestinal (GI) tract, the location in 

which these bacteria are able to exert their beneficial effects. It is suggested that probiotics can 

exert their effects locally or during transient passage through the GI tract (Ouwehand et al., 2002). 

Some traits of ideal probiotics include: (i) acid tolerance to survive through the stomach during 

oral administration; (ii) adhesion to mucosal and epithelial surfaces; (iii) antimicrobial activity 

against potentially pathogenic microorganisms; and (iv) bile salt hydrolase activity (aids survival 

of these bacteria in the presence of bile) (Begley et al., 2006; Kechagia et al., 2013). Once in the 

GI tract, probiotic therapy can function through: (i) the modulation of the intestinal microflora by 

changing the population from a potential harmful microflora population to one that is more 

beneficial to the host and through the competitive exclusion of potential pathogenic 

microorganisms; (ii) enhancement of intestinal barrier function; and (iii) immunomodulation (Ng 

et al., 2009). Probiotics can modulate the intestinal microflora, potentially being antagonistic 

towards pathogenic microorganisms by inhibiting pathogenic adhesion to host cells, creating a 

restrictive environment (through pH, redox potential and hydrogen sulfide production) and can 

produce antimicrobial compounds such as bacteriocins and defensins (Figure 1.4) (Ng et al., 2009). 

Probiotics may also be able to enhance mucosal cell-to-cell barrier function through the 

modulation of cytoskeletal and tight junction protein phosphorylation (Ng et al., 2009; Ouwehand 

et al., 2002). It has also been predicted that probiotics may have an effect on the mucosal immune 

system (Figure 1.5) (Ng et al., 2009). Probiotic bacteria, like other bacteria, can be detected by 

host cells through the antigens on their cell surface, and some studies have suggested that cells can 

differentiate and react differently to probiotics than to other bacteria (Lammers et al., 2002; Otte 
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& Podolsky, 2003). When probiotics are detected by host cells, they can act through Toll-Like 

Receptors (TLRs) to induce the production of protective cytokines that can enhance epithelial cell 

regeneration and inhibit epithelial cell apoptosis (Ng et al., 2009). 

 

Figure 1.5. Potential modes of action of probiotics against enteric pathogens (Ng et al., 2009). 

While this Figure is more specific for bacteria as opposed to viruses, some of the mechanisms, 

notably the secretion of defensins, competitive inhibition and an enhancement of barrier function, 

would also likely be effective against viruses. 
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Figure 1.6. Impact of probiotic bacteria on adaptive immunity (Ng et al., 2009). Pathogen-

associated molecular patterns (PAMPs) on the surface of probiotic bacteria cells may signal, via 

toll-like receptors (TLRs), to the host, to shape mucosal immunity through the activation of 

regulatory T- cells and the reduction of pro-inflammatory cytokines and Th1 activity. 

 

1.2.1 The use of probiotic bacteria against NoV and other enteric viruses 

 Probiotics have been noted for their potential protective effects against enteric pathogens 

(Liévin-Le Moal & Servin, 2014). Their use against enteric bacteria, notably common foodborne 

pathogens such as pathogenic strains of E. coli (Abdelhamid et al., 2018; Mack et al., 1999; Resta-

Lenert & Barrett, 2003; Sherman et al., 2005; Spinler et al., 2008; Yang et al., 2009) and 

pathogenic Salmonella spp. (Casey et al., 2007; Deriu et al., 2013; Spinler et al., 2008), is well 

documented. The direct use of probiotics against HuNoV, in comparison, is less studied, mainly 

due to the lack of robust methods for culturing HuNoV. However, a few studies have used the 

HuNoV surrogates MNV-1 and FCV in probiotic related studies (Table 1.3). 

 

 



26 
 

Table 1.3. Studies which have shown the effectiveness of probiotics against NoV surrogates. 

Probiotic Surrogate Notes Reference 

Lactococcus 

lactis 

FCV Reduced viral titer after 

infection of feline kidney cell 

line. 

(Aboubakr et al., 

2014) 

Lactobacillus 

paracasei 

MNV-1 L. paracasei harbouring 

nucleic-acid hydrolyzing 3D8 

scFv prevented apoptosis of 

RAW 264.7 cells.  

(Hoang et al., 2015) 

Bifidobacterium 

adolescentis  

MNV-1 Reduced multiplication of 

MNV-1 in RAW 264.7 cells 

and reduced binding of 

HuNoV VLPs to both Caco-2 

and HT-29 cells 

(Li et al., 2016) 

  

 While in vitro analysis of the effects of probiotics against HuNoV is extremely difficult 

due to the lack of robust cell culture methods, there are animal models that have been used to 

explore the potential of probiotics for use against HuNoV. Lei et al (2016) used a dual probiotic 

cocktail of Lactobacillus rhamnosus GG and E. coli Nissle 1917 to reduce the number of 

gnotobiotic pigs with gastroenteritis symptoms, from 89% to 20%, and found that the probiotics 

could reduce the duration of diarrhea in pigs which did develop symptoms, from 2.2 days to 0.2 

days.  

 Probiotics have also shown effectiveness against other common enteric viral pathogens. 

For example, the infectivity of rotavirus (RV), likely the second leading cause of viral 

gastroenteritis, has been shown to be affected by probiotics. Bifidobacterium longum and 

Lactobacillus acidophilus showed antiviral activity against RV in-vitro and shortened the duration 

of diarrhea in pediatric patients, from 7.2 days to 6.1 days (Kyung et al., 2015); Lactobacillus casei 

and Lactobacillus rhamnosus GG increased the survival of a variety of cell lines when exposed to 

RV, from 10% in RV-only controls up to 100% in probiotic treated cells (Maragkoudakis et al., 

2010); L. casei and Bifidobacterium adolescentis also reduced RV activity as measured by NSP4 
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production (an RV toxin) (Olaya Galán et al., 2016). Studies using RV have also been done with 

gnotobiotic pigs and have shown the effectiveness of L. rhamnosus GG and Bifidobacterium lactis 

(Vlasova et al., 2013), as well as E. coli Nissle 1917 (Kandasamy et al., 2016) at reducing RV 

gastroenteritis in these pigs from 100% of pigs down to 66% for E. coli Nissle 1917 treated pigs. 

 All of the above studies suggest that further research into the use of probiotics against 

enteric viruses should be explored. These studies have also provided some insight into the potential 

modes of actions of probiotics against viruses (Figure 1.6). While probiotics are known to act 

against bacterial enteric pathogens through i) the release of bacteriocins (Belfiore et al., 2007;  

Yang et al., 2012; Yang et al., 2014); ii) competition for nutrients such as iron (Deriu et al., 2013); 

iii) blocking of pathogen adhesion to epithelial cells (Vasiee et al., 2019); iv) environmental 

modulation such as lowering the lumen pH; v) immunomodulation; and vi) through upregulation 

of barrier function (Ng et al., 2009), not all of these functions would likely be effective against 

viruses. As bacteriocins act on specific bacterial targets, e.g., forming pores in bacterial cell-

membranes, they are not effective against viruses. However, probiotics can stimulate the release 

of other antimicrobial peptides by human epithelial cells or neutrophils, e.g., defensins, which can 

provide innate protection against viruses ( Ahmed et al., 2019; Smith & Nemerow, 2008; Tanabe 

et al., 2004). In addition, as viruses do not require nutrients outside of a host cell, competition for 

nutrients would not have an effect on viral survival. Many viruses are also very environmentally 

resistant, and the less hospitable environments in the host (such as low pH produced by probiotics) 

would also not have much of an effect on the direct survival of these viruses, but it could affect 

the binding interaction between viral binding proteins and host cellular receptors through pH 

induced conformation changes in protein structure. However, blocking of pathogen adhesion to 

epithelial cells would have an effect against viruses, as viruses must bind to their host cells through 
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viral receptor-host cell receptor interactions to cause an infection. This blocking could occur 

through the binding of the virus by the probiotic itself, thus preventing the virus from infecting the 

cell (Lei et al., 2016), or through binding of the probiotics to the host epithelial cells thus 

preventing the virus from accessing the host cell receptors. Furthermore, studies have shown that 

immunomodulation by probiotics could have an effect against both bacterial and viral pathogens 

(Mahooti et al., 2019; Wagner & Johnson, 2017). Probiotics are also capable of modulating the 

epithelial barrier function through cytoskeletal and tight-junction phosphorylation, which could 

also have an effect against both bacterial and viral pathogens (Ng et al., 2009). 

  

Figure 1.7. Potential modes of actions of probiotics against enteric viruses. (1) Probiotics can bind 

to epithelial cells preventing viruses from binding to their host cells; (2) probiotics can bind to 

viruses preventing them from binding to host cells; (3) probiotics can release anti-viral peptides 

such as defensins; (4) probiotics can upregulate barrier function on the epithelial cells; and (5) 

probiotics can function via TLRs to activate the adaptive immune response. 

 

1.2.2 Binding interactions between bacteria and HuNoV 

 Binding of probiotic bacteria to viruses has been proposed as one of the methods in which 

probiotics may be able to prevent or reduce infection of host cells (Ng et al., 2009). By binding to 

the virus, the probiotic bacteria could prevent the viral receptor(s) from finding and binding to 
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their corresponding receptor(s) on the host cell. However, in regard to HuNoV, there has not been 

any proven correlation between binding of probiotic bacteria to HuNoV and a reduction in 

infectivity. However, probiotics have shown both an ability to reduce the infectivity of HuNoV 

and an ability to bind to HuNoV virions and viral-like particles (Lei et al., 2016a), but the two 

results have not been combined to show that binding of viruses by probiotics is a definitive mode 

of action. As mentioned earlier, Lei et al. (2016) showed that probiotic bacteria could bind to both 

GII.3 and GII.4 HuNoV virions and with GII.3 and GII.4 NoV-VLPs. The control used in this 

study was E. cloacae, which is known to bind to HuNoV virions and VLPs (Lei et al., 2016a;  

Miura et al., 2013). They were able to show that four Gram-positive Lactobacillus species i.e., L. 

reuteri, L. acidophilus, L. rhamnosus GG and L. bulgaricus, were able to bind to both GII.3 and 

GII.4 norovirus VLPs at a significantly higher rate than E. cloacae, whereas the one Gram-negative 

probiotic bacteria included in this study, E. coli Nissle 1917, bound the VLPs at a significantly 

lower rate than E. cloacae (Lei et al., 2016a). All 6 bacteria were able to bind at a significantly 

higher rate than the negative control. These results were not identical when the experiment was 

repeated with HuNoV virions. For GII.3 virions, only L. rhamnosus GG bound the virions at a 

significantly higher rate than E. cloacae. L. rhamnosus GG, L. acidophilus and L. bulgaricus all 

bound at a significantly higher rate than E. coli Nissle 1917 and again all 6 bacteria bound at a 

significantly higher rate than the negative control. For norovirus strain GII.4, L. rhamnosus GG, 

L. acidophilus and L. bulgaricus all bound at a significantly higher rate than E. cloacae. L. 

rhamnosus GG in this case did not bind at a higher rate than E. cloacae but did bind at a higher 

rate than E. coli Nissle 1917, and again all 6 bacteria bound at a significantly higher rate than the 

negative control. They also then showed that two of these probiotics, E. coli Nissle 1917 and L. 

rhamnosus GG by themselves and in combination with rice bran, were able to have a protective 
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effect against GII.4 induced diarrhea in gnotobiotic pigs (Lei et al., 2016a). While this study 

indicates that binding of the probiotics to the virus may play a role in these protective effects 

observed, no direct link was determined by this study. Other enteric bacteria have also been shown 

to bind to HuNoV similarly to E. cloacae including Klebsiella spp., Citrobacter spp., Bacillus spp., 

Enterococcus faecium and Hafnia alvei (Almand et al., 2017), although no correlation has been 

found between these bacteria and an increase or decrease in HuNoV infectivity. 

1.2.3 Interactions between bacteria and viruses which positively impact the virus 

 While the idea behind using probiotics is for their therapeutic effects against viruses, for 

some viruses, including NoV, there are documented interactions between bacteria and viruses that 

actually aid the virus in the infection of their host cells. Some examples of this interaction include 

Mycobacterium tuberculosis which is known to increase the replication of the human 

immunodeficiency virus (Goletti et al., 1996) and proteases from bacterial cells, such as from 

Staphylococcus aureus, which can benefit influenza by cleaving the viral hemagglutinin (Böttcher-

Friebertshäuser et al., 2013). Studies in antibiotic-depleted intestinal microbiota mice have shown 

that these mice are less susceptible to infections from poliovirus (Kuss et al., 2011), reovirus (Kuss 

et al., 2011), rotavirus (Uchiyama et al., 2014) and MNV (Jones et al., 2014). These results suggest 

that enteric viruses may be able to use commensal bacterial species located in the intestine to 

promote their infection of host cells. Jones et al. (2014) also showed that HuNoV infection was 

increased when unfiltered stool was used as an inoculum for the BJAB cells, again suggesting that 

something present in the stool was aiding in infection of these cells. A human intestinal commensal 

bacterium, E. cloacae, when added to filtered HuNoV positive stool samples, yielded infection 

rates similar to when unfiltered stool was used (Jones et al., 2014). Finally, they narrowed down 

the effect to an antigen located on the surface of E. cloacae, known as the H-antigen, which shares 
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structurally similarities to HBGAs, which on its own could increase HuNoV infection rates to 

similar levels as unfiltered stool and to whole E. cloacae (Jones et al., 2014). In contrast, when E. 

cloacae was tested in gnotobiotic pigs, the bacterium actually reduced HuNoV titers in enterocytes 

and infection of B cells in the ileum was not observed (Lei et al., 2016b). 

 These results indicated that HuNoV may benefit from the intestinal commensal microbiota 

in order to increase their ability to infect host cells. While this has been shown to be true for E. 

cloacae in the B-cell model, there has not been any link showing any other commensal bacterial 

species or any probiotic species which could increase HuNoV infectivity in any other model. While 

results seem to indicate that probiotics can help to reduce infection or to reduce symptoms of 

norovirus infection, it cannot be ruled out that probiotic bacteria, which are also commonly part of 

the intestinal microbiota, could in fact aid HuNoV infectivity. Further analysis into the binding 

interactions between HuNoV and commensal bacteria will need to be further explored to 

understand the mechanisms surrounding the binding between bacteria and norovirus, and whether 

binding of probiotic bacteria is a method by which probiotics can influence viral infection. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Bacterial strains 

2.1.1 Strains used in this study 

 A total of 31 bacterial strains (30 potential probiotics and one strain of Enterobacter 

cloacae) were used in this study. Details of these strains are described in Table 2.1. The 31 strains 

were streaked onto De Man, Rogosa and Sharpe agar (MRS agar; Fisher Bioreagents, Fair Lawn, 

NJ) for all of the potential probiotic strains and onto tryptic soy agar (TSA; Fisher Bioreagents) 

for E. cloacae. These plates were then incubated anaerobically for 48 h at 37°C using an 

AnaeroPack (Mitsubishi Gas Chemical Company Inc, New York, NY) in anaerobic jars. After 48 

h, the colonies were inspected for purity and colony morphology. Stocks were prepared for each 

strain by removing an isolated colony and inoculating into De Man, Rogosa and Sharpe broth 

(MRS broth; Fisher Bioreagents) or tryptic soy broth for E. cloacae (TSB; Fisher Bioreagents) and 

allowing the strains to incubate anaerobically for 48 h at 37°C. Following this, the bacteria were 

pelleted by centrifugation at 6000 x g for 5 min and resuspended in 600 µL of MRS broth or TSB. 

This volume was then aliquoted into three cryogenic vials (200 µL each) containing prepared and 

sterilized freezing media (Appendix A). These vials were then placed into a -80°C freezer for long 

term storage. On a regular basis, a vial of each strain was removed from the freezer and streaked 

onto blood agar (BA; Oxoid, Nepean, ON) to ensure the purity of the stock cultures. 
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Table 2.1. Bacterial strain identities, where they were obtained from and their original isolation 

location (if known). 

 
ID# Identity at time of culture collection: Obtained from: Original source: 

1 Lactobacillus johnsonii NCC533 Nestle Nestle 

2 Lactobacillus fermentum RC-14 CRIFS Culture Collection Human vaginal 

3 Lactobacillus paracasei immunitas CRIFS Culture Collection Yogurt starter culture 

4 Lactobacillus plantarum LA-89 CRIFS Culture Collection ATCC 8014 

5 Lactobacillus reuteri CRIFS Culture Collection DSMZ German Collection 

6 Lactococcus lactis lactis CRIFS Culture Collection Cheese starter culture 

7 Lactococcus lactis cremoris CRIFS Culture Collection Cheese whey 

8 Leuconostoc citreum LA-108 CRIFS Culture Collection ATCC 13146 

9 Leuconostoc citreum LA-113 CRIFS Culture Collection ATCC 10882 

10 Leuconostoc lactis LA-6 CRIFS Culture Collection ATCC 19256 

11 Leuconostoc mesenteroides LA-7 CRIFS Culture Collection ATCC 19255 

12 Pediococcus acidilactici CRIFS Culture Collection Unknown 

13 Pediococcus pentosaceus CRIFS Culture Collection Unknown 

14 Lactobacillus helveticus R0052 Lallemand (Dr. Habash lab) Dairy starter culture 

15 Lactobacillus helveticus R0389 Lallemand (Dr. Habash lab) Cheese starter culture 

16 Lactobacillus paracasei R0215 Lallemand (Dr. Habash lab) Dairy starter culture 

17 Lactobacillus plantarum R1012 Lallemand (Dr. Habash lab) Dairy starter culture 

18 Lactobacillus rhamnosus R0011 Lallemand (Dr. Habash lab) Dairy starter culture 

19 Bifidobacterium bifidum R0071 Lallemand (Dr. Habash lab) Human feces 

20 Bifidobacterium infantis R0033 Lallemand (Dr. Habash lab) Human feces 

21 Bifidobacterium longum R0175 Lallemand (Dr. Habash lab) Human feces 

22 Lactococcus lactis R1088 Lallemand (Dr. Habash lab) Dairy starter culture 

23 Lactobacillus rhamnosus R0049 Lallemand (Dr. Habash lab) Dairy starter culture 

24 Lactobacillus rhamnosus GG R0343 Lallemand (Dr. Habash lab) Human intestinal 

25 Pediococcus acidilactici R1011 Lallemand (Dr. Habash lab) Cheese starter culture 

26 Bifidobacterium adolescentis 16-6-I 11 FAA Dr. Emma Allen-Vercoe Lab Human feces 

27 Bifidobacterium bifidum ATCC 29521 Dr. Emma Allen-Vercoe Lab Human feces  

28 Bifidobacterium breve AP74LG Dr. Emma Allen-Vercoe Lab Human feces 

29 Bifidobacterium longum 16-6-I 4 FM Dr. Emma Allen-Vercoe Lab Human feces 

30 Lactobacillus casei 16-6-I 25 MRS Dr. Emma Allen-Vercoe Lab Human feces 

 Enterobacter cloacae SENG-6 ATCC ATCC PTA-3882 

 

2.1.2 16S rRNA sequencing 

 Genomic DNA was extracted by InstaGene matrix (Bio-Rad Laboratories, Hercules, CA) 

following manufacturer’s instructions. Briefly, a 10 µL inoculating loopful of each of the potential 

probiotic strains was resuspended in 1 mL of 1X TE (Tris-EDTA) buffer by vortexing, then 

followed by centrifugation at 13,000 x g for 2 min to pellet the bacterial cells. The supernatants 
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were discarded, and bacterial pellets resuspended into the matrix by vortexing. The tubes were 

then incubated for 30 min in a water bath set to 56°C and then boiled for 8 min. After boiling, the 

tubes were removed and vortexed one final time to mix. The tubes were then centrifuged at 13,000 

x g for 3 min. The supernatant was transferred into a new tube and all of the genomic DNA was 

stored at -20°C. 

 All strains used in this study were confirmed to the closest taxonomic level based on 16S 

rRNA gene sequencing. A master-mix was prepared for the PCR reaction using primers (Eurofins 

Genomics, Louisville, KY) as described in Table 2.2, which target the region between V3KL and 

V6R and amplify a 735-bp segment of the 16S rRNA gene in bacterial genomes (Gloor et al., 

2010). Final reagent concentrations were as follows: 1X ThermoPol reaction buffer (New England 

Biolabs, Pickering, ON), 200 µM deoxynucleoside triphosphate (dNTPs), 800 µM forward primer, 

800 µM reverse primer and 0.625 units (U) per 25 µL reaction of Taq DNA polymerase (New 

England Biolabs), then brought up to a final volume of 25 µL using nuclease free water. A total of 

22 µL of the master-mix was placed into wells of an optical 96-well reaction plate (Fisher 

Scientific, Hampton, NH), while 3 µL of DNA template for each strain was placed into its 

respective well and mixed. For the negative control, 3 µL of nuclease-free water was loaded instead 

of DNA. The plate was then covered using optical adhesive film (Fisher Scientific) and PCR 

amplifications were conducted in the Biometra TProfessional Basic Gradient Thermocycler 

(Montreal Biotechnologies Inc., Dorval, QC).  

 PCR conditions were as follows: initial denaturation at 95°C for 3 min followed by 35 

cycles of 94°C for 30 s, primer annealing at 60°C for 30 s, and elongation at 72°C for 30 s, followed 

by a final elongation at 72°C for 5 min before the thermocycler reduced the temperature to 4°C for 

storage until the plate was removed and placed into a -20°C freezer for storage until the next step. 
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Table 2.2 Primers used for 16S PCR reaction. 

1 All oligonucleotides used in this study were synthesized by Eurofins Genomics. 

 Gel electrophoresis was used to confirm the amplification of the 16S rRNA gene fragment. 

PCR products were separated in a 1% (w/v) agarose (Invitrogen, Carlsbad, CA) gel in 1X TAE 

buffer (Tris-Acetate-EDTA; Fisher) using the Mini-Sub Cell GT Horizontal Electrophoresis 

System (Bio-Rad). Amplicon sizes were visualized using EZ-Vision Three dye (Amresco, Solon, 

OH) and digital images were obtained using the ChemiDoc MP Imaging System (BioRad) by 

exposure using Red Plate/UV Trans/UV filter for 7 s. The captured image was then analyzed using 

Image Lab Software version 6.0.1 (Bio-Rad) to confirm banding patterns on the gel that 

corresponds to 16S rRNA sequences from the amplified bacterial DNA. 

 PCR amplified 16S rRNA samples were submitted for sequencing to the Genomics Facility 

at the Advanced Analysis Centre, Summerlee Science Complex, University of Guelph for 

sequencing. Amplicon sequences were compared to the GenBank database (NCBI) using 

nucleotide BLAST (Basic Local Alignment Search Tool) available from 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch (National Center for 

Biotechnology Information, Bethesda, MD) to determine sequence matches. The resulting hits 

allowed approximate speciation of the strains according to their closest match in the database. An 

example sequence analysis is available in Appendix B. Percent similarity was used to confirm 

species identities when the sequence similarity was > 98.7%, and to confirm genus identity when 

the sequence similarity was between 95% and 98.7% (Stackebrandt & Ebers, 2006). 

Primer1 Seq 5’ to 3’ Target 

Gene 

Amplico

n Size 

Referenc

e 

V3KL  

(Forward) 

ATTAACCCTCACTAAAGTACGGRA

GGCAGCAG 

V3 to V6 

variable 

regions of 

16S rRNA 

735 bp (Gloor et 

al., 2010) 

V6R  

(Reverse) 

AATACGACTCACTATAGGGACRAC

ACGAGCTGACGAC 
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2.1.3 Growth curves 

 A 48 h culture of each of the potential probiotic strains was inoculated into fresh MRS 

broth at 2 % of the total volume. These were placed into an anaerobic chamber and 1 mL of the 

freshly inoculated bacteria was transferred into a 1.5 mL cuvette and the initial optical density at 

wavelength 600 nm (OD600) was measured and recorded using a DU520 General Purpose UV/Vis 

Spectrophotometer (Beckman Coulter, Mississauga, ON). This was repeated until the OD600 

reached approximately 0.3. At this point, the measurements were repeated every 20 to 30 min. 

When the OD600 reached approximately 0.5, the bacteria were serially 10-fold diluted into 

phosphate-buffered saline (PBS) and 100 µL of the serial dilutions were spread plated onto MRS 

in triplicate and incubated anaerobically at 37°C for 48 h. When the OD600 reached approximately 

0.7, the amount of time between when measurements were taken was increased back to 1 h. This 

was repeated until the OD600 for two subsequent readings were within ± 0.10 of each other, 

indicating that the growth had plateaued.  

2.2 Cell line used in this study 

 The cell line used in this study, BV-2 cell line (RRID: CVCL_0182), was obtained courtesy 

of Dr. Marc Habash from the School of Environmental Sciences at the University of Guelph, 

Guelph, Ontario, Canada. These are immortal murine microglial cells, which were used for their 

ability to support murine norovirus-1 (MNV-1) infection. 

2.2.1 Propagation and maintenance of BV-2 cells 

 All solutions and equipment used in cell cultures in this study were sterile and the use of 

proper sterile techniques and work in a laminar flow hood was observed. 
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 A cryovial containing frozen BV-2 cells was quick-thawed using a 37°C water bath. The 

contents of the vial were transferred into a sterile 15 mL centrifuge tube containing 2 mL of 

Dulbecco’s Modified Eagle Medium (DMEM) w/ L-glutamine, 4.5 g/L glucose and sodium 

pyruvate (Corning Life Sciences, Tewksbury, MA) supplemented with 10% heat inactivated fetal 

bovine serum (FBS; Gibco; Gaithersburg, MD) and 1% penicillin-streptomycin (10000 U/mL) 

(Gibco), pre-warmed to 37°C, i.e., “supplemented DMEM”. The cells were then pelleted to remove 

the media used for freezing at 700 x g for 5 min. The supernatant was removed, and the pelleted 

cells were resuspended in 6 mL of supplemented DMEM with an extra 10% of FBS. The 

resuspended cells were transferred to a 25 cm2 cell culture flask (Fisher Scientific), which was 

incubated at 37°C and 5% CO2 in a Forma Series II 3110 Water-Jacketed CO2 incubator (Fisher 

Scientific). Media changes occurred every 2-3 days to allow for confluence of the monolayer 

(approximately 80%) and the cells were incubated under the same conditions. During medium 

changes and passage splitting, the cells were washed using unsupplemented DMEM. Cells were 

dissociated enzymatically (passaging) using Trypsin-EDTA (0.25%; Gibco) when the cell 

monolayer reached >90% confluence. The detached cells were resuspended in pre-warmed 

supplemented DMEM at 2X the volume of resuspended cells, homogenized by pipetting and then 

incubated at 37°C and 5% CO2 incubator. Examination of the morphology of the cells in culture, 

i.e., their shape and appearance, were done regularly using an inverted microscope to ensure 

culture purity and health. 

2.2.2 Stock preparation of BV-2 cells 

 Stocks of BV-2 cells were prepared for future experiments. Once a sufficient number of 

cell culture flasks (approximately 4 flasks) with 80% confluent cell monolayers had been obtained, 

the cells were enzymatically disassociated from the flasks using Trypsin-EDTA. The cells were 
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then frozen at a high concentration (~90% viable cells) and lowest passage number possible in 

FBS with 10% of the cryoprotective agent dimethylsulfoxide (DMSO; Corning). The cells were 

concentrated by centrifugation (700 x g for 5 min) and resuspended in FBS, where 10% of total 

volume of DMSO was slowly added to the cells. The cell suspension was then aliquoted into 

cryogenic vials (Fisher Scientific) and labelled with date and passage number. In order to minimize 

damage and death to the cells, the vials were first placed into a -80°C freezer for 3 h before being 

transferred into a -150°C freezer for long-term storage. 

2.2.3 Enumeration of cells using haemocytometer counting chamber 

 In order to seed plates and flasks with specific numbers of cells required in later 

experimentation, enumeration of cells was performed in a Neubauer counting chamber (Hausser 

Scientific, Horsham, PA) using trypan blue dye (Gibco) (Strober, 2001). BV-2 cells, at 80% 

confluence, were trypsinized, pelleted and resuspended (following protocol as in 2.2.1) and diluted 

in 90 µL of 0.4 % trypan blue solution (Gibco). A 10 µL aliquot of the dyed cells was transferred 

into each of the two wells of a Neubauer counting chamber covered with a glass cover slip. The 

chamber was placed onto an inverted microscope at 10X magnification, and the viable cells in the 

chamber were counted in each of the four corner grids for each well (Figure 2.1). After an average 

number of cells was obtained, the number of cells/mL was determined based upon the following 

equation (Strober, 2001): 

Cells/mL = Average number of cells x 105 (the 105 represents factors of trypan dilution, chamber 

size and amount of liquid placed into each well).  
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Figure 2.1. Diagram of a counting chamber under a microscope. This represents one of the two 

wells in a chamber. Cells within each of the red squares were counted separately and averaged out. 

Between the two wells, this gave 8 squares that were counted and averaged. This average number 

of cells was then used to determine the viable cells/mL. 

 

2.3 Viruses used in this study 

2.3.1 Acquisition of viruses used in this study 

 A vial of murine norovirus-1 (MNV-1) cell culture lysate was obtained courtesy of Dr. 

Marc Habash from the School of Environmental Sciences at the University of Guelph, Guelph, 

Ontario, Canada. Human norovirus (HuNoV) positive fecal samples were obtained courtesy of 

Stephanie Man from the British Columbia Center for Disease Control and Prevention (BCCDC), 

Vancouver, British Columbia, Canada (Table 2.3). The genotypes of the human norovirus samples 

were confirmed by the BCCDC prior to arrival at our laboratory. For the binding assay, HuNoV 

GII.4 positive stool samples were filtered using a Luer Lok 1 mL syringe (Becton Dickinson, 

Franklin Lakes, NJ) with an attached 0.45 µm syringe filter (Fisher Scientific). 
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Table 2.3. A listing of the HuNoV strains obtained from the BCCDC.  

Genotype Strain designation 

GII.2* FV19-15 

 FV19-239 

 FV19-468 

GII.4* FV18-658 

 FV18-673 

 FV18-683 

 FV19-18 

 FV19-27 

 FV19-36 

 FV19-48 

 FV19-55 

 FV19-59 

 FV19-61 

 FV19-63 

 FV19-74 

 FV19-85 

 FV19-271 

 FV19-295 

 FV19-345 

 FV19-352 

 FV19-361 

 FV19-378 

 FV19-403 

GII.7* FV19-33 

 FV19-34 

 FV19-267 

* The genotype identity was determined by the BCCDC.  

 

2.3.2 Enumeration of MNV-1 stock by plaque assay 

 In order to determine the concentration of MNV-1 stocks, a plaque assay was performed 

(Hwang et al., 2015). An overlay medium was required for this; two types of overlay were selected, 

i.e., methylcellulose (Sigma Aldrich, St. Louis, MO) and agarose overlays (Lonza, Greenwood, 

SC) (Appendix A, Table A2 and Table A3). Both were tested to determine which one would give 

clearer plaques for enumeration purposes.  
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 The stock of MNV-1 obtained from Dr. Habash was enumerated using a plaque assay. BV-

2 cells were seeded into 24-well plates (Fisher Scientific) at a concentration of 1.25 x 105 cells/well 

in 2 mL supplemented DMEM, which were then incubated at 37°C in 5% CO2. After 48 h, the 

cells were washed with unsupplemented DMEM. The MNV-1 stock was serially-diluted and then 

200 µL of the dilutions were added to wells of the plate (in triplicate). The plates were placed onto 

an agitator (i.e., shaker) for 1 h at RT. After 1 h, the virus inoculum was removed and the wells 

were washed once using unsupplemented DMEM. Once washed, 500 µL of pre-warmed plaque 

overlay was added to each of the wells. The plates were then returned to the 37°C and 5% CO2 

incubator for 72 h.  

 After 72 h, the plaque overlay was removed and 500 µL of 0.1% crystal violet (Fisher 

Scientific) was added to each well and allowed to stain the cells for 1 h before the dye was 

removed. Once the dye was removed the cells were washed with deionized water and allowed to 

air-dry. After drying, the plaques in the cells were counted and the plaque forming units/mL 

(PFU/mL) were determined using the following equation (Hwang et al., 2015): 

 PFU/mL = (Average number of plaques x dilution factor)/volume (mL) plated 

 After the first run of this plaque assay, it was deemed that methylcellulose gave clearer 

plaques and so it was chosen as the overlay for all future plaque assays. 

2.3.3 Preparation of MNV-1 stocks by infection of BV-2 cells 

 To produce MNV-1 stocks for future experiments, BV-2 cells were infected to propagate 

more viruses. Flasks of 80% confluent BV-2 cells were used. Cells were detached, pelleted, 

resuspended, enumerated and 4 x 107 cells were seeded into a 175 cm2 cell culture flask. MNV-1 

was added to the cells at a multiplicity of infection (MOI) of 0.05 (approximately 2.0 x 106 PFU 
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total or approximately 6.6 x 105 PFU/mL of virus). The viruses were allowed to infect for 48 h and 

cells were observed for cytopathic effects (CPE) over the time period using an inverted 

microscope. CPE in this case refers to structural changes in a cell due to viral infection. Common 

structural changes observed were detachment of cells from the monolayer and rounding of infected 

cells. Once infection was completed, as indicated by 100% of cells with CPE (approximately 48 

h), the contents of the flask were pooled and then subjected to two freeze-thaw cycles at -80°C to 

lyse any potentially remaining surviving cells. Afterwards, the cellular debris was separated from 

the virus using centrifugation at 4500 x g for 5 min and enumerated using the same methylcellulose 

plaque assay as in section 2.3.2. The supernatant containing the virus was aliquoted in 1 mL 

portions and frozen in a -80°C freezer for future experiments.  

2.3.4 Enumeration of MNV-1 and HuNoV GII.4 stock using droplet digital PCR 

 Droplet-digital PCR (ddPCR) was used to determine the concentration of virus stocks in 

genome copies/µL. For this work, droplets were produced using a QX200 Droplet Generator (Bio-

Rad), reactions were amplified using a C1000 Thermocycler (Bio-Rad), droplets were quantified 

using a QX200 Droplet Reader (Bio-Rad) and analyzed using QuantaSoft Software (Bio-Rad). 

 The RNA from 140 µL of an MNV-1 cell culture lysate stock and HuNoV GII.4 positive 

stool samples were extracted using the QIAmp Viral RNA Mini Kit (QIAGEN, Mississauga, ON) 

following the manufacturer’s protocol. A total of 5 µL (1:4 ratio of final volume) of purified viral 

RNA was converted to cDNA using the SuperScript VILO cDNA Synthesis Kit (Invitrogen) 

following the manufacturer’s protocol. This cDNA was the template for the ddPCR reactions. 

Primers and probes for these reactions were specific to MNV-1 or HuNoV GII.4 (Table 2.4). The 

ddPCR reaction mixture consisted of 1X ddPCR Supermix for Probes (Bio-Rad), 1000 nM forward 

primer, 1000 nM reverse primer and 250 nM of probe brought up to a final volume of 18.75 µL 
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using nuclease-free water. A total of 6.25 µL of cDNA was added to the reaction mixture in the 

corresponding wells (in triplicate). The actual amount that underwent droplet generation was 20 

µL, but 25 µL was prepared and all components were increased by 1.25X. This was done to reduce 

potential technical errors. Due to this, the amount of cDNA that was actually loaded into the 

reaction was 5 µL, which is an amount recommended in related literature (Persson et al., 2018). 

The samples underwent droplet generation following the manufacturer’s protocol. Briefly, 20 µL 

of each sample and 70 µL of Droplet Generation Oil for Probes (Bio-Rad) were added to their 

corresponding wells of a DG8 Cartridge (Bio-Rad). The cartridges were covered with a DG8 

Gasket (Bio-Rad) and loaded into the QX200 droplet generator (Bio-Rad) to generate droplets. 

The generated droplets were removed and loaded into a ddPCR 96 well-plates (Bio-Rad). After all 

samples were loaded, the plate was covered using a PCR Plate Foil Heat Seal (Bio-Rad) and sealed 

using a PX1 PCR Plate Sealer (Bio-Rad).  

 The plate was loaded into a C1000 Deep Well Thermocycler (Bio-Rad), using the 

following cycling conditions for (i) MNV-1 (based upon protocol suggested by Bio-Rad) and (ii) 

HuNoV (based upon protocol in Nasheri et al., 2017). (i) MNV-1 : Enzyme activation at 95°C for 

10 min, followed by 40 cycles of denaturation at 94°C for 30 s and annealing/extension at 60°C 

for 1 min, enzyme deactivation at 98°C for 10 min and a final hold at 4°C; (ii) HuNoV GII.4: 

enzyme activation at 95°C for 5 min, followed by 45 cycles of denaturation at 95°C for 30 s and 

annealing/extension at 50°C for 1 min, enzyme deactivation at 98°C for 10 min and a final hold at 

4°C. After thermocycling was completed, the plate was loaded into the QX200 Droplet Reader 

and using QuantaSoft Software v.1.7 a plate layout was set out following the location of the 

samples in the plate. The samples were analyzed by this software using FAM as the target type 
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and using the software’s default settings. Once the reading was completed, the output was given 

in genome copies/µL. 

 Samples were run in biological duplicates with technical triplicates. The effective 

quantification range of ddPCR is between 1 and 5000. Due to this, serial 10-fold dilutions of the 

converted cDNA were used to quantify when the concentration of virus exceeded the limit of this 

reaction. A minimum of 7000 droplets (as suggested by Bio-Rad) was required, or the reaction 

was considered to be unsuccessful. Negative controls included a no template control, consisting of 

nuclease-free water in place of cDNA, and a negative control using unconverted viral RNA in 

place of the cDNA. For further controls, cDNA of HuNoV GII.4 was tested using MNV-1 primers 

and vice-versa and HuNoV GI.1 cDNA was tested using HuNoV GII.4 primers.  

Table 2.4. Primers used for MNV-1 and HuNoV GII.4 ddPCR. 

1 All oligonucleotides/probes used in this study were synthesized by Eurofins Genomics. 
2 Probes were labeled with FAM-TAMRA. 

 

Virus Target Primer1 Seq 5’ to 3’ Amplicon 

size 

Reference 

MNV-1 ORF1 MNVKS1 

(F) 

AGGTCATGCGAGATCAGCTT 159 bp (Bae & 

Schwab, 

2008) MNVKS2 

(R) 

CCAAGCTCTCACAAGCCTTC 

MNVKS3 

(probe2) 

FAM-

CAGTCTGCGACGCCATTGAGAA-

TAMRA 

HuNoV 

GII.4 

ORF1-

ORF2 

junction 

COG2F 

(F) 

CARGARBCNATGTTYAGRTGGATGAG 88 bp (Kageyama 

et al., 2003) 

COG2R 

(R) 

TCGACGCCATCTTCATTCACA 

RING2TP 

(probe2) 

FAM-TGGGAGGGCGATCGCAATCT-

TAMRA 
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2.4 Determination of cytotoxicity of potential probiotics against BV-2 cells 

 This assay was performed to determine any cytotoxic effects of 25 potential probiotic 

strains (thirty were initially targeted, however, 5 were removed due to inconsistent identities based 

upon the 16S results) on the BV-2 cell line (Table 2.5). This was done to ensure that any cytopathic 

observations on the cells in future experiments were due to viral infection and not due to the 

potential probiotics themselves. This assay was based upon a protocol from Li et al. (2016) with 

some modifications. 

 

 

 

 

Table 2.5. Strains tested on BV-2 cells to determine potential cytotoxicity induced by these strains. 
ID# Identity at time of culture collection: 

1 Lactobacillus johnsonii NCC533 

2 Lactobacillus fermentum RC-14 

3 Lactobacillus paracasei immunitas 

5 Lactobacillus reuteri 

6 Lactococcus lactis lactis 

7 Lactococcus lactis cremoris 

8 Leuconostoc citreum LA-108 

10 Leuconostoc lactis LA-6 

12 Pediococcus acidilactici 

13 Pediococcus pentosaceus 

14 Lactobacillus helveticus R0052 

15 Lactobacillus helveticus R0389 

16 Lactobacillus paracasei R0215 

17 Lactobacillus plantarum R1012 

18 Lactobacillus rhamnosus R0011 

21 Bifidobacterium longum R0175 

22 Lactococcus lactis R1088 

23 Lactobacillus rhamnosus R0049 

24 Lactobacillus rhamnosus GG R0343 
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25 Pediococcus acidilactici R1011 

26 Bifidobacterium adolescentis 16-6-I 11 FAA 

27 Bifidobacterium bifidum ATCC 29521 

28 Bifidobacterium breve AP74LG 

29 Bifidobacterium longum 16-6-I 4 FM 

30 Lactobacillus casei 16-6-I 25 MRS 

 

 All 25 strains were grown for 48 h in MRS broth anaerobically at 37°C. On the day of the 

experiment, the potential probiotics were inoculated into fresh MRS broth at a level of 2% of the 

total volume and incubated anaerobically at 37°C until they had reached mid log-phase 

(approximately an OD600 of 0.5; time required for each strain as determined by the growth curves 

in section 2.1.3). The bacteria were concentrated using centrifugation and resuspended in 

supplemented DMEM until an OD600 of 1.0 ± 0.5 was achieved.  

 In addition, 48 h before, 80% confluent BV-2 cells were seeded into a 24-well plate at a 

concentration of 1.25 x 106 cells per well and allowed to grow for 48 h at 37°C and 5% CO2. After 

incubation, the growth media was removed, and the cells were washed once using unsupplemented 

DMEM. A total of 200 µL of each of the resuspended potential probiotics was individually placed 

onto the BV-2 cells (in triplicate) and incubated for 3 h at 37°C and 5% CO2. After 3 h, a further 

200 µL of each bacterial strain was added on top and incubated for 1 h at 37°C and 5% CO2 (the 

times used are to mimic later experiments). After the incubation period was completed the 

inoculum was removed, the cells were washed with unsupplemented DMEM and 500 µL of fresh 

supplemented DMEM was added on to the cells. The plates were returned to the 37°C and 5% CO2 

incubator for 24 h.  

 After 24 h, the growth media in the wells were removed and replaced with neutral red dye 

(0.1%; Invitrogen) dissolved in PBS and incubated for a further 2 h at 37°C and 5% CO2. The dye 

was then removed, the cells were washed once and 500 µL of elution media (Appendix A, Table 
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A4) was added to each well. The plates were shaken gently for 10 min to cause disassociation of 

cells and dye from the walls of the wells and the optical density of the contents of each well was 

then read at 600 nm. Wells containing the potential probiotics were then compared to control wells 

which were not exposed to any of the strains.  

2.5 Infection of BV-2 cells by MNV-1 in the presence of the potential 

probiotics 

 This protocol was designed based upon previously published methods (Aboubakr et al., 

2014; Li et al., 2016) to determine any potential anti-viral or cellular protective effects of the 

potential probiotics on MNV-1 or BV-2 cells, respectively. Figure 2.2 gives a graphical overview 

of the following methodologies. 
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Figure 2.2. Graphical overview of methodology used for infection of BV-2 cells by MNV-1 in the presence of the potential probiotic 

strains. Briefly: (Step 1) Potential probiotics were prepared to achieve an OD600 value of 1.0; (Step 2) MNV-1 was added and allowed 

to incubate for 3 h; This protocol then splits into two separate conditions, (a) is the protocol as in 2.5.1 and (b) is the protocol as in 2.5.2; 

(Step 3a) Growth media was replaced with unsupplemented DMEM incubated for 3h; (Step 3b) Growth media was replaced with the 

potential probiotics and allowed to incubate for 3 h; (Step 4a) The potential probiotic-MNV-1 mixture was added on top of the DMEM; 

(Step 4b) The potential probiotic-MNV-1 mixture was added on top of the already present probiotics; (Step 5) All combinations were 

incubated for 1 h to allow MNV-1 to infect cells, after which the inoculum was removed, the cells were washed and fresh supplemented 

DMEM was added; (Step 6) Cellular observations began 20 h after infection was complete and continued until the control well (no 

treatment) reached 50 % of cells showing CPE.
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2.5.1 Infection of BV-2 by MNV-1 co-incubated with the potential probiotics 

 BV-2 cells at 80% confluence were trypsinized and seeded into the wells of a 24-well plate 

at a concentration of 1.25 x 105 and allowed to incubate for 48 h at 37°C and 5% CO2. The same 

day each potential probiotic strain (Table 2.5) was incubated anaerobically for 48 h at 37°C in 

MRS broth. On the day of the experiment, the potential probiotics were inoculated into fresh MRS 

broth at a level of 2% of the total volume and incubated anaerobically at 37°C until they had 

reached mid-log phase (approximately an OD600 of 0.5; time required for each strain as determined 

by the growth curves in section 2.1.3). The bacteria were then concentrated using centrifugation 

and resuspended in unsupplemented DMEM until an OD600 of 1.0 ± 0.5 was achieved (a 

concentration of approximately 107 CFU/mL).  

 After the bacterial preparation was completed, the growth media was removed from the 

cells and the cells were washed once using unsupplemented DMEM. Then a stock of MNV-1 was 

diluted to approximately 2.0 x 105 PFU/mL, and 900 µL of each of the potential probiotic strains 

was mixed with 100 µL of the diluted MNV-1 (a further 1:10 dilution of the MNV-1). For the 

positive control, 100 µL of the diluted virus was added to 900 µL of unsupplemented DMEM.  

The potential probiotic-MNV-1 mixture was incubated for 3 h at 37° and 5% CO2 before 

being used for infection. At the same time, the growth media was removed from the wells of the 

24-well plates. The BV-2 cells were then washed once with unsupplemented DMEM and 200 µL 

of unsupplemented DMEM was added to each well (each strain was assayed in triplicate). This 

was also incubated for 3 h. After the 3 h co-incubation periods, 200 µL of the potential probiotic-

MNV-1 co-incubated mixtures were added to their respective wells on top of the already present 

DMEM, resulting in a final viral concentration of 1.0 x 104 PFU/mL. The viruses were allowed to 
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infect for 1 h at 37°C and 5% CO2 with agitation. The inoculum was subsequently removed, the 

wells were washed once using unsupplemented DMEM and then 500 µL of supplemented DMEM 

was placed into each well and returned to the 37°C and 5% CO2 incubator.  

Starting at 20 h after the infection had been completed, cellular observations were taken 

every hour as measured visually by comparing the percentage of the intact monolayer to the 

negative control (wells with no virus). The infection period was deemed to be complete when the 

positive control (virus, but no potential probiotic treatment) wells showed approximately 50% CPE 

of the cell monolayer. At this point, a picture of a well from each treatment was taken using a C-

B5 microscope camera (Optika, Italy) at 10X magnification. The contents of the wells were 

removed, and the triplicate wells for each treatment were combined, filtered using a 0.22 µm Luer 

Lok syringe filter and then stored at -80°C. 

2.5.2 Infection of BV-2 cells pre-treated with the potential probiotics by MNV-1 co-

incubated with the potential probiotics 

 This protocol was identical to the one described in section 2.5.1, with only one 

modification. When the cells were being prepared, after removing the growth media and washing 

the cells, instead of adding 200 µL of unsupplemented DMEM, 200 µL of each of the OD600 

prepared potential probiotic strains were added to their corresponding wells. For the controls, 200 

µL of unsupplemented DMEM was added instead of the prepared potential probiotics. 

2.6 Binding of the potential probiotics to MNV-1 and HuNoV GII.4 

 This assay was based upon a protocol in Lei et al. (2016a) with some modifications. This 

test was completed to determine any binding interactions between the potential probiotic strains 

and MNV-1 and/or HuNoV GII.4, as a potential means for biocontrol of these viruses. Six strains 
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were selected (selection criteria further discussed in results and discussion sections) for this 

experiment: L. johnsonii NCC533 (ID#1), L. lactis sub species cremoris (ID#7), L. helveticus 

R0052 (ID#14), L. rhamnosus R0011 (ID#18), B. adolescentis 16-6-I 11 (ID#26) and L. casei 16-

6-I 25 (ID#30). Figure 2.3 gives a graphical overview of the methodology for the binding 

experiments. 
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Figure 2.3. Graphical overview of methodology used for binding of NoV by the potential 

probiotics.
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 The six potential probiotic strains were grown for 48 h in MRS broth anaerobically at 37°C. 

On the day of the experiment, the potential probiotics were inoculated into fresh MRS broth at a 

level of 2% of the total volume and incubated anaerobically at 37°C until they had reached mid 

log-phase (approximately an OD600 of 0.5; time required for each strain as determined by the 

growth curves described in section 2.1.3). The broth was centrifuged, and the cells resuspended in 

PBS to an OD600 of 1.0 ± 0.5. The prepared potential probiotics were then aliquoted into 1 mL 

portions. For the control, PBS was added instead of the potential probiotics. Two concentration of 

NoV (MNV-1 or HuNoV GII.4) were tested with this concentration of the potential probiotic 

strains, i.e., 106 and 104 genome copies/mL. 

 For the first concentration, i.e., 106 genome copies/mL, stocks of both MNV-1 and HuNoV 

GII.4 were thawed and diluted to ~104 genome copies/µL. A total of 100 µL of both MNV-1 and 

HuNoV GII.4 was added to tubes containing 1 mL of the treatments for a final concentration of 

~106 genome copies/mL. These mixtures were tilted to mix and then incubated for 3 h at 37°C 

under an atmosphere of 5% CO2. After 3 h, the tubes were pelleted at 6000 x g for 3 min and the 

supernatants were placed into new 1.5 mL Eppendorf tubes. Theses tubes were stored at -80°C 

until quantification. The viruses in the supernatants were quantified using ddPCR following the 

same protocols (for MNV-1 and HuNoV GII.4) described in section 2.3.4. 

This was then repeated for the second concentration ratio, i.e., 104 genome copies/mL. For 

this, stocks of both MNV-1 and HuNoV GII.4 were thawed and diluted to ~102 genome copies/µL. 

A total of 100 µL of both MNV-1 and HuNoV GII.4 were added to the tubes containing 1 mL of 

the treatments, for a final concentration of ~104 genome copies/mL. 

 The same protocol as described above was then repeated using the following variations. (i) 

The inclusion of E. cloacae as a binding control, as it has been previously shown to have an ability 
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to bind to HuNoV GII.4 virions and VLPs (Lei et al., 2016a); (ii) an increase in the concentration 

of bacteria to an OD600 of 1.5 (~109 CFU/ml). To achieve this concentration, the six strains were 

grown for 48 h in MRS broth anaerobically at 37°C. On the day of the experiment, the probiotics 

were inoculated into fresh MRS broth at a level of 2% of the total volume and incubated 

anaerobically at 37°C until they had reached mid- log phase (an approximate OD600 of 0.5; time 

required for each strain as determined by the growth curves outlined in section 2.1.3). The bacteria 

were then concentrated using centrifugation and resuspended in PBS until an OD600 of 1.5 ± 0.5 

was reached; (iii) the concentration of the virus was decreased to 103 genome copies/mL. In this 

case, the stocks of MNV-1 as well as HuNoV GII.4 were diluted to 101 genome copies/µL before 

100 µL was added to the tubes containing the potential probiotic strains or control treatments to 

achieve the desired final concentration. 

2.7 Statistical analysis 

 All statistical analysis was done using R statistical software (available from: https://www.r-

project.org/). Analysis of variance (ANOVA) was used to determine statistical differences between 

biological replicates, between different treatments in the BV-2 infectivity assay and between 

treatments in the binding assays. If ANOVA indicated that there was a significant variance, a 

Dunnett’s test was completed to determine between which treatments the statistical differences 

occurred. 

 

https://www.r-project.org/
https://www.r-project.org/
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CHAPTER 3 - RESULTS 

3.1 Bacteria used in this study 

3.1.1 16S rRNA sequencing results 

 All strains obtained from the Canadian Research Institute for Food Safety (CRIFS) and Dr. 

Habash’s lab underwent 16S rRNA sequencing and were identified using nucleotide BLAST. 

Lactobacillus johnsonii NCC 533 was obtained directly from Nestlé and the identity of strains 

from the Dr. Allen-Vercoe lab group were confirmed prior to being obtained, and so these strains 

did not undergo 16S rRNA sequencing. All strains and their sequence identifications are listed in 

Table 3.1.   
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Table 3.1. Nucleotide BLAST results of 16S rRNA sequences. Light purple(   ) = strains which 

did not undergo sequencing in this study and were sequenced by other groups beforehand; light 

green (   ) = strains whose identities were confirmed; yellow (    ) = strains whose identities were 

confirmed, but only at the genus level; orange (    )  = strains whose identities at time of collection 

were rejected. In the cases where identities were rejected, a new identity was given with its 

respective % similarity; N/A= did not undergo sequencing. 

1 Strains identified as respective names but identity either not confirmed or status of confirmation unknown. 
2 Confirmation of strains identity by 16S rRNA sequencing done in this study.  
3 % similarity not given to 16S identity if the identity was confirmed, as it would be identical to % similarity for the 

identity at the time of collection. 

 

ID# Identity at time of culture 

collection1: 

% 

similarity 

to identity 

at time of 

culture 

collection: 

16S rRNA sequencing identity2: % 

similarity 

16S 

confirmed 

identity3: 

1 Lactobacillus johnsonii NCC533 - N/A - 

2 Lactobacillus fermentum RC-14 95% Lactobacillus spp. 98% 

3 Lactobacillus paracasei immunitas 99% Confirmed - 

4 Lactobacillus plantarum LA-89 93% Pediococcus acidilactici 99% 

5 Lactobacillus reuteri 93% Lactobacillus rhamnosus 99% 

6 Lactococcus lactis lactis 99% Confirmed  - 

7 Lactococcus lactis cremoris 99% Confirmed - 

8 Leuconostoc citreum LA-108 98% Leuconostoc spp. - 

9 Leuconostoc citreum LA-113 86% Staphylococcus pasteuri 99% 

10 Leuconostoc lactis LA-6 86% Pediococcus pentosaceus 99% 

11 Leuconostoc mesenteroides LA-7 86% Pediococcus pentosaceus 99% 

12 Pediococcus acidilactici 89% Lactobacillus paracasei 99% 

13 Pediococcus pentosaceus 99% Confirmed - 

14 Lactobacillus helveticus R0052 99% Confirmed - 

15 Lactobacillus helveticus R0389 99% Confirmed - 

16 Lactobacillus paracasei R0215 98% Lactobacillus spp. - 

17 Lactobacillus plantarum R1012 99% Confirmed - 

18 Lactobacillus rhamnosus R0011 99% Confirmed - 

19 Bifidobacterium bifidum R0071 79% Bacillus subtilis 99% 

20 Bifidobacterium infantis R0033 82% Enterococcus spp. 99% 

21 Bifidobacterium longum R0175 98% Bifidobacterium spp. - 

22 Lactococcus lactis R1088 99% Confirmed - 

23 Lactobacillus rhamnosus R0049 98% Lactobacillus spp. - 

24 Lactobacillus rhamnosus GG R0343 99% Confirmed - 

25 Pediococcus acidilactici R1011 99% Confirmed 99% 

26 Bifidobacterium adolescentis 16-6-I 

11 FAA 
- 

N/A - 

27 Bifidobacterium bifidum ATCC 

29521 
- 

N/A - 

28 Bifidobacterium breve AP74LG - N/A - 

29 Bifidobacterium longum 16-6-I 4 FM - N/A - 

30 Lactobacillus casei 16-6-I 25 MRS - N/A - 
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 Among the sequenced strains, the identity of 13 (54%) were confirmed by 16S rRNA 

sequencing. These strains all had a ≥ 98.7% sequence similarity to strains in the NCBI nucleotide 

BLAST database, which is enough to confirm a species identity (Stackebrandt & Ebers, 2006).  

 Five strains, highlighted in yellow in Table 3.1, had their identities confirmed, but only at 

the genus level. These strains all had a 95% to 98.7% sequence similarity, which is enough to 

confirm identity at the genus but not at the species level (Stackebrandt & Ebers, 2006). The strains 

previously identified as L. fermentum RC-14, L. citreum LA-108, L. paracasei R0215, B. longum 

RO175 and L. rhamnosus R0049 were reclassified as Lactobacillus spp., Leuconostoc spp., 

Lactobacillus spp., Bifidobacterium spp. and Lactobacillus spp., respectively.  

 After 16S rRNA sequencing, 8 strains were identified as a different species of bacteria than 

the initial identity. For all of these sequences, the % similarity to sequences of the initial identity 

was <95%. These strains are highlighted in orange in Table 3.1. The initial and new identity are 

as follows: L. plantarum LA-89 → P. acidilactici, L. reuteri → L. rhamnosus, L. citreum LA-113 

→ S. pasteuri, L. lactis LA-6 → P. pentosaceus, L. mesenteroides LA-7 → P. pentosaceus, P. 

acidilactici → L. paracasei, B. bifidum R0071 → B. subtilis, and B. infantis R0033 → 

Enterococcus spp. 

 Among the 8 strains whose identities were deemed to be incorrect by 16S rRNA 

sequencing, six were identified as members of the lactic acid bacteria (LAB) group. Only two 

strains, L. citreum LJH 61 and B. bifidum which were identified as likely being S. pasteuri, and B. 

subtilis, respectively, changed from being a member of the LAB group to a non-LAB species. This 

could potentially be due to contamination of the stock cultures, as both bacteria are common 

laboratory contaminants. 
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 Strains which had their identities changed, either to a new species identity or to a species 

within a genus, will be referred to from this point forward as the 16S confirmed identity. 

3.1.2 Selection of potential probiotic strains based on 16S rRNA sequencing 

 Based upon the results of the 16S rRNA sequencing, five strains were removed from the 

study. Three of these, L. citreum LA-113, B. bifidum R0071 and B. infantis R0033, had their 

identities rejected based upon BLAST results. The likely identities of these three based upon 

BLAST results were S. pasteuri, B. subtilis and Enterococcus spp. respectively. S. pasteuri is a 

known opportunistic pathogen and was dropped from this study for this reason. Strains of B. 

subtilis and Enterococcus spp. may be pathogenic and due to the fact the strain identity is 

unknown, both of these were also dropped from the study. One of the three strains of both P. 

acidilactici (initially L. plantarum LA-89) and P. pentosaceus (initially L. mesenteroides LA-7) 

were also dropped to reduce the number of strains to 25, based upon the fact that these species had: 

i) multiple coverage options; ii) no recognized strain differences; and iii) the fact that the two 

strains had their initial identities rejected.  

3.1.3 Growth curves 

 The remaining 25 strains, after five strains were dropped from this study (S. pasteuri, B. 

subtilis, Enterococcus spp., P. acidilactici and P. pentosaceus), underwent growth curve analysis. 

Growth curves for all strains can be seen in Appendix C. The main purpose of these experiments 

was to calculate growth rates and the time required to reach an OD600 of 0.5 for future experiments 

after the addition of 2% of a 48 h culture to fresh broth (Table 3.2). 
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Table 3.2. Time required for various potential probiotics to reach an OD600 of 0.5.  

* All strains were grown anaerobically at 37°C in MRS broth.  

 The time to reach an OD600 of 0.5 varied between 2.96 h to 6.11 h. The majority of strains 

reached an OD600 of 0.5 by 5 h, with only two taking longer. L. helveticus R0052 took just slightly 

over 5 h, at 5.33, and L. rhamnosus GG R0343 was an outlier in this group, taking over 6 h to 

reach this OD value. More than half (14 out of 25) of the strains took 4 h or less and can be 

considered fast growing.  

ID# Identity Time to reach an OD600 of 0.5* 

21 Bifidobacterium spp.  2.95 h (~3 h) 

22 L. lactis lactis R1088 2.97 h (~3 h) 

15 L. helveticus R0389 3.03 h (~3 h) 

8 Leuconostoc spp. 3.37 h (~3 h 20 min) 

10 P. pentosaceus 3.43 h (~3 h 30 min) 

17 L. plantarum R1012 3.47 h (~3 h 30 min) 

1 L. johnsonii NCC533 3.64 h (~3 h 40 min) 

2 Lactobacillus spp. 3.65 h (~3 h 40 min) 

13 P. pentosaceus 3.66 h (~3 h 40 min) 

3 L. paracasei immunitas 3.68 h (~3 h 40 min) 

29 B. longum 16-6-I 4 FM 3.72 h (~3 h 45 min) 

26 B. adolescentis 16-6-I 11 FAA 3.86 h (~3 h 50 min) 

23 Lactobacillus spp. 3.90 h (~3 h 55 min) 

27 B. bifidum ATCC 29521 3.95 h (~3 h 55 min) 

25 P. acidilactici R1001 3.96 h (~4 h) 

12 L. paracasei 4.01 h (~4 h) 

5 L. rhamnosus 4.14 h (~4 h 10 min) 

18 L. rhamnosus R0011 4.28 h (~4 h 15 min) 

16 Lactobacillus spp.  4.36 h (~4 h 20 min) 

28 B. breve AP74LG 4.37 h (~4 h 20 min) 

30 L. casei 16-6-I 4 FM 4.80 h (~4 h 50 min) 

6 L. lactis lactis 4.87 h (~4 h 50 min) 

7 L. lactis cremoris 5.00 h (~5 h) 

14 L. helveticus R0052 5.33 h (~5 h 20 min) 

24 L. rhamnosus GG R0343 6.11 h (~6 h 5 min) 
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3.2 Viruses used in this study 

3.2.1 Enumeration of MNV-1 stocks by methylcellulose plaque assay 

 To produce stocks of murine norovirus-1 (MNV-1) for future experiments, five separate 

infections of BV-2 cells were conducted After infections were completed, the concentration of 

MNV-1 in plaque forming units (PFU)/mL was determined using a plaque assay. For this, two 

plaque counting methods were tested, a methylcellulose and an agarose overlay (Figure 3.1). The 

agarose overlay did not result in plaques that were as clear as the methylcellulose overlay. 

Therefore, the methylcellulose assay was chosen for all the virus concentration experiments. All 

of the infections started with approximately 6.6 x 105 PFU/ml (from a pre-quantified stock 

obtained from Dr. Habash) and ended with between 2 x 107 and 3.5 x 107 PFU/mL post-infection 

BV-2 cells after 48 h, about a 2-log increase in viral PFU/mL (Table 3.3). 

  

Figure 3.1. Comparison between plaques produced by the (A) methylcellulose overlay and (B) 

agarose overlay.  
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Table 3.3. Concentration of MNV-1 stock in PFU/mL as determined by the methylcellulose plaque 

overlay method. 

 

3.2.2 Enumeration of MNV-1 and a HuNoV GII.4 by ddPCR 

 The MNV-1-E stock and a human norovirus (HuNoV) GII.4 FV19.378 fecal positive stool 

sample were enumerated using droplet-digital PCR (ddPCR). This was run in biological duplicates 

and technical triplicates. The obtained genome copies/µL (genome copies/mL) values were used 

for subsequent binding experiments. The MNV-1E stock had a concentration of 5.0 x 1010 genome 

copies/mL. When this value is compared to the plaque assay value, 3.2 x 107 PFU/mL, a difference 

of ~ 3.19 logs is observed. The HuNoV GII.4 concentration was 5.0 x 108 genome copies/mL. 

 HuNoV GII.4 cDNA was also tested with MNV-1 primers and vice-versa and no 

amplification occurred. As well, HuNoV GI.1 cDNA was tested with the GII.4 specific primers 

without any amplification occurring. For both viruses, the negative controls which consisted of 

nuclease free-water or viral RNA also did not result in any amplification. Due to the upper limit 

of ddPCR of ~5000 genome copies/µL, these results were obtained using serial 10-fold dilutions 

of the initially produced cDNA. 

3.3 Cytotoxicity of the potential probiotic strains on the BV-2 cell line 

 After application of the potential probiotic strains to the BV-2 cells, and incubation of the 

cells for 24 h, cytotoxicity of these potential probiotics on the BV-2 cells was determined. Neutral 

red was used to stain the BV-2 cells post incubation; OD600 measurements were then taken after 

MNV-1 stock  Average number of plaques per well PFU/mL 

MNV-1-A 11.5 2.30 x 107 ± 7.50 x 105 

MNV-1-B  12 2.40 x 107 ± 1.00 x 106 

MNV-1-C 13 2.60 x 107 ± 1.50 x 106 

MNV-1-D 19.5 3.90 x 107 ± 1.25 x 106 

MNV-1-E  16 3.20 x 107 ± 5.00 x 105 
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the cells were stained to determine any cytotoxicity from the potential probiotics on the cells. The 

OD600 values were then compared to the OD600 value of the control (no potential probiotic) 

treatment and expressed as a percentage value of the control treatment value (Table 3.4). In order 

to determine which strains were causing significant cytotoxicity, a reduction of greater than 12% 

when compared to the control treatment, was chosen as a cut-off value. This value was chosen 

based upon the standard deviation of the control treatment, which was 12%  

Table 3.4. Optical density measurements (600 nm) of potential probiotic treated BV-2 cells as 

compared to the control (no potential probiotic) treatment and expressed as a percentage of the 

control. The OD600 value of the no treatment control was given the value of 100% and used as a 

standard to compare to treated cells. 

  

ID# Identity Percentage of no treatment control 

1 L. johnsonii NCC533 91.961 ± 0.755 

2 Lactobacillus spp. 91.788 ± 0.625 

3 L. paracasei immunitas 84.723 ± 1.495 

5 L. rhamnosus 97.383 ± 5.465 

6 L. lactis sub lactis 97.252 ± 5.781 

7 L. lactis sub cremoris 96.988 ± 6.574 

8 Leuconostoc spp. 89.773 ± 0.397 

10 P. pentosaceus 67.423 ± 1.046 

12 L. paracasei 91.369 ± 2.434 

13 P. pentosaceus 95.902 ± 0.359 

14 L. helveticus R0052 95.132 ± 6.268 

15 L. helveticus R0389 99.498 ± 0.721 

16 Lactobacillus spp.  60.553 ± 16.473 

17 L. plantarum R1012 92.126 ± 0.887 

18 L. rhamnosus R0011 95.994 ± 4.477 

21 Bifidobacterium spp.  42.444 ± 1.951 

22 L. lactis ssp. lactis R01088 82.198 ± 1.025 

23 Lactobacillus spp. 91.384 ± 1.331 

24 L. rhamnosus GG R0343 60.009 ± 19.636 

25 P. acidilactici R1001 95.452 ± 1.038 

26 B. adolescentis 16-6-I 11 FAA 90.852 ± 1.492 

27 B. bifidum ATCC 29521 101.233 ± 1.802 

28 B. breve AP74LG 96.430 ± 2.534 

29 B. longum 16-6-I 4 FM 93.774 ± 2.618 

30 L. casei 16-6-I 25 MRS 97.293 ± 1.495 
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 The majority of the potential probiotic strains (19 of 25) had less than a 12% reduction in 

the OD600 value. For these strains, the OD600 values were within the range of the standard deviation 

of the control treatment and thus were deemed not to have caused significant cytotoxic effects to 

the BV-2 cells. However, six strains caused a greater than 12% reduction in the OD600 value. This 

included L. paracasei (84.723 ± 1.945 %), P. pentosaceus (67.423 ± 1.046 %), Lactobacillus spp. 

(60.553 ± 16.473 %), Bifidobacterium spp. (42.444 ± 1.951 %), L. lactis sub species lactis R1088 

(82.198 ± 1.025 %) and L. rhamnosus GG R0343 (60.009 ± 19.636 %). Due to causing significant 

cytotoxicity to the BV-2 cells, these six strains were discarded and no longer used in future 

experiments.  

3.4 Ability of the potential probiotics to reduce infectivity of MNV-1 on BV-

2 cells 

3.4.1 Co-incubation of MNV-1 with the potential probiotics with no pre-treatment of BV-

2 cells by the potential probiotics 

 For this experiment MNV-1 and potential probiotics were co-incubated before being 

applied to BV-2 cells. The virus was then allowed to infect before being removed and the BV-2 

cells were returned to incubate. Cells were visually observed for signs of cytopathic effects (CPE) 

starting 20 h after removal of viral inoculum using an inverted microscope at 10X magnification. 

The main indication that CPE were occurring was the detachment of the BV-2 cells from the 

monolayer. Visual observation of the cells continued until approximately 50% of the BV-2 cells 

in the control treatment (MNV-1 present, but no potential probiotic treatment) showed visual signs 

of CPE. Further controls included an infection control which used 100X more MNV-1 than all 

other treatments to ensure the MNV-1 used in this study were still infective and a negative control 

which did not undergo treatment with any of the potential probiotics or infection with MNV-1. 
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Visual observations (Appendix D) were then taken of all of the wells and expressed as a % value 

of cells not exhibiting CPE, using the negative control treatment as a reference point (set at 100% 

of cells not exhibiting CPE) (Figure 3.2). Representative examples of pictures for results from 

various percentile group are also given (Figure 3.3). These groups include samples: (1) between 

60 and 50%; (2) between 50 and 40%; (3) between 40 and 30%; (4) less than 30%; (5) the no 

treatment control; and (6) the negative control. Pictures of all treatments can be seen in Appendix 

D. 

Figure 3.2. Percentage of BV-2 cells not exhibiting CPE after infection with MNV-1 which was 

co-incubated with the potential probiotic strains.  
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Figure 3.3. Pictures of cellular monolayers of representative treatments for different result groups. 

10X magnification taken using a camera attached to an inverted microscope. (1) L. helveticus 

R0389, treatment between 60 and 50%; (2) B. breve AP74LG, treatment between 50 and 40%; (3) 

L. rhamnosus, treatment between 40 and 30%; (4) L. lactis sub species lactis, treatment less than 

30%; (5) the no treatment control, 45%; and (6) the negative control, 100%. 

  

 The no treatment control had 45% of cells not exhibiting CPE. The target for this 

experiment was 50%, indicating the experiment was allowed to run slightly too long. However, all 

treatments were ran for the same time and so the results can still be compared. There was no 

statistical difference in the percentage of cells not exhibiting CPE among any of the potential 

probiotic treatments when compared to the no treatment control (Figure 3.2). While treatment with 

the potential probiotics strains did not result in a significantly higher number of cells surviving 

than the no treatment control, treatment with some strains did result in a higher average number of 

cells than the no treatment control average (45%) including: L. helveticus R0389 (51.7%, P = 

0.228), L. plantarum R1012 (53.3%, P = 0.154), L. rhamnosus R0011 (53.3%, P = 0.154) and B. 
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adolescentis 16-6-I 11 FAA (50.0%, P=0.285). The infection control, containing 100X the number 

of viruses in relation to all other treatments, had all cells exhibiting CPE and was used to ensure 

the MNV-1 used in this study were still infective and viable. The negative control had few or no 

cells exhibiting CPE. It was used as a means of comparison or as a baseline with the percentage of 

cells not exhibiting CPE being set at 100%. 

3.4.2 Co-incubation of MNV-1 with the potential probiotics with pre-treatment of BV-2 

cells by the potential probiotics 

 For this experiment, MNV-1 and the potential probiotics were co-incubated and then this 

mixture was applied to BV-2 cells, which were also pre-treated with the potential probiotics. The 

virus was allowed to infect the BV-2 cells for 1 h before being removed and returned to incubate. 

Cells were visually observed starting 20 h after removal of the virus for signs of infection by MNV-

1 i.e. detachment of the BV-2 cells from the monolayer. Visual observations of the cells continued 

until approximately 50% of the BV-2 cells in the control treatment (MNV-1 present, but no 

potential probiotic treatment) did not have visual signs of CPE. At this point, visual observations 

were then taken of all of the wells and expressed as a % value of cells not exhibiting CPE, using 

the negative control treatment as a reference point (set at 100% of cells not exhibiting CPE) (Figure 

3.4). Representative examples of pictures for results from various percentile group are also given 

(Figure 3.5). These groups include samples: (1) between 60 and 50%; (2) between 50 and 40%; 

(3) less than 40%; (4) the no treatment control; (5) the infection control; and (6) the negative 

control. Pictures of all treatments can be seen in Appendix D. 
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* = statistically significantly lower at P = 0.1. 

Figure 3.4. Percentage of BV-2 cells co-incubated with the potential probiotic strains not 

exhibiting CPE after infection with MNV-1 which was co-incubated with the potential probiotic 

strains.  
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Figure 3.5. Pictures of cellular monolayers of representative treatments for different result groups. 

10X magnification taken using a camera attached to an inverted microscope. (1) L. johnsonii 

NCC533, treatment greater than 60%; (2) L. lactis sub species cremoris, treatment between 60 and 

50%; (3) L. rhamnosus R0011, treatment between 50 and 40%; (4) P. pentosaceus, treatment less 

than 40%; (5) the no treatment control, 50%; and (6) the negative control, 100%. 

 

 There was no statistical difference in the percentage of cells not exhibiting CPE among any 

of the potential probiotic treatments when compared to the no treatment control, with two 

exceptions (Figure 3.3) i.e. Leuconostoc spp. (P = 0.089) and P. pentosaceus (P = 0.052) were 

significantly lower than the no treatment control. In these treatments, the potential probiotic plus 

virus may be causing more CPE than the virus alone infection control. There were no strains with 

a significantly higher number of cells surviving than the no treatment control, however, two strains 

had a higher average number of cells than the no treatment control including: L. johnsonii NCC533 

(63.3%, P = 0.247) and L. lactis sub species cremoris (58.3%, P = 0.206). The two further controls, 

the infection, and negative controls, had identical treatments and results as in 3.5.1. 
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 Due to the inconclusive results obtained in sections 3.5.1 and 3.5.2, as well as some 

difficulties surrounding this experimentation such as the time required to process sample for 22 

different treatments and the subjective nature of visually observing cells for signs of CPE, further 

analysis was required. Therefore, we sought to determine a potential mode of action for the 

potential probiotics, namely if they could bind MNV-1 and/or HuNoV GII.4. To expedite this 

work, a smaller subset of the potential probiotic strains was selected for further analysis (Table 

3.5). These strains were selected based upon some positive results in infectivity assays or if they 

were shown to be effective as a bio-control agent against norovirus or Calicivirus in related 

literature. 

Table 3.5. The six potential probiotic strains which were selected for further analysis and the 

rationale for their selection.  

 

Strain Reason for selection 

L. johnsonii NCC 533 Had a (non-significant) increase in survival average of 

13.3% as compared to the no-treatment control in section 

3.5.2 

L. lactis sub species cremoris Had a (non-significant) increase in survival average of 8.3% 

as compared to the no-treatment control in section 3.5.2 

L. helveticus R0052 Well documented for its use as a potential probiotic 

supplement and for its health benefits (Taverniti & 

Guglielmetti, 2012) 

L. rhamnosus R0011 Had a (non-significant) increase in survival average of 8.3% 

as compared to the no-treatment control in section 3.5.1; 

protective effects against NoV in gnotobiotic pigs and 

ability to bind to NoV (Lei et al., 2016a) 

B. adolescentis 16-6-I 11 FAA Had a (non-significant) increase in survival average of 5% 

as compared to the no-treatment control in section 3.5.1; 

Good results for control of feline calicivirus (Li et al., 2016) 

L. casei 16-6-I 25 MRS Protective effects against Nov gastroenteritis (Nagata et al., 

2011) 
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3.5 Ability of selected potential probiotics to bind to and HuNoV GII.4 and 

MNV-1 virions 

3.5.1 Binding attempt using 107 CFU/mL of the potential probiotics with 106 genome 

copies/mL of viruses  

 Potential probiotic strains at 107 CFU/mL were used to attempt to bind to 106 genome 

copies/mL of both HuNoV GII.4 and MNV-1. Bacteria were pelleted and the viruses located in 

the supernatant were enumerated using ddPCR for both HuNoV GII.4 (Figure 3.6) and MNV-1 

(Figure 3.7).  

 

* Statistically significantly higher than the no probiotic treatment at P = 0.1. NTC = no template control. 

Figure 3.6. Genome copies/mL of HuNoV GII.4 after attempted binding with 107 CFU/mL of 

potential probiotics and 106 virions/mL.  
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* Statistically significantly higher than the no probiotic treatment at P = 0.1.  

** Statistically significantly higher than the no probiotic treatment at P = 0.05. NTC = no template control. 

Figure 3.7. Genome copies/mL of MNV-1 after attempted binding with 107 CFU/mL of potential 

probiotics and 106 virions/mL.  
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Table 3.6. Amplification (in genome copies/µL) of cDNA from treatments with only the potential 

probiotics (no-virus) using both MNV-1 and HuNoV GII.4 specific primers. 

Potential probiotic strain Genome copies/µL using 

MNV-1 Primers 

Genome copies/µL using 

HuNoV GII.4 Primers 

L. johnsonii NCC 533 0.02 0.02 
L. lactis sub cremoris 0.05 0.10 
L. helveticus R0052 0.11 0.07 
L. rhamnosus R0011 0.05 0.05 
B. adolescentis 16-6-I 11 FAA 0.05 0.18 
L. casei 16-6-I 25 MRS 0.00 0.04 
No probiotic 0.04 0.14 

 

 There was no significant amplification of genetic material from any of the potential 

probiotics when using both MNV-1 and HuNoV GII.4 primers when compared to the NTC, 

indicating that the significantly higher results in the binding assay were not due to amplification 

of the bacterial genetic material. 

 As well, ddPCR was run on a serial dilution of extracted MNV-1 RNA (initial 

concentration of ~107 genome copies/µL) which was converted to cDNA to ensure that the cDNA 

conversion kit efficiently converted RNA to cDNA across all concentrations of RNA used in these 

experiments (Table 3.7). 

Table 3.7. Genome copies/µL of cDNA converted from serially 10-fold diluted MNV-1 RNA.  

Dilution Factor of MNV-1 

RNA converted to cDNA 

(initial genome copies/µL) 

Genome copies/µL 

of cDNA 

Log genome 

copies/µL of 

cDNA 

Log difference 

between 

dilutions* 

Undiluted (~107) ALD ALD N/A 

10-1 (~106) ALD ALD N/A 

10-2 (~105) ALD ALD N/A 

10-3 (~104) ALD ALD N/A 

10-4 (~103) 3345.0±130 3.5 N/A 

10-5 (~102) 493.8±17.8 2.7 0.8 

10-6 (~101) 55.0±0.7 1.7 1.0 

10-7 (~100) 6.9±0.2 0.8 0.9 

10-8 (~10-1) 1.5±0.8 0.2 0.6 
* Difference between the log genome copies/µl of cDNA between the dilution and the prior dilution. ALD = above 

the limit of detection. N/A = no difference between dilutions able to be determined. 
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 When using dilutions containing higher initial concentrations of 107 to 105 genome 

copies/µl (undiluted -> 10-3) ddPCR was not able to quantify cDNA effectively as it was above 

the limit of detection. For the initial concentrations between 104 and 100 (dilutions between 10-4 

and 10-7) the log differences were between 0.8 and 1.0. At 10-8, the log difference from 10-7 was 

only 0.6. However, this may simply be due to the initial load being too low as the initial 

concentration of this sample was, on average, <1 genome copies/µL. For the binding experiments, 

initial viral concentrations of 103 genome copies/µL (106 genome copies/mL) to 100 genome 

copies/µL (103 genome copies/mL) were used. This corresponds to the 10-4 to 10-7 dilution, which 

is also the range where consistency was achieved with the methodology. 

3.5.2 Binding experiments using 107 CFU/mL of the potential probiotics with 104 genome 

copies/mL of both viruses  

 Binding was repeated using 107 CFU/mL of the potential probiotics in an attempt to bind 

to 104 virions/mL of both HuNoV GII.4 and MNV-1. Bacteria were pelleted and the supernatant 

was enumerated using ddPCR for both HuNoV GII.4 (Figure 3.8) and MNV-1 (Figure 3.9).  
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* Statistically significantly higher than the no probiotic treatment at P = 0.1.  

** Statistically significantly higher than the no probiotic treatment at P = 0.05. NTC = no template control. 

Figure 3.8. Genome copies/mL of HuNoV GII.4 after attempted binding with 107 CFU/mL of 

potential probiotics and 104 virions/mL.  

 

 

NTC = no template control. 

Figure 3.9. Genome copies/mL of MNV-1 after attempted binding with 107 CFU/mL of potential 

probiotics and 104 virions/mL.   
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 There were no significant decreases in viral genome copies/mL for both HuNoV GII.4 and 

MNV-1 between any of the potential probiotic treated samples and the no probiotic control. 

However, the same phenomenon where potential probiotic treatments caused significantly higher 

genome copies/mL than the no probiotic control was seen. This was only observed with HuNoV 

GII.4, not MNV-1, and only with the strains L. helveticus R0052 (P = 0.029) and L. rhamnosus 

R0011 (P = 0.057). 

3.5.3 Binding experiments using 109 CFU/mL of the potential probiotics with 103 genome 

copies/mL of both viruses  

 As was seen in sections 3.5.1 and 3.5.2, there was no significant decrease in viral genome 

copies/mL for any of the treatments when compared to the no probiotic control. For this reason, 

the test was repeated with a higher concentration of the potential probiotics. Binding was repeated 

using 109 CFU/mL of the potential probiotics to attempt to bind to 103 genome copies/mL of both 

HuNoV GII.4 and MNV-1. Bacteria were pelleted and the supernatant was enumerated using 

ddPCR for HuNoV GII.4 (Figure 3.10) and MNV-1 (Figure 3.11). For these studies, a binding 

control, Enterobacter cloacae, was also included, as it had shown a prior ability to bind to HuNoV 

GII.4 virions (Lei et al., 2016a). Two separate runs were completed and reported individually, as 

well as combined data. In regard to the MNV-1 binding tests, the two runs were significantly 

different from each other, which led to a high standard deviation when the data was combined. For 

MNV-1, it may be more valuable to look at each individual run instead of the combined data. For 

HuNoV, the two runs were not statistically significantly different and so it may be more valuable 

to analyze the combined data. 
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**Statistically significantly lower than the no probiotic treatment at P = 0.05. NTC = no template control. 

 

Figure 3.10a. Genome copies/mL of HuNoV GII.4 after attempted binding with 109 CFU/mL of 

potential probiotics and 103 virions/mL, run A. 

 

 

NTC = no template control.  

Figure 3.10b. Genome copies/mL of HuNoV GII.4 after attempted binding with 109 CFU/mL of 

potential probiotics and 103 virions/mL, run B.  
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**Statistically significantly lower than the no probiotic treatment at P = 0.05. NTC = no template control. 

Figure 3.10c. Genome copies/mL of HuNoV GII.4 after attempted binding with 109 CFU/mL of 

potential probiotics and 103 virions/mL, run A and B combined.  

 

 

* Statistically significantly lower than the no probiotic control at P = 0.1. NTC = no template control. 

Figure 3.11a. Genome copies/mL of MNV-1 after attempted binding with 109 CFU/mL of potential 

probiotics and 103 virions/mL, run A.  
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** Statistically significantly lower than the no probiotic control at P = 0.05. NTC = no template control. 

Figure 3.11b. Genome copies/mL of MNV-1 after attempted binding with 109 CFU/mL of potential 

probiotics and 103 virions/mL, run B.  

 

 

** Statistically significantly lower than the no probiotic control at P = 0.05. NTC = no template control. 

Figure 3.11c. Genome copies/mL of MNV-1 after attempted binding with 109 CFU/mL of potential 

probiotics and 103 virions/mL, runs A and B combined.  
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 When concentration differences between the potential probiotics and viruses was 

increased, i.e., using 109 CFU/mL of potential probiotics and 103 viral genome copies/mL, there 

was a significant (P < 0.05) decrease in genome copies/mL for MNV-1 in one treatment, e.g. L. 

rhamnosus R0011. For HuNoV GII.4, a significant decrease was only observed with the binding 

control bacterium E. cloacae and none of the potential probiotics. 

 As mentioned, for HuNoV GII.4, the only significant decrease was seen with the E. cloacae 

SENG-6 treatment, which was included as a binding control. This occurred in both run A (P = 

0.031) as well as when the data was combined (P = 0.031) and was only slightly non-significant 

for run B (P = 0.111). This may indicate that E. cloacae SENG-6 was able to bind to HuNoV GII.4 

under the conditions used. The reductions in genome copies/mL of HuNoV GII.4 was 3850, 2475 

and 3163 for run A, run B and for the combined data, respectively. 

 For MNV-1, one of the potential probiotics, L. rhamnosus R0011, had a significantly lower 

number of genome copies/mL than the no probiotic treatment across both run A (P = 0.006), run 

B (P = 0.016) and when the data was combined (P = 0.006). This may indicate that L. rhamnosus 

R0011 is able to bind to MNV-1 under the conditions used. The reductions in genome copies/mL 

of MNV-1 was 3600, 2250 and 2925 for run A, run B and for the combined data, respectively.  
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CHAPTER 4: DISCUSSION 

4.1 Overview of 16S rRNA sequencing results 

 In order to confirm the identity of the strains being used in this study, 16S rRNA 

sequencing was performed. 16s rRNA sequencing is widely utilized to identify bacteria due to the 

conserved and variable regions of this gene; the variable regions being similar between closely 

related species while still offering enough variation to often identify bacteria at a species level and 

can nearly always identify the correct genus of a specific bacterium (Winand et al., 2020). 

However, 16S rRNA sequencing for identification purposes is still not without its limitations. For 

some bacteria, it can be quite difficult to distinguish between different species within the same 

genera using this gene, and 16S rRNA sequencing is also not able to identify down to the sub-

species level. If the exact strain or sub-species is required, further identification methods such as 

whole genome sequencing or molecular-based detection of unique genes (e.g., pathogenicity 

genes) or the detection of unique antigens using techniques such as enzyme-linked immunosorbent 

assay (ELISA), are required. 

 The main purpose of 16S rRNA sequencing, as used in this thesis, was to ensure that the 

strains that were being used were potential probiotic strains. Strains were accepted if they belonged 

to one of the following genera: Pediococcus, Lactococcus, Lactobacillus and Bifidobacterium, 

which are all genera that have members which are confirmed to have probiotic activity (Huys et 

al., 2013). Among the 24 strains sequenced (Table 3.1; 6 of the 30 strains were sequenced and 

identified before arrival and so were not repeated), 13 had their species identities confirmed, 

whereas five strains were confirmed at the genus level. These strains all had percent similarities to 

consensus sequences available in the NCBI BLAST database for their proposed identity of >98.7% 

for species confirmation, and between 95% and 98.7% for genus confirmation. These percentages 
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are generally accepted to be levels where with some certainty, species and genus identities, 

respectively, of bacteria can be confirmed (Stackebrandt & Ebers, 2006). There were 8 strains that 

were identified as likely to be a different species of bacteria as initially described in CRIFS 

collection or from strains from Dr. Habash. For all of these sequences, the % similarity to 

consensus sequences of the initial identity was < 95%. Six of the 8 strains were identified as being 

different species within the lactic acid bacteria (LAB) group, while the other two were found to 

likely identify as members of genera which are not typically considered to LAB members. In the 

case of these two strains (initial identities L. citreum LA-113 and B. bifidum R0071), the likely 

cause for this change in identification was contamination of the stock cultures. Both B. subtilis and 

members of the genus Staphylococcus are common causes of bacterial contamination in laboratory 

settings. 

 While 16S rRNA sequencing can confirm the identity of a bacteria and whether it belongs 

to a genera or species which are commonly used probiotics it can not definitively confirm probiotic 

status of the strains used in this study. To be confirmed as a probiotic, potential strains must be 

shown to confirm a health benefit to the host when administered in adequate amount (WHO, 2002). 

4.2 Determination of the concentration of viral stocks by plaque assay and 

digital droplet PCR  

 For all experiments involving murine norovirus-1 (MNV-1) and/or human norovirus GII.4 

(HuNoV GII.4) in this study, initial stock concentrations were required. MNV-1 stocks were 

produced from infection of BV-2 cells and HuNoV GII.4 stocks were obtained from positive fecal 

samples. Two methods, a plaque assay as well as digital droplet PCR (ddPCR) were used for the 

viral quantification of MNV-1. In a plaque assay, the assumption is that one virus will infect one 

cell and cause that cell to lyse, releasing more viruses (Baer & Kehn-Hall, 2014). Because viruses 
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are immobilized due to the plaque overlay, the newly produced progeny virus will only infect the 

cells around the initially infected cell. After a few days of infection, a visible clearing or plaque in 

the cells will appear around where the initially infected cell was located. While a plaque assay can 

be used to quantify MNV-1, due to the lack of cell culture methods for HuNoV, in vitro 

quantification of HuNoV GII.4 positive fecal samples requires genetic-based methods and for this 

reason, HuNoV was quantified using only ddPCR. ddPCR is a genetic-based quantification 

method which uses specific primers and probes to quantify complementary sequences of genetic 

material. It was chosen as the quantification method (instead of alternatives such as RT-qPCR) 

because: (i) it was the method suggested by Health Canada for quantification of HuNoV; (ii) 

ddPCR does not require a standard curve, significantly improving ease of use and reducing 

preparation time; and (iii) ddPCR is very sensitive and able to effectively detect low copy numbers.  

 When comparing the concentration of MNV-1 stock 1-E determined by plaque assay 

compared to ddPCR, a large variation was observed, i.e., 5.0 x 1010 genome copies/mL vs 3.20 x 

107 PFU/mL, respectively, a variation of 3.19 logs. This variation between infectious particle 

concentration (determined by cell culture methods such as a plaque assay) and genome copy 

concentration (determined by genetic based quantification methods such as RT-qPCR or ddPCR), 

is a phenomenon which has been observed in studies with other ssRNA viruses. Some examples 

includes: (i) Nipah virus whose quantity as determined by RT-qPCR was 3-logs higher than the 

infectious virion concentration (Guillaume et al., 2004); (ii) naturally-occurring enteroviruses 

whose quantity determined by RT-qPCR was 1 to 3-logs higher than what was determined using 

cell culture-based methods (Kopecka et al., 1993); and (iii) MNV-1 whose concentration as 

determined by RT-qPCR was 2-logs higher than that determined by the plaque assay (Baert et al., 

2009). This phenomenon is expected to occur for all ssRNA viruses, i.e., there is a substantial 
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portion of the  virus population which is non-infectious. This could happen if the virions are 

damaged, destroyed or if the genetic material of the particular virus was mutated. As well, multiple 

viruses may also be able to infect the same host cell, only causing the lysis of one cell, resulting in 

the formation of a single plaque and resulting in a lower concentration determined by the plaque 

assay. These results give further credibility to this substantial population of non-infectious viral 

particles in ssRNA viruses.  For the HuNoV GII.4 stock, the filtered positive fecal sample, 

FV19.378, had a concentration of 5.0 x 105 genome copies/µL (5.0 x 108 genome copies/mL). 

HuNoV fecal excretion rates have been suggested to be between 108 and 1010 genome copies/g of 

feces (Lee et al., 2007). Due to the fact that feces have a density of ~1.05 g/mL (Penn et al., 2018), 

the genome copies/g value will be very close to the genome copies/mL and the concentration 

obtained for this fecal sample is within an expected range.  

4.3 Cytotoxic effects of the potential probiotic strains  

 Determining whether the potential probiotic strains themselves caused a significant 

negative impact on the BV-2 cells on their own was important in order to demonstrate the effects 

of MNV-1 on the BV-2 cells when used in conjunction with the potential probiotic strains. 

Therefore, the 25 potential probiotic strains (Table 2.5) were directly tested on BV-2 cells without 

MNV-1. The observed results from this experiment showed that six out of the 25 strains fell above 

the cut-off value (> 12% of optical density 600 nm of BV-2 cells) and were deemed to cause 

significant cytotoxic effect to the cells. 

 While probiotic bacteria are typically explored for their bio-protective effects in in vitro 

cell culture systems, they can also have a negative impact on tissue culture cells. Some examples 

of how this could occur includes: (i) a low pH produced by the metabolism of probiotic bacteria; 

(ii) other compounds released due to bacterial metabolism; and (iii) competition for nutrients 
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between bacteria and cells. These normal functions of probiotic bacteria could negatively impact 

in vitro tissue culture cells and could be responsible for the reduction in cell survival observed in 

the cytotoxicity experiment. As only six strains caused these effects, there may be something 

unique about these strains which caused them to have different effects than the other 19 strains.  

4.4 Treatment with the potential probiotics did not significantly improve 

BV-2 survival after infection by MNV-1 

 When the potential probiotics were co-incubated with (a) MNV-1 or (b) with both MNV-

1 and BV-2 cells before MNV-1 was exposed to the BV-2 cells, a significant increase in survival 

of the cells was not observed. However, there were some non-significant increases in cellular 

survival observed from some treatments. 

 For the experiment (a) with MNV-1 co-incubated with the potential probiotics, but not BV-

2 co-incubated with the potential probiotics, treatment with one of four different strains resulted 

in more BV-2 cells not exhibiting cytopathic effects (CPE) than the no treatment control (45 ± 5%) 

including: L. helveticus R0389 (51.7 ± 9%, P = 0.228), L. plantarum R1012 (53.3 ± 7.5%, P = 

0.154), L. rhamnosus R0011 (53.3 ± 4.7%, P = 0.154) and B. adolescentis 16-6-I 11 FAA (50.0 ± 

8.2%, P=0.285). For the experiment (b) in which both MNV-1 and BV-2 were co-incubated with 

the potential probiotics, treatment with one of two different strains resulted in a higher average 

number of cells not exhibiting CPE than in the no treatment control (50 ± 8.2%) including L. 

johnsonii NCC533 (63.3 ± 13.7%, P = 0.247) and L. lactis sub species cremoris (58.3 ± 6.9%, P 

= 0.206). The results, while non-significant, may indicate that some of the beneficial effects from 

these potential probiotic strains could include anti-norovirus or cellular protection activities. For 

this reason, these strains should be further explored for their potential anti-viral properties. 
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 Due to the non-significant results obtained, as well as the time constraints and other factors 

related to the experimentation, i.e., the sensitivity of the BV-2 cells and the partially subjective 

nature of the infectivity experiments, an alternative approach was decided upon. This involved 

testing the ability of the potential probiotic bacteria to bind to the NoVs in this study. As well, the 

binding was to be assessed quantitatively using ddPCR, so as to make the data less subjective than 

the infectivity experiments. In order to streamline the analysis, a smaller subset of six potential 

probiotic strains were selected. Five of the selected strains, i.e., L. helveticus R0052, L. rhamnosus 

R0011, L. casei 16-6-I 25 MRS, B. adolescentis 16-6-11 FAA and L. johnsonii NCC 533, are all 

strains which have been widely used for their probiotic effects and are often included in probiotic 

supplement products (Hill et al., 2018; Pridmore et al., 2004; Taverniti & Guglielmetti, 2012; 

Westerik et al., 2018). Four of these five, i.e., L. helveticus R0052, L. rhamnosus R0011, B. 

adolescentis 16-6-I 11 FAA and L. johnsonii NCC 533, were also strains which showed (non-

significant) increases in BV-2 survival in the infectivity experiments, which may indicate some 

effects of these strains on NoV, with one potential effect being due to the binding of these strains 

to NoV. B. adolescentis 16-6-I 11 FAA was also chosen as it was desired to include a member of 

the Bifidobacterium genera. The final strain chosen, L. lactis subsp. cremoris, was chosen as it was 

desired to include a member of the Lactococcus genera, and it also showed non-significant 

increases in BV-2 cell survival in prior infectivity experiments. In addition to the rationale listed 

above, some of the selected strains have demonstrated beneficial effects for controlling HuNoV or 

its surrogates. For example, L. rhamnosus has been shown to bind to HuNoV (Lei et al., 2016a), 

B. adolescentis was found to reduce the infectivity of the surrogate FCV in vitro (Li et al., 2016), 

and L. casei was found to reduce the symptoms of NoV human gastroenteritis (Nagata et al., 2011). 
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4.5 Ability of the selected potential probiotics and E. cloacae to bind to 

MNV-1 and HuNoV GII.4 

 For the binding experiments, three concentration ratios of potential probiotic/E. cloacae : 

NoV were tested in various trials : (i) 107 CFU/mL:106 NoV (HuNoV GII.4 or MNV-1) genome 

copies/mL; (ii) 107 CFU/mL:104 NoV genome copies/mL; and (iii) 109 CFU/mL:103 NoV genome 

copies/mL, with significant binding only occurring in trial (iii). The fact that this binding only 

occurred when using a larger ratio of potential probiotic/E. cloacae to NoV, may indicate that these 

bacteria only weakly bind to the NoV virions or that only a select subpopulation of these bacteria 

are able to bind and that a higher population of bacteria was required for this reason. This could 

be due to factors such as: (i) where the bacteria are in their life cycle; (ii) what nutrients are 

available to the bacteria; and/or (iii) the expression of certain components of the bacterial outer 

membrane matrix that may interact with these viruses. Using higher concentrations of bacteria, 

i.e.., 1010 or 1011 CFU/mL, concentrations which are commonly utilized in probiotic supplements, 

may help to further increase the number of viruses which are bound.  

 In addition to testing with higher concentrations of the potential probiotics, it would be 

valuable to do further testing using 109 CFU/mL with a variety of different concentrations of NoVs. 

For instance, higher concentrations, such as 107, could represent ongoing infections. These 

variations would help to further elucidate the efficacy of binding between these bacteria and NoVs, 

and whether the crucial factor for binding is, among other things, the concentration of bacteria or 

virus, and whether the ideal concentrations for binding differs between different strains of potential 

probiotic bacteria. While adjusting the concentrations of NoVs may help to further understand this 

potential binding interaction, 103 genome copies/mL remains an important concentration as it 
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represents the upper limit of the infectious dose response for HuNoV strains (estimated between 

18 to 1000 viral particles) (Atmar et al., 2014). 

 Certain issues arose when running the binding experiments with the two ratios: (i) 107 

CFU/mL:106 NoV (HuNoV GII.4 or MNV-1) genome copies/mL and with (ii) 107 CFU/mL:104 

NoV genome copies/mL, the two ratios which used 107 CFU/mL of the potential probiotics/E. 

cloacae. In both of these experiments, there were potential probiotic-treated samples which had 

significantly higher viral genome copies/mL than the no probiotic treated sample, as determined 

by ddPCR. In theory, for these binding tests, there should be no experimental reason why a higher 

number of genome copies should be obtained in the bacteria treated samples.  

 The first potential explanation for the viral genome increase was that the genetic material 

from the bacteria itself was being amplified by the PCR reaction. While the vast majority of 

bacterial cells were separated from the virus samples by centrifugation, a small number of cells or 

some bacterial genetic material may still remain in the supernatant. However only a small amount 

of amplification was observed using only bacteria which were pelleted in an identical manner to 

the binding experiment. This amplification level would not explain the increase in viral genome 

copies observed and may simply be due to background fluorescence in the reaction. 

 A second potential explanation for the viral genome increase could be a lack of consistency 

of the various reactions across different concentrations. The main reactions in the ddPCR 

workflow where a loss of consistency may have occurred includes the conversion to cDNA from 

RNA as well as the ddPCR reaction itself. To test whether consistency was a factor, a serial dilution 

of extracted RNA from a pre-quantified stock of MNV-1 was converted to cDNA and then 

quantified using ddPCR (Table 3.8). For initial RNA concentrations of > 104 genome copies/µL, 

the concentrations determined were above the limit of detection (ALD). This is consistent with the 
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limitations of ddPCR, as it begins to lose its dynamic range above 5x103 genome copies/µL. At 

levels of 103 to 100 genome copies/µL, the results obtained were consistent, i.e., there was a ~1 

log difference in genome copies/µL between each 10-fold dilution. Values within this 

concentration range were also the ones that were used in the binding experiments. Therefore, a 

loss of consistency was ruled out as an explanation for the results observed in prior binding 

experiments. 

 Another possible explanation for why the potential probiotic-treated samples had 

significantly higher viral genome copies/mL could be technical error. Due to the highly sensitive 

nature of ddPCR small technical errors can result in substantial changes in concentration.  

 As mentioned, a significant decrease in viral genome copies/mL was seen when 109 

CFU/mL of the potential probiotics/E. cloacae was combined with 103 viral genome copies/mL of 

MNV-1 or HuNoV GII.4. One proposed explanation for this decrease could be due to a binding 

interaction between the potential probiotics/E. cloacae and MNV-1 or HuNoV GII.4. After 

allowing for binding to occur, the bacteria were pelleted using centrifugation. If MNV-1 or HuNoV 

GII.4 were bound, then these viruses would move to the pellet along with the bacteria and would 

not be quantified in the supernatant. 

 While binding is a potential explanation for the observed decrease in viral genome 

copies/mL, other possible explanations exist. One such possibility is the inactivation of viral 

genomic material by bacterial components. Bacteria have been known to release ribonucleases 

(RNases), some of which are known to be antiviral agents (Mahmud et al., 2017). While these 

would not have significant effects against viral RNA protected by the viral capsid, there may be 

free RNA present in the sample (due to destroyed or damaged virions) which could be inactivated 

by these RNases. This free RNA, if intact, would normally be converted to cDNA and be quantified 
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by ddPCR, however, if the RNA was damaged, for example by RNases, these would not be 

converted and therefore would not be quantified.  

 In addition to observing what potential probiotics could impact NoVs, another important 

part of this thesis was to compare results between HuNoV GII.4 and its surrogate MNV-1. 

Although both of these viruses are members of the genus Norovirus, the binding patterns observed 

between the two was different. While they are genetically closely related viruses, they do have 

unique binding patterns and recognize different host cellular receptors (Haga et al., 2016; Rockx 

et al., 2005). The recognition of carbohydrate receptors seems to be a conserved trait for the 

Norovirus genera, as well as the Calicivirus family, however, each virus in these groups recognizes 

different carbohydrates and specific residues located on these carbohydrates. NoVs use their P 

domain located within VP1, the major capsid protein, to bind to these carbohydrates (Cao et al., 

2007; Tan et al., 2003). Sequence differences within this P domain results in viruses which have 

different binding proteins and thus will recognize slightly different cellular receptors (Moore et 

al., 2015). 

 For HuNoV it has been recognized that HBGAs are the host cellular receptors and that 

different HuNoV genotypes will recognize different types of HBGAs. GII.4, the most prevalent 

genotype of NoV responsible for human infections, is known to recognize a large variety of 

HBGAs as receptors (Morozov et al., 2018; Wegener et al., 2017). This wide range of receptors 

helps to contribute to its prevalence as a human pathogen (Morozov et al., 2018). In addition to 

HBGAs, HuNoV’s have been shown to be able to bind to non-HBGA ligands (Table 1.1). These 

non-HBGA ligands are all carbohydrate-based, and many of them, such as some oyster antigens, 

human breast milk glycans and carbohydrates on leafy greens, share strong structural similarities 

to HBGAs. This is also the case for E. cloacae, whose H-antigens were shown to be both 
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structurally similar to HBGAs and to bind to noroviruses (Lei et al., 2016a; Miura et al., 2013). 

The results in this thesis are consistent with the observation of a binding interaction between the 

E. cloacae H-antigens and HuNoV’s. However, besides E. cloacae, none of the potential probiotic 

strains tested showed statistically significant binding activity with HuNoV GII.4. Thus, it is 

possible that these strains of bacteria do not possess ligands that are structurally similar enough to 

HBGAs to allow for binding to occur.  

 In contrast, E. cloacae SENG-6 did not seem to bind MNV-1. MNV-1 recognizes the 

glycoproteins CD300lf and CD300ld and likely sialic acid as cellular receptors (Haga et al., 2016), 

but has not been shown to recognize HBGAs, or HBGA-like moieties. The H-antigens on the 

surface of E. cloacae are therefore likely to be too structurally different from the typical cellular 

receptors for MNV-1 and would be unlikely to bind the virus. However, MNV-1 was shown to 

potentially be bound by one of the potential probiotic strains, L. rhamnosus R0011. A possible 

explanation for this may be due in part to certain types of carbohydrates present in the 

exopolysaccharide (EPS) of L. rhamnosus. The EPS matrix is present in most bacteria and 

associates with the peptidoglycan layer of the cell wall of these bacteria. For species of 

Lactobacillus, the main role of the EPS is to aid in the interaction between bacteria and the 

environment, as well as to promote bacterial adhesion and potential biofilm formation (Lebeer et 

al., 2010). One of the specific groups of bacterial polysaccharides which are present in this EPS 

are glycoproteins, i.e., proteinaceous compounds which contain glycans. As mentioned earlier, the 

main receptors for MNV-1 are glycoproteins. A variety of glycoproteins have been identified from 

a strain of L. rhamnosus, known as L. rhamnosus GG (LGG), with as many as 41 of them being 

unique to this strain (Tytgat et al., 2016). The glycoproteins produced by this bacteria can associate 

with the EPS or with the bacterial cellular membrane (Tytgat et al., 2016). If these glycoproteins 
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were exposed to the viruses and shared some structural similarity to the cellular receptors that 

MNV-1 targets, then there could be a potential for binding to occur between L. rhamnosus and 

MNV-1, although a discussion of the structure of all of the glycoproteins in L. rhamnosus, and if 

they share structural similarity to MNV-1 receptors, is not within the scope of this study 

 The results observed in this study showing that MNV-1 and HuNoV have different binding 

patterns further brings into question the applicability of MNV-1 as a reliable surrogate for 

analyzing how HuNoV might react under certain experimental conditions. MNV-1 was, and still 

is, widely used as a surrogate for predicting HuNoV activity, however, many questions have arisen 

as to the applicability of this virus as a surrogate. As mentioned in the literature review, MNV-1 

and HuNoV responded differently under a variety of conditions including: (i) RNA stability after 

heat treatment (Topping et al., 2009); (ii) stability after treatment with hand sanitizers (G. W. O. 

O. Park et al., 2010); (iii) virion stability after heat treatment (Li et al., 2012); and (iv) viability 

after treatment with curcumin, a type of phytochemical (Yang et al., 2016). This study, by showing 

differences in binding between MNV-1 and HuNoV GII.4, further brings into question the 

applicability of MNV-1 as a surrogate for HuNoV, particularly for looking into binding 

interactions. 

 Even though a statistically significant decrease in genome copies/mL of MNV-1 treated 

with L. rhamnosus R0011 and HuNoV GII.4 treated with E. cloacae SENG-6 was observed, the 

decrease was low for both viruses, <1 log genome copies/mL, potentially indicating that these 

bacteria are only able to weakly bind to the viruses, or that the binding is transient. This could be 

due to structural or sequence differences between the consensus cellular receptors that these 

viruses attach to, and/or the potential ligands/antigens located on the bacterial surfaces that these 

viruses are binding to.  
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CHAPTER 5: LIMITATIONS, NEXT STEPS AND FUTURE 

APPLICATIONS 

5.1 Limitations 

 One of the major limitations in this study was the lack of a secondary method to validate 

the results observed in the binding experiments. Part of the plan of this thesis project was to use 

tissue cell cultures which were capable of supporting infection of the two NoVs used in this study 

to assess the anti-viral activity of the potential probiotics. Initially the BJAB cell line, which was 

one of the more recently developed methods for culturing HuNoV, was going to be used to 

determine the potential anti-viral effects of potential probiotics against HuNoV. However, due to 

the fact that this cell line was not adhesive (making plaque assays impossible) and the variety of 

difficulties encountered by other research groups with this cell line, e.g., in many cases research 

groups were not able to reproduce the results of Jones et al. (2014), work with this cell line was 

discontinued. Instead to assess infectivity, it was decided to use the surrogate MNV-1, along with 

its host tissue cell culture line BV-2. 

 After initial inconclusive results from infectivity experiments used to determine antiviral 

effects of the potential probiotics against MNV-1 (sections 2.5, 3.4), the binding experiments were 

decided upon as an alternative to determine a potential antiviral effect. Part of the plan for the 

initial binding experiments was to determine whether the binding could affect the infectivity of 

MNV-1 against BV-2 cells and whether binding was the only potential anti-viral mode of action 

for these potential probiotics. As stated previously, treatment with L. rhamnosus R0011 caused a 

significant decrease in viral genome copies/mL of MNV-1 post co-incubation as determined by 

ddPCR. This treatment was going to be replicated by co-incubating L. rhamnosus R0011 with 

MNV-1, and repeating all of the steps in the binding experiment with one change, i.e., instead of 
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being quantified by ddPCR, the supernatant was going to be applied to the BV-2 cells and then the 

infection rate assessed using a plaque assay. Unfortunately, due to unforeseen circumstances 

(namely the COVID-19 situation and the resulting closure of non-essential work at the University 

of Guelph), this work was not completed. Due to this, the results obtained in the binding 

experiment were not validated by a second method.  

 Another limitation was that only one genotype each of HuNoV (GII.4) and MNV (MNV-

1) were used in this experiment. As mentioned earlier, different genotypes of NoV can possess 

slightly different binding patterns. Potentially, a bacterium which was not able to bind to GII.4 

would be able to bind to a different genotype of HuNoV or other members of the Norovirus genus. 

However, GII.4 is the most commonly implicated cause of norovirus infections and its associated 

disease (estimated to cause around 2/3 of all cases in human) and is also one of the most widely 

studied HuNoV genotypes.  

 In addition to the number of viral genotypes used, the number of different potential 

probiotic species used was another limitation. At the start of this project 30 strains were initially 

obtained, however, only six of these were selected for use in the binding experiment. While the 

reasoning behind the selection of these six strains is outlined in the above discussion section, there 

is still a potential that one or more of the 24 unused strains may be able to bind to either MNV-1 

or HuNoV GII.4. As well, the 30 strains of potential probiotic bacteria initially obtained is far from 

an exhaustive list of possible strains.  

5.2 Next steps 

 This project has shown some proof of concept for the ability of potential probiotic strains 

and other bacteria to bind to noroviruses. Unfortunately, due in part to the closure at the University 

of Guelph, the ability of these probiotics to exert a biocontrol effect could not be explored further. 
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Therefore, a logical next step would be to determine whether the binding of the potential probiotic 

strains to noroviruses could reduce their infectivity in an in vitro cell culture model, such as MNV-

1 with BV-2 cells, or even potentially in an animal model, such as gnotobiotic pigs.    

In order to give further evidence of this potential binding interaction, the amount of virus 

present in the pellet could also be determined. This may give a further indication of whether any 

binding interactions are occurring. As well, electron microscopy could also be used to observe any 

potential binding interactions. 

 After determining any potential changes in infectivity, it would be important to expand the 

number of species of bacteria tested. This should be done not only with more species of potentially 

probiotic bacteria, but also with other species of bacteria which are commonly associated with the 

human GI tract, as the only bacteria capable of binding to HuNoV GII.4 in this thesis, E. cloacae, 

is a member of the commensal gut microflora. As well as expanding the number of bacterial 

species tested, more genotypes of NoV should also be tested. Of particular importance would be 

other genotypes of HuNoV which cause a large number of infections in humans, e.g., GI.1. When 

a further understanding of which bacteria are capable of binding to which NoV genotypes is 

obtained, the exact mechanisms behind this binding should be explored. This should include more 

specific information about how the bacteria are binding to the virus and should include things such 

as: (i) which components or antigens present on the bacterial cells are responsible for binding to 

the virus; (ii) how the interaction between these components and the viral binding protein works; 

and (iii) what residues located in either the viral receptor or the cellular components are crucial for 

this binding to occur 
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For instance, with the interactions between L. rhamnosus R0011 and MNV-1, an 

assessment of the genome of this bacterium could be performed to identify potential surface 

proteins that could be responsible for binding, followed by isolation of these proteins and tests to 

see if these proteins are in fact responsible for this potential binding.  

 As well, it would be important to determine whether this binding interaction reduces or 

potentially increases the viral infection rate, and whether the binding of potentially probiotic 

bacteria results in a different effect than when using bacteria which are not commonly regarded as 

probiotics. Conflicting results have been observed for the bacterium E. cloacae in relation to its 

ability to either promote or reduce infection of HuNoV. For example, during the development of 

the BJAB cell line as a potential cell line capable of supporting HuNoV infection, it was shown 

that the binding of E. cloacae to HuNoV GII.4 could increase viral titers post-infection (Jones et 

al., 2014). Other research, however, has shown that E. cloacae could reduce the infection of 

HuNoV in gnotobiotic pigs (Lei et al., 2016b). Therefore, it is important to further understand 

these binding interactions, and to elucidate: (i) whether this binding has a negative or positive 

impact in regards to the ability of a virus to infect its host cell under different conditions; (ii) 

whether the negative or positive impacts are bacterial species dependant; and (iii) how this 

interaction could impact NoV and its ability to infect host cells. 

 Once there is a better understanding of how this binding interaction impacts NoV, an in-

vitro simulation of the human GI tract could be used to assess the potential viability of any 

probiotics to exert biocontrol affects under conditions which more closely mimic a real-life 

situation. An example of this could be a model such as the Simulator of Human Intestinal Microbial 

Ecosystem (SHIME). Using the SHIME would allow for the determination of: (i) probiotic or 

bacterial survival throughout the GI tract (of particular importance would be survival through the 
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low pH of the stomach); (ii) where in the GI tract probiotics are most likely to interact with and 

potentially exert binding or other effects on NoV; (iii) how the extrinsic conditions, i.e., pH, 

anaerobic conditions, nutrient availability and interactions with other microorganisms, of the 

intestinal components of the GI tract affects the probiotic, the virus and how the two interact; and 

(iv) which probiotics/bacteria are the most suitable for this application.  

5.3 Future applications of this work 

 One of the future applications of this work includes information to aid future research in 

this field of study. Some examples of how this study could help future research is that: (i) using 

visual CPE to determine anti-viral effects of potential probiotics against NoV due to the subjective 

nature of this type of observation is difficult to control; (ii) that the application of the potential 

probiotics directly to the BV-2 cell lines, while not directly lethal to the cells, may be having an 

impact on the growth and normal functioning of these cells, and thus may not be an ideal mode of 

application for this type of experiment; and (iii) that binding experiments under the conditions 

used were unsuccessful when a lower concentration of bacteria was used (107 CFU/ml), and so in 

future studies a higher concentration could be beneficial to focus on. 

 This study also showed a possible binding interaction between a bacterium and NoVs, as 

shown by the significant decreases in viral genome copies/mL in the binding experiments. While 

none of the six potential probiotics used was able to bind HuNoV, it does not necessarily rule out 

the possibility that other species or strains would not be able to. In fact, the ability of L. rhamnosus 

R0011 to bind MNV-1 supports the theory that some probiotic strains could be capable of binding 

to HuNoV, but that further optimization as well as further exploration and expansion of the number 

of species and strains could be required to observe a binding interaction between probiotics and 

HuNoV. This study also provided further support for the use of E. cloacae as a binding control for 
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HuNoV. It has been used in other similar studies (Lei et al., 2016a) as a binding control, i.e., a 

bacterial species with known HuNoV binding activity.    

 If probiotic bacteria with significant anti-viral effect is able to be found and shown to be 

applicable as preventative agents in preventing or reducing NoV infection, then probiotic 

supplements could be developed and sold for the purpose of reducing the number of HuNoV 

infections. These supplements could potentially prove to be highly beneficial in areas where the 

risk of NoV infection is high. Some examples of these high-risk scenarios where a probiotic 

supplement could prove valuable includes: (i) patrons before and during their stay on cruise ships; 

(ii) elderly patients in nursing homes where complications from HuNoV are more severe and 

where HuNoV spread is common; (iii) day-care facilities for younger children; and (iv) before 

consuming high-risk foods such as raw shellfish. 
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CHAPTER 6: CONCLUSION 

 In conclusion, this study showed that bacteria and viruses can interact and that there is a 

potential for strains of probiotic bacteria to exert a biocontrol effect on NoVs, i.e., by protecting 

the host cells from these NoVs, or by directly impacting the virus, such as by a binding interaction. 

This interaction should be further explored to better understand the mechanisms of how this 

interaction works, what impacts it has on the virus and/or on the bacteria, and which bacteria may 

be capable of binding what type of viruses and why. It also indicated that a higher concentration 

of bacteria, probiotic or otherwise, is more likely to produce an interaction between the bacteria 

and viruses used in this study.  

 L. rhamnosus R0011 was the only bacteria capable of binding to MNV-1, but it did not 

significantly reduce genome copies of HuNoV GII.4. L. rhamnosus is a member of the LCG (along 

with L. casei and L. paracasei), which are probiotics which are well studied and well known for 

their beneficial effects, such as improving human gastrointestinal health and antagonistic activity 

towards enteric pathogens. For these reasons, it may be beneficial to test different strains in the 

LCG group of bacteria for their potential ability to bind to NoVs. E. cloacae was the only 

bacterium which caused a significant reduction in HuNoV GII.4 genome copies. In other studies, 

E. cloacae has been shown to be able to bind to HuNoV GII.4, and so this study gives further 

credibility to E. cloacae being used as a control to test further binding interactions. The binding 

between E. cloacae and HuNoV GII.4 also brings further questions as to whether the binding 

between viruses and bacteria is antagonistic (reducing viral infection) or whether this interaction 

could actually aid the virus in infecting their host cells.  
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 The use of probiotics to control enteric viral pathogens, such as NoV, is a relatively novel 

field and needs to be further expanded upon to understand whether or not probiotics could 

represent a natural method for controlling foodborne enteric human viral pathogens such as NoV 

and what potential modes of action exist for these probiotic bacteria. 

 

 

 

 

 

 

 

 

 

 

 

 

   

 



100 
 

REFERENCES 

Abdelhamid, A. G., Esaam, A., & Hazaa, M. M. (2018). Cell free preparations of probiotics 

exerted antibacterial and antibiofilm activities against multidrug resistant E . coli. Saudi 

Pharmaceutical Journal, 26(5), 603–607. https://doi.org/10.1016/j.jsps.2018.03.004 

Aboubakr, H. A., El-Banna, A. A., Youssef, M. M., Al-Sohaimy, S. A. A., & Goyal, S. M. 

(2014). Antiviral effects of Lactococcus lactis on feline calicivirus, a human norovirus 

surrogate. Food and Environmental Virology, 6(4), 282–289. 

https://doi.org/10.1007/s12560-014-9164-2 

Adak, G. K., Long, S. M., & O’Brien, S. J. (2002). Trends in indigenous foodborne disease and 

deaths, England and Wales: 1992 to 2000. Gut, 51, 832–841. 

Ahmed, A., Siman-Tov, G., Hall, G., Bhalla, N., & Narayanan, A. (2019). Human antimicrobial 

peptides as therapeutics for viral infections. Viruses, 11, 1–26. 

Ahmed, S. M., Hall, A. J., Robinson, A. E., Verhoef, L., Premkumar, P., Parashar, U. D., 

Koopmans, M., & Lopman, B. A. (2014). Global prevalence of norovirus in cases of 

gastroenteritis: a systematic review and meta-analysis. The Lancet Infectious Diseases, 

14(8), 725–730. https://doi.org/10.1016/S1473-3099(14)70767-4 

Almand, E. A., Moore, M. D., Outlaw, J., & Jaykus, L. A. (2017). Human norovirus binding to 

select bacteria representative of the human gut microbiota. PLoS ONE, 12(3), 1–13. 

https://doi.org/10.1371/journal.pone.0173124 

Atmar, R. L., Opekun, A. R., Gilger, M. A., Estes, M. K., Crawford, S. E., Neill, F. H., & 

Graham, D. Y. (2008). Norwalk virus shedding after experimental human infection. 

Emerging Infectious Diseases, 14(10), 1553–1557. https://doi.org/10.3201/eid1410.080117 

Atmar, R. L., Opekun, A. R., Gilger, M. A., Estes, M. K., Crawford, S. E., Neill, F. H., Ramani, 

S., Hill, H., Ferreira, J., & Graham, D. Y. (2014). Determination of the 50 % human 

infectious dose for Norwalk virus. The Journal of Infectious Diseases, 209(October 2011), 

1016–1022. https://doi.org/10.1093/infdis/jit620 

Bae, J., & Schwab, K. J. (2008). Evaluation of murine norovirus, feline calicivirus, poliovirus, 

and MS2 as surrogates for human norovirus in a model of viral persistence in surface water 

and groundwater. Applied and Environmental Microbiology, 74(2), 477–484. 

https://doi.org/10.1128/AEM.02095-06 

Baer, A., & Kehn-Hall, K. (2014). Viral concentration determination through plaque assays: 

using traditional and novel overlay Ssystems. Journal of Visualized Experiments, 93, 1–10. 

https://doi.org/10.3791/52065 

Baert, L., Debevere, J., & Uyttendaele, M. (2009). The efficacy of preservation methods to 

inactivate foodborne viruses. International Journal of Food Microbiology, 131(2–3), 83–94. 

https://doi.org/10.1016/j.ijfoodmicro.2009.03.007 

Bartnicki, E., Cunha, J. B., Kolawole, A. O., & Wobus, C. E. (2017). Recent advances in 

understanding noroviruses. F1000Research, 6(79), 1–9. 



101 
 

https://doi.org/10.12688/f1000research.10081.1 

Bartsch, S. M., Lopman, B. A., Ozawa, S., Hall, A. J., & Lee, B. Y. (2016). Global economic 

burden of norovirus gastroenteritis. PLoS ONE, 11(4), 1–16. 

https://doi.org/10.1371/journal.pone.0151219 

Beek, J. Van, Graaf, M. De, Al-hello, H., Allen, D. J., Ambert-balay, K., Botteldoorn, N., 

Brytting, M., Buesa, J., Cabrerizo, M., Chan, M., Cloak, F., Bartolo, I. Di, Guix, S., Hewitt, 

J., Iritani, N., Jin, M., Johne, R., Lederer, I., Mans, J., … Koopmans, M. P. G. (2018). 

Molecular surveillance of norovirus, 2005 – 16: an epidemiological analysis of data 

collected from the NoroNet network. The Lancet Infectious Diseases, 18, 545–553. 

https://doi.org/10.1016/S1473-3099(18)30059-8 

Begley, M., Hill, C., & Gahan, C. G. M. (2006). Bile salt hydrolase activity in probiotics. 

Applied and Environmental Microbiology, 72(3), 1729–1738. 

https://doi.org/10.1128/AEM.72.3.1729 

Belfiore, C., Castellano, P., & Vignolo, G. Ã. (2007). Reduction of Escherichia coli population 

following treatment with bacteriocins from lactic acid bacteria and chelators. Food 

Microbiology, 24, 223–229. https://doi.org/10.1016/j.fm.2006.05.006 

Belliot, G., Lopman, B. A., Ambert-Balay, K., & Pothier, P. (2014). The burden of norovirus 

gastroenteritis: an important foodborne and healthcare-related infection. Clinical 

Microbiology and Infection, 20(8), 724–730. https://doi.org/10.1111/1469-0691.12722 

Bermudez-Brito, M., Plaza-Díaz, J., Muñoz-Quezada, S., Gómez-Llorente, C., & Gil, A. (2012). 

Probiotic mechanisms of action. Annals of Nutrition and Metabolism, 61(2), 160–174. 

https://doi.org/10.1159/000342079 

Blacklow, N. R., Dolin, R., Fedson, D. S., Dupont, H., Northrup, R. S., Hornick, R. B., & 

Chanock, R. M. (1972). Acute infectious nonbacterial gastroenteritis: etiology and 

pathogenesis. Annals of Internal Medicine, 76(6), 993–1008. https://doi.org/10.7326/0003-

4819-76-6-993 

Böttcher-Friebertshäuser, E., Klenk, H.D., & Garten, W. (2013). Activation of influenza viruses 

by proteases from host cells and bacteria in the human airway epithelium. Pathogens and 

Disease, 69(2), 87–100. https://doi.org/10.1111/2049-632X.12053 

Callejon, R. M., Rodrı, M. I., Ubeda, C., Hornedo-Ortega, R., Garcia-Parrilla, M. C., & 

Troncoso, A. M. (2015). Reported foodborne outbreaks due to fresh produce in the United 

States and European Union. Foodborne Pathogens and Disease, 12(1), 32–38. 

https://doi.org/10.1089/fpd.2014.1821 

Cannon, J. L., Papafragkou, E., Park, G. W., Osborne, J., Jaykus, L.-A., & Vinjé, J. (2006). 

Surrogates for the study of norovirus stability and inactivation in the environment: a 

comparison of murine norovirus and feline calicivirus. Journal of Food Protection, 69(11), 

2761–2765. https://doi.org/10.4315/0362-028X-69.11.2761 

Cao, S., Lou, Z., Tan, M., Chen, Y., Liu, Y., Zhang, Z., Zhang, X. C., Jiang, X., Li, X., & Rao, 

Z. (2007). Structural basis for the recognition of blood group trisaccharides by norovirus. 

Journal of Virology, 81(11), 5949–5957. https://doi.org/10.1128/JVI.00219-07 



102 
 

Casey, P. G., Gardiner, G. E., Casey, G., Bradshaw, B., Lawlor, P. G., Lynch, P. B., Leonard, F. 

C., Stanton, C., Ross, R. P., Fitzgerald, G. F., & Hill, C. (2007). A five-strain probiotic 

combination reduces pathogen shedding and alleviates disease signs in pigs challenged with 

Salmonella enterica. Applied and Environmental Microbiology, 73(6), 1858–1863. 

https://doi.org/10.1128/AEM.01840-06 

Cauteren, D. Van, Strat, Y. Le, Sommen, C., Bruyand, M., Tourdjman, M., Silva, N. J., 

Couturier, E., Fournet, N., Valk, H. De, & Desenclos, J. (2017). Estimated annual numbers 

of foodborne pathogen – associated illnesses, hospitalizations and deaths, France, 2008-

2013. Emerging Infectious Diseases, 23(9), 1486–1492. 

Chan, M. C. W., Kwan, H. S., & Chan, P. K. S. (2017). Structure and genotypes of noroviruses. 

In The Norovirus: Features, Detection, and Prevention of Foodborne Disease (Vol. 1). 

Elsevier Inc. https://doi.org/10.1016/B978-0-12-804177-2.00004-X 

Chen, Y., Tan, M., Xia, M., Hao, N., Zhang, X. C., Huang, P., Jiang, X., Li, X., & Rao, Z. 

(2011). Crystallography of a lewis-binding norovirus, elucidation of strain-specificity to the 

polymorphic human histo-blood group antigens. PLoS Pathogens, 7(7), 1–14. 

https://doi.org/10.1371/journal.ppat.1002152 

Chhabra, P., Graaf, M. De, Parra, G. I., Chan, M. C., Green, K., Martella, V., Wang, Q., White, 

P. A., Katayama, K., Vennema, H., Koopmans, M. P. G., & Vinjé, J. (2019). Updated 

classification of norovirus genogroups and genotypes. Journal of General Virology, 100, 

1393–1406. https://doi.org/10.1099/jgv.0.001318 

Currier, R. L., Payne, D. C., Staat, M. A., Selvarangan, R., Shirley, S. H., Halasa, N., Boom, J. 

A., Englund, J. A., Szilagyi, P. G., Harrison, C. J., Klein, E. J., Weinberg, G. A., Wikswo, 

M. E., Parashar, U., Vinjé, J., & Morrow, A. L. (2015). Innate susceptibility to norovirus 

infections influenced by FUT2 genotype in a United States pediatric population. Clinical 

Infectious Diseases, 60(11), 1631–1638. https://doi.org/10.1093/cid/civ165 

Deriu, E., Liu, J. Z., Edwards, R. A., Ochoa, R. J., Contreras, H., Libby, S. J., Fang, F. C., & 

Raffatellu, M. (2013). Probiotic bacteria reduce Salmonella Typhimurium intestinal 

colonization by competing for iron. Cell Host and Microbe, 14(1), 26–37. 

https://doi.org/10.1016/j.chom.2013.06.007.Probiotic 

Di Martino, B., Di Profio, F., Melegari, I., Sarchese, V., Cafiero, M. A., Robetto, S., Aste, G., 

Lanave, G., Marsilio, F., & Martella, V. (2016). A novel feline norovirus in diarrheic cats. 

Infection, Genetics and Evolution, 38, 132–137. 

https://doi.org/10.1016/j.meegid.2015.12.019 

Dolin, R., Levy, A. G., Wyatt, R. G., D, T. S. T. M., & Gardner, J. D. (1975). Viral 

gastroenteritis induced by the Hawaii agent jejunal histopathology and serologic response. 

The American Journal of Medicine, 59, 761–768. 

Duizer, E., Schwab, K. J., Neill, F. H., Atmar, R. L., Koopmans, M. P. G., & Estes, M. K. 

(2004). Laboratory efforts to cultivate noroviruses. Journal of General Virology, 85, 79–87. 

https://doi.org/10.1099/vir.0.19478-0 

Esseili, M. A., Wang, Q., & Saif, L. J. (2012). Binding of human GII.4 norovirus virus-like 

particles to carbohydrates of romaine lettuce leaf cell wall materials. Applied and 



103 
 

Environmental Microbiology, 78(3), 786–794. https://doi.org/10.1128/AEM.07081-11 

Ettayebi, K., Crawford, Su., Murakami, K., Broughman, J., Karandikar, U., Tenge, V., Neill, F., 

Blutt, S., Zeng, X.-L., Qu, L., Kou, B., Opekun, A., Burrin, D., Graham, D., Ramani, S., 

Atmar, R., & Estes, M. (2016). Replication of human noroviruses in stem cell-derived 

human enteroids. Science, 353(6306), 1387–1393. 

https://doi.org/10.1038/nature15540.Genetic 

Farkas, T., Fey, B., Keller, G., Martella, V., & Egyed, L. (2012). Molecular detection of murine 

noroviruses in laboratory and wild mice. Veterinary Microbiology, 160(3–4), 463–467. 

https://doi.org/10.1016/j.vetmic.2012.06.002.Molecular 

Fukushi, S., Kojima, S., Takai, R., Hoshino, F. B., Oka, T., Takeda, N., & Katayama, K. (2004). 

Poly (A)-and primer-independent RNA Polymerase of norovirus. Journal of Virology, 

78(8), 3889–3896. https://doi.org/10.1128/JVI.78.8.3889 

Gloor, G. B., Hummelen, R., Macklaim, J. M., Dickson, R. J., Fernandes, A. D., MacPhee, R., & 

Reid, G. (2010). Microbiome profiling by illumina sequencing of combinatorial sequence-

tagged PCR products. PLoS ONE, 5(10). https://doi.org/10.1371/journal.pone.0015406 

Goletti, D., Weissman, D., Jackson, R. W., Graham, N. M., Vlahov, D., Klein, R. S., Munsiff, S. 

S., Ortona, L., Cauda, R., & Fauci, A. S. (1996). Effect of Mycobacterium tuberculosis on 

HIV replication: role of immune activation. Journal of Immunology, 157(3), 1271–1278. 

https://doi.org/10.5402/2011/810565 

Guillaume, V., Lefeuvre, A., Faure, C., Marianneau, P., Buckland, R., Kit, S., Wild, T. F., & 

Deubel, V. (2004). Specific detection of Nipah virus using real-time RT-PCR (TaqMan). 

Journal of Virological Methods, 120, 229–237. 

https://doi.org/10.1016/j.jviromet.2004.05.018 

Haga, K., Fujimoto, A., Takai-todaka, R., Miki, M., Hai, Y., & Murakami, K. (2016). Functional 

receptor molecules CD300lf and CD300ld within the CD300 family enable murine 

noroviruses to infect cells. PNAS, 113(41), E6248–E6625. 

https://doi.org/10.1073/pnas.1605575113 

Hall, A. J., Lopman, B. A., Payne, D. C., Patel, M. M., Gastañaduy, P. A., Vinjé, J., & Parashar, 

U. D. (2013). Norovirus disease in the United States. Emerging Infectious Diseases, 19(8), 

1198–1205. https://doi.org/10.3201/eid1908.130465 

Hardstaff, J. L., Clough, H. E., Lutje, V., Mcintyre, K. M., Harris, J. P., Garner, P., & Brien, S. J. 

O. (2018). Foodborne and food-handler norovirus outbreaks: a systematic review. 

Foodborne, 15(10), 589–597. https://doi.org/10.1089/fpd.2018.2452 

Hennessy, E. P., Green, A. D., Connor, M. P., Darby, R., & MacDonald, P. (2017). Norwalk 

virus infection and disease is associated with ABO histo-blood group type. The Journal of 

Infectious Diseases, 188(1), 176–177. 

Herbert, T. P., Brierley, I., & Brown, T. D. K. (1997). Identification of a protein linked to the 

genomic and subgenomic mRNAs of feline calicivirus and its role in translation. Journal of 

General Virology, 78, 1033–1040. 

Hill, D., Sugrue, I., Tobin, C., Hill, C., Stanton, C., Ross, R. P., & Ross, R. P. (2018). The 



104 
 

Lactobacillus casei group: history and health related applications. Frontiers in 

Microbiology, 9(September), 1–12. https://doi.org/10.3389/fmicb.2018.02107 

Hirneisen, K. A., & Kniel, K. E. (2013). Comparing human norovirus surrogates: murine 

norovirus and tulane virus. Journal of Food Protection, 76(1), 139–143. 

https://doi.org/10.4315/0362-028X.JFP-12-216 

Hoang, P. M., Cho, S., Kim, K. E., Byun, S. J., Lee, T. K., & Lee, S. (2015). Development of 

Lactobacillus paracasei harboring nucleic acid-hydrolyzing 3D8 scFv as a preventive 

probiotic against murine norovirus infection. Applied Microbiology and Biotechnology, 

99(6), 2793–2803. https://doi.org/10.1007/s00253-014-6257-7 

Hoffmann, S., Maculloch, B., & Batz, M. (2015). Economic burden of major foodborne illnesses 

acquired in the United States. Economic Research Service, 140, 1–74. 

Huang, P., Farkas, T., Zhong, W., Ruvoe, N., Morrow, A. L., Altaye, M., Pickering, L. K., 

Newburg, D. S., Lependu, J., & Jiang, X. (2003). Noroviruses bind to human ABO, Lewis, 

and secretor histo–blood group antigens: identification of 4 distinct strain-specific patterns. 

The Journal of Infectious Diseases, 118, 19–31. 

Huo, Y., Wang, W., Ling, T., Wan, X., Ding, L., Shen, S., Huo, J., Zhang, S., Wang, M., Wang, 

Y., & Liu, Y. (2016). Chimeric VLPs with GII.3 P2 domain in a backbone of GII.4 VP1 

confers novel HBGA binding ability. Virus Research, 224, 1–5. 

https://doi.org/10.1016/j.virusres.2016.08.006 

Hutson, A. M., Atmar, R. L., Graham, D. Y., & Estes, M. K. (2002). Norwalk virus infection and 

disease is associated with ABO histo–blood group type. The Journal of Infectious Diseases, 

185, 1335–1337. https://doi.org/10.1086/375829 

Huys, G., Botteldoorn, N., Delvigne, F., De Vuyst, L., Heyndrickx, M., Pot, B., Dubois, J. J., & 

Daube, G. (2013). Microbial characterization of probiotics-advisory report of the working 

group “8651 Probiotics” of the Belgian Superior Health Council (SHC). Molecular 

Nutrition and Food Research, 57(8), 1479–1504. https://doi.org/10.1002/mnfr.201300065 

Hwang, S., Alhatlani, B., Arias, A., Caddy, S. L., Christodoulou, C., Cunha, J., Emmott, E., 

Gonzalez-Hernandez, M., Kolawole, A., Lu, J., Rippinger, C., Sorgeloos, F., Thorne, L., 

Vashist, S., Goodfellow, I., & Wobus, C. E. (2015). Murine norovirus: propagation, 

quantification and genetic manipulation. Current Protocol Microbiology, 25(8). 

https://doi.org/10.1097/MCA.0000000000000178.Endothelial 

Iturriza-Gomara, M., & O’Brien, S. J. (2016). Foodborne viral infections. Current Opinion in 

Infectious Diseases, 29(5), 495–501. https://doi.org/10.1097/QCO.0000000000000299 

Jacxsens, L., Stals, A., De Keuckelaere, A., Deliens, B., Rajkovic, A., & Uyttendaele, M. (2017). 

Quantitative farm-to-fork human norovirus exposure assessment of individually quick 

frozen raspberries and raspberry puree. International Journal of Food Microbiology, 242, 

87–97. https://doi.org/10.1016/j.ijfoodmicro.2016.11.019 

Jiang, B., Monroe, S. S., Koonin, E. V., Stine, S. E., & Glass, R. I. (1993). RNA sequence of 

astrovirus: Distinctive genomic organization and a putative retrovirus-like ribosomal 

frameshifting signal that directs the viral replicase synthesis. Proceedings of the National 



105 
 

Academy of Sciences of the United States of America, 90(22), 10539–10543. 

https://doi.org/10.1073/pnas.90.22.10539 

Jones, M. K., Grau, K. R., Costantini, V., Kolawole, A. O., Graaf, D., Freiden, P., Graves, C. L., 

Koopmans, M., Wallet, S. M., Tibbetts, S. A., Schultz-cherry, S., Wobus, C. E., & Vinjé, J. 

(2015). Human norovirus culture in B cells. Nature Protocols, 10(12), 1939–1947. 

https://doi.org/10.1038/nprot.2015.121.Human 

Jones, M. K., Watnabe, M., Zhu, S., Graves, C. L., Keyes, L. R., Grau, K. R., Gonzalez-

Hernandez, M. B., Iovine, N. M., Wobus, C. E., Vinje, J., Tibbetts, S. A., Wallet, S. M., & 

Karst, S. M. (2014). Enteric bacteria promote human and mouse norovirus infection of B 

cells. Scientific Reports, 346(6210), 755–760. 

Kageyama, T., Kojima, S., Shinohara, M., Uchida, K., Fukushi, S., Hoshino, F. B., Takeda, N., 

& Katayama, K. (2003). Broadly reactive and highly sensitive assay for Norwalk-like 

viruses based on real-time quantitative reverse transcription-PCR. Journal of Clinical 

Microbiology, 41(4), 1548–1557. https://doi.org/10.1128/JCM.41.4.1548-1557.2003 

Kandasamy, S., Vlasova, A. N., Fischer, D., Kumar, A., Chattha, K. S., Rauf, A., Shao, L., 

Langel, S. N., Rajashekara, G., & Saif, L. J. (2016). Differential effects of Escherichia coli 

Nissle and Lactobacillus rhamnosus Strain GG on human rotavirus binding, infection, and 

B cell immunity. The Journal of Immunology, 196(4), 1780–1789. 

https://doi.org/10.4049/jimmunol.1501705 

Kapikian, A. Z., Wyatt, R. G., Dolin, R., Thornhill, T. S., Kalica, A. R., & Chanock, R. M. 

(1972). Visualization by immune electron microscopy of a 27-nm particle associated with 

acute infectious nonbacterial gastroenteritis. Journal of Virology, 10(5), 1075–1081. 

Karst, S. M., Zhu, S., & Goodfellow, I. G. (2015). The molecular pathology of noroviruses. 

Journal of Pathology, 235, 206–216. https://doi.org/10.1002/path.4463 

Kauppinen, A., & Miettinen, I. T. (2017). Persistence of norovirus GII genome in drinking water 

and wastewater at different temperatures. Pathogens, 6(48), 1–11. 

https://doi.org/10.3390/pathogens6040048 

Kechagia, M., Basoulis, D., Konstantopoulou, S., Dimitriadi, D., Gyftopoulou, K., Skarmoutsou, 

N., & Fakiri, E. M. (2013). Health benefits of probiotics: a review. ISRN Nutrition, 2013, 1–

7. 

Kelly, R. J., Rouquier, S., Girogi, D., Lennon, G. G., & Lowe, J. B. (1995). Sequence and 

expression of a candidate for the human secretor blod group α(1,2) fucosyltrasnferase gene 

(FUT2). The Journal of Biological Chemistry, 270(9), 4640–4649. 

Kopecka, H., Dubrou, S., Prevot, J., Marechal, J., & Pila, J. M. L. (1993). Detection of naturally 

occurring enteroviruses in waters by reverse transcription, polymerase chain reaction, and 

hybridization. Applied and Environmental Microbiology, 59(4), 1213–1219. 

Kumthip, K., Khamrin, P., & Maneekarn, N. (2019). Epidemiology and genotypic distribution of 

noroviruses in patients with acute gastroenteritis in developing and developed countries. 

Annals of Research Hospitals, 3(1), 3–5. https://doi.org/10.21037/arh.2019.01.01 

Kuss, S. K., Best, G. T., Etheredge, C. A., Pruijssers, A. J., Frierson, J. M., Hooper, L. V, 



106 
 

Dermody, T. S., & Pfeiffer, J. K. (2011). Intestinal microbiota promote enteric virus 

replication and systemic pathogenesis. Science, 334, 249–253. 

Kwan, H. S., Chan, P. K. S., & Chan, M. C. W. (2017). Overview of norovirus as a foodborne 

pathogen. In The Norovirus: Features, Detection, and Prevention of Foodborne Disease. 

Elsevier Inc. https://doi.org/10.1016/B978-0-12-804177-2.00002-6 

Kyung, D., Eun, J., Ji, M., Goo, J., Hyuk, J., & Joo, N. (2015). Probiotic bacteria, B. longum and 

L. acidophilus inhibit infection by rotavirus in vitro and decrease the duration of diarrhea in 

pediatric patients. Clinics and Research in Hepatology and Gastroenterology, 39(2), 237–

244. https://doi.org/10.1016/j.clinre.2014.09.006 

Lambden, P. R., Caul, E. O., Ashley, C. R., & Clarke, I. N. (1993). Sequence and genome 

organization of a human small round-structured (Norwalk-like) virus. Science, 259(5094), 

516–519. https://doi.org/10.1126/science.8380940 

Lammers, K. M., Helwig, U., Swennen, E., Rizzello, F., Venturi, A., Caramelli, E., Kamm, M. 

A., Brigidi, P., Gionchetti, P., & Campieri, M. (2002). Effect of probiotic strains on 

Interleukin 8 production by HT29/19A Cells. The Americal Journal of Gastroenterology, 

97(5), 1182–1186. 

Langlet, J., Kaas, L., & Greening, G. (2015). Binding-based RT-qPCR assay to assess binding 

patterns of noroviruses to shellfish. Food and Environmental Virology, 7, 88–95. 

https://doi.org/10.1007/s12560-015-9180-x 

Lay, M. K., Atmar, R. L., Guix, S., Bharadwaj, U., He, H., Neill, F. H., Sastry, K. J., Yao, Q., & 

Estes, M. K. (2010). Norwalk virus does not replicate in human macrophages or dendritic 

cells derived from the peripheral blood of susceptible humans. Virology, 406, 1–11. 

https://doi.org/10.1016/j.virol.2010.07.001 

Lebeer, S., Claes, I. J. J., Verhoeven, T. L. A., Vanderleyden, J., & Keersmaecker, S. C. J. De. 

(2010). Exopolysaccharides of Lactobacillus rhamnosus GG form a protective shield 

against innate immune. Microbial Biotechnology, 4(3), 368–374. 

https://doi.org/10.1111/j.1751-7915.2010.00199.x 

Lee, N., Chan, M. C. W., Wong, B., Choi, K. W., Sin, W., Lui, G., Chan, P. K. S., Lai, R. W. M., 

Cockram, C. S., & Sung, J. J. Y. (2007). Fecal viral concentration and diarrhea in norovirus 

gastroenteritis. Emerging Infectious Diseases, 13(9), 1399–1401. 

Lees, D. (2000). Viruses and bivalve shellfish. International Journal of Food Microbiology, 59, 

81–116. https://doi.org/10.1016/S0168-1605(00)00248-8 

Lei, S., Ramesh, A., Twitchell, E., Wen, K., Bui, T., Weiss, M., Yang, X., Kocher, J., Li, G., 

Giri-Rachman, E., Van Trang, N., Jiang, X., Ryan, E. P., & Yuan, L. (2016). High 

protective efficacy of probiotics and rice bran against human norovirus infection and 

diarrhea in gnotobiotic pigs. Frontiers in Microbiology, 7, 1–12. 

https://doi.org/10.3389/fmicb.2016.01699 

Lei, S., Samuel, H., Twitchell, E., Bui, T., Ramesh, A., & Wen, K. (2016). Enterobacter cloacae 

inhibits human norovirus infectivity in gnotobiotic pigs. Scientific Reports, 6, 1–10. 

https://doi.org/10.1038/srep25017 



107 
 

Leuthold, M. M., Dalton, K. P., & Hansman, S. (2015). Structural analysis of a rabbit 

hemorrhagic disease virus binding to histo-blood group antigens. Journal of Virology, 

89(4), 2378–2387. https://doi.org/10.1128/JVI.02832-14 

Li, D., Baert, L., Xia, M., Zhong, W., Coillie, E. Van, Jiang, X., & Uyttendaele, M. (2012). 

Evaluation of methods measuring the capsid integrity and/or functions of noroviruses by 

heat inactivation. Journal of Virological Methods, 181(1), 1–5. 

https://doi.org/10.1016/j.jviromet.2012.01.001 

Li, D., Breiman, A., le Pendu, J., & Uyttendaele, M. (2016). Anti-viral effect of Bifidobacterium 

adolescentis against noroviruses. Frontiers in Microbiology, 7, 1–7. 

https://doi.org/10.3389/fmicb.2016.00864 

Liévin-Le Moal, V., & Servin, A. L. (2014). Anti-infective activities of Lactobacillus strains in 

the human intestinal microbiota: from probiotics to gastrointestinal anti- infectious 

biotherapeutic agents. Clinical Microbiology Reviews, 27(2), 167–199. 

https://doi.org/10.1128/CMR.00080-13 

Liu, B., Clarke, I. N., & Lambden, P. R. (1996). Polyprotein processing in Southampton virus : 

iddentification of 3C-like protease cleavage Sites by in vitro mutagenesis. Journal of 

Virology, 70(4), 2605–2610. 

Mack, D. R., Michail, S., Wei, S., McDougall, L., & Hollingsworth, M. A. (1999). Probiotics 

inhibit enteropathogenic E. coli adherence in vitro by inducing intestinal mucin gene 

expression. Mucosal Biology, 276(4), G941–G950. 

Mahmud, R. S., Müller, C., Romanova, Y., Mostafa, A., Ulyanova, V., Pleschka, S., & Ilinskaya, 

O. (2017). Ribonuclease from Bacillus acts as an antiviral agent against negative- and 

positive-sense single stranded human respiratory RNA viruses. BioMed Research 

International, 1–11. 

Mahooti, M., Abdolalipour, E., Salehzadeh, A., Reza, S., Ali, M., & Ghaemi, A. (2019). 

Immunomodulatory and prophylactic effects of Bifidobacterium bifidum probiotic strain on 

influenza infection in mice. World Journal of Microbiology and Biotechnology, 35(6), 1–9. 

https://doi.org/10.1007/s11274-019-2667-0 

Majumdar, N., Banerjee, S., Pallas, M., Wessel, T., & Hegerich, P. (2017). Poisson plus 

quantification for digital PCR systems. Scientific Reports, 7(1), 1–10. 

https://doi.org/10.1038/s41598-017-09183-4 

Maragkoudakis, P. A., Chingwaru, W., Gradisnik, L., Tsakalidou, E., & Cencic, A. (2010). 

Lactic acid bacteria efficiently protect human and animal intestinal epithelial and immune 

cells from enteric virus infection. International Journal of Food Microbiology, 

141(SUPPL.), 91–97. https://doi.org/10.1016/j.ijfoodmicro.2009.12.024 

Matthews, J. E., Dickey, B. W., Miller, R. D., Felzer, J. R., Dawson, B. P., Lee, A. S., Rocks, J. 

J., Kiel, J., Montes, J. S., Moe, C. L., Eisenberg, J. N. S., & Leon, J. S. (2012). The 

epidemiology of published norovirus outbreaks: a review of risk factors associated with 

attack rate and genogroup. Epidemiological Infection, 140, 1161–1172. 

https://doi.org/10.1017/S0950268812000234 



108 
 

Mattison, K., Shukla, A., Cook, A., Pollari, F., Friendship, R., Kelton, D., Bidawid, S., & Farber, 

J. M. (2007). Human noroviruses in swine and cattle. Emerging Infectious Diseases, 13(8), 

1184–1188. 

Mesquita, J. R., Barclay, L., São, M., Nascimento, J., & Vinjé, J. (2010). Novel norovirus in 

dogs with diarrhea. Emerging Infectious Diseases, 16(6), 980–982. 

https://doi.org/10.3201/eid1606.091861 

Miura, F., Matsuyama, R., & Nishiura, H. (2018). Estimating the asymptomatic ratio of 

norovirus infection during foodborne outbreaks with laboratory testing in Japan. Journal of 

Epidemiology, 28(9), 382–387. 

Miura, T., Sano, D., Suenaga, A., Yoshimura, T., Fuzawa, M., Nakagomi, T., Nakagomi, O., & 

Okabe, S. (2013). Histo-blood group antigen-like substances of human enteric bacteria as 

specific adsorbents for human noroviruses. Journal of Virology, 87(17), 9441–9451. 

https://doi.org/10.1128/jvi.01060-13 

Moore, M. D., Goulter, R. M., & Jaykus, L.-A. (2015). Human norovirus as a foodborne 

pathogen: challenges and developments. Annu. Rev. Food Sci. Technol, 6, 411–433. 

https://doi.org/10.1146/annurev-food-022814-015643 

Morillo, S. G., & Timenetsky, M. D. C. S. T. (2011). Norovirus: an overview. Revista Da 

Associação Médica Brasileira (English Edition), 57(4), 453–458. 

https://doi.org/http://dx.doi.org/10.1016/S2255-4823(11)70094-7 

Morozov, V., Hanisch, F.G., Wegner, K. M., & Schroten, H. (2018). Pandemic GII.4 Sydney and 

epidemic GII.17 Kawasaki308 display distinct specificities for histo-blood group antigens 

leading to different transmission vector dynamics in Pacific oysters. Frontiers in 

Microbiology, 9, 1–9. https://doi.org/10.3389/fmicb.2018.02826 

Nagata, S., Asahara, T., Ohta, T., Yamada, T., Kondo, S., Bian, L., Wang, C., Yamashiro, Y., & 

Nomoto, K. (2011). Effect of the continuous intake of probiotic-fermented milk containing 

Lactobacillus casei strain Shirota on fever in a mass outbreak of norovirus gastroenteritis 

and the faecal microflora in a health service facility for the aged. British Journal of 

Nutrition, 106, 549–556. https://doi.org/10.1017/S000711451100064X 

Ng, S. C., Hart, A. L., Kamm, M. A., Stagg, A. J., & Knight, S. C. (2009). Mechanisms of action 

of probiotics: recent advances. Inflammatory Bowel Diseases, 15(2), 300–310. 

https://doi.org/10.1002/ibd.20602 

Olaya Galán, N. N., Ulloa Rubiano, J. C., Velez Reyes, F. A., Fernandez Duarte, K. P., Salas 

Cárdenas, S. P., & Gutierrez Fernandez, M. F. (2016). In vitro antiviral activity of 

Lactobacillus casei and Bifidobacterium adolescentis against rotavirus infection monitored 

by NSP4 protein production. Journal of Applied Microbiology, 120(4), 1041–1051. 

https://doi.org/10.1111/jam.13069 

Otte, J., & Podolsky, D. K. (2003). Functional modulation of enterocytes by Gram-positive and 

Gram-negative microorganisms. American Journal of Physiology Gastrointestinal and 

Liver Physiology, 286, G613–G626. 

Ouwehand, A. C., Salminen, S., & Isolauri, E. (2002). Probiotics: an overview of beneficial 



109 
 

effects. Antonie von Leeuwenhoek, 82, 279–289. 

Park, G. W., Linden, K. G., & Sobsey, M. D. (2011). Inactivation of murine norovirus, feline 

calicivirus and echovirus 12 as surrogates for human norovirus (NoV) and coliphage (F+) 

MS2 by ultraviolet light (254 nm) and the effect of cell association on UV inactivation. 

Letters in Applied Microbiology, 52, 162–167. https://doi.org/10.1111/j.1472-

765X.2010.02982.x 

Park, G. W., Barclay, L., Macinga, D., Charbonneau, D., Pettigrew, C. A., & Vinjé, J. (2010). 

Comparative Efficacy of Seven Hand Sanitizers against Murine Norovirus , Feline 

Calicivirus , and GII . 4 Norovirus 3. Journal of Food Protection, 73(12), 2232–2238. 

Penn, R., Ward, B. J., Strande, L., & Maurer, M. (2018). Review of synthetic human faeces and 

faecal sludge for sanitation and wastewater research. Water Research, 132, 222–240. 

https://doi.org/10.1016/j.watres.2017.12.063 

Persson, S., Eriksson, R., Lowther, J., Ellström, P., & Simonsson, M. (2018). Comparison 

between RT droplet digital PCR and RT real-time PCR for quantification of noroviruses in 

oysters. International Journal of Food Microbiology, 284(February), 73–83. 

https://doi.org/10.1016/j.ijfoodmicro.2018.06.022 

Pfister, T., & Wimmer, E. (2001). Polypeptide p41 of a Norwalk-like virus is a nucleic acid-

independent nucleoside triphosphatase. Journal of Virology, 75(4), 1611–1619. 

https://doi.org/10.1128/JVI.75.4.1611 

Public Health Agency of Canada (PHAC). (2018). Outbreak of norovirus and gastrointestinal 

illnesses linked to raw and undercooked oysters from British Columbia. 1–32. 

Prasad, B. V. V., Hardy, M. E., Dokland, T., Bella, J., Rossmann, M. G., & Estes, M. K. (1999). 

X-ray crystallographic structure of the Norwalk virus capsid. Science, 286, 287–291. 

Pridmore, R. D., Berger, B., Desiere, F., Vilanova, D., Barretto, C., Pittet, A.-C., Zwahlen, M.-

C., Rouvet, M., Altermann, E., Barrangou, R., Mollet, B., Mercenier, A., Klaenhammer, T., 

Arigoni, F., & Schell, M. A. (2004). The genome sequence of the probiotic intestinal 

bacterium Lactobacillus johnsonii NCC 533. Proceedings of the National Academy of 

Sciences, 101(8), 2512–2517. https://doi.org/10.1073/pnas.0307327101 

Resta-Lenert, S., & Barrett, K. E. (2003). Live probiotics protect intestinal epithelial cells from 

the effects of infection with enteroinvasive Escherichia coli. Gut, 52, 988–997. 

Robilotti, E., Deresinski, S., & Pinsky, B. A. (2015). Norovirus. Clinical Microbiology Reviews, 

28(1), 134–164. https://doi.org/10.1128/CMR.00075-14 

Rockx, B. H. G., Vennema, H., Hoebe, C. J. P. A., Duizer, E., & Koopmans, M. P. G. (2005). 

Association of histo–blood group antigens and susceptibility to norovirus infections. The 

Journal of Infectious Diseases, 191, 749–754. 

Rohayem, J., Robel, I., Ja, K., Scheffler, U., & Rudolph, W. (2006). Protein-primed and de novo 

initiation of RNA synthesis by norovirus 3Dpol. Journal of Virology, 80(14), 7060–7069. 

https://doi.org/10.1128/JVI.02195-05 

Rossi-Tamisier, M., Benamar, S., Raoult, D., & Fournier, P. E. (2015). Cautionary tale of using 



110 
 

16s rRNA gene sequence similarity values in identification of human-associated bacterial 

species. International Journal of Systematic and Evolutionary Microbiology, 65(6), 1929–

1934. https://doi.org/10.1099/ijs.0.000161 

Scallan, E., Hoekstra, R. M., Angulo, F. J., Tauxe, R. V., Widdowson, M. A., Roy, S. L., Jones, 

J. L., & Griffin, P. M. (2011). Foodborne illness acquired in the United States-major 

pathogens. Emerging Infectious Diseases, 17(1), 7–15. 

https://doi.org/10.3201/eid1701.P11101 

Shah, M. P., & Hall, A. J. (2016). Global disease burden of foodborne illnesses associated with 

norovirus. In The Norovirus: Features, Detection, and Prevention of Foodborne Disease. 

Elsevier Inc. https://doi.org/10.1016/B978-0-12-804177-2.00001-4 

Sherman, P. M., Johnson-Henry, K. C., Yeung, H. P., Ngo, P. S. C., Goulet, J., & Tompkins, T. 

A. (2005). Probiotics reduce enterohemorrhagic Escherichia coli O157 : H7- and 

enteropathogenic E . coli O127 : H6-induced changes in polarized T84 epithelial cell 

monolayers by reducing bacterial adhesion and cytoskeletal rearrangements. Infection and 

Immunity, 73(8), 5183–5188. https://doi.org/10.1128/IAI.73.8.5183 

Shirato-Horikoshi, H., Ogawa, S., Wakita, T., Takeda, N., & Hansman, G. S. (2007). Binding 

activity of norovirus and sapovirus to histo-blood group antigens. Archives of Virology, 152, 

457–461. https://doi.org/10.1007/s00705-006-0883-z 

Simmonds, P., Karakasiliotis, I., Bailey, D., Chaudhry, Y., Evans, D. J., & Goodfellow, I. G. 

(2008). Bioinformatic and functional analysis of RNA secondary structure elements among 

different genera of human and animal caliciviruses. Nucleic Acids Research, 36(8), 2530–

2546. https://doi.org/10.1093/nar/gkn096 

Smith, J. G., & Nemerow, G. R. (2008). Mechanism of adenovirus neutralization by human α-

defensins. Cell Host and Microbe, 3, 11–19. https://doi.org/10.1016/j.chom.2007.12.001 

Soma, T., Nakagomi, O., Nakagomi, T., & Mochizuki, M. (2015). Detection of norovirus and 

sapovirus from diarrheic dogs and cats in Japan. Microbiology and Immunology, 59, 123–

128. https://doi.org/10.1111/1348-0421.12223 

Spinler, J. K., Taweechotipatr, M., Rognerud, C. L., Ou, C. N., Tumwasorn, S., & Versalovic, J. 

(2008). Human-derived probiotic Lactobacillus reuteri demonstrate antimicrobial activities 

targeting diverse enterical bacterial pathogens. Anaerobe, 14(3), 166–171. 

Stackebrandt, E., & Ebers, J. (2006). Taxonomic parameters revisited: tarnished gold standards. 

Microbiology Today, 152–153. 

Straub, T. M., Bartholomew, R. A., Valdez, C. O., Valentine, N. B., Dohnalkova, A., Ozanich, 

R. M., Bruckner-lea, C. J., & Call, D. R. (2011). Human norovirus infection of Caco-2 cells 

grown as a three-dimensional tissue structure. Journal of Water and Health, 9(2), 225–240. 

https://doi.org/10.2166/wh.2010.106 

Strober, W. (2001). Trypan blue exclusion test of cell viability. Current Protocols in 

Immunology, 111, A3.B.1-A3.B.3. https://doi.org/10.1002/0471142735.ima03bs111 

Su, X., Howell, A. B., & D’Souza, D. H. (2010). Antiviral effects of cranberry juice and 

cranberry proanthocyanidins on foodborne viral surrogates - a time dependence study in 



111 
 

vitro. Food Microbiology, 27(8), 985–991. https://doi.org/10.1016/j.fm.2010.05.027 

Su, X., Zivanovic, S., & D’Souza, D. H. (2009). Effect of chitosan on the infectivity of murine 

norovirus, feline calicivirus, and bacteriophage MS2. Journal of Food Protection, 72(12), 

2623–2628. 

Takanashi, S., Saif, L. J., Hughes, J. H., Meulia, T., Jung, K., Scheuer, K. A., & Wang, Q. 

(2015). Failure of propagation of human norovirus in intestinal epithelical cells with 

microvilli grown in three-dimensional cultures. Archives of Virology, 159(2), 257–266. 

https://doi.org/10.1007/s00705-013-1806-4.Failure 

Tamura, M., Natori, K., Kobayashi, M., Miyamura, T., & Takeda, N. (2004). Genogroup II 

noroviruses efficiently bind to heparan sulfate proteoglycan associated with the cellular 

membrane. Journal of Virology, 78(8), 3817–3826. https://doi.org/10.1128/JVI.78.8.3817 

Tan, M., Huang, P., Meller, J., Zhong, W., Farkas, T., & Jiang, X. (2003). Mutations within the 

P2 Domain of norovirus capsid affect binding to human histo-blood group antigens : 

evidence for a binding pocket. Journal of Virology, 77(23), 12562–12571. 

https://doi.org/10.1128/JVI.77.23.12562 

Tan, M., Wei, C., Huang, P., Fan, Q., Quigley, C., & Xia, M. (2015). Tulane virus recognizes 

sialic acids as cellular receptors. Scientific Reports, 5, 1–14. 

https://doi.org/10.1038/srep11784 

Tanabe, H., Ouellette, A. J., Cocco, M. J., & Robinson, W. E. (2004). Differential effects on 

human immunodeficiency virus type 1 replication by α-Defensins with comparable 

bactericidal activities. Journal of Virology, 78(21), 11622–11631. 

https://doi.org/10.1128/JVI.78.21.11622 

Taverniti, V., & Guglielmetti, S. (2012). Health-promoting properties of Lactobacillus 

helveticus. Frontiers in Microbiology, 3(November), 1–13. 

https://doi.org/10.3389/fmicb.2012.00392 

Terregino, C., & Arcangeli, G. (2016). Shellfish and berries: the ready-to-eat food most involved 

in human norovirus outbreaks. In The Norovirus: Features, Detection, and Prevention of 

Foodborne Disease. Elsevier Inc. https://doi.org/10.1016/B978-0-12-804177-2.00003-8 

Thomas, M. K., Murray, R., Flockhart, L., Pintar, K., Nesbitt, A., Marshall, B., Tataryn, J., & 

Pollari, F. (2015). Estimates of foodborne illness – related hospitalizations. Foodborne 

Pathogens and Disease, 12(10). https://doi.org/10.1089/fpd.2015.1966 

Thomas, M. K., Murray, R., Flockhart, L., Pintar, K., Pollari, F., Fazil, A., Nesbitt, A., & 

Marshall, B. (2013). Estimates of the burden of foodborne illness in Canada for 30 specified 

pathogens and unspecified agents, circa 2006. Foodborne Pathogens and Disease, 10(7), 

639–648. https://doi.org/10.1089/fpd.2012.1389 

Thorne, L. G., & Goodfellow, I. G. (2014). Norovirus gene expression and replication. Journal 

of General Virology, 95(278–291). https://doi.org/10.1099/vir.0.059634-0 

Tian, P., Yang, D., Quigley, C., Chou, M., & Jiang, X. I. (2014). Inactivation of the tulane virus, 

a novel surrgate for the human norovirus. Journal of Food Protection, 76(4), 712–718. 

https://doi.org/10.4315/0362-028X.JFP-12-361.Inactivation 



112 
 

Topping, J. R., Schnerr, H., Haines, J., Scott, M., Carter, M. J., Willcocks, M. M., Bellamy, K., 

Brown, D. W., Gray, J. J., Gallimore, C. I., & Knight, A. I. (2009). Temperature 

inactivation of feline calicivirus vaccine strain FCV F-9 in comparison with human 

noroviruses using an RNA exposure assay and reverse transcribed quantitative real-time 

polymerase chain reaction- a novel method for predicting virus infectivity. Journal of 

Virological Methods, 156(1–2), 89–95. https://doi.org/10.1016/j.jviromet.2008.10.024 

Tran, T. N. H., Trainor, E., Nakagomi, T., Cunliffe, N. A., & Nakagomi, O. (2013). Molecular 

epidemiology of noroviruses associated with acute sporadic gastroenteritis in children : 

global distribution of genogroups , genotypes and GII . 4 variants. Journal of Clinical 

Virology, 56(3), 185–193. https://doi.org/10.1016/j.jcv.2012.11.011 

Trivedi, T. K., Desai, R., Hall, A. J., Patel, M., Parashar, U. D., & Lopman, B. A. (2013). 

Clinical characteristics of norovirus-associated deaths: a systematic literature review. 

American Journal of Infection Control, 41(7), 654–657. 

https://doi.org/10.1016/j.ajic.2012.08.002 

Tse, H., Lau, S. K. P., Chan, W.-M., Choi, G. K. Y., Woo, P. C. Y., & Yuen, K.-Y. (2012). 

Complete genome sequences of novel canine noroviruses in Hong Kong. Journal of 

Virology, 86(17), 9531–9532. https://doi.org/10.1128/JVI.01312-12 

Tseng, C. Y., Chen, C. H., Su, S. C., Wu, F. T., Chen, C. C., Hsieh, G. Y., Hung, C. H., & Fung, 

C. P. (2011). Characteristics of norovirus gastroenteritis outbreaks in a psychiatric centre. 

Epidemiological Infection, 139, 275–285. https://doi.org/10.1017/S0950268810000634 

Tytgat, H. L. P., Vanderleyden, J., & Damme, J. M. Van. (2016). Systematic exploration of the 

glycoproteome of the beneficial gut isolate Lactobacillus rhamnosus GG. Journal of 

Molecular Microbiology and Biotechnology, 26, 345–358. 

https://doi.org/10.1159/000447091 

Uchiyama, R., Chassaing, B., Zhang, B., & Gewirtz, A. T. (2014). Antibiotic treatment 

suppresses rotavirus infection and enhances specific humoral immunity. Journal of 

Infectious Diseases, 210(2), 171–182. https://doi.org/10.1093/infdis/jiu037 

Vally, H., Glass, K., Ford, L., Hall, G., Kirk, M. D., Shadbolt, C., Veitch, M., Fullerton, K. E., 

Musto, J., & Becker, N. (2014). Proportion of illness acquired by foodborne transmission 

for nine enteric pathogens in Australia: an expert elicitation. Foodborne Pathogens and 

Disease, 11(9), 727–733. https://doi.org/10.1089/fpd.2014.1746 

Vasiee, A., Ali, S., Sankian, M., Tabatabaee, F., Mahmoudi, M., & Shahidi, F. (2019). 

Antagonistic activity of recombinant Lactococcus lactis NZ1330 on the adhesion properties 

of Escherichia coli causing urinary tract infection. Microbial Pathogenesis, 133(April), 

103547. https://doi.org/10.1016/j.micpath.2019.103547 

Vega, E., Barclay, L., Gregoricus, N., Shirley, S. H., & Lee, D. (2014). Genotypic and 

epidemiologic trends of norovirus outbreaks in the United States, 2009 to 2013. Journal of 

Clinical Microbiology, 52(1), 147–155. https://doi.org/10.1128/JCM.02680-13 

Verhoef, L., Hewitt, J., Barclay, L., Ahmed, S. M., Lake, R., Hall, A. J., Lopman, B., Kroneman, 

A., Vennema, H., Vinjé, J., & Koopmans, M. (2015). Norovirus genotype profiles 

associated with foodborne transmission, 1999-2012. Emerging Infectious Diseases, 21(4), 



113 
 

592–599. 

Vlasova, A. N., Chattha, K. S., Kandasamy, S., Liu, Z., Esseili, M., Shao, L., Rajashekara, G., & 

Saif, L. J. (2013). Lactobacilli and Bifidobacteria promote immune homeostasis by 

modulating innate immune responses to human rotavirus in neonatal gnotobiotic pigs. PLoS 

ONE, 8(10), 1–14. https://doi.org/10.1371/journal.pone.0076962 

Wagner, R. D., & Johnson, S. J. (2017). Probiotic bacteria prevent Salmonella – induced 

suppression of lymphoproliferation in mice by an immunomodulatory mechanism. BMC 

Microbiology, 17(77), 1–12. https://doi.org/10.1186/s12866-017-0990-x 

Wang, Q., Han, M. G., Cheetham, S., Souza, M., Funk, J. A., & Saif, L. J. (2005). Porcine 

noroviruses related to human noroviruses. Emerging Infectious Diseases, 11(12), 1874–

1881. 

Wegener, H., Mallagaray, A., Schone, T., Peters, T., Lockhauserbaumer, J., Yan, H., Uetrecht, 

C., Hansman, G., & Taube, S. (2017). Human norovirus GII.4 (MI001) P dimer binds 

fucosylated and sialylated carbohydrates. Glycobiology, 4(September), 1027–1037. 

https://doi.org/10.1093/glycob/cwx078/4103389/Human-Norovirus-GII-4-MI001-P-Dimer-

Binds 

Westerik, N., Kort, R., Sybesma, W., & Reid, G. (2018). Lactobacillus rhamnosus probiotic food 

as a tool for empowerment across the value chain in Africa. Frontiers in Microbiology, 

9(July), 1–6. https://doi.org/10.3389/fmicb.2018.01501 

World Health Organization (WHO). (2002). Guidelines for the evaluation of probiotics in food. 

https://doi.org/10.1186/s40814-015-0013-3 

Winand, R., Bogaerts, B., Hoffman, S., Lefevre, L., Delvoye, M., Van Braekel, J., Fu, Q., 

Roosens, N. H. C., De Keersmaecker, S. C. J., & Vanneste, K. (2020). Targeting the 16s 

rRNA gene for bacterial identification in complex mixed samples: comparative evaluation 

of second (illumina) and third (oxford nanopore technologies) generation sequencing 

technologies. International Journal of Molecular Sciences, 21(1), 1–22. 

https://doi.org/10.3390/ijms21010298 

Wobus, C. E., Karst, S. M., Thackray, L. B., Chang, K. O., Sosnovtsev, S. V., Belliot, G., Krug, 

A., Mackenzie, J. M., Green, K. Y., & Virgin IV, H. W. (2004). Replication of norovirus in 

cell culture reveals a tropism for dendritic cells and macrophages. PLoS Biology, 2(12), 

2076–2084. https://doi.org/10.1371/journal.pbio.0020432 

Wolf, S., Williamson, W., Hewitt, J., Lin, S., Rivera-Aban, M., Ball, A., Scholes, P., Savill, M., 

& Greening, G. E. (2009). Molecular detection of norovirus in sheep and pigs in New 

Zealand farms. Veterinary Microbiology, 133(1–2), 184–189. 

https://doi.org/10.1016/j.vetmic.2008.06.019 

Yang, E., Fan, L., Jiang, Y., Doucette, C., & Fillmore, S. (2012). Antimicrobial activity of 

bacteriocin-producing lactic acid bacteria isolated from cheeses and yogurts. AMB Express, 

2(48), 1–12. https://doi.org/10.1186/2191-0855-2-48 

Yang, J., Huang, K., Qin, S., Wu, X., Zhao, S., & Chen, F. (2009). Antibacterial action of 

selenium-enriched probiotics against pathogenic Escherichia coli. Digestive Diseases and 



114 
 

Sciences, 54, 246–254. https://doi.org/10.1007/s10620-008-0361-4 

Yang, M., Lee, G. J., Si, J., Lee, S. J., You, H. J., & Ko, G. P. (2016). Curcumin shows antiviral 

properties against norovirus. Molecules, 21(10), 1–14. 

https://doi.org/10.3390/molecules21101401 

Yang, S., Lin, C., Sung, C. T., & Fang, J. (2014). Antibacterial activities of bacteriocins : 

application in foods and pharmaceuticals. Frontiers in Microbiology, 5, 1–10. 

https://doi.org/10.3389/fmicb.2014.00241 

Zhang, D., Huang, P., Zou, L., Lowary, T. L., Tan, M., & Jiang, X. (2015). Tulane virus 

recognizes the A Type 3 and B histo-blood group antigens. Journal of Virology, 89(2), 

1419–1427. https://doi.org/10.1128/jvi.02595-14 

Zhang, X., Tan, M., Chhabra, M., Dai, Y., Meller, J., & Jiang, X. (2013). Inhibition of histo-

blood group antigen binding as a novel strategy to block norovirus infections. PLoS ONE, 

8(7), 1–9. https://doi.org/10.1371/journal.pone.0069379 

Zheng, D., Ando, T., Fankhauser, R. L., Beard, R. S., Glass, R. I., & Monroe, S. S. (2006). 

Norovirus classification and proposed strain nomenclature. Virology, 346, 312–323. 

https://doi.org/10.1016/j.virol.2005.11.015 



115 
 

APPENDICES 

Appendix A – Media Preparation 

Table A1. Media used for storing bacterial strains at -80°C for long-term storage. Skim milk was 

dissolved in dH2O before adding glycerol and dimethyl sulfoxide (DMSO). Media was sterilized 

and then stored at -20°C until ready for use. 

Component For 100 mL Final concentration 

Skim milk powder 12 g 12% 

Glycerol 1 mL 1% 

DMSO 1 mL 1% 

dH2O 98 mL N/A 

 

Table A2. Methylcellulose overlay used for plaque assays to quantify MNV-1. Methylcellulose 

was autoclaved prior to mixing with DMEM, FBS and Penicillin/Streptomycin (which were all 

pre-sterilized by manufacturer prior to arrival). Media was mixed overnight at 4°C to completely 

dissolve methylcellulose and then stored at 4°C for long-term storage. 

Component For 100 mL Final concentration 

Methylcellulose 1 g 1% 

DMEM 89 mL N/A 

FBS 10 mL 10% 

Pen/Strep 1 mL 1% 

 

Table A3. Agarose overlay used for plaque assays to quantify MNV-1. Agarose was dissolved in 

distilled water and then was autoclaved. 2X DMEM was prepared by mixing a pre-prepared 

DMEM at twice the suggested concentration in 39.5 ml of sterilized distilled water. The DMEM 

was then mixed with FBS and Pen/Strep. At day of assay 50 ml of the 2X DMEM mixture is 

combined with the prepared 2X plaque media. 

Component For 100 mL Final concentration 

SeaPlaque Agarose 1.5 g 1.5 % 

Distilled water 50 mL N/A 

2X DMEM 39.5 mL 1X 

FBS 10 ml 10% 

Pen/Strep 1 ml 1% 
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Table A4. Elution media used for probiotic strain cytotoxicity determination.  

Component For 100 mL Final concentration 

Ethanol (95%) 50 mL 47.5% 

Acetic acid 1 mL 1% 

dH2O 49 mL N/A 
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Appendix B – Examples of sequence analysis of probiotic 16S rRNA 

 Sequence data was obtained from the Genomics Facility, Advance Analytics Centre, 

University of Guelph. The partial 16S rRNA sequences were approximately 750 bases long. 

Sequence data for L. lactis sub species lactis (Figure B1). 

NNTNNCNNATCTCNAGGAATAGCACGAGTATGTCAAGACCTGGTAAGGTTCTTCGCGTTG

CTTCGAATTAAACCACATGC 

TCCACCGCTTGTGCGGGCCCCCGTANNTTCCTTTGAGTTTCNNNNNTGCGGTCGTACTCCC

CAGGCGGAGTGCTTATTGC 

GTTAGCTGCGATACAGAGAACTTATAGCTCCCTACATCTAGCACTCATCGTTTACGGCGTG

GACTACCAGGGTATCTAAT 

CCTGTTTGCTCCCCACGCTTTCGAGCCTCAGTGTCAGTTACAGGCCAGAGAGCCGCTTTCG

CCACCGGTGTTCCTCCATA 

TATCTACGCATTTCACCGCTACACATGGAATTCCACTCTCCTCTCCTGCACTCAAGTCTACC

AGTTTCCAATGCATACAA 

TGGTTGAGCCACTGCCTTTTACACCAGACTTAATAAACCACCTGCGCTCGCTTTACGCCCA

ATAAATCCGGACAACGCTC 

GGGACCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGTCCCTTTCTGGGTAGTTAC

CGTCACTTGATGAGCTTTC 

CACTCTCACCAACGTTCTTCTCTACCAACAGAGTTTTACGATCCGAAAACCTTCTTCACTCA

CGCGGCGTTGCTCGGTCA 

GACTTTCGTCCATTGCCGAAGATTCCCTACTGCTGCCTCCCGTACTTTAGTNNNGGGTNAA

ANNNA 

 

Figure B1. Each individual base obtained from sequencing of amplified region of 16s rRNA for L. 

lactis sub species lactis. N = ambiguous base, not able to be confidently determined by initial 

sequencing; T = thymine; G = guanine; C = cytosine, A = adenine. 

 

 After obtaining sequence data the sequence data was opened with GeneStudio™ software 

to further analyze the sequencing data. Example of L. lactis subsp. lactis sequence opened in this 

software (Figure B2). 
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Figure B2. L. lactis sub species lactis 16s sequence opened in GeneStudio™ software showing the 

first 40 bases prior to manually editing of ambiguous bases. The software gives both the assigned 

consensus nitrogenous bases along with their associated peaks. Thymine (T) = red, guanine (G) = 

black, cytosine (C) = blue; adenine (A) = green. In the consensus, ambiguous bases are given as a 

red N. 

 

 In the cases where ambiguous bases were assigned during sequencing these bases were 

assigned one of the four nitrogenous bases if these bases could be confidently assigned after 

analysis in GeneStudio™. As examples, base 9 was ambiguous but analyzing the peaks it is 

difficult to confidently assign a new base as multiple peaks exist around the same location. In this 

case the base will be left as ambiguous or N. Base 8 on the other hand corresponds to a very large 

green peak and in this case can be confidently assigned as adenine or A. After the entire sequence 

was manually edited (Figure B3) it was exported as a new file.  
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Figure B3. L. lactis subsp. lactis 16s sequence opened in GeneStudio™ software showing the first 

40 bases after manually editing of ambiguous bases. Manually edited bases appear as lower-case 

letters corresponding to their respective bases (i.e., both a and A = adenine). 

 

 The edited sequence file was then transferred into the National Centre for Biotechnology 

Information basic local alignment search tool (NCBI BLAST; available from: 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK

_LOC=blasthome) to search for sequence matches. Example showing L. lactis sub species lactis 

sequence ran using NCBI BLAST (Figure B4).  

 

 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
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Figure B4. Part of the results of L. lactis subsp.lactis ran using NCBI BLAST. It is important to 

note that the description of the sequence matches your target (in this case the partial 16S rRNA 

sequence). It is also important to note the percent identity of your obtained sequence with the 

sequences in the database. 

 

 After the NCBI BLAST results were obtained the sequence identity and description were 

used to confirm or reject sequence identity. Percent similarity was used to confirm species 

identities when the sequence similarity was > 98.7% and to confirm genus identity when the 

sequence similarity was between 95% and 98.7% (Rossi-Tamisier et al., 2015). In instances when 

sequence similarity was < 95% the initial identity was disregarded, and a new identity was 

determined. In the case of L. lactis sub species lactis the sequence similarity was 99.85% which is 

>98.7% and so the sequence identity in this case was confirmed. To determine a new identity 

NCBI BLAST results were used. As another example one other strain had Leuconostoc citreum as 

an initial identity. Its partial 16s sequence after manually editing with GeneStudio™ was run using 

NCBI BLAST (Figure B5).  
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Figure B5. NCBI BLAST results for L. citreum 16S rRNA partial sequence. This is just a small 

portion of results but L. citreum does not appear anywhere in the first few pages and so the identity 

of this strain was brought into question. 

 

 In this case L. citreum did not appear in the first page indicating its identity should be in 

question. A consensus sequence of L. citreum 16S rRNA sequence was obtained from the NCBI 

GenBank and used to compare to the obtained 16S sequence (Figure B6). 

 

Figure B6. Comparison of the obtained L. citreum 16S rRNA sequence with a consensus 16S 

rRNA sequence for L. citreum 16S available from NCBI GenBank. 

 

 In the case of L. citreum the comparison of the obtained sequence to a consensus sequence 

only yielded a percent sequence similarity of 86.71%. In this case as the sequence similarity is 

<95% the sequence identity was rejected, and a new identity was determined using the initial NCBI 

BLAST (Figure B5). In this case the likely identity of this strain is Pediococcus pentosaceus as all 

of the results identified as P. pentosaceus and had a percent identity of 99.44%.  
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Appendix C – Growth curves 
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Appendix D – Microscopic images from infectivity experiment in 3.4 

 

Table D1. Images of probiotic and control treatments from section 3.4.1, the infectivity assay 

where MNV-1 was co-incubated with probiotic bacteria and applied to the BV-2 cell lines. Images 

are at 10x magnification and taken using an Optika C-B5 camera attached to an inverted 

microscope. Labels above the picture correspond to the probiotic that was used to co-incubate with 

MNV-1 before used for infection. 

 

L. johnsonii NCC533 Lactobacillus spp. L. rhamnosus 

   

L. lactis sub species lactis L. lactis sub species cremoris Leuconostoc spp. 

   

L. paracasei P. pentosaceus L. helveticus R0052 
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L. helveticus R0389 L. plantarum R1012 L. rhamnosus R0011 

   

Lactobacillus spp. P. acidalictici R1001 B. adolescentis 16-6-I 11 FAA 

   

B. bifidum ATCC 29521 B. breve AP74LG B. longum 16-6-I 4 FM 

   

L. casei 16-6-I 25 MRS No probiotic (only MNV-1) Negative (only DMEM) 
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Table D2. Images of probiotic and control treatments from section 3.4.2, the infectivity assay 

where MNV-1 and BV-2 cells were co-incubated with probiotic bacteria and applied to the BV-2 

cell lines. Images are at 10x magnification and taken using an Optika C-B5 camera attached to an 

inverted microscope. Labels above the picture correspond to the probiotic that was used to co-

incubate with MNV-1 before used for infection. 

 

L. johnsonii NCC533 Lactobacillus spp. L. rhamnosus 

   

L. lactis sub species lactis L. lactis sub species cremoris Leuconostoc spp. 

   

L. paracasei P. pentosaceus L. helveticus R0052 
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L. helveticus R0389 L. plantarum R1012 L. rhamnosus R0011 

   

Lactobacillus spp. P. acidalictici R1001 B. adolescentis 16-6-I 11 FAA 

   

B. bifidum ATCC 29521 B. breve AP74LG B. longum 16-6-I 4 FM 

   

L. casei 16-6-I 25 MRS No probiotic (only MNV-1) Negative (only DMEM) 
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Appendix E – Example of statistical analysis 

 In order to analyze results for statistical significance R statistical software was used. 

Analysis of variance (ANOVA) was used initially to screen results for difference among the 

biological replicates for both the infectivity assays (2.5) and in the binding assays (2.6). As well 

for the binding assay using 109 CFU/ml and 103 virions/ml was done in two separate runs, over 

two days, an initial ANOVA was completed to determine whether there were statistical 

significantly different results between the two runs as well as between biological replicates. An 

example of ANOVA R-outputs using the ddPCR results from the binding assay using 109 CFU/ml 

and 103 virions/ml for MNV-1 (2.6.2) is given for both difference between runs and biological 

replicates (Figure E1 and E2). 

 

Figure E1. ANOVA table for determination of differences between two separate runs (Date) for 

MNV-1 binding assay using 109 CFU/ml and 103 virions/ml. 

 

Figure E2a. ANOVA table for determination of differences between biological replicates 

(Replicate) for MNV-1 binding assay using 109 CFU/ml and 103 virions/ml, run one. 

 

Figure E2b. ANOVA table for determination of differences between biological replicates 

(Replicate) for MNV-1 binding assay using 109 CFU/ml and 103 virions/ml, run two. 

 

 In this case for the determination of statistically significant differences between runs 

(Figure E1) as P-value = 0.0121 there is a statistical difference between the two runs, and they will 

be analyzed separately and combined. In this case in the results section a note of this was made 
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and suggested readers to take more stock in the separate run results. As well, in this case for 

statistically significant differences between replicates (Figure E2a and E2b) as P-values = 0.808 

and 0.140 respectively there is no statistical difference between the biological replicates. If 

statistical significance occurred (P < 0.1) for the replicates, the variance for this experiment would 

be considered too high and the experiment would have been repeated. The next step was to preform 

an ANOVA to determine statistically significant differences between different treatments. An 

example R-output for this ANOVA using the same binding assay results (Figure E3). 

 

Figure E3a. ANOVA table for determination of differences between treatments for MNV-1 

binding assay using 109 CFU/ml and 103 virions/ml, run one. 

 

Figure E3b. ANOVA table for determination of differences between treatments for MNV-1 

binding assay using 109 CFU/ml and 103 virions/ml, run two. 

 

Figure E3c. ANOVA table for determination of differences between treatments for MNV-1 

binding assay using 109 CFU/ml and 103 virions/ml, combined runs. 

 In this case, as the P-value=0.0264, 0.00563 and 0.00587 for the first run, second run and 

combined data, there is statistically significant differences between the treatments in this binding 

assay at the 1% level of significance. In order to determine if this difference occurs between one 

of the probiotic treated samples, or the E. cloacae treated sample, and the no probiotic treatment a 
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one-side Dunnett’s test using the no probiotic treatment as the control was used. An example R-

output for this test using the same binding assay results (Figure E4). 

 

Figure E4a. Dunnett’s test table for determination of differences between treatments for MNV-1 

binding assay using 109 CFU/ml and 103 virions/ml, run one. 

 

Figure E4b. Dunnett’s test table for determination of differences between treatments for MNV-1 

binding assay using 109 CFU/ml and 103 virions/ml, run two. 

 

 

Figure E4c. Dunnett’s test table for determination of differences between treatments for MNV-1 binding 

assay using 109 CFU/ml and 103 virions/ml, combined runs. 

 

 In this case as the P-value for B. adolescentis, L. casei, L. helveticus, L. johnsonii, L. lactis 

sub cremoris and E. cloacae are all > 0.1 for both the first run, second run and combined, these 

treatments are not statistically significantly different than the no probiotic treatment control. 
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However, as the P-value for L. rhamnosus = 0.0607, 0.0155 and 0.00562 and the Z-value = -1.55, 

-2.16 and -2.54 for the first run, second run and combined respectively this treatment is 

significantly lower than the no probiotic treatment at 10%, 5% and 1% levels of significance 

respectively.  
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Appendix F – Conference abstracts 

F1. Abstract for Agri-Food Excellence Symposium 

Date: June 24-26, 2019 (Guelph, ON, Canada)  

Presentation type: Poster 

Poster Title: The use of probiotic bacteria to reduce the infectivity of noroviruses 

Authors: Matthew Dallner, Valeria Parreira, Marc Habash, Sabah Bidawid, Jeffrey M. Farber  

Affiliation: University of Guelph, CRIFS, Department of Food Science 

The main objective of this research project is to examine potential inhibitory activity of probiotic 

strains against human norovirus (HuNoV). HuNoV is the leading cause of foodborne illness in 

Canada. It is a common foodborne pathogen in seafood as well as in some ready-to-eat produce 

such as berries and leafy greens. It typically causes sporadic outbreaks, particularly in semi-

enclosed living environments (cruise ships, hotels, hospitals, etc). In 2018 reports of 176 cases of 

gastroenteritis in British Columbia, Alberta, and Ontario were linked to contaminated oysters from 

oyster farms in British Columbia. In this study, murine norovirus-1 (MNV-1) is being used to 

compare to HuNoV, as HuNoV culturing methods are not robust. 33 probiotic strains (members 

of Leuconostoc, Lactobacillus, Lactococcus, Pediococcus, and Bifidobacterium) were separated 

into cocktails of 5 or 6 strains. Reductions in infectivity of MNV-1 in BV-2 cells will be 

determined using cytotoxicity observations, plaque assay, and RT-qPCR. When MNV-1 tests are 

complete, HuNoV tests will be conducted in BJAB cells, a cell line which has shown encouraging 

results for culturing HuNoV, using promising probiotic strains. This study will help to expand our 

knowledge on the control of norovirus infections in humans and the anti-viral potential of probiotic 

bacteria. 
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F2. Abstract for 16th Guelph Food Safety Seminar – Cannabis Edible: Happy Times or 

Food Safety Nightmare 

Date: October 9, 2019 (Guelph, ON, Canada)  

Presentation type: Poster  

Title: The use of probiotic bacteria to reduce the infectivity of murine noroviruses and the 

assessment of the ability of probiotics to bind to human noroviruses  

Authors: Matthew Dallner, Valeria Parreira, Marc Habash, Sabah Bidawid, Jeffrey M. Farber  

Affiliation: University of Guelph, CRIFS, Department of Food Science 

The main objective of this research project is to examine potential inhibitory activity of probiotic 

strains against norovirus and the ability of these same probiotics to bind to noroviruses. Human 

norovirus is the leading cause of foodborne illness in Canada. It is a common foodborne pathogen 

in seafood as well as in some ready-to-eat produce such as berries and leafy greens. It typically 

causes sporadic outbreaks, particularly in semi-enclosed living environments (cruise ships, hotels, 

hospitals, etc). In 2018 reports of 176 cases of gastroenteritis in British Columbia, Alberta, and 

Ontario were linked to contaminated oysters from oyster farms in British Columbia. In this study, 

murine norovirus-1 (MNV-1) is being used to compare to HuNoV, as HuNoV culturing methods 

are not robust. 25 probiotic strains (members of Leuconostoc, Lactobacillus, Lactococcus, 

Pediococcus, and Bifidobacterium) were separated into 5 cocktails of 5 strains. Reductions in 

infectivity of MNV-1 in BV-2 cells were determined using cytotoxicity observations, plaque assay, 

and RT-qPCR. Current results have shown that 3 of the 5 cocktails showed significant reductions 

in viral titer compared to positive controls. When MNV-1 infectivity tests are completed the most 
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promising probiotic strains will be used to attempt to bind to noroviruses. Binding of noroviruses 

by probiotics may be one of the ways that probiotics are able to prevent or reduce infection of 

noroviruses. This study will help to expand our knowledge on the control of norovirus infections 

in humans and the anti-viral potential of probiotic bacteria 
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Appendix G – Scientific posters 

 

Figure G1. Infographic poster for the Agri-Food Excellence Symposium which took place between 

June 24 – 26, 2019 in Guelph, Ontario, Canada. This poster was awarded the 2nd place prize as 

part of the poster competition. 
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Figure G2. Research poster for the 16th Guelph Food Safety Seminar which took place on October 

9, 2019 in Guelph, Ontario, Canada. This poster was awarded the 2nd place prize as part of the 

poster competition. 

 

 

 

 

 


