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ABSTRACT 

Human norovirus (HuNov) is the leading global cause of acute gastroenteritis. 

An estimated 20 million cases of norovirus illness occur annually in the United 

States, of which more than 56,000 require hospitalization and up to 800 result in 

death. Norovirus is transmitted via the fecal-oral route through direct contact with 

an infected individual, consumption of contaminated food or water, and contact 

with contaminated surfaces. The number of domestically-acquired norovirus 

illnesses in the United States attributed to foodborne transmission is estimated at 

5.5 million. Foods that require considerable handling and which do not receive 

treatment to inactivate virus prior to consumption are particularly vulnerable to 

serve as norovirus transmission vehicles.  

Human norovirus prevalence is likely due in part to its ability to adhere to, 

persist on, and transfer among a variety of food and food contact surfaces. 

Norovirus directly interacts with cell surface glycans of host cells as well as 

similar molecules found on some plant tissues and fecal bacteria. The impact of 

these interactions for norovirus transmission and persistence has not been fully 

elucidated. Methods to remove or inactivate norovirus from fresh produce without 

comprising sensory attributes have limited efficacy. Strategies to mitigate 

contamination are needed to enhance the safety of foods.  



xvi 
 

In the absence of an efficient cell-culture model for HuNov, research was 

undertaken to evaluate the resistance of HuNov surrogates, Tulane virus (TV) 

and murine norovirus (MNV), to inactivation strategies and ecological pressures. 

Novel viral inactivation strategies evaluated included zero-valent iron (ZVI) and 

plant-derived proteases for potential to enhance safety of water and ready-to-eat 

produce, respectively. Viral and bacterial interactions were evaluated for direct 

association, antiviral bacterial metabolic products, and bacterial impact on viral 

thermal and chlorine resistance.  

Inactivation strategies demonstrated effectiveness of ZVI treatment to remove 

virus from water, but limited efficacy of plant-derived proteases to reduce 

infectivity of virus. ZVI removed approximately 2 to 4 log10 of TV and MNV, 

respectively, from water filtered through sand columns with ZVI incorporated. 

Buffers of various pH and osmolality did not enhance elution of virus as 

compared to elution by water from ZVI suggesting virus irreversibly associates 

with ZVI or is inactivated. Bromelain treatment (2500 ppm) of MNV for 10 

minutes at 50C resulted in a 2.5-log10 reduction in infectivity; whereas, infectivity 

of TV was not reduced by plant-derived protease treatments.  

Recovery of TV suspended in enteric, skin, soil, and phyllospheric bacteria 

was not impeded as compared to TV alone suggesting a lack of direct, stable 

binding between virus and bacteria. Exposure of human norovirus to the 

metabolic growth products (cell-free supernatant, CFS) of Bifidobacterium 



xvii 
 

bifidum, a bacterium previously reported to constitutively produce extracellular 

glycosidases that degrade histoblood group antigens (HBGA), did not enhance 

viral recovery from stool or in coculture with Enterobacter cloacae as compared 

to phosphate buffered saline. TV propagation in cell culture was not impeded by 

the addition of CFS of B. bifidum. Exposure of MNV and TV to the CFS of 

Bacillus subtilis 168 and Enterococcus faecalis 19433 resulted in 2-log10 PFU/ml 

and less than one-log10 PFU/ml reductions in propagation, respectively, relative 

to viral propagation in media alone. Exposure of MNV and TV to the CFS of ten 

other bacterial species associated with the human intestinal tract, human skin, 

soil, or phyllosphere did not decrease viral propagation.  

Suspension of TV in commercially-prepared bacterial peptidoglycan (PEP) of 

Bacillus subtilis increased viral thermal and chlorine inactivation resistance. TV 

was undetectable (3.7-log10 PFU/ml reduction) after 60C treatment when 

suspended in PBS and LPS, but was reduced by only 1.99 log10 PFU/ml in PEP. 

Chlorine treatment of 200 ppm rendered TV undetectable (3-log10 PFU/ml 

reduction) in PBS and LPS; however, TV was still detected in PEP, reduced by 

2.86 log10 PFU/ml.  Suspension of TV in commercially-prepared 

lipopolysaccharide of Escherichia coli O111:B4 did not significantly affect viral 

resistance to the chlorine and thermal inactivation treatments tested.  



xviii 
 

Collectively, these data indicate ZVI has potential for remediation of viral-

contaminated water, but plant-derived proteases were not antiviral at 

commercially-relevant conditions. Bacterial metabolic products had limited 

antiviral properties under the conditions tested, and the presence of bacteria may 

require more stringent treatment conditions to inactivate virus. These data are 

significant for understanding factors important for norovirus transmission and 

resistance and for identifying strategies to reduce norovirus contamination risk, 

thereby enhancing the safety of food and water. 

 

 

INDEX WORDS: Norovirus, Zero-valent iron, Plant protease, Bacteria binding, 

Inactivation
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Chapter 1 

INTRODUCTION 

 

1.1. HUMAN NOROVIRUS - PUBLIC HEALTH IMPACT AND OVERVIEW OF 

BIOLOGY 

1.1.1. Public Health Impact  

Human norovirus (HuNov) is the leading cause of acute gastroenteritis in the 

United States, estimated to cause 20 million illnesses annually, of which more 

than 56,000 require hospitalization and up to 800 result in death (Hall et al., 

2014). The number of domestically-acquired norovirus illnesses in the United 

States attributed to foodborne transmission is estimated at 5.5 million (Scallan et 

al., 2011). Health care costs associated with norovirus are estimated at $777 

million (Hall et al., 2014). Worldwide, norovirus accounts for 95% of viral 

gastroenteritis outbreaks and more than 50% of all foodborne disease outbreaks 

(Karst, 2010).  

The prevalence of norovirus illness is attributed to a number of factors 

including a low infectious dose, prolonged viral shedding, environmental stability 

of the virions, and short-lived host immunity (Karst, 2010). The 50% human 

infectious dose is estimated to range from 18 to 1,320 HuNov genomic 

equivalents among susceptible individuals (Vinjé, 2015; Atmar et al., 2014). 
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Symptoms of norovirus infection include nonbloody diarrhea, vomiting, and 

abdominal pain. Illness caused by norovirus is generally self-limiting within a few 

days of onset; however, immunocompromised individuals may have more severe 

and prolonged illness. Infected individuals can shed millions of virus particles in 

vomitus and stool (Montazeri et al., 2015), and shedding can continue for three 

weeks (Vinjé, 2015) to up to two months (Sarvestani et al. 2016) beyond 

resolution of symptoms. Treatment for norovirus illness is generally limited to 

rehydration therapy (Sarvestani et al., 2016).  

Norovirus is transmitted via the fecal-oral route through direct contact with an 

infected individual, consumption of contaminated food or water, and contact with 

contaminated surfaces (Hall et al., 2014). Outbreaks have commonly occurred in 

semi-closed communities including care settings, schools, and cruise ships 

(Karst, 2010). Food is also a leading transmission vector in norovirus illness 

outbreaks, with restaurants the most common setting and food handlers the 

most-often implicated source (Centers for Disease Control and Prevention, 2014; 

Hall et al., 2012; Hall et al., 2014; Karst, 2010).  Foods that require considerable 

handling and which do not receive treatment to inactivate virus prior to 

consumption are particularly vulnerable to serve as norovirus transmission 

vehicles. Leafy greens, fresh fruit and undercooked mollusks have most 

commonly been implicated as transmission vehicles in outbreaks for which a 

specific food could be identified (Callejόn et al., 2015; Hall et al., 2014; Centers 

for Disease Control and Prevention, 2014). Of nearly 3,000 outbreaks for which 
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norovirus was the confirmed or suspected cause during the period of 2001 to 

2008, approximately 10% were attributed to a single commodity of which leafy 

vegetables accounted for 33%, fruits/nuts for 16%, and mollusks for 13% (Hall et 

al., 2012). Contamination is presumed to occur most often during food 

production, processing and service by infected food handlers (Hall et al., 2012), 

although environmental contamination of produce and mollusks can occur via 

contaminated water (Li et al., 2015). 

1.1.2. Classification and Structure 

HuNov is a member of the Caliciviridae family and Norovirus genus which 

consists of noroviruses that infect other animal species including murine, bovine, 

porcine, feline, and canine species. The Norovirus genus is classified into 

genogroups GI to GVI and proposed GVII (Vinjé, 2015) based on similarity of 

major capsid proteins; genogroups are further divided into genotypes. Norovirus 

that infect humans are among genogroups I, II, and IV. Norwalk (GI) is 

considered the prototype and has been implicated in approximately 11% of 

outbreaks, while norovirus (GII.4) is associated with the majority (89%) of illness 

outbreaks (Siebenga et al., 2009; Vinjé, 2015). The higher and cyclical incidence 

of norovirus GII.4 illness is attributed to rapid genomic evolution as well as ability 

to interact with a greater variety of host cell surface receptors (Sarvestani et al., 

2016; Vinjé, 2015). 

HuNov is nonenveloped, icosahedral in shape, and approximately 27 to 30 nm 

in diameter (Karst, 2010). Its linear, single-stranded, positive-sense RNA genome 
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is comprised of approximately 7.5 kb, consisting of three open reading frames 

(ORF). The first ORF encodes at least six non-structural proteins (p48, NTPase, 

p22, VPg, Pro, Pol) involved in viral replication (Vinjé, 2015). The functions of the 

nonstructural proteins are not well-defined but have proposed roles in formation 

of a replication complex, RNA polymerization, and post-translational protein 

cleavage (Thorne and Goodfellow, 2014; Sarvestani et al., 2016). The second 

ORF encodes the major structural capsid protein VP1, and the third ORF 

encodes the minor structural protein VP2. The 60,000-Da capsid protein, VP1, 

(Vinjé, 2015) has a shell (S) domain structurally conserved among noroviruses, 

and a more variable arch-shaped protruding (P) domain. The protruding domain 

consists of two regions, the P1 domain along the sides of the arches and the P2 

domain located at the outermost region of the arch protrusions. Norovirus capsid 

P2 amino acids bind histo-blood group antigens (HBGAs) (Singh, et al., 2015; 

Tan and Jiang, 2005), carbohydrates linked to lipids or proteins on cell surfaces, 

including the surfaces of host mucosal epithelial cells (Karst, 2010). HBGAs 

serve as receptors for HuNov, and binding patterns vary among HuNov outbreak 

strains, contributing to the variable susceptibility to infection within the human 

population. However, there are HuNov that do not bind HBGAs (Karst, 2010), 

and HuNov may have other critical host cell receptors for infection (Murakami et 

al., 2013).  

Norovirus replicates in the duodenum and upper jejunum of the small intestine 

(Vinjé, 2015). Upon cell entry, the viral genome is uncoated, and the proteins 
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encoded in ORF1 are translated as a polyprotein and cleaved into the 

nonstructural proteins. Formation of a replication complex, aided by two of the 

nonstructural proteins, has been proposed to occur in the host cell perinuclear 

space (Thorne and Goodfellow, 2014). Negative-strand RNA is generated and 

serves as template for replication of positive-sense, genomic RNA, which can 

then be translated or encapsidated. Capsid proteins are translated from 

subgenomic RNA replicated by viral RNA-dependent RNA polymerase (RdRp) 

and are presumed to self-assemble to form virions ready for cellular egress 

(Thorne and Goodfellow, 2014). 

1.1.3. Laboratory Propagation and Detection 

Research to advance the characterization of human norovirus has been 

limited by the inability to efficiently propagate the virus outside the human host. 

Considerable research has been undertaken to develop efficient models by 

which virus can be propagated and viral infectivity assessed to support study of 

viral life cycle, environmental transmission, inactivation treatments, as well as 

potential clinical interventions. Duizer and colleagues (2004) reported extensive 

but ultimately unsuccessful attempts to support infection and propagation of 15 

norovirus strains in 27 human and other animal cell lines, including intestinal 

epithelial, kidney, and cells of other tissues, combined with various additives and 

incubation conditions. Three-dimensional organoid intestinal cell culture models 

for HuNov infection in INT-407 and Caco-2 cell lines have been reported (Straub 

et al., 2007; Straub et al., 2011), but not readily replicated (Papafragkou et al., 



6 
 

2013). As a positive sense RNA virus, HuNov RNA has been transfected into 

human hepatoma cells, resulting in viral replication and egress, but not 

subsequent spread of infection to neighboring naïve cells (Guix et al., 2007) in 

spite of cellular expression of the α-(1,2) fucosyltransferase gene (FUT2) 

responsible for the HBGA-secretor phenotype. HuNov has been demonstrated to 

infect B cells in the presence of stool and when co-cultured with Enterobacter 

cloacae or HBGA H-antigen (Jones et al., 2014).  Most recently, HuNov GII.4 

was demonstrated to infect human intestinal enteroids (HIEs), which are derived 

from stem cells isolated from human intestinal crypts and consist of 

nontransformed, multiple, intestinal cell types (Ettayebi et al., 2016). In this study, 

HuNov infection occurred in enterocytes from FUT2 secretor-positive individuals 

and was enhanced by treatment of HIEs with human bile (Ettayebi et al., 2016). 

HuNov strain differences were noted in that, unlike HuNov GII.4, HuNov GII.3 

infected some HIEs derived from FUT2 secretor-negative individuals, and HIE 

infection was reliant on treatment of HIEs with human bile (Ettayebi et al., 2016). 

In contrast with observations with B cells (Jones et al., 2014), infection of HIEs 

occurred independent of bacteria (Ettayebi et al., 2016).  

In vitro cultivation of HuNov is anticipated to advance research in the 

interactions between HuNov and host as well as HuNov inactivation 

susceptibility. However, in spite of the major advancements in identifying cells 

supportive of HuNov replication and necessary cofactors, routine HuNov 

propagation by these methods has not been adopted to-date. Further 
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development is needed to overcome likely cost and accessibility barriers to 

widespread utilization.    

In vivo studies with human norovirus are limited and more applicable to 

understanding clinical features of human norovirus infection rather than applied 

food safety research. Human challenge studies have been conducted to better 

characterize human infection susceptibility, infectious dose, symptom 

characteristics and duration, and viral shedding in vomitus and stool (Atmar et 

al., 2014; Frenck et al., 2012; Kirby et al., 2016; Okhuysen et al., 1995; Teunis et 

al., 2015). Nonhuman animal models of gnotobiotic pigs (Souza et al., 2007), 

gnotobiotic calves (Souza et al., 2008), and ‘humanized’ mice (Taube et al., 

2013) have been developed to characterize norovirus infection, pathogenesis, 

and host immune response. 

Studies of human norovirus for transmission or interventions for food safety 

often involve obtaining virus from human stool and detecting viral RNA by 

reverse-transcription, quantitative polymerase chain reaction (RT-qPCR). RT-

PCR is currently considered the gold standard for HuNov detection in stool, 

environmental, food and water samples associated with outbreaks (Vinjé, 2015). 

The fairly conserved RdRp gene is typically targeted for detection, and the 

presence or absence of RNA is considered a measure of viral integrity as it is 

assumed that HuNov RNA is naturally degraded or can be experimentally 

degraded when unprotected by an intact capsid. The assay does not assess 

infectivity.  
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Alternatively, norovirus capsids can be detected by immunoassays or by 

HuNov binding to porcine gastric mucin (PGM), which has HGBA-like moieties. 

The PGM assay has been reported to mirror RT-qPCR and/or human challenge 

study data for viral inactivation by high hydrostatic pressure, heat, and UV light 

(Dancho et al., 2012) and has subsequently been applied to evaluate HuNov 

resistance to chemical sanitizers (Kingsley et al., 2014) and pressure treatment 

of produce (Li et al., 2013).  

Another model developed for study of human norovirus utilizes virus-like 

particles (VLPs) that consist of the self-assembling major capsid protein (VP1) of 

human norovirus but lack HuNov RNA. VLPs of HuNov have been expressed in 

Escherichia coli (Choi et al., 2008), insect cells (Jiang et al., 1992), yeast (Xia et 

al., 2007), plants (Zhang et al., 2006), and vesicular stomatitis virus (Ma and Li, 

2011). VLPs are structurally and antigenically similar to complete viral particles 

and are particularly applicable in studies for which noninfectious material is 

desired, such as research on virus transmission, potential vaccines, and the 

binding of norovirus to biological and environmental surfaces.  

1.1.4. Surrogates 

Given the lack of routine cultivability of HuNov, researchers are largely reliant 

on surrogates to gain potential insight on HuNov environmental persistence, 

transmission, and resistance to inactivation strategies.  Although various 

surrogate viruses have been used for HuNov, including feline calicivirus (FCV) 

and coliphage (Kniel, 2014), the growing body of literature of HuNov surrogates 
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involves murine norovirus (MNV) and Tulane virus (TV). MNV is a member of the 

Caliciviridae family and Norovirus GV genogroup and thus bears similarity to 

HuNov in size and genomic structure (Kniel, 2014). MNV binds sialic acids 

expressed on epithelial cells (Taube et al., 2009; Taube et al., 2012) and was 

recently shown to infect the intestinal epithelial tuft cells of mice (Wilen et al., 

2018). MNV can be cultivated in macrophage (Vashist et al., 2009), and cell 

surface proteins in the CD300 family were found to serve as receptors for 

infection (Haga et al., 2016; Orchard et al., 2016). TV has been isolated from 

rhesus macaques and is also a member of the Caliciviridae family but of the 

Recovirus genus (Kniel, 2014; Vashist et al, 2009). It also bears similarity to 

HuNov in size and structure (Kniel, 2014), as well as its binding to HBGAs 

(Farkas et al., 2008; Farkas et al., 2010; Zhang et al., 2015). TV can be 

cultivated in cells derived from monkey kidney (Zhang et al., 2015).  As capsid 

integrity and receptor binding are major determinants of viral infectivity, the 

similarity of surrogate capsids to HuNov is an important consideration in 

projecting resistance traits to those of HuNov.  

1.2. VIRAL PERSISTENCE AND INACTIVATION RESISTANCE 

1.2.1. Environmental Adherence and Persistence 

Human norovirus prevalence is likely due in part to its ability to adhere to, 

persist on, and be transferred among a variety of food and food contact surfaces 

(Deboosere et al., 2012). Several studies have explored whether certain foods 

are particularly vulnerable to HuNov adherence due to the nature of food surface 
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molecules and similarity to known HuNov receptors. VLPs of HuNov were found 

to bind gastrointestinal homogenates of oysters, mussels, and clams (Tian et al., 

2007). Pretreatment of the VLPs with HBGA antibodies or HBGAs from human 

saliva inhibited VLP adhesion to the homogenates suggesting HuNov may bind 

to HBGA-like molecules in these bivalves (Tian et al., 2007).  VLPs of norovirus 

were also found to adhere to the veins of romaine lettuce as well as extracts of 

cilantro, iceberg lettuce, spinach, and celery (Gandhi et al., 2010). HuNov VLP 

binding to romaine lettuce leaf cell wall material was inhibited by carbohydrate 

disruption and lectin interaction with carbohydrates, but not by HBGA antibodies, 

thereby suggesting multiple carbohydrate moieties may be involved in HuNov 

binding to romaine lettuce leaves (Esseili et al., 2012).  Oyster extract, cranberry 

juice, pomegranate juice, and 100% raspberry juice demonstrated HuNov VLP 

saliva-binding inhibition; less binding inhibition was observed in the presence of 

lettuce, tomato, spinach, strawberry, blackberry, or blueberry extracts (Li et al., 

2012). In consideration of other studies with mussels and juices, the researchers 

speculated that oyster tissue may preferentially bind HuNov, whereas the juices 

may damage the VLPs (Li et al., 2012). 

Human norovirus has considerable persistence on foods, food contact 

surfaces, and in the environment. HuNov persists through the shelf-life of 

inoculated lettuce, strawberry, raspberry, parsley, and basil (Kotwal and Cannon, 

2014; Verhaelen et al., 2012) and on a variety of non-food surfaces, including 

stainless steel, ceramic, Formica, and plastic, for 42 to 56 days (D’Souza et al., 
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2006; Escudero et al., 2012; Kotwal and Cannon, 2014). HuNov adherent to 

surfaces, including hands, has also been demonstrated to readily transfer to 

foods such as lettuce and deli meats that contact contaminated surfaces 

(D’Souza et al., 2006; Escudero et al., 2012; Kotwal and Cannon, 2014).  

Environmental stability of human norovirus has been demonstrated in various 

water sources and in the presence of other biological and synthetic substances. 

Human norovirus was shown to retain infectivity in ground water for at least 61 

days (Seitz et al., 2011). As evaluated by genome-based detection, HuNov 

persisted in water up to five weeks (Kotwal and Cannon, 2014) and in ground 

water over three years (Seitz et al., 2011). Human norovirus persists in stool 

suspension for 120 days at -80C (Kotwal and Cannon, 2014) and in pesticides 

for at least two hours (Verhaelen et al., 2013). HuNov adherence to bacteria and 

the potential impact on infection, transmission, and resistance are presented in 

subsequent sections of this review. 

1.2.2. Inactivation of Human Norovirus and Surrogates 

Potential intervention strategies to inactivate or remove HuNov contamination 

from food and food contact surfaces are largely based on studies conducted with 

surrogates; however, there are studies on the effects of various treatments on 

the binding of HuNov to known receptors, the integrity of HuNov capsids, as 

evaluated by RNA detection, or HuNov infectivity in human volunteer studies. For 

cleaning of surfaces, the use of liquid soap followed by 1000 ppm of chlorine 

reduced HuNov contamination by 2.5 to 4.5 log PCR units (Tuladhar et al., 
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2012).  When applied to fresh vegetables, lettuce, celery, and white cabbage, 

sodium hypochlorite treatment of 1000 ppm resulted in a 3-log reduction of 

HuNov GII.4 genomic copies; the same HuNov reduction was obtained with 100 

ppm sodium hypochlorite with the inclusion of sodium metasilicate pentahydrate 

(0.4%) treatment (Ha et al., 2018). Chlorine efficacy for HuNov reduction on 

berries and herbs varied by the type of berry treated, with 200 ppm for 30 sec at 

18C yielding 3-log RT-PCRU reductions for blueberries, but less than 2-log RT-

PCRU reductions for raspberries, strawberries, basil, and parsley (Butot et al., 

2008). Treatment of HuNov with pomegranate extract and tannic acid had 

inhibitory effects on P protein binding in saliva ELISA (Li et al., 2013). HuNov 

was shown to be resistant to ethanol commonly used in hand sanitizers 

(Cromeans et al., 2014). Treatment of HuNov seeded in oysters with 600 MPa for 

5 minutes rendered the virus noninfectious as determined in volunteer feeding 

studies (Leon et al., 2011).  

Resistance studies with surrogate viruses showed stability of MNV and TV 

over the pH range of 3 to 8, susceptibility to 2000 ppm chlorine with five minutes 

of exposure, and susceptibility to two minutes of heat treatment at 70C 

(Hirneisen and Kniel, 2013) or 20 minutes at 56C (Cromeans et al., 2014). Tung 

et al. (2013) demonstrated the impact of treatment matrix on MNV chlorine 

resistance. MNV-1 was resistant to up to 500 ppm chlorine in the presence of 

20% stool suspension, but in cell culture media with 1% fetal bovine serum, MNV 

reduction was 3-logs as measured by RT-PCR (Tung et al., 2013). Ultraviolet 
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(UV) light treatment of MNV (30 MJ/cm2) yielded a 5-log reduction in infectivity 

(Lee et al., 2008b). MNV was found to be sensitive to chlorine and povidone 

iodine disinfectants used for surfaces (Belliot et al., 2008). MNV was also found 

to be sensitive to ethanol (Belliot et al., 2008; Cromeans et al., 2014); MNV 

sensitivity to isopropanol is inconsistent between studies in the literature (Belliot 

et al., 2008; Cromeans et al., 2014). TV was resistant to both ethanol and 

isopropanol (Cromeans et al., 2014). 

Direct treatment of produce with water or chlorine (200 ppm) reduced MNV 

contamination by about one log, whereas the combination of surfactant and 

chlorine yielded three-log reductions in MNV on strawberries, lettuce, cabbage, 

and raspberries (Predmore and Li, 2011).  Waterless treatment of blueberries 

with gaseous chlorine dioxide (generated with 1 mg sodium chlorite) inactivated 

approximately two logs of TV with 15 minutes of exposure without compromising 

the appearance of the berries (Kingsley et al., 2018). A novel approach to 

inactivate norovirus on blueberries or mixed berries (strawberry and raspberry) 

utilized heat-denatured egg white lysozyme at 1% solution in water for 1 min to 

achieve greater than a 3-log reduction in infectious MNV (Takahashi et al., 2018). 

Although the mechanism of action for heat-denatured lysozyme is not fully 

understood, viral particle diameter and capsid integrity appeared to be affected 

(Takahashi et al., 2015). 

Plant-derived compounds, such as lemongrass oil, citral, allspice oil, grape 

seed extract, green tea extract, pomegranate juice, and cranberry juice have 
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variable efficacy against MNV from approximately one to three-log reductions 

with exposure times of one to 24 hours (D’Souza, 2014; Gilling et al., 2014; Kim 

et al., 2017; Li et al., 2012; Li et al., 2013; Randazzo et al., 2017). The juices or 

extracts of cranberry, pomegranate, and grapeseed were shown to reduce initial 

titers (105 PFU/ml) of MNV by 3-log10 PFU/ml and FCV by approximately 5-log10 

PFU/ml (Su et al., 2010a; Su et al., 2010b; D’Souza et al., 2014). The inhibitory 

affects were not attributable to low pH as neutralized juices yielded similar 

reductions (Su et al., 2010a; Su et al., 2010b). Cranberry and grapeseed 

appeared to affect capsid integrity whereas pomegranate may have affected host 

cell binding in vitro (D’Souza, 2014; Li et al., 2012; Li et al., 2013). Cranberry and 

pomegranate juices also inhibited saliva-binding by HuNov GII.4 P particles (Li et 

al., 2012) in an ELISA. Although raspberries and strawberries have served as 

vehicles for norovirus outbreaks, undiluted juices of raspberry and strawberry 

have also shown inhibition of HuNov GII.4 P particle saliva-binding (Li et al., 

2012).  

With environmental water a potential source of contamination of drinking water 

and produce, water treatment methods are needed to remove or inactivate virus. 

Studies have demonstrated incomplete removal of HuNov in even tertiary-treated 

effluent that has undergone settlement, activated-sludge treatment, sand and 

biological filters, and UV disinfection (Campos et al., 2016; Lόpez-Gálvez et al., 

2016; Ottoson et al., 2006). HuNov has demonstrated resistance to chlorine in 

postharvest leafy green wash water (Dunkin et al., 2017), stool filtrate (Kingsley 
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et al., 2014), and secondary-treated wastewater effluent (Kingsley et al., 2017). 

HuNov GII reduction of 2-log10 units as determined by RT-qPCR was observed in 

whole leaf and chopped Romaine lettuce wash water with 15 minutes exposure 

to an initial 1.5 mg/L free chlorine (Dunkin et al., 2017). HuNov GII chlorine 

resistance was greater than that of HuNov GI and surrogate viruses MNV and 

bacteriophage MS2 (Dunkin et al., 2017). To achieve HuNov reductions of 

approximately 4-log10 units as measured by viral binding assays, 189 ppm 

chlorine was required for HuNov suspended in stool filtrate (Kingsley et al., 

2014), and 100 ppm chlorine was necessary to reduce HuNov in secondary-

treated wastewater effluent (Kingsley et al., 2017). HuNov inoculated in treated 

drinking water required 30 minutes of exposure to 0.5 mg/L free chlorine to 

achieve a 3.6-log10 reduction as measured by RT-PCR; the same treatment 

inactivated more than four logs of infectious MNV (Kitajima et al., 2010). 

1.2.3. Inactivation Strategies Investigated for Dissertation Research 

The research presented in this dissertation was undertaken to address 

knowledge gaps and commercial needs important to advancing the safety of 

foods through control of foodborne virus, especially norovirus. The overarching 

goals are to identify potential strategies to prevent or mitigate the contamination 

of water and ready-to-eat foods for which effective control strategies are currently 

unavailable. The first part of the dissertation research addresses emerging or 

novel methods to remove and/or inactivate virus for application to safety of water 
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and fresh produce using zero-valent iron and plant-derived proteases, 

respectively.  

1.2.3.1. Zero-valent Iron  

Zero-valent iron (ZVI) has been incorporated in commercial filtration systems 

to remove chemical contaminants from groundwater (Interstate Technology and 

Regulatory Council PRB: Technology Update Team, 2011). There is a growing 

body of literature demonstrating the efficacy of ZVI to remediate water of 

biological contaminants including bacteria and viruses. Addition of ZVI to water 

filtration systems has been shown to enhance the removal of pathogens of 

significance to food safety. Bacterial reductions ranged from two to six logs from 

water filtration systems containing ZVI and sand as compared to sand alone for 

E. coli O157:H7 (Derevianko, 2008), E. coli O157:H12 (Ingram et al. 2012), 

Pseudomonas fluorescens, and Bacillus subtilis (Diao and Yao, 2009). ZVI also 

enhanced removal of virus from water systems over sand filtration by four to six 

logs for bacteriophage MS-2, ΦX174, and f2 as well as adenovirus, rotavirus, 

and Aichi virus (Bradley et al., 2011; Cheng et al., 2016; You et al., 2005; Shi et 

al., 2012). A summary of the research on ZVI effects on biological systems of 

relevance to food safety is presented in Table 1.1.  

ZVI retains or reduces toxicity of contaminants through a variety of proposed 

mechanisms including oxidation, reduction, and adsorption reactions. Some of 

the important reactive species produced by the exposure of ZVI to water are 

outlined in the following chemical equations (Cheng et al., 2016; Fu et al., 2014): 
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Fe0 + O2 + 2H+      Fe2+ + H2O2 

Fe0 + H2O2 + 2H+      Fe2+ + 2H2O 

Fe2+ + H2O2      Fe3+ + OH + OH- 

Fe2+ + 2OH-      Fe(OH)2  

4Fe(OH)2 + 2H2O + O2      4Fe(OH)3   

Bactericidal effects of ZVI have been attributed to disruption of bacterial cell 

membranes and respiratory activity (Kim et al., 2010; Lee et al., 2008a) 

particularly under deaerated conditions (Kim et al., 2010). The mechanism of ZVI 

action against virus has been proposed to be due to ionic interactions (Shi et al., 

2012).  A study published during the more recent course of this dissertation work 

investigated important chemical species that contribute to the reduced recovery 

of bacteriophage f2 exposed to nanoscale ZVI (nZVI) (Cheng et al., 2016).  

Cheng and colleagues (2016) demonstrated that hydroxyl radical (•OH) and 

superoxide radical (•O2
-) were important for antiviral effects as determined by the 

reduced efficacy of nZVI in the presence of scavengers dimethyl sulfoxide 

(DMSO) and superoxide dismutase (SOD) (Cheng et al., 2016). This same study 

demonstrated that ferrous (Fe2+) and ferric (Fe3+) iron were also important for 

nZVI reduction of recoverable bacteriophage f2 (Cheng et al., 2016), and that 

nZVI antiviral efficacy was enhanced in aerobic and acidic conditions, findings 

consistent with inactivation studies of MS2 coliphage by nZVI (Kim et al., 2011). 

TEM images further illustrated damage to the outer structure of bacteriophage, 

which was attributed to direct interaction with nZVI (Cheng et al., 2016).  



18 
 

No previously-published studies were found on the effectiveness of ZVI for 

removal of norovirus or its surrogates from water systems. The research 

presented herein aims to fill this knowledge gap as well as to better characterize 

the mechanism of virus-ZVI interaction and to predict the reversibility of this 

interaction. The research bears significance in the utility of ZVI for remediation of 

norovirus contamination of water to improve the microbiological safety of water 

used for irrigation and food processing as well as to advance efforts for water 

reuse.  

1.2.3.2. Plant-derived Proteases 

Plant-based cysteine proteases, papain and ficin, are found in the latex of 

papaya and figs, respectively; bromelain is found predominantly in the stem of 

pineapple as well as the fruit and leaves (Gosalia et al., 2005; Biozym 2012).  In 

the plants, cysteine proteases are involved in protein degradation in response to 

external stimuli (González-Rábade et al., 2011), and are proposed to provide 

insect resistance (González-Rábade et al., 2011; Gosalia et al., 2005).  

The extracted enzymes are safe for human consumption and currently have 

application in food processing for meat, brewing, and dairy industries (Homaei et 

al., 2010; González-Rábade et al., 2011).  Bromelain, papain, and ficin are also 

generally recognized as safe (GRAS) food ingredients (Code of Federal 

Regulations, 1983, 2013a, 2013b). The proteases have good water solubility and 

optimal functionality over a pH range of approximately 4 to 7.5. The proteases 

have catalytic activity at 30 to 40C albeit less than at the optimal catalytic 
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temperature range of 50 to 60C (Choudhury et al., 2010; Whitaker and Lee, 

1972; Xue et al., 2010). An activator is not essential for catalytic activity of the 

proteases; however, activity is enhanced in the presence of cysteine (Homaei et 

al., 2010; MP Biomedicals, 2012). 

Plant cysteine proteases also have atoxigenic properties (Helting and Zwisler, 

1974; Helting and Zwisler, 1977; Helting and Nau, 1984) as well as direct 

antimicrobial properties including fungistatic (López-García et al., 2012), 

antihelminthic (de Amorin et al., 1999; Mansur et al., 2014), and antibacterial 

(Assatarakul et al., 2012) activities (as summarized in Table 1.2). Bromelain also 

cleaves the hemagglutinin protein from influenza virus with subsequent 

application in antisera production (Wang et al., 2012). No previously-published 

studies were found on the effect of the plant proteases on foodborne human 

norovirus, HuNov surrogates, or hepatitis A virus.  

Papain, bromelain, and ficin are broad-acting enzymes.  Preferential cleavage 

occurs at the carboxyl end of lysine and arginine (Gosalia et al., 2005), as well as 

histidine, glycine, glutamine, and tyrosine for papain (Biozym, 2012), glutamine, 

threonine (Choe et al., 2006), alanine, tyrosine, and glycine (MP Biomedicals, 

2012) for bromelain, and phenylalanine and tyrosine (MP Biomedicals, 2013) for 

ficin. An adjacent (P2 position) hydrophobic amino acid enhances papain activity, 

whereas a basic amino acid, such as arginine, at the P2 position enhances 

bromelain activity (Choe et al., 2005; Gosalia et al., 2005). 
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The VP1 region of the capsid of human norovirus (GII.4/5M/USA/2004; 

GenBank AFL70023.1) as deposited in the NCBI database 

(http://www.ncbi.nlm.nih.gov/) is approximately 540 amino acids, of which more 

than 30 amino acids (6%) are lysine (K) or arginine (R).  At least nine of these 

lysine and arginine also have an adjacent amino acid reported to enhance the 

catalytic action of the proteases. In consideration of the other amino acids 

(histidine, glycine, glutamine, tyrosine, threonine, alanine, and phenylalanine) 

cleaved by the proteases to a lesser degree than lysine and arginine targets, up 

to 24%, 37%, and  14% of the peptide bonds of the VP1 region of the norovirus 

capsid may be vulnerable to hydrolysis by papain, bromelain, and ficin, 

respectively.  Additionally, several norovirus capsid amino acids important for 

interactions with receptor histo-blood group antigens (HBGA), including lysine, 

glycine, alanine, and histidine (Bu et al., 2008; Choi et al., 2008; Tan et al., 2009) 

may theoretically be targets for cleavage by the plant proteases. Although the 

capsid amino acid sequences of MNV and TV bear little similarity to that of 

HuNov, the total compositions of amino acids theoretically vulnerable to 

proteolysis are similar. Based on the primary structures of the proteins, the viral 

capsids contain several targets potentially vulnerable to proteolysis by the plant 

proteases. However, the accessibility of the peptide bonds to hydrolysis as 

influenced by capsid protein secondary and tertiary structures as well as the 

conditions that may favor hydrolysis are unknown.   
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The research presented herein aims to evaluate the efficacy of the plant-

derived proteases, bromelain, papain, and ficin, individually or combined, on 

HuNov, TV, MNV, and hepatitis A virus (HAV) in consideration of the ultimate 

need for improved washing strategies, preferably those that are generally 

recognized as safe (GRAS) and plant-sourced, for removal of viruses from ready-

to-eat produce. 
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Table 1.1. Prior studies on ZVI effects on microorganisms 
 

Target Treatment Efficacy Reference 
 

Rotavirus, 
Bacteriophage 
MS-2 

 Sand column filter 
with 10% (v/v) 
ZVI 

 Virus suspended 
in groundwater 

 Rotavirus also 
suspended in 
treated 
wastewater 
effluent 
 

 ZVI treated MS2 reduced 
approximately 5-log from 
initial 109 PFU/ml 

 ZVI treated rotavirus reduced 
by 4 to 5-log focus forming 
units per ml (FFU/ml) from an 
initial 104 to 5 FFU/ml in treated 
wastewater effluent with 20 
mg/L total organic carbon 
(TOC) 
 

Bradley et 
al., 2011 

Bacteriophage 
f2 

 Nanoscale ZVI 
(nZVI) (0.2 or 0.5 
mM) in virus 
suspension 

 25C 
 0 to 60 min 
 pH 5, 7, 9 
 Aerobic or 

anaerobic 

 4-log reduction from initial 
bacteriophage 106 PFU/ml, 
0.5 mM nZVI 25C, 60 min, 
aerobic conditions, pH 7 

 6-log reduction at pH 5 
 Morphological damage at 20 

min exposure detected by 
TEM 

 Dissolved iron in aerobic 
systems predominantly ferric 
form 

 Radical scavengers, 
especially SOD, inhibited 
nZVI phage removal 
 

Cheng et 
al., 2016 

Bacteriophage 

X174 and 
MS-2 

 Column of iron 
and sand (1:1 v/v 
mix) 

 Virus suspended 
in artificial ground 
water (AGW) 

 Contact time 20 
min 
 

 4 to 5-log reductions from 
initial bacteriophage 105 
PFU/ml 

 

You et al., 
2005 

Bacteriophage 

X174 and 
MS-2, 
Aichi virus 
(AiV), 
Adenovirus 41 
(Ad41) 

 Column of iron 
(15%) and sand 

 Virus suspended 
in AGW, filtered 
water from 
treatment plants 
with and without 
pre-chlorination 

 4.5 to 6-log reductions from 
initial virus 106 PFU/ml in all 
water types 

Shi et al., 
2012 
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Pseudomonas 
fluorescens, 
Bacillus 
subtilis var. 
niger, 
Aspergillus 
versicolor 
 

 nZVI (0.1, 1, 10 
mg/ml) 

 5 min 
 Aerobic 

conditions 

 Approximately 4 log 
reductions from initial bacteria 
104 CFU/ml 

 No inactivation of fungi 

Diao and 
Yao, 2009 

E. coli 
O157:H12 

 Biosand filter with 
ZVI 

 Bacteria 
suspended in 
groundwater 
 

 Approximately 6 log reduction 
from initial bacteria 108 
CFU/ml 

Ingram et 
al. 2012 

E. coli 
O157:H7 

 ZVI:Sand (1:1) 
filter 

 Bacteria 
suspended in 
AGW at pH 5, 7, 
9 

 Up to 2 log reduction from 
initial bacteria 106 CFU/ml for 
new columns 

 Approximately 5-log reduction 
when passed through 
columns aged one month 

Derevianko, 
2008 
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Table 1.2. Prior research on antimicrobial effects of plant-derived proteases 
 

Target 
 

Plant Protease System Efficacy Reference 

Helminthes 
(rodent 
cestodes): 
Hymenolepi
s 
diminuta,  
Hymenolepi
s 
microstoma  

Bromelain (fruit 
and stem), 
Papain (papaya 
latex) 

In vitro juvenile, 
artificially excysted 
scoleces, adult 
worms; treatment 

of 37C/2h/ up to 
3000 µM 
concentration, 
exogenous 
cysteine 
unnecessary  
 

Fruit bromelain 
most effective 
at 260 µM as 
measured by 
decreased 
motility and 
tegument 
integrity 

Mansur, et 
al., 2014 

Helminthes: 
Syphacia 
obvelata, 
Aspiculuris 
tetraptera, 
Vampirolepi
s nana 

Latex of Ficus 
insipid Willd. 
and Ficus 
carica L. 

Mice – 
administered 3 to 
4 ml/kg/day for 
three consecutive 
days 

Weakly 
antihelminthic 
against S. 
obvelata; 
toxicity with 
hemorrhagic 
enteritis 
observed 
 

De Amorin 
et al., 1999 

Helminthe: 
Heligmosom
oides 
polygyrus, 
adult stage 

Papain, Ficin, 
Stem bromelain 

Direct application 
to worm in vitro, 
25 to 100 µM, 

37C 

Reduced 
motility and 
cuticle damage 
occurred within 
15 to 45 min 
exposure. 
Effectiveness 
dependent on 
cysteine 
activator 
 

Stepek et 
al., 2005 

Fusarium 
verticillioide
s (rice 
isolate), F. 
oxysporum, 
F. 
proliferatum 
(rice and 
maize 
isolates) 

Bromelain 
(pineapple 
stems) 

0.3 µM (proteolytic 
activity of 0.87 
U/mg in 
haemoglobin 
assay) 

90% growth 
inhibition 
(fungistatic) of 
F. 
verticillioides 
(104 spores/ml) 
due to 
proteolytic 
activity (as 
determined by 

López-
García et 
al., 2012 
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protease 
inhibitor) 
 

H1N1 
Influenza A 
viruses 

Bromelain 50 U/ml bromelain 
with beta-
mercaptoethanol 
(1:1000, v/v) in TE 

buffer; 16h; 37C; 
agitated 

Bromelain-
cleaved HA 
recovered from 
some virus 
(amino acid 
dependent), 
antibody 
inducing and 
protective 
against 
infection in 
ferrets 
 

Wang et 
al., 2012 

Alicyclobacil
lus 
acidoterrestr
is, 
vegetative 
cells and 
spores 

 
 

100 or 1000 ppm 
enzyme in 
deionized water, 

20C, 24h, apple 
and orange juices 

For vegetative 
cells: papain at 
1,000 ppm 
yielded 3 to 4 
log reductions 
in all menstra; 
bromelain 
yielded 3-log 
and 1-log 
reductions in 
apple and 
orange juice, 
respectively. 
No inactivation 
of spores.  
 

Assataraku
l et al., 
2012 

Tetanus 
toxin of C. 
tetani 

Papain Tetanus toxin 
(300,000 Lf units) 
in phosphate 
buffer, pH 6.5 and 
cysteine-HCL with 
30 U/mg papain; 

55C; 4h; fractions 
collected from 
Sephadex column 
and analyzed 

One purified 
fraction 
reacted with 
antiserum to 
toxin and 
protected 
guinea pigs 
from challenge 
to native toxin 

Helting and 
Zwisler, 
1974 
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1.3. INTERACTIONS OF VIRUS AND BACTERIA 

Human norovirus encounters diverse and abundant bacterial populations in 

both the host intestinal tract and in the environment. The microbiome of the 

human gastrointestinal tract consists of an estimated 1011 to 1012 microbes/ml of 

luminal content (Palmer et al., 2007), with individuals harbouring at least 160 

different intestinal bacterial species (Qin et al., 2010).  Culturable bacteria 

associated with the surfaces of edible leafy greens number 107 cells/g (Lindow 

and Brandl, 2003) with nearly 500 genera present at leaf maturity as determined 

by 16S rRNA gene sequencing (Wiken Dees et al., 2015). However, the role of 

bacteria in norovirus environmental persistence, transmission, infection, and 

detection in complex matrices remains largely underexplored. The limited data on 

norovirus and bacteria interactions suggest bacteria may both favor and limit 

HuNov persistence and transmission, depending on the bacterial species and 

system. 

1.3.1. Human Norovirus and Surrogate Interactions with Bacteria  

1.3.1.1. Binding between human norovirus and bacteria  

Studies indicate that direct molecular interactions occur between human 

norovirus and some fecal bacteria.  One of the earlier studies demonstrated that 

bacterial proteins isolated from activated sludge bind with ligands of conserved 

HuNov amino acid capsid sequences (Sano et al., 2010). VLPs of HuNov were 

found to bind to lactic acid bacteria and E. coli Nissle within one hour of exposure 

at 37C (Rubio-del-Campo et al., 2014). More recent research demonstrated the 
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association of HuNov GII.4 Sydney, GII.4 New Orleans, and GI.6 with bacteria 

isolated from human stool as well as laboratory bacterial strains that had been 

cultured repeatedly (Almand et al., 2017). The association of virus with fecal 

bacteria was more pronounced when bacteria were propagated in minimal media 

than in nutrient-rich media (Almand et al., 2017), although both nutrient 

conditions would be found in the human gastrointestinal tract. Although the 

specific molecular structures involved in binding between virus and bacteria were 

not elucidated in this study, the researchers surmised that specific receptor-

ligand binding was involved based on the comparative inconsistent bacterial 

binding of TV and lack of bacterial binding by turnip crinkle virus, which are 

similar to HuNov in size, shape, and charge (Almand et al., 2017). Transmission 

electron microscopy (TEM) imaging revealed association of HuNov VLPs with the 

membranes and pili of bacteria (Almand et al., 2017).   

Some bacteria express HBGA-like moieties on their surfaces, and Miura and 

colleagues (2013) provided evidence for a role of these HBGA-like moieties in 

binding HuNov.  An exopolysaccharide with HBGA-like moieties produced by an 

enteric bacterium closely related to Enterobacter cloacae was found to bind 

HuNov VLPs, and enzymatic cleavage of the terminal N-acetyl-galactosamine 

residues of EPS resulted in reduced binding of the VLPs (Miura et al., 2013).  

1.3.1.2. Bacterial role in norovirus infection  

Bacteria have been reported to support norovirus infection both in vitro and in 

vivo, but the mechanisms have not been fully elucidated. As previously noted, 
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stool containing bacteria, synthetic H-type HBGA, and E. cloacae expressing 

HBGA aided norovirus infection of B cells; whereas, filtration or UV-treatment of 

stool diminished HuNov B-cell  infection (Jones et al., 2014). In this same study, 

MNV were also found to infect B cells in vivo, and in support of the apparent 

influence of bacteria on norovirus infectivity, MNV infection was reduced when 

intestinal bacteria of mice were depleted by administration of antibiotics (Jones et 

al., 2014). In other studies using the mouse model, the ability of MNV to establish 

persistent infection in mice was inhibited by administration of antibiotics to mice 

(Baldridge et al., 2015). Persistent MNV infection could be restored in these 

antibiotic-treated mice by fecal transplantation from non-antibiotic treated mice 

but not by fecal transplantation from antibiotic-treated mice (Baldridge et al., 

2015).  

Infection of intestinal tuft cells by MNV occurred in both wild type and germ-

free mice indicating that bacteria are not essential to MNV infection of these cells 

(Wilen et al., 2018); however, consistent with prior studies (Baldridge et al., 2015; 

Jones et al., 2014), administration of antibiotics inhibited MNV infection of mice 

(Wilen et al., 2018). Antibiotic administration was also associated with reduced 

detection of tuft cell markers in the mouse colon suggesting that intestinal 

bacteria may contribute to the regulation of tuft cells and thereby their 

subsequent availability for MNV infection (Wilen et al., 2018).  

By contrast, in the HIE in vitro system, bacteria were not found to be essential 

for HuNov infection of HIEs; infection was supported by addition of bile (Ettayebi 
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et al., 2016). In the gnotobiotic pig model, HuNov was found to infect enterocytes 

rather than B cells, and E. cloacae administration actually reduced HuNov fecal 

shedding and detection of HuNov in intestinal tissues as compared to gnotobiotic 

pigs that were not administered E. cloacae (Lei et al., 2016).  

1.3.1.3. Bacterial role in resistance of norovirus and norovirus surrogates 

Reports on the direct impact of bacteria on norovirus resistance to inactivation 

treatments were not found; however, reports of increased viral resistance in 

matrices that contain bacteria call attention to the need to investigate the 

potential role of bacteria on viral resistance. As previously noted, HuNov 

surrogates, MNV and FCV, were resistant to 500 ppm chlorine in the presence of 

20% stool suspension, but in cell culture media with 1% fetal bovine serum, 

reduction was 3-log RT-qPCR (Tung et al., 2013). Both media contain organic 

material, albeit different kinds, and the components and interactions that may 

have provided either a protective effect for MNV and FCV and/or decreased 

chlorine efficacy were not determined (Tung et al., 2013).  

Another study investigated the chlorine resistance of FCV spiked into various 

HuNov GII.4 fecal samples diluted into hard water supplemented with 0.3% 

bovine serum albumin (BSA) (Nowak et al., 2011). FCV was more resistant to 

chlorine inactivation in the fecal matrices than in cell culture media, although the 

magnitude of difference varied by the fecal suspension (Nowak et al., 2011). This 

difference was not attributed to overall protein load or properties of the different 

HuNov in the fecal material, but rather some other protective stool component 
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such as gastric mucin (Nowak et al., 2011). The bacterial content was not 

characterized nor was their potential role discussed (Nowak et al., 2011). 

1.3.1.4. Antagonistic interactions of bacteria and human norovirus or 

surrogates 

In contrast with studies that suggest bacteria may provide protective effects to 

HuNov or its surrogates, some studies suggest that some bacteria or their 

metabolic products may compromise virus persistence in foods or their 

attachment and infectivity in cell culture. Infective MNV and FCV were reduced 

during fermentation of oysters (Seo et al., 2014) and vegetables (Lee et al., 

2012) over periods of 15 and 20 days, respectively. MNV reductions were 

modest at less than 2-log PFU/ml; whereas, FCV reductions ranged from 2 to 4 

logs PFU/ml (Lee et al., 2012; Seo et al., 2014). The viral reductions were 

attributed to increases in lactic acid bacteria, organic acids, and enzymes, 

amylase, lipase, and proteinases (Lee et al., 2012; Seo et al., 2014). However, 

controls were not incorporated for each variable or for the storage time, and thus 

it was not possible to discern which of the factors was responsible for the change 

in virus titers.  

Various studies have demonstrated reduced cellular attachment or infectivity 

of FCV, MNV, and HuNov VLPs due to lactic acid bacteria or their products. 

Pretreatment of FCV with the bacterial growth medium filtrate of Lactococcus 

lactis subsp. lactis reduced viral infectivity in cell culture by approximately one-

log TCID50 per 0.1 ml, while treatment throughout the infection period resulted in 
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approximately a 7-log TCID50 per 0.1 ml reduction (Aboubakr et al., 2014). 

Similarly, pretreatment of MNV with the bacterial growth medium filtrate of 

Bifidobacterium longum reduced infectivity by 0.7 log PFU/ml over the control 

medium (Loncke, 2016). The attachment of HuNov VLPs to human colon 

adenocarcinoma cells (HT-29) was decreased when co-inoculated with lactic 

acid bacteria, although VLP binding to cells increased when bacteria were added 

prior to or after the VLPs (Rubio-del-Campo et al., 2014). 

1.3.2. Interactions of Bacteria and Other Viruses 

Although investigations on norovirus and bacteria interactions are limited, 

studies with other virus and bacteria reveal similar apparent contradictions in the 

role of bacteria for viral resistance and infectivity.  

The potential importance of bacteria on the inactivation resistance of viruses 

has been reported. Studies have demonstrated that viruses can accumulate in 

bacterial biofilms of drinking water systems (Lehtola et al., 2007; Skraber et al., 

2005), with the quantity of virus recovered also affected by surface material (less 

recovered from copper pipes than polyethylene pipes) (Lehtola et al., 2004) and 

level of chlorine (Quignon et al., 1997).  Virus may persist in biofilms for days to 

months as was demonstrated with poliovirus-1 and bacteriophages, B40-8 and 

MS2 (Skraber et al., 2005), and are presumed to be afforded protection from 

environmental and chemical stresses as has been reported for bacteria 

embedded in biofilm matrix.  
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Bacterial lipopolysaccharide (LPS) and peptidoglycan, in the absence of live 

bacteria, have been demonstrated to confer enhanced resistance of poliovirus to 

chemical and thermal stress (Robinson et al., 2014). Mahoney poliovirus 

incubated with LPS or peptidoglycan (1 mg/ml) for one hour at 37C enhanced 

virus inactivation resistance to subsequent bleach treatment (0.1 mg/ml) with 

approximately 3 to 4-log greater recovery of virus incubated with the bacterial 

compounds than with phosphate buffered saline. Exposure to LPS or 

peptidoglycan also shifted virus thermal resistance by 3C (Robinson et al., 

2014).   

The importance of bacteria for viral infection may not be limited to norovirus. 

Consistent with findings of MNV infection in mice (Baldridge et al., 2015; Jones et 

al., 2014), antibiotic treatment of rotavirus-infected mice resulted in decreased 

viral shedding, rotavirus antigen production, and detectable rotavirus genomic 

material in intestinal tissues (Uchiyama et al., 2014).  

However, elucidating the role of bacteria in supporting or limiting viral 

infections is complicated by findings that some antibiotics can exert direct effects 

on host antiviral response, and thus the depletion of bacteria through antibiotic 

treatment may not necessarily be the underlying cause for decreased viral 

infection. The antibiotic, neomycin, was found to enhance resistance of mouse 

infection to various viruses including herpes simplex virus, influenza virus, and 

Zika virus (Gopinath et al., 2018). This protection was afforded to both 

conventional and germ-free mice, prophylactically and after viral infection 
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(Gopinath et al., 2018). Germ-free mice that were not treated with neomycin 

exhibited viral disease symptoms upon infection suggesting that bacteria were 

not needed to support virus infection (Gopinath et al., 2018). The antiviral effect 

of neomycin was attributed to antibiotic-induced upregulation of transcription of 

immune molecules and recruitment of immune cells (Gopinath et al., 2018).  

Conversely, antagonistic interactions of bacteria or their metabolic products 

and other viruses have also been reported. Antiviral effects of metabolic by-

products of environmental and intestinal bacteria, especially probiotic bacteria, 

have been investigated for several enveloped and nonenveloped viruses and are 

summarized in Table 1.3. These studies were undertaken for various purposes, 

including to determine virus persistence in contaminated environmental waters 

(Ward et al, 1986; Ward, 1982; Fujioka et al., 1980), to determine viral reductions 

in human and animal waste to assess disposal risk (Deng and Cliver, 1995b), 

and to identify potential antiviral treatments in vivo (Hotta et al., 1977; Pant et al., 

2007) and in vitro (Cliver and Hermann, 1972; Kim et al., 2014; Choi et al., 2009; 

Aboubakr et al., 2014; Loncke et al., 2016).  

The investigative approaches to study viral persistence in the presence of 

environmental water or waste products included monitoring viral decay in the test 

medium naturally containing bacteria as compared to viral decay in sterile water 

or the test medium that had been treated to remove or inactivate bacteria (Deng 

and Cliver, 1995b; Ward et al., 1986). For studies that investigated the interaction 

between specific virus and bacteria, bacteria were grown in microbiological 
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media, and bacterial cells were separated from the growth media. Virus were 

then exposed to the bacterial cells or the spent cell-free growth media directly or 

at various stages during infection in cell culture or in vivo and monitored for viral 

inactivation or reduced pathological effects, respectively. 

Several studies demonstrated that virus decayed more rapidly in natural 

samples containing live bacteria. Coxsackievirus (CVB5) (Ward et al., 1986), 

Echovirus (Ward et al., 1986), and poliovirus (Fukioka et al., 1980; Ward et al., 

1986) persisted longer in bacteria-free water as rendered through autoclaving, 

filtration, or UV irradiation than water containing viable bacteria.  Similarly, HAV 

persisted longer in mixed human and animal wastes than in autoclaved waste 

(Deng and Cliver, 1995b). In studies with specific bacteria, virus were reported to 

bind to bacteria as was observed for rotavirus with Lactobacillus rhamnosus and 

Bifidobacterium lactis (Salminen et al., 2010). Some virus demonstrated 

decreased infectivity in cell culture when co-inoculated with bacteria as for 

Coxsackie virus co-inoculated with Bacillus subtilis (Cliver and Herrmann, 1972) 

and rotativirus with Escherichia coli Nissle (Kandasamy et al., 2016). Bacterial 

metabolic products, in the absence of live bacteria, were also reported to reduce 

virus infectivity in cell culture such as for poliovirus exposed to a peptide derived 

from Enterococcus mundtii (Todorov et al., 2005) and enterovirus exposed to 

cell-free supernatants of Bifidobacterium bifidum growth (Choi et al., 2009). 

Administration of some bacteria or their spent and filtered growth medium has 

also been shown to reduce viral pathological effects in vivo such as for 
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adenovirus in mice treated with spent media of Streptococcus faecalis (Hotta et 

al., 1977) and rotavirus in mice administered Lactobacillus rhamnosus (Pant et 

al., 2007). 

Several mechanisms of inactivation of viruses by bacterial products have been 

proposed. Some of the reported antiviral effects were inhibited with the addition 

of proteases or protease inhibitors, thereby suggesting bacterial proteolysis of 

virus as was proposed for the cell-free filtrate of Micrococcous luteus against 

poliovirus-1 (Deng and Cliver, 1992) and Bacillus subtilis and B. brevis against 

hepatitis A virus (HAV) (Deng and Cliver, 1995a). Other antiviral effects were 

proposed to be related to low-molecular-mass products of less than 1,000 Da as 

was reported for cell-free filtrates of Ps. aeruginosa against coxsackie virus 

(Cliver and Hermann, 1972) and Ps. alcaligenes against HAV (Deng and Cliver, 

1995a). Other mechanisms of reported antiviral activity were speculated to be a 

function of cell culture assay such as in the inhibition of infection by the 

modification or blockage of cellular receptors or inhibition of a later stage of viral 

replication (Botić et al., 2007; Hotta et al., 1977; Serkedjieva et al., 2000; 

Todorov et al., 2005; Todorov et al., 2010; Varyukhina et al., 2012; Wachsman et 

al., 2003; Wachsman et al., 1999). For example, spent culture supernatants of 

Bacteroides thetaiotamicron and Lactobacillus casei applied to mucus-secreting 

HT29-MTX cells prior to rotavirus infection resulted in decreased viral infection; 

this reduction was attributed to cell-surface glycan modification by soluble factors 

produced by the bacteria (Varyukhina et al., 2012).  Although not necessarily 
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characterized in these in vitro studies, some virus and bacteria bind the same cell 

surface receptors. Rotavirus, human norovirus, and some Lactobacillus species 

bind human A-, B- or H-antigens (Liu et al., 2012; Uchida et al., 2006a; Uchida et 

al., 2006b). In addition to potential direct interactions between bacteria and virus 

as well as competition for host, probiotic bacteria may also indirectly affect virus 

pathology by enhancing host antiviral immune responses (Salminen et al., 2010) 

that regulate intestinal homeostatis and induction of mucosal protective factors 

(Kawahara et al., 2017).  

While some bacteria or their exopolysaccharides bear similarity in surface 

moieties to HBGAs and may consequently bind HuNov, with potential 

implications for transmission and infection, some bacteria secrete glycosidases 

that can degrade HBGAs for use as an energy source (Hoskins et al., 1985). 

Some Bifidobacteria are among these glycosidase secretors (Hoskins et al., 

1985), and individuals positive for mucosal ABH type HBGA expression have a 

greater abundance and diversity of intestinal Bifidobacteria than non-secretor 

individuals (Waklin et al., 2011). Bifidobacterium bifidum strain VIII-210 and 

Ruminococcus torques strain IX-70 were found to have blood-group degrading 

(BGD) glycosidase activity with approximately 30 to 90% of the BGD activity 

being extracellular depending on the strain and antigen (Hoskins et al., 1985). 

Production of these glycosidases occurred in the absence of mucin (Hoskins et 

al., 1985). Blood group degrading enzyme activity was also observed by fecal 

extracts and the culture supernatant of these fecal microorganisms derived from 
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blood group B secretors (Cromwell and Hoskins, 1977). The enzyme activity of 

these fecal bacteria was shown to degrade B-like antigens on the surface of E. 

coli 086 (Cromwell and Hoskins, 1977). The effect of intestinal bacteria with 

glycosidase activity on bacteria that bind HuNov has not been reported. 

1.3.3. Viral and Bacterial Interactions Investigated for Dissertation 

Research 

Prior research revealed complex associations between bacteria and virus, 

including norovirus, which bear significance for food safety. Collectively, these 

data suggest bacteria could affect viral and host interactions, transmission 

between human waste and the environment, viral environmental persistence, 

viral resistance to removal or inactivation in food, and viral detection from 

complex matrices.  Further investigations are warranted into the fecal bacteria 

that associate closely with norovirus as well as the bacteria that may compete for 

or disrupt norovirus receptor associations.  Data are notably lacking on 

interactions between norovirus and phyllospheric bacteria. Data are also limited 

on the effect of bacteria on norovirus persistence in food and resistance to 

inactivation strategies used in food processing.  

The second part of this dissertation addresses interactions between norovirus 

or norovirus surrogates and bacteria associated with the human intestinal tract, 

human skin, phyllosphere, and soil. Both cooperative and antagonistic 

interactions are considered, those which may favor or limit, respectively, the 

persistence and inactivation resistance of norovirus and its surrogates.   
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1.3.3.1. Viral propagation in presence of bacterial metabolic products 

The objective of the first study was to evaluate the antiviral activity of bacterial 

metabolic products. Bacteria were grown in microbiological media and the spent 

media was filtered of bacterial cells. These cell-free supernatants (CFS) were 

evaluated for antiviral activity by the viral yield reduction assay from the 

propagation of HuNov surrogates, Tulane virus and murine norovirus.  

1.3.3.2. Bacterial interactions and virus resistance 

The objective of the second study was to evaluate direct assocations between 

virus and bacteria and the impact of bacteria on viral inactivation resistance. 

Binding between Tulane virus and intestinal, soil, and phyllospheric bacteria was 

investigated as well as binding of HuNov to fecal bacteria as influenced by CFS 

of glycosidase-producing bacteria. The effect of bacterial cell constituents on the 

resistance of TV to chlorine and thermal inactivation was also evaluated.  
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Table 1.3. Prior research on antiviral effects of bacteria 
 

Virus  Bacteria or 
System 
 

Findings Reference 

Non-enveloped 
viruses 
 

   

Adenovirus Streptococcus 
faecalis 

Bacterial growth supernatant 
administered orally to mice 
reduced virus-induced tumor 
development incidence to 
approximately half that of when 
virus was administered alone.  
 

Hotta et al., 
1977 

Coxsackie virus 
type A-9 (CA-9) 

Pseudomonas 
aeruginosa, 
Bacillus subtilis 

Co-inoculation of virus and B. 
subtilis or Ps. aeruginosa 
resulted in > one-log and two-
log reductions, respectively, in 
viral infectivity. 
 
Cell-free filtrates of Ps. 
aeruginosa growth inactivated 
CA-9 in previously filter-
sterilized lake water samples. 
Various molecular weight 
exclusion filters suggested 
some inactivation may be 
attributable to low molecular 
weight substances.  
 
Cell cytotoxicity, bacterial 
adsorption of virus appeared to 
be uninvolved in antiviral effect. 
Uptake of radiolabeled virus by 
Ps. aeruginosa suggested 
some effect to viral particle 
integrity and potential growth 
substrate. 
 

Cliver and 
Herrmann, 
1972 

Coxsackievirus 
B3 (CVB3) 

Bifidobacterium 
adolescentis, 
human isolate 

Bacterial cells (109 CFU/ml, 
suspended in PBS and 
sonicated) reduced CVB3 
plaque formation in human 
cervical cancer (HeLa) cells 
and detectable CVB3 RNA 

Kim et al., 
2014 
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levels by one CT-value in real-
time PCR. 
 

Coxsackievirus 
B5 (CVB5) 

Environmental 
waters (creek, 
river, well) 

Infective virus (plaque assay in 
BGM cells) decreased >99.99% 
during 7 days of incubation at 

27C in environmental waters 
as compared to sterile distilled 
water. 
 

Ward et al., 
1986 

Echovirus, type 
12 (Echo-12) 

Environmental 
waters (creek, 
river, well) and 
bacterial 
isolates 
(unidentified) 

Infective virus (plaque assay in 
RD cells) decreased > 99.999% 
during 7 days of incubation at 

27C in environmental waters 
as compared to sterile distilled 
water.  
 
Treatments to inactivate 
microorganisms (filtration, UV 
irradiation, heat, hypochlorous 
acid, sodium azide) in 
environmental water lead to 
decrease of antiviral properties. 
 
Cleavage of viral capsid 
proteins was detected, followed 
by cleavage of viral RNA. 
 

Ward et al., 
1986 

Enterovirus  
(CA16, CB3, 
CB4) 

Bifidobacterium 
bifidum 

Cell-free supernatants of 
bacterial growth in MRS broth 
or yogurt fermented by B. 
bifidum inhibited viral infection 
as measured by reduction of 
cytopathic effect to rhesus 
monkey kidney (Vero) cells or 
Madin-Darby canine kidney 
(MDCK) cells 
 

Choi et al., 
2009 

Feline 
calicivirus 
(FCV) 

Lactococcus 
lactis subsp. 
lactis LM0230 

Pre-treatment of FCV with 
bacterial growth medium filtrate 
(BGMF) (in MRS broth) for 24 h 
reduced FCV infectivity in 
Crandell-Reese feline kidney 
(CRFK) cells up to 1.3 
log10TCID50/0.1 ml. 
 
Pre-treatment of FCV with 
bacterial cell suspension (BCS) 

Aboubakr 
et al., 2014 
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for 24 h to allow viral-bacterial 
adsorption reduced recoverable 
FCV by 1.8 log10TCID50/0.1 ml. 
 
Co-treatment of CRFK and 
FCV with undiluted pH-7 
adjusted BGMF reduced FCV 
infectivity by 7.5 log10TCID50/0.1 
ml. 
 
Co-treatment of CRFK with 
FCV and BCS reduced FCV 
infectivity by up to 6.9 
log10TCID50/0.1 ml. 
 
Pretreatment of CRFK with 
BGMF or BCS did not reduce 
FCV infectivity. 
 

Hepatitis A 
virus (HAV) 

Bacteria 
isolated from 
dairy cattle 
manure: 
Bacillus brevis, 
B. subtilis, B. 
cereus, Ps. 
alcaligenes 

HAV inactivation in bacteria in 
fluid thioglycollate medium with 

D10 values at 30C of 5.7, 6.9, 
and 6.9 days in presence of B. 
brevis, B. subtilis, and Ps. 
alcaligenes, respectively, 
compared to control at 35.1 
days. 
 
B. brevis antiviral effects were 
attributed to serine and 
cysteine proteases. 

 
B. subtilis antiviral effects were 
attributed to proteases. 
 
Ps. alcaligenes antiviral effects 
attributed to molecular weight 
product < 1 kDa. 
 

Deng and 
Cliver, 
1995a 

Hepatitis A 
virus (HAV) 

Mixed waste: 
human dairy 
cattle, swine 
manure  

HAV persisted longer when 
suspended in human waste 
alone than in human waste 
mixed with animal waste. 
  
HAV inactivation D-values in 
mixed human/animal wastes at 

25C and 37C were less in raw 
waste and filtered waste than in 

Deng and 
Cliver, 
1995b 
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autoclaved waste suggesting 
microbial metabolites were 
antiviral. 
  

Hepatitis C 
virus (HCV) 

Lactobacillus 
bulgaricus 
761N 

Bacterial growth in skim milk 
medium crude extracellular 
extract pretreatment of human 
liver hepatocellular carcinoma 
(HepG2) cells reduced HCV 
infectivity by up to 80% 
compared to control as 
determined by RT-qPCR. 
 
Bacterial growth semi-purified 
fraction (14.4 kDa) pre-
treatment of HepG2 cells prior 
to HCV infection as well as 
treatment after HCV infection 
reduced the viral load by 99.9% 
compared to control as 
determined by RT-qPCR. 
 

El-Adawi et 
al., 2015 

Human 
norovirus, P-
particle (VP1 
capsid protein) 

Lactic acid 
bacteria (LAB) 

P-particles bound to LAB and 
E. coli Nissle 1917 within 1 h at 

37C as determined by 
centrifugation and washing of 
the bacterial pellets to remove 
unbound P-particles followed 
by detection of P-particles in 
bacterial pellets by Western 
blot assay. 
 
Exclusion and displacement 
assays of P-particles in human 
colon adenocarcinoma (HT-29) 
monolayers with LAB  
demonstrated decreased 
attachment of P-particles when 
added to cells simultaneously 
with bacteria, but increased P-
particle binding to HT-29 when 
bacteria were added prior to or 
after the addition of P-particles. 
 

Rubio-del-
Campo et 
al., 2014 

Murine 
norovirus 
(MNV-1) 

Bifidobacterium 
longum 

MNV incubated 48h at 37C in 
B. longum cell-free filtrate prior 
to enumeration.  

Loncke, 
2016 
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Reduction of 2.4 log PFU/ml 
MNV (approx. 0.7 log PFU/ml 
greater reduction than in TSB 
control) 
 

Poliovirus (PV3, 
strain Sabin) 

Enterococcus 
mundtii ST4V 
isolate of soya 
beans 

Bacterial peptide (3.95 kDa, 

400 g/ml) added after initial 
viral infection inhibited viral 
propagation by 50% in Vero 
cells. 
Peptide also antibacterial; 
effects reduced or negated 
after treatment with proteinase 
K, pronase, pepsin, and trypsin, 

but not -amylase indicative of 
protein not glycosylated. 
 

Todorov et 
al., 2005 

Poliovirus (PV1) Mixed human 
and swine 
wastes 
 
Micrococcus 
luteus, 
Staphylococcus 
epidermidis, 
Bacillus sp., 
Streptococcus 
sanguis 
(isolated from 
swine manure) 

PV inactivation D-values in 
mixed human/swine wastes at 

25C and 37C were less in raw 
waste and filtered waste than in 
autoclaved waste suggesting 
microbial metabolites were 
antiviral. 
 
Bacterial isolates added to 
autoclaved manure 
demonstrated greater PV 
inactivation (greater than one 
log infectivity) than controls. 
 
A mix of protease (trypsin, 
serine, metal) inhibitors partially 
inhibited viral inactivation by 
cell-free filtrate of M. luteus  
 

Deng and 
Cliver,1992 

Poliovirus (PV1) Activated 
sludge 

Mixed liquor suspended solids 
– antiviral alone and when 
resuspended in broth and 
incubated prior to addition of 
virus. Supernatant only 
effective after 48 h. 
Centrifugation, autoclaving, and 
filtering leads to loss of antiviral 
effect. Antiviral activity 
determined by plaque assay in 
HeLa cells 

Ward, 
1982 
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Living microorganism proposed 
to have antiviral property 
though not determined 
 

Poliovirus (PV1) Environmental 
waters (creek, 
river, well) 

Infective virus (plaque assay in 
HeLa cells) decreased >99.9% 
during 7 days of incubation at 

27C in environmental waters 
as compared to sterile distilled 
water. 
 

Ward et al., 
1986 

Poliovirus (PV1) Seawater Infective virus (plaque assay in 
African green monkey kidney 
cells (BGM)) suspended in 

untreated and filtered (1.0 m 
pore) seawater decreased by 2 
to 4 logs within 4 days as 
compared to persistence in 
seawater treated by boiling, 
autoclaving, filtering through 

0.45 m pore. Antiviral activity 
was attributed to 
microorganisms. 
 

Fujioka et 
al., 1980 

Rotavirus (RV) Lactobacillus 
casei Shirota, 
Lactobacillus 
rhamnosus GG 

LAB applied and aspirated from 
macrophage (TLT) and 
intestinal epithelial (GIE, H4, 
and PSI) cells afforded 
protection from subsequent RV-
induced cytopathic effect. The 
protection did not correlate with 
attachment of LAB to host cells. 
 

Maragkoud
akis et al., 
2010 

Rotavirus 
(human, Wa) 

Bifidobacterium 
longum subsp. 
infantis 
CECT7210 

Infant stool isolate combined 
with virus or host cell prior to 
virus infection resulted in nearly 
50% reduction in viral foci in 
human colon adenocarcinoma 
(HT-29) cells  
 

Muñoz et 
al., 2011 

Rotavirus 
(human, Wa) 

Lactobacillus 
ruminis, 
Bifidobacterium 
longum 

Bacterial cells (109 CFU/ml, 
suspended in PBS and 
sonicated) reduced RV plaque 
formation in Vero cells to 50 to 
70% of control with Vero cell 
viability reduced to 80% and 

Kang et al., 
2015 
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88% of control for L. ruminis 
and B. longum, respectively. 
 
L. ruminis reduced RV plaque 
formation in human colon 
adenocarcinoma (Caco-2) cells 
by 60% of control. 
 

Rotavirus, 
human Wa  

Escherichia coli 
Nissle (EcN), 
Lactobacillus 
rhamnosus GG 
(LGG) 

Co-inoculation of EcN and RV 
reduced attachment of RV to 
Caco-2 cells (by 50%) as 
compared to non-probiotic 
treated cells and LGG-treated 
cells.  
 
EcN demonstrated greater 
association to Caco-2 cells and 
to HRV than LGG. 
 
EcN treated gnotobiotic pigs 
had reduced incidence of 
diarrhea (by 34%), duration of 
diarrhea (by >3 days), and 
reduced duration of fecal viral 
shedding (0.6 days) as 
compared to non-probiotic 
treated controls. 
 
EcN induced IL-6, IL-10, and 
IgA; LGG did not. 
 

Kandasam
y et al., 
2016. 

Rotavirus, 
human Wa and 
porcine RF 
strains 

Bacteroides 
thetaiotamicron, 
Lactobacillus 
casei 

Spent culture supernatants 
(SCS) of B. thetaiotamicron and 
L. casei, and exogenous 
galactosyltransferase (but not 
galactosidase) applied to 
mucus-secreting HT29-MTX 
cells prior to RV infection 
showed reduced viral infection 
measured by 
immunofluorescence. 
 
Reduction in rotavirus infection 
attributed to cell-surface glycan 
modification by SCS resulting in 
decreased sialic acid, 
mannose, and fucose, and 

Varyukhina 
et al., 2012 
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increased in galactose on cell 
surface.  
 

Rotavirus, 
Nebraska calf 
diarrhea virus 
(NCDV) 

Lactobacillus 
rhamnosus GG, 
Bifidobacterium 
lactis Bb-12, 
other 
Lactobacillus 
sp. 
 

NCDV binds L. rhamnosus GG 
and B. lactis as measured by 
radioactivity of virus-bound 
radiolabeled bacteria 

Salminen 
et al., 2010 

Rotavirus, 
rhesus (RRV) 

Lactobacillus 
rhamnosus GG, 
L. paracasei, L. 
reuteri, L. 
johnsonii, , 
Sreptococcus 
thermophilus 

Lactobacillus rhamnosus GG 
(LGG) administered to RRV-
challenged BALB/c mice pups 
reduced diarrhea prevalence by 
50%, duration by 64%, and 
severity by 71% as compared 
to untreated infected control 
mice. Heat-killed LGG did not 
provide the same degree of 
protection. 
 

Pant et al., 
2007 

Enveloped 
Viruses 
 

   

Arbor Viruses, 
Group A 
(Sindbis virus, 
Chikungunya 
virus) 

Corynebacteriu
m sp. 

Bacterial growth medium 
filtered supernatant had limited 
effect on infectivity of Sindbis 
virus in human amnion cells. 
 
Bacterial concentrate 
(subjected to sonication, 
freeze/thaw, filtration) inhibited 
viral infectivity and 
cytopathogenicity.  
 
Time of exposure experiments 
suggested the inhibitory factor 
does not inactivate the virus 
directly or impede host cell 
penetration, or viral release. 
Proposed mechanism of 
inhibition of intracellular viral 
replication. 
 
The antiviral component 
presumed proteinaceous based 

Carver and 
Naficy, 
1962 



47 
 

on inactivity after trypsin 
treatment. 
 
The bacterial concentrate was 
ineffective against unrelated 
viruses (including ECHO 9 and 
11, vaccinia, Coxsackie B5, 
HSV, Poliovirus 1, adenovirus 
2). 
 

Herpes simplex 
virus (HSV-1) 

Streptococcus 
faecalis 

Virus suspended in bacterial 
growth supernatant adsorbed 
65% less to HeLa cells than 
virus suspended in PBS. 
 
Bacterial growth supernatant 
administered orally to mice 
reduced virus-induced mortality 
ratio by approximately 60% 
compared to virus administered 
alone. 
 
Active principle presumed to be 
a protein as pronase and 
trypsin treatment reduced 
efficacy whereas treatment with 

lipase, RNase, and heat (95C 
for 5 min) did not. 
 

Hotta et al., 
1977 

Herpes simplex 
virus (HSV-1) 

Enterococcus 
faecium ST5Ha, 
isolate of 
smoked salmon 
 

Bacterial peptide (4.5 kDa, 50 

g/ml) added after initial viral 
infection inhibited viral 
propagation by 50% in Vero 
cells. 
 

Todorov et 
al., 2010 

Herpes simplex 
virus (HSV-1) 

Lactobacillus 
rhamnosus 

Vero cell viability exposed to 
HSV-1 with L. rhamnosus was 
greater (by 20%, as measured 
by MTT mitochondrial function 
assay) than HSV-1 alone or 
with E. coli. PFU reduction and 

induction of NO, IFN or TNF- 
did not differ between bacteria. 
 

Khani et 
al., 2012 

Herpes simplex 
viruses (HSV-1, 
HSV-2) 

Enterococcus 
mundtii ST4V, 

Bacterial peptide (3.95 kDa, 

400 g/ml) added after initial 
viral infection inhibited viral 

Todorov et 
al., 2005 
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isolate of soya 
beans 

propagation by >99% in Vero 
cells. 
 
 

Herpes simplex 
virus (HSV-1, 
HSV-2) 

Enterococcus 
faecium CRL35 

Bacterial polypeptide (3.5 kDa, 

100 g/ml) applied for 18h 
during viral propagation after 
initial infection period (1 h) in 
Vero and Baby hamster kidney 
(BHK-21) cells reduced viral 
yield by 2 log PFU/ml  
 

Wachsman 
et al., 1999 

Herpes simplex 
virus (HSV-1, 
HSV-2) 

Enterococcus 
faecium CRL35 

Bacterial polypeptide (100 

g/ml) applied 8h p.i. of Vero 
cells inhibits synthesis of viral 
late glycoprotein D, preventing 
infection spread 
 

Wachsman 
et al., 2003 

Human 
immunodeficien
cy virus (HIV) 

Lactobacillus 
sp. and 
Pediococcus 
pentosaceus 
(isolates of 
human 
breastmilk) 
 

HIV-1 infectivity in TZM-bl cells 
was reduced by up to 55% with 
viral exposure to bacteria or up 
to 42% with exposure to 
bacterial cell-free supernatants. 

Martin et 
al., 2010 

Influenza virus 
A (H7N1) 

Lactobacillus 
delbrueckii 

Crude extract (B1) of bacterial 
growth in media yielded protein 
(6 kDa) sensitive to some 
proteases. 
 

B1 (0.08 g/ml) reduced viral 
infection in chicken embryo 
fibroblast (CEF) cells (>5 log 
TCID50/ml reduction) when 
present for entire replicative 
cycle.  
B1 did not inactivate virus, 
decrease host cell sensitivity, or 
inhibit viral adsorption to cell. 
Viral internalization was slightly 
affected. Intracellular replication 
inhibition was proposed. 
 

Serkedjiev
a et al., 
2000 

Influenza virus 
A and B 

Lactobacillus 
plantarum 

Cell-free supernatants of 
bacterial growth in MRS broth 
or yogurt fermented by 

Choi et al. 
2009 
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Lactobacillus sp. inhibited viral 
infection as measured by 
reduction of cytopathic effect to 
Vero or MDCK cells 
 

Influenza virus, 
Avian (AI-
H9N2) 

Leuconostoc 
mesenteroides 
(Kimchi isolate) 

Antiviral activity of bacterial 
cell-free supernatant observed 
in MDCK cells. 
 
AI-H9N2 hemagglutination was 
inhibited in eggs treated with 
bacterial cell-free supernatant 
and heat-treated supernatant. 
 
SPF chickens administered live 
L. mesenteroides in feed had 
greater weight gains, less viral 
genomic material detectable in 
cloacae, and an increase in 

IFN- when challenged with AI-
H9N2 as compared to positive 
control chickens. 
 

Seo et al., 
2012 

Measles virus 
(MV/BRAZIL/00
1/91) 

Enterococcus 
mundtii ST4V 
isolate of soya 
beans 

Bacterial peptide (3.95 kDa, 

400 g/ml) added after initial 
viral infection inhibited viral 
propagation by >95% in Vero 
cells. 
 
 

Todorov et 
al., 2005 

Transmissible 
gastroenteritis 
coronavirus 
(TGEV) 

Lactobacillus 
casei Shirota, 
Lactobacillus 
rhamnosus GG 

LAB applied and aspirated from 
macrophage (TLT) and 
intestinal epithelial (GIE, H4, 
and PSI) cells afforded 
protection from subsequent 
TGEV-induced cytopathic 
effect. The protection did not 
correlate with attachment of 
LAB to host cells. 
 

Maragkoud
akis et al., 
2010 

Vesicular 
stomatitis virus 
(VSV) 

Bifidobacterium 
longum, 
Lactobacillus 
plantarum, 
Lactobacillus 
reuteri 
 

Bacterial metabolic products 
protected IPEC-J2 cells from 
VSV infection (65% cellsurvival 
compared to untreated control 
cells). 
 
VSV adsorbed to probiotic 
bacteria.  

Botić et al., 
2007 
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Vesicular 
stomatitis virus 
(VSV) 

Lactobacillus 
paracasei, 
Bifidobacterium 
longum 

Prior treatment (90 min) of 

heat-killed (100C, 10 min) 
bacteria applied to pig alveolar 
macrophage derived cells 
(3D4/21) afforded 10 to 30% 
greater cell survival after VSV 
challenge than control cells 
treated with VSV alone as 
determined by the cytopathic 
effect reduction (CPE) assay.  
 
Bacteria adherence to 3D4/21 
cells ranged from 9 to 27% of 
original inoculum depending on 
the bacterial strain. 
 

Ivec et al., 
2007 
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Chapter 2 

ENHANCED REMOVAL OF NOROVIRUS SURROGATES, MURINE 

NOROVIRUS AND TULANE VIRUS, FROM AQUEOUS SYSTEMS BY ZERO-

VALENT IRON 

 

2.1 Abstract 

Viral contamination can compromise the safety of water utilized for direct 

consumption, produce irrigation, and post-harvest washing of produce. Zero-

valent iron (ZVI) is used commercially for chemical remediation of water and has 

been demonstrated to remove some biological contaminants from water in 

laboratory and field studies. This study investigated the efficacy of ZVI to remove 

human norovirus surrogates, Tulane virus (TV) and murine norovirus (MNV), 

from water and to characterize the reversibility and nature of viral association 

with ZVI.  Genomic material of TV and MNV recovered from the effluent of 

inoculated water treatment columns containing a 1:1 mixture of ZVI and sand 

was, respectively,  2 and 3 logs less than that recovered from the effluent of 

treatment columns containing only sand. Elution buffers (citrate buffers pH 4 and 

7 and virus elution buffer (VEB) pH 9.5 with and without added 1 M NaCl) did not 

increase recovery of infectious TV and MNV from ZVI as compared to elution 

with water alone. TV-inoculated lettuce washed with water in the presence of ZVI 
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yielded 1.5 to 2 log fewer infectious TV from wash water as compared to lettuce 

washed with water alone or in the presence of sand. These data demonstrate the 

enhanced removal of human norovirus surrogates, TV and MNV, from water by 

ZVI and provide indications that unrecovered viruses are not readily 

disassociated from ZVI by buffers of various pH and ionic strength. These 

findings warrant further investigation into larger-scale simulations of ZVI-

mediated water remediation of viral contaminants for potential application in the 

treatment of water used for drinking, irrigation and food processing.  

2.2. Introduction  

Human norovirus (HuNov) is the leading global cause of acute gastroenteritis 

(17, 21) and is transmitted via the fecal-oral route through direct contact with an 

infected individual, contact with contaminated surfaces, and consumption of 

contaminated food or water (17). Norovirus transmission through drinking water 

and contamination of food crops by environmental water have been implicated in 

norovirus illness outbreaks (2, 8, 15, 28), and contaminated water has the 

potential to cause widespread illness given its commonly broad distribution and 

application.  

Human enteric viruses can contaminate ground and surface waters by the 

unintentional release of sewage from faulty containment systems, land 

application of municipal biosolids, release of inadequately treated water (15, 34), 

and run-off from heavy precipitation events (9). Several surveys of groundwater 

utility wells have revealed the presence of enteric virus genomic material (38), 
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including that of HuNov. Studies indicate that norovirus is very stable in water, 

remaining infectious in ground water for at least 61 days and its genomic material 

detectable approximately three years in wastewater, groundwater, and drinking 

water (22, 39).  

Measures to adequately remove HuNov from water must account for viral 

load, stability, and low infectious dose. Individuals infected with norovirus can 

shed millions of virions in their feces (31), potentially challenging wastewater 

treatment systems to remove elevated viral loads to prevent subsequent 

environmental contamination. Several studies have demonstrated high 

prevelance of HuNov in wastewater and incomplete removal of HuNov in even 

tertiary-treated effluent that has undergone settlement, activated-sludge 

treatment, sand and biological filters, and UV disinfection (5, 29, 35). Illness 

outbreaks have been associated with contaminated groundwater wells due to 

inadequate removal of HuNov by sand filter treatment at onsite wastewater 

treatment systems (22). Secondary-treated wastewater effluent (24) and stool 

filtrate (25) treated by chlorine at traditional levels and treatment times may not 

be adequate to inactivate HuNov as assessed by viral binding and genomic 

detection assays. Municipal treatment of environmental water for preparation of 

drinking water may include further sedimentation and filtration followed by 

disinfection to reduce pathogenic microorganisms not excluded by filtration (3, 

34). HuNov appears to be sensitive to sodium hypochlorite (0.5mg/L, 30 min 

exposure) in treated drinking water as determined by reduction of detectable viral 
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RNA (26); however, byproducts of chlorinated disinfection may present human 

health hazards (42). Investigation of additional technologies to remove or 

inactivate norovirus in wastewater, environmental water, and drinking water are 

warranted to minimize risk of illness outbreaks associated with contaminated 

water used for direct consumption or food contact.  

Zero-valent iron (ZVI) is used to remediate groundwater of chemical 

contaminants (42) and may also have application for the removal of biological 

contaminants (7, 13, 33). Granular ZVI is typically derived from scrap iron filings 

(7) and has been characterized as non-toxic, abundant, inexpensive, and easy to 

maintain (13). ZVI retention or inactivation of Escherichia coli O157:H7, E. coli 

O157:H12 (7, 19), Pseudomonas fluorescens, and vegetative cells of Bacillus 

subtilis (10) have been reported. Bactericidal effects of ZVI have been attributed 

to disruption of bacterial cell membranes and respiratory activity (23, 27). 

Enhanced removal of bacteriophages, X174 and MS-2 (4, 41, 46), and human 

viruses, rotavirus (4), Aichi virus (AiV) and adenovirus 41 (Ad41) (41) has been 

demonstrated for water filtered through sand with ZVI incorporated. The antiviral 

mechanism of ZVI has not been fully elucidated; however, ionic interactions 

between ZVI and virus have been postulated (41).  

 The applicability of ZVI for treatment of water for direct consumption or food 

production necessitates the retention or inactivation of human norovirus. The 

objectives of this study were to evaluate the effect of ZVI incorporation in sand 

filtration columns on the removal of human norovirus surrogates, murine 
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norovirus (MNV) and Tulane virus (TV), from an aqueous system and to 

determine the reversibility and nature of viral retention in ZVI.  

2.3 Materials and Methods 

2.3.1 Virus preparation.  MNV-1 (provided by Herbert Virgin, Washington 

University School of Medicine, St. Louis, MO) was inoculated into cultures of 

RAW 264.7 (ATCC TIB-71) cells grown 24 h to confluency. Cells were incubated 

at 37ºC and 5% CO2 for approximately 48 h in Dulbecco’s Modification of Eagle’s 

Medium (DMEM, Mediatech, Inc., Manassas, VA) containing 4.5 g l-1 of glucose, 

L-glutamine and sodium pyruvate amended with fetal bovine serum (FBS, 

HyClone, Logan, UT) at 10% v/v, 4 mM glutamax (Invitrogen), sodium 

bicarbonate (Mediatech), and antibiotic/antimycotic (100 U penicillin, 100 g ml-1 

streptomycin, 0.25 g ml-1 amphotericin B, HyClone) to propagate virus. MNV 

was recovered from cells by three freeze/thaw cycles (-80ºC/25 to 37ºC) and 

centrifugation (233 x g). The supernatant that contained the virus was aliquoted 

and stored at -80ºC until further use.  

LLC-MK2 cells (ATCC CCL-7) were grown 24 h to confluency, inoculated with 

TV (provided by  Xi Jiang, University of Cincinnati College of Medicine, 

Cincinnati, OH), and incubated approximately 55 h at 37ºC with 5% CO2 in 

Medium 199/EBSS (M199 with Earles Balanced Salts and L-glutamine, HyClone) 

amended with 10% FBS and antibiotic/antimycotic mix as previously described. 

TV was collected from LLC-MK2 cells as described for MNV and stored at -80ºC 

until use. 
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2.3.2. Enumeration of viral RNA. Viral RNA was extracted with the QIAamp 

Viral RNA Extraction Kit (Qiagen, Hilden, Germany) for column studies according 

to manufacturer protocols. Reverse transcription was performed at 37C for 60 

min in an Eppendorf thermocycler (Hamburg, Germany) with the Sensiscript RT 

Kit (Qiagen) according to manufacturer protocols.  MNV (18) and TV (42) primers 

targeted the viral polymerase genes (MNV-F, 5’-

CTTCGCAAGACACGCCAATTTCAG and MNV-R, 5’-

GCATCACAATGTCAGGGTCAACTC, Sigma-Aldrich Corp., St. Louis, MO, 

USA; TV-F, 5’-TCGCGCAGCGCACTTA and TV-R, 5’-

CAAGAATCCAGAACAACCAATATCA). Amplification of cDNA was carried out 

with the QuantiTect SYBR Green PCR kit (Qiagen) using the same primers as for 

reverse transcription and two µl of template cDNA in a reaction volume of 20 µl 

per manufacturer protocol. Real time PCR was performed in a Rotor-Gene Q 

(Qiagen) with hot start at 95C for 15 min, 40 cycles of 94C/15 sec denaturation, 

60C/30 sec annealing, and 72C/30 sec extension. Amplicons were confirmed 

by melt curves and/or target band size, 100 base pairs (bp) for TV and 318 base 

pairs for MNV, by electrophoresis in a 1% PCR grade, intermediate-melting 

agarose gel (Fisher Scientific, Fair Lawn, NJ, USA) in Tris-acetate-EDTA (TAE) 

buffer (Fisher Scientific) with 4% ethidium bromide. TV and MNV serially diluted 

in HBSS were used to generate standard curves with the lowest dilution of 

detection designated 1 RT-qPCR unit (RT-qPCRU) (1, 43).  
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2.3.3. Enumeration of infectious virus. Infectious TV and MNV was quantified by 

plaque assay (40, 45).  LLC-MK2 or RAW cells were seeded in 6-well cell culture 

plates and grown to approximately 80% or greater confluency at 37C and 5% 

CO2 with media as previously described. Prior to infection, spent media was 

aspirated and cells were overlayed with 500 l fresh media containing 10% FBS. 

Samples to be tested for virus were serially diluted in Hanks Balanced Salt 

Solution, 1x with calcium and magnesium (HBSS, Mediatech), and 500 l was 

added to each well with replicate wells for each dilution. Suspensions were mixed 

well and infected into host cells for 3 h minimum at 37C and 5% CO2 in LLC-

MK2 cells for TV and RAW cells for MNV. After infection, inoculants were 

aspirated and wells were rinsed once with HBSS. Cells were overlayed with 2 ml 

of a 1:1 mixture of 3% peqGOLD Universal agarose (PEQ Lab, Erlangen, 

Germany) and cell culture medium. For MNV plaque overlay, the cell culture 

medium combined with agarose was 2X MEM/EBSS (with L-glutamine, HyClone) 

containing 2% FBS and glutamax, sodium bicarbonate, and antibiotic/antimycotic 

as previously described herein for DMEM. For TV plaque overlay, the cell culture 

medium combined with agarose was M199/EBSS cell culture medium containing 

2% FBS and antibiotics/antimycotics. After solidification, agarose was overlaid 

with medium containing 2% FBS, and incubated for approximately 48 h to allow 

plaque formation. The fluid medium was aspirated, and 10% formaldehyde in 

phosphate buffered saline (PBS, pH 7.4) was added to each well for a minimum 

of 2 h to fix cells. The fixative was aspirated and agarose removed from the 
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wells. Cells were overlayed with crystal violet (0.05% in 10% ethanol, Fisher 

Scientific, Kalamazoo, MI, USA) for a minimum of 30 min. Stain was aspirated, 

cells rinsed, and plaques counted visually.  

2.3.4. Column construction. Control and test columns were constructed in pairs 

as previously described (41, 46). A steel mesh (60 x 60.0075) disc was placed at 

the bottom of each acrylic column (3.8 cm i.d. by 10 cm) and overlaid with 1 cm 

layer of Accusand sand (Unimin, Le Sueur, MN, USA). The columns were wet-

packed to the top with sterile deionized water and either sand alone, referred to 

hereafter as sand, for the control column or a 1:1 (w/w) mixture of sand and ZVI 

(particle size 0.005 to 0.125 in; Peerless Metal Powders and Abrasive Company 

(Detroit, MI, USA) for the test column, referred to hereafter as ZVI. Columns were 

sealed with tubing affixed at the center of the top and bottom. 

2.3.5. Column treatments. TV and MNV were suspended individually in HBSS at 

102 to 104 RT-qPCR units (104 to 105 PFU/ml), respectively.  Columns were 

flushed with sterile, deionized water immediately prior to inoculation. Viral 

suspensions (100 ml) were loaded onto each of two columns, one sand column 

and one ZVI column. Viral suspensions were introduced to the top of the columns 

at a rate of 1 ml per min using a TRIS peristaltic pump (Teledyne ISCO, Inc. 

Lincoln, NE, USA). Columns were then flushed with sterile deionized water (300 

ml per column). Eighty 5-ml fractions of eluate were collected in sterile glass 

tubes with a Foxy Jr. fraction collector (Teledyne ISCO, Inc.) and stored at 4C 

less than 24 hours prior to testing every fifth fraction for the presence of viral 
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RNA (Viral RNA Extraction Kit, Qiagen). Two independent trials were conducted 

for each virus.  

2.3.6. Elution studies. Inoculated sand and ZVI were treated with elution buffers 

to determine potential reversibility of association of infectious virus with ZVI.  TV 

and MNV were treated in batch systems in 15-ml centrifuge tubes with 1 cm3 

sand or ZVI in sterile deionized water. The sand and ZVI were inoculated with 0.5 

ml of TV (approximately 4 log PFU/ml) or MNV (approximately 5 log PFU/ml) in 

sterile deionized water. Tubes were gently agitated horizontally on a Nutator 

(Becton, Dickinson and Company, Franklin Lakes, NJ, USA) for 30 minutes at 

21C. Treated water was aspirated and reserved for plaque assay. To recover 

virus, either sterile deionized water or an elution buffer (0.5 ml) was added to the 

sand and ZVI. Tubes were agitated for 30 min at 21C. The contents were then 

vortexed vigorously for 10 sec, and the fluid was aspirated and reserved for 

plaque assay. Buffers used to elute infectious virus included: 0.1 M citrate buffer, 

pH 4.0 and 7.0 (citric acid and sodium phosphate, dibasic, Fisher Scientific) and 

virus elution buffer (VEB, pH 9.5, consisting of 100 mM Tris (Fisher Scientific), 50 

mM glycine (Fisher Scientific), 50 mM MgCl2 (ICN Biomedicals Aurora, OH, 

USA), 3% beef extract (Fisher Scientific), all with and without added 1 M NaCl 

(Fisher Scientific). After vortexing, minute particles of sand and ZVI remained in 

the aspirate; therefore, control rinsates were prepared by vortexing sand and ZVI 

in sterile deionized water. Plaque assay detection of inoculated positive controls 

in the presence of each of the buffers and the rinsates of vortexed sand and ZVI 
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were verified as compared to detection of virus in HBSS and water. Negative 

controls included uninoculated buffers and rinsates of sand and ZVI to verify lack 

of cytotoxicity to host cells under the conditions for plaque assay. Two 

independent trials were conducted.  

2.3.7. Lettuce wash treatment. Uncut Romaine lettuce was purchased from a 

local grocery store, and outer leaves were removed. Leaves were cut into 1.3 

cm-diameter discs with a sterile cork borer, spot inoculated with 25 l of TV 

(initial inoculum 4 log10 PFU/ml), and dried in a biosafety cabinet for 

approximately 3 h. Inoculated lettuce discs (three per treatment per trial) were 

transferred to 15-ml centrifuge tubes containing 1.5 ml sterile deionized water, 

1.5 ml water and 1 cm3 sand, or 1.5 ml water and 1 cm3 ZVI.  Control tubes of 

water alone or water with sand or ZVI were inoculated with 25 l TV (initial 

inoculum 4 log10 PFU/ml) without lettuce. Uninoculated lettuce discs (one per trial 

per condition) were tested as negative controls. Tubes were placed horizontally 

on a rotator platform (Nutator Clay Adams Brand, TC Scientific) and mixed for 30 

min at room temperature. Lettuce discs were then removed from tubes with 

sterile forceps and transferred to 1.5 ml of VEB and vortexed for 1 min. The VEB 

from the lettuce wash, the lettuce treatment water, water inoculated in the 

absence of lettuce, and water wash from uninoculated lettuce were evaluated for 

infectious TV by plaque assay. Two independent trials were conducted. 
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2.3.8. Data analysis. Statistical significance (p<0.05) of treatment effects for each 

virus was determined by analysis of variance and Student’s t-test with statistical 

software JMP Pro, version 10.0.0 (SAS Institute Inc., Cary, NC). 

2.4. Results and Discussion 

The incorporation of ZVI in permeable reactive barriers (PRB) to remediate 

groundwater of chemical contaminants is an established practice in the United 

States (20). Evidence for the utility of ZVI to remediate biological contaminants 

remains limited to laboratory-scale or small field investigations for a few bacterial 

species and virus types. To the authors’ knowledge, this study provides the first 

evidence for ZVI removal of human norovirus surrogates from aqueous systems. 

Previous studies have demonstrated ZVI removal of virus from treated 

wastewater effluent with approximately 5-log reductions of rotavirus realized in 

the presence of a total organic carbon load of 20 mg/ml (4). Similar reductions of 

4.5 to 6 logs of Aichi virus (AiV), Adenovirus 41 (Ad41), and bacteriophages MS2 

and X174 from water treatment plant samples were achieved within 20 minutes 

of passage through sand filters containing ZVI (41).   

The present study used the same column design, ZVI concentration, and 

slightly faster flow rate as reported by Shi and colleagues (41). The recovery of 

MNV and TV in the eluate of buffered water filtered through simulated water-

treatment columns are presented in break-through curves in Figures 1A and 1B, 

respectively. The initial fraction of collected eluate demonstrated that the 

columns had no detectable MNV or TV genomic material prior to inoculation of 
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the column. The first 20 fractions were collected after virus input; subsequent 

fractions were collected after flush with sterile water at three times the volume of 

input virus. Viral recovery in eluate of sand columns was at viral input levels, 

while the virus in eluate of ZVI columns was at or below detection. These 

represent approximately 3-log and greater than 2-log reductions of MNV and TV, 

respectively, by ZVI in column effluent relative to column influent. In conjunction 

with previous studies (4, 41), these data provide additional evidence for the utility 

of ZVI to retain environmentally important enteric viruses of various size and 

structure, suggesting a potentially universal or broad method of interaction 

between ZVI and viruses.  

The mechanism of ZVI inactivation of or association with virus has not been 

fully characterized. Water treatment columns in the present study and as 

reported by Shi et al. (41) have pores in the solid matrix greater in size than the 

viruses, indicating that size exclusion is not likely the primary mechanism of viral 

retention. This conclusion is further supported in the present study by the 

reduced recovery of MNV and TV in the presence of ZVI as compared to sand 

whether virus were exposed to ZVI in a packed column (Figure 1) or as loose 

particles in a batch test tube system (Figure 2). Rather, virus adsorption and 

inactivation has been attributed to multiple chemical species generated by ZVI in 

the presence of water, including iron oxides, intermediary oxidized iron and 

reactive oxygen species (6, 41, 46), particularly under aerobic conditions (6). 
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Recently, bacteriophage f2 was reported to adsorb to ZVI nanoparticles resulting 

in viral coat damage (6).  

In the present study, a batch treatment system in test tubes was utilized to 

study the potential reversibility of virus association with ZVI as well as to gain 

insight into the nature of virus and ZVI association. The batch system allowed for 

simultaneous comparison of different buffers to elute virus and to attempt to 

recover treated virus by both physical and chemical disruption by vortexing of the 

sand and ZVI in buffers. The elution buffers utilized in this study were selected 

based on the possibility that electrostatic interactions between the viral capsid 

and oxidized iron contribute to viral association with ZVI particles. Citrate buffer 

at pH values above (pH 7) and below (pH 4) the isoelectric points 

(http://web.expasy.org) of the major capsid proteins of TV (NCBI Accession 

Number ACB38132 (http://www.ncbi.nlm.nih/gov; computed pI 4.87) and MNV 

(NCBI Accession Number YP_720002.1; computed pI 4.78), was compared to 

water alone for the recovery of virus from sand and ZVI. The computed pI of 5.50 

for the major VP1 capsid protein of human norovirus GII.4 (NCBI Accession 

Number AFL70023) and measured pI values (5.5 to 6.9) of human norovirus GI 

and GII virus-like particles (16) are in line with these surrogate viruses.  Virus 

elution buffer (VEB) was selected for evaluation as it is a primary buffer used to 

separate virus from complex matrices (32, 36). Elution buffers were also 

amended with NaCl as a further measure to disrupt potential electrostatic 

interactions between virus and iron as salt solutions have been reported to 
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desorb virus from anion-exchange filtration systems (32) and lettuce surfaces 

(44). The batch studies of ZVI treatment of MNV- and TV-inoculated water 

yielded one-log reductions of infectious virus over those observed with sand 

alone. None of the subsequent washes of ZVI with eluents recovered virus to 

input levels (Figure 2). Slightly greater recovery of virus from ZVI was observed 

with VEB buffer (pH 9.5); however, the difference was not significantly greater 

(p>0.05) than that recovered by water elution. The addition of NaCl did not 

enhance recovery of virus. The comparable recovery of TV and MNV from the 

ZVI with buffer eluents as compared to water elution suggests that either the 

virus particles not recovered from the water treated by ZVI were inactivated, or 

viral association with ZVI is not readily reversed by buffers of various pH and 

ionic strength. These data are important as utility of ZVI for remediation depends 

on it not serving as a reservoir to concentrate viable virus with risk for later 

release into the environment.  

In addition to the aforementioned elution buffers, the ZVI particles were also 

directly treated with a lysis buffer (Power Viral Environmental RNA/DNA kit (Mo 

Bio Laboratories, Inc., Carlsbad, CA; presently AllPrep PowerViral DNA/RNA kit 

(Qiagen, Hilden, Germany) containing reagents to protect released RNA in an 

effort to further assess the possibility that intact virus could be associated with 

the ZVI matrix. The results were inconclusive (data not shown) as an RNA 

control exposed to ZVI or sand could not be fully recovered suggesting that the 

presence of minute sand and ZVI particles in the water of batch treatment 
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systems adsorbed or degraded free RNA or interfered with downstream detection 

technologies .  

Finally, the interaction of ZVI with virus inoculated onto lettuce was explored 

as leafy greens have been implicated as transmission vehicles in norovirus 

illness outbreaks, and direct association of virus-like particles of norovirus with 

leafy greens has been demonstrated (14, 12). Similar to column and batch 

studies, recovery of TV from water containing ZVI was reduced by approximately 

2 logs as compared to water alone or water with sand (Figure 3, black bars). 

When TV was inoculated onto lettuce discs and treated in water, the wash water 

with ZVI contained approximately 1.5 log fewer infectious TV than wash water 

alone or with sand (Figure 3, gray bars). Subsequent wash of inoculated lettuce 

with VEB (Figure 3, patterned bars) demonstrated approximately one-log lower 

recovery of TV from lettuce previously washed in water containing ZVI than that 

of lettuce previously treated with either water alone or in water with sand.  While 

the aim of this study was not to simulate a commercial produce wash operation, 

the findings suggest that ZVI may have the potential to improve removal of virus 

from harvested produce possibly by decontaminating the wash water and thereby 

preventing reassociation of virus released from produce surfaces or by greater 

affinity of virus for ZVI than the produce surface. These data provide merit for 

investigating the use of ZVI to enhance the otherwise limited efficacy of water for 

removal of viral contaminants from produce (11, 37), for remediating processing 

water that could contribute to cross-contamination (11), and for reuse of 
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processing water in support of growing efforts to reclaim water discharged from 

food processing operations (30). 

In conclusion, this study demonstrated a greater removal of TV and MNV 

from aqueous systems by a mixture of ZVI and sand as compared to sand alone. 

These reductions were observed in both column and batch studies as detected 

by genomic and infectivity assays, respectively. Although we cannot conclude 

that the unrecovered virus were inactivated, this possibility is supported by the 

inability of elution buffers of various pH and ionic strengths to further release 

viruses from the matrices as would be expected if intact virus particles were 

bound to the matrices by electrostatic interactions. These data support findings 

from previous studies (4, 41, 46) that demonstrated higher levels of removal of 

virus from water by ZVI than by sand. The data also suggest the utility of further 

investigation into larger-scale simulations of water remediation of viral 

contaminants for potential application in the treatment of water used for drinking, 

irrigation and food processing. Further investigations are warranted on the 

efficacy of ZVI for remediation of water contaminated with human norovirus as 

compared to that containing its surrogates, even though they are similar in size, 

structure, pI, and binding properties. There also remains a critical need to 

evaluate removal of norovirus from water containing organic loads typical of 

reclaimed water, environmental waters, and food processing waters.  
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Figure 2.1. Recovery of A, MNV and B, TV genomic material in eluate of 
inoculated sand and ZVI columns. Data are averages from two samples; error 
bars represent standard deviation. TV RNA was not detected from eluate of the 
ZVI column and was below detection for the sand column at fraction 45. 
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Figure 2.2. Recovery of infectious A, MNV and B, TV from inoculated batch 
studies of sand and ZVI water treatment and subsequent elution. Initial inoculum 
and recovery from sand and ZVI are noted in the top two bars followed by results 
of six elution buffers as compared to elution by water. Error bars represent 
standard deviation. Bars marked by different letters within a treatment (either 
sand (a, b, c, d) or ZVI (w, x, y, z)), for each virus considered separately, are 
significantly different (p<0.05).  
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Figure 2.3. TV recovered from inoculated water without lettuce (black bars), 
either untreated or treated by sand or ZVI; wash water of inoculated lettuce (gray 
bars) treated by water alone or water with sand or ZVI;  and VEB wash of lettuce 
after water wash (patterned bars) alone or with sand or ZVI. Data are averages 
from two samples; error bars represent standard deviation. Bars marked by 
different letters are significantly different (p<0.05). 
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Chapter 3 

 

EFFECT PLANT-DERIVED PROTEASES FOR INACTIVATION OF HUMAN 

NOROVIRUS, TULANE VIRUS, MURINE NOROVIRUS, AND HEPATITIS A 

VIRUS 

  

3.1. Abstract 

Viruses are a leading cause of foodborne illness, and effective washing 

strategies are needed to remove or inactivate virus on fresh produce. Plant-

derived proteases, bromelain, papain, and ficin are broad-acting enzymes with 

generally recognized as safe (GRAS) status for foods and current application in 

several food industries. This study investigated the efficacy of commercially-

prepared bromelain, papain, and ficin, individually and combined (2500 ppm 

crude extract), for inactivation of hepatitis A virus (HAV), human norovirus 

(HuNov), and HuNov surrogates, Tulane virus (TV), and murine norovirus (MNV). 

Various treatment temperatures (45, 50, 55C), times (10 or 60 min), and pH 

values (2.2, 5.5, 7.0) in the presence of cysteine (2 or 20 mM) were evaluated. 

Inactivation was assessed by infectivity in plaque assay for TV and MNV and by 

TCID50 for HAV. Inactivation of HuNov was assessed by RT-qPCR. No reduction 

in infectious TV or HAV was attributed to the plant-derived proteases at any of 
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the conditions tested. Infectious MNV was reduced by one to 3 log10 PFU/ml; the 

most effective treatment was bromelain at pH 7 and 50C for 10 minutes. A time 

course study with MNV in bromelain at 50C indicated that a 2-log10 PFU/ml 

reduction could be achieved within 6 minutes, but extended treatment of 15 

minutes was still insufficient to eliminate infectious MNV. HuNov was resistant to 

bromelain at 50C for 10 min. The lack of or limited efficacy of bromelain, papain, 

and ficin on HAV, HuNov, TV, and MNV even at elevated temperatures and 

exposure times suggests the plant-derived proteases are not commercially 

applicable for inactivation of virus on raw produce. The variable susceptibilities 

observed among HuNov, TV and MNV illustrate limitations in utilization of 

surrogates for predicting pathogen behavior for a structure-specific treatment. 

3.2. Introduction 

The majority (58%) of foodborne illnesses in the United States are attributed 

to enteric viruses with human norovirus (HuNov) accounting for an estimated 

annual 5.5 million domestically-acquired illnesses (Scallan et al., 2011).  

Globally, norovirus is also the leading cause of viral gastroenteritis (Karst, 2010). 

Although hepatitis A virus (HAV) is estimated to cause considerably fewer 

foodborne illnesses of less than 2,000 annually in the U.S., the severity of illness 

is notable with the hospitalization rate greater than 30% (Scallan et al., 2011). 

Although any food commodity could serve as a transmission vehicle if 

contaminated in final handling, foods consumed raw and for which incomplete 

removal or inactivation methods exist are most commonly associated with illness. 
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These include fresh produce, particularly raw berries and leafy greens, and raw 

molluscan foods (Callejón et al., 2015; Chatziprodromidou et al., 2018; Hall et al., 

2012). 

Both HuNov and HAV are persistent in the environment, on food contact 

surfaces, and throughout the shelf life of fresh produce (reviewed by Kotwal and 

Cannon, 2014). Previously-investigated methods to remove or inactivate virus on 

fresh produce include UV-C treatment (Butot et al., 2018) and washes with water, 

chlorine, sodium hypochlorite, peroxyacetic acid (reviewed by Baert et al., 2009) 

and natural biochemical substances, including polyphenols, proanthocyanins, 

saponin, polysaccharides, peptides, and essential oils (reviewed by Li et al., 

2013). These treatments have generally yielded one to three log reductions in 

HAV or HuNov or its surrogates (Baert et al., 2009; Butot et al., 2018; Li et al., 

2013). Therefore, new treatments, preferably those derived from natural sources, 

are sought to inactivate virus or to inhibit viral adherence to raw produce. 

Plant-derived cysteine proteases, papain and ficin, are found in the latex of 

papaya and figs; bromelain is found predominantly in the stem of pineapple as 

well as the fruit and leaves (Gosalia et al., 2005; Biozym 2012). The extracted 

enzymes are safe for human consumption, with Generally Recognized as Safe 

(GRAS) status for food (Code of Federal Regulations, 1983, 2013a, 2013b), and 

currently have application in food processing for meat, brewing, and dairy 

industries (Homaei et al., 2010; González-Rábade et al., 2011).  Plant-derived 

proteases also have atoxigenic properties (Helting and Zwisler, 1974; Helting and 
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Zwisler, 1977; Helting and Nau, 1984) and antimicrobial activity including 

fungistatic (López-García et al., 2012), , antihelminthic (de Amorin et al., 1999; 

Mansur et al., 2014; Stepek et al., 2005), and antibacterial (Assatarakul et al., 

2012; dos Anjos et al., 2016) properties. Bromelain also cleaves the 

hemagglutinin protein from influenza virus with subsequent application in antisera 

production (Wang et al., 2012). These proteases have several characteristics 

favorable for application to foods including good water solubility, optimal 

functionality over a pH range of approximately 4 to 7.5, and catalytic activity at 30 

to 40C, albeit less than at the optimal catalytic temperature range of 50 to 60C 

(Choudhury et al., 2010; Whitaker and Lee, 1972; Xue et al., 2010). Moreover, 

while activity is enhanced in the presence of cysteine, an activator is not 

essential for catalytic activity (Homaei et al., 2010; MP Biomedicals, 2012).  

Papain, bromelain, and ficin are broad-acting enzymes, all of which 

preferentially cleave the peptide bonds at the carboxyl end of lysine and arginine. 

Histidine, glycine, glutamine, tyrosine, threonine, alanine, and phenylalanine are 

additional proteolytic targets for one or more of the proteases (Choe et al., 2006; 

Gosalia et al., 2005; Biozyme, 2012; MP Biomedicals, 2012, MP Biomedicals, 

2013). Based on the primary amino acid structure of the VP1 region of the capsid 

of human norovirus (GII.4/5M/USA/2004; GenBank AFL70023.1) as deposited in 

the NCBI database (http://www.ncbi.nlm.nih.gov/), up to 24%, 37%, and 14% of 

the peptide bonds may be vulnerable to hydrolysis by papain, bromelain, and 

ficin, respectively. Additionally, several norovirus capsid amino acids important 
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for interactions with receptor histo-blood group antigens (HBGA) (Bu et al., 2008; 

Choi et al., 2008; Tan et al., 2009) are theoretical targets for cleavage by the 

plant proteases. Although the capsid amino acid sequences of surrogate viruses, 

murine norovirus (MNV) and Tulane virus (TV), bear limited similarity to that of 

HuNov, the total compositions of amino acids theoretically vulnerable to 

proteolysis are similar. Likewise, the HAV capsid polyprotein (Hepatovirus A; 

GenBank AAA45477.1) consists of 26%, 25%, 18% proteolytic targets of papain, 

bromelain, and ficin, respectively, according to primary amino acid sequence 

(http://www.ncbi.nlm.nih.gov/). However, the accessibility of the viral capsid 

peptide bonds to hydrolysis as influenced by capsid protein secondary and 

tertiary structures as well as the conditions that may favor hydrolysis are 

unknown.  

The objective of this study was to investigate the efficacy of plant-derived 

proteases for inactivation of HAV, HuNov, and HuNov surrogates, MNV and TV. 

3.3. Materials and Methods 

3.3.1. Viruses and host cells.  Murine norovirus (MNV-1, obtained from Herbert 

Virgin, Washington University School of Medicine, St. Louis, MO) was 

propagated by inoculation in confluent 24-h RAW 264.7 cells (ATCC TIB-71) 

overlaid with Hanks Balanced Salt Solution with calcium and magnesium (HBSS; 

Mediatech, Inc., Manassas, VA) and were incubated at 37ºC and 5% CO2 for 48 

h.  MNV was recovered by subjecting RAW cells to three freeze/thaw cycles (-
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80ºC/25 to 37ºC), pelleting the cells by centrifugation (233 x g), and retaining the 

virus-containing supernatant at -80ºC until further use.  

Tulane virus (TV, obtained from Xi Jiang, University of Cincinnati College of 

Medicine, Cincinnati, OH) was propagated by inoculation of 24-h confluent LLC-

MK2 cells (ATCC CCL-7) in HBSS and incubated for 55 h at 37ºC with 5% CO2. 

TV was recovered from LLC-MK2 cells as previously described for MNV and 

stored at -80ºC.  

Hepatitis A virus (HAV, ATCC VR-1402) was propagated by inoculation in 24-

h confluent FRhK-4 (ATCC CRL-1688) in Dulbecco’s Modification of Eagle’s 

Medium (DMEM with 4.5 g/L glucose, L-glutamine and sodium pyruvate, 

Mediatech Inc. amended with 1x MEM Nonessential amino acids, Mediatech, 

Inc., and 1% antibiotic/antimycotic (100 U ml-1  penicillin, 100 µg ml-1 

streptomycin, 0.25 µg ml-1 amphotericin B, HyClone) and incubated for 21 d at 

37C with 5% CO2. HAV was recovered from FRhK-4 cells as previously 

described for MNV and stored at -80C.  

Human norovirus GII (HuNov) was extracted from human stool samples 

(provided by the Delaware Department of Public Health) by suspending stool 

(10%) in phosphate buffered saline, pH 7.4. The HuNov suspension was 

vortexed vigorously for 30 seconds, and the solid debris was pelleted by 

centrifugation at 1455 x g for 15 minutes. For subsequent protease treatment, the 

virus-containing supernatant was filtered (0.22 um) and stored at -20C.  
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3.3.2. Protease treatments. TV and MNV (initial inoculum of 5 log PFU/ml) and 

HAV (6 log TCID50) were treated by 2500 ppm of the proteases bromelain (MP 

Biomedicals, LLC, Solon, OH), papain (MP Biomedicals, LLC), ficin (MP 

Biomedicals, LLC), and an equal mix of all three in HBSS or citrate buffer, pH 5.0 

with activator, tissue culture-grade L-cysteine-hydrochloride (2 mM) (Fisher 

Scientific, Fair Lawn, NJ). The treatment volume was 1250 l in a 1500-l sterile 

microcentrifuge tube submerged in a water bath. Treatment conditions varied by 

temperature (45, 50, or 55C) and exposure time (2 to 60 min) (Table 1). Time to 

reach maximum treatment temperature was 2.75, 4.00, and 3.50 minutes for 45, 

50, and 55C, respectively, as monitored with a digital thermometer every 15 

seconds. HuNov was treated with bromelain (2500 ppm) at 50C for 10 min in a 

total treatment volume of 625 l. Controls included untreated virus with no 

exposure to the proteases or heat to determine the initial inocula, and a heated 

control for which virus was exposed to heat but not the proteases. The pH was 

determined at 21C with an Accumet AB200 pH meter (Fisher Scientific, Fair 

Lawn, NJ, USA). Enzyme activities of the 2500 ppm preparations were 

determined with the Protease Fluorescent Detection Kit (Sigma-Aldrich, St. 

Louis, MO, USA) with fluorescein isothiocyanate (FITC)-labeled casein substrate 

and trypsin standard.  

3.3.3. Enumeration of infectious virus. After treatment, tubes were placed on ice 

to stop enzymatic activity. Samples were diluted in HBSS and plaque assay was 

performed as previously described (Shearer et al., 2014; Wang and Kniel, 2014) 
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to enumerate infectious virus. Briefly, 500 µl per dilution of treated MNV and TV 

were added to 6-well cell culture plates in duplicate wells to confluent monolayers 

of RAW and LLC-MK2 cells, respectively, containing 500 µl per well cell culture 

media with 10% fetal bovine serum (FBS, HyClone, Logan, UT). Media for RAW 

cells was Dulbecco’s Modification of Eagle’s Medium (DMEM, Mediatech, Inc.) 

containing 4.5 g l-1 of glucose, L-glutamine and sodium pyruvate amended with 

fetal bovine serum (FBS, HyClone, Logan, UT) at 10% v/v, 4 mM glutamax 

(Invitrogen), sodium bicarbonate (Mediatech), and antibiotic/antimycotic (100 U 

penicillin, 100 µg ml-1 streptomycin, 0.25 µg ml-1 amphotericin B, HyClone). 

Media for LLC-MK2 cells was Medium 199/EBSS (M199 with Earles Balanced 

Salts and L-glutamine, HyClone) amended with 10% FBS and 

antibiotic/antimycotic mix as described for DMEM. After a minimum 2-h infection 

period at 37C in 5% CO2 static environment, inocula were aspirated and 

monolayers rinsed with HBSS. Cells were then overlaid with 2 ml of 1:1 (v/v) 

universal agarose peqGOLD Universal agarose (PEQ Lab, Erlangen, Germany) 

in cell culture media. For RAW cells, 2X MEM/EBSS (with L-glutamine, HyClone) 

containing 2% FBS and glutamax, sodium bicarbonate, and antibiotic/antimycotic 

as previously described for DMEM was used. For LLC-MK2 cells, M199/EBSS 

cell culture medium containing 2% FBS and antibiotics/antimycotics was used. 

Solidified agarose was overlaid with DMEM or M199 amended as previously 

described except containing 2% FBS for RAW or LLC-MK2 cells, respectively. 

Infected cells were incubated 48 h to allow plaque formation, after which, the 
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media were aspirated and cells were stained for 6 to 8 h with 1% neutral red in 

medium containing 2% FBS, or plaques were fixed with 10% formaldehyde in 

phosphate buffered saline for a minimum of 2 h and stained with crystal violet 

prior to plaque enumeration. 

Infectious HAV was enumerated by tissue culture infectious dose (TCID50, 

Reed and Muench, 1938). FRhK-4 cells were seeded in 96-well cell culture 

plates and grown to confluency in DMEM as amended for HAV propagation and 

10% FBS at 37C/ 5% CO2 for approximately 24 h. Prior to infection, spent media 

was aspirated and cells were washed with HBSS and overlaid with fresh HBSS. 

Eight wells were inoculated for each control and treated HAV and serially diluted 

and incubated for 2h at 37C with 5% CO2. The wells were overlaid with DMEM 

containing 2% FBS and incubated 21d at 37C with 5% CO2 prior to observation 

for cytopathic effects.   

3.3.4. Enumeration of viral RNA. Viral RNA was extracted with the AllPrep 

PowerViral DNA/RNA Extraction Kit (Qiagen, Hilden, Germany) according to 

manufacturer protocols. Reverse transcription (RT) was performed at 37C for 60 

min in an Eppendorf thermocycler (Hamburg, Germany) with the Sensiscript RT 

Kit (Qiagen) according to manufacturer protocols.  MNV primers (Hsu et al., 

2005) targeted the viral polymerase gene (MNV-F, 5’-

CTTCGCAAGACACGCCAATTTCAG and MNV-R, 5’-

GCATCACAATGTCAGGGTCAACTC, Sigma-Aldrich Corp., St. Louis, MO, 

USA). HuNov primers (Kojima et al., 2002) targeted the shell domain of capsid 
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protein VP1 (G2SK-F, 5’-CNTGGGAGGGCGATCGCAA and G2SK-R,5’-

CCRCCNGCATRHCCRTTRTACAT, Sigma-Aldrich Corp.). Amplification of 

cDNA was carried out with the QuantiTect SYBR Green PCR kit (Qiagen) using 

the same primers as for reverse transcription and two l of template cDNA in a 

reaction volume of 20 l per manufacturer protocol. Real time PCR (qPCR) was 

performed in a Rotor-Gene Q (Qiagen) with hot start at 95C for 15 min, 40 

cycles of 94C/15 sec denaturation, 60C/30 sec annealing, and 72C/30 sec 

extension. Amplicons were confirmed by melt curves and/or target band size, 

318 base pairs for MNV and 344 bp for HuNov, by electrophoresis in a 1% PCR-

grade, intermediate-melting agarose gel (Fisher Scientific, Fair Lawn, NJ, USA) 

in tris-acetate-EDTA (TAE) buffer (Fisher Scientific) with 4% ethidium bromide. 

MNV and unfiltered HuNov serially diluted in HBSS or sterile, nuclease-free 

water, respectively, were used to generate standard curves with the lowest 

dilution of detection designated 1 RT-qPCR unit (RT-qPCRU) (Almand et al., 

2017, Tuladhar et al., 2012).  

3.3.5. Assay for cytotoxicity. The effect of proteases and heat treatments in the 

absence of proteases on uninfected cells was evaluated under the same 

conditions as for treated virus-inoculated samples, and cytotoxic effect was 

characterized by sloughing of the monolayer. Wells with uninfected and virus-

infected cells without any treatment served as controls. 

3.3.6. Data analysis. All experiments were conducted in duplicate. Statistical 

significance (p<0.05) in viral recovery among treated samples and controls were 
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determined by analysis of variance and student’s t-test with statistical software, 

JMP Pro Version 10.0.0 (SAS Institute Inc., Cary, NC).  

3.4. Results and Discussion 

The considerable impact of human norovirus and hepatitis A virus on public 

health and the limited efficacy of viral removal or inactivation strategies for fresh 

produce necessitate investigation of new methods to mitigate viral contamination 

of foods that are consumed raw. As plant-derived and broad-acting proteases 

with GRAS status for foods, bromelain, papain, and ficin were investigated for 

effectiveness against these foodborne viruses. 

Bromelain, papain, and ficin were previously reported to have antimicrobial 

properties, yielding modest reductions in foodborne Escherichia coli O157:H7 

(Eshamah et al., 2014), growth inhibition of plant fungi Fusarium spp. (López-

García et al., 2012), and structural damage and reduced motility in rodent 

helminths in vitro (Mansur et al., 2014; Stepek et al., 2005). While structurally 

dissimilar to enteric viruses, these bacteria and helminths also must resist 

proteolytic degradation in the host gastrointestinal tract; yet they demonstrated 

susceptibility to the plant proteases. These effects were observed over treatment 

times of minutes to hours at temperatures below the optimal catalytic 

temperature range for the enzymes. For viral inactivation studied herein, 

treatment conditions (Table 1) favorable to enzyme activity were utilized including 

addition of the activator cysteine and elevated temperatures of 45 to 55C. These 

conditions were selected based on prior thermal resistance studies (Hirneisen 
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and Kniel, 2013) and were sublethal to the viruses applied in the absence of 

proteases (Fig. 1). The commercially-prepared bromelain, papain, and ficin were 

used as received as crude extracts with concentrations normalized for treatments 

and at levels for which cytotoxicity did not preclude detection of infectivity 

reduction. However, the extracts demonstrated variable enzymatic activity as 

measured against a casein substrate (Table 1). Activity measured by this assay 

was not a good predictor for viral infectivity reduction (Table 1 and Fig. 1). 

Regardless of treatment temperature, time, and pH, the proteases did not 

reduce infectivity of TV or HAV greater than the untreated control or samples 

treated with heat alone (Fig. 1a and 1c). By contrast, reductions in infectious 

MNV ranged from one log10 PFU/ml in the presence of papain at 45C for 60 min 

to 3 log10 PFU/ml reductions after treatment with bromelain at all temperatures 

and the combined enzymes at 45C (Fig. 1b). Detectable infectious MNV was 

also reduced by 2-log10 PFU/ml by heat treatment alone at 55C for 10 min (Fig. 

1b). No reductions in infectious MNV were observed at pH 5.5 (Fig 1b). The 

addition of 20 mM cysteine-HCl reduced the pH to 2.2, and with heat treatment at 

50C for 10 min, either with or without added proteases, the reduction in 

infectious virus was at least 3 log10 PFU/ml for MNV and TV; whereas HAV was 

reduced by less than 2 log TCID50 (data not shown). 

In spite of the broad-acting proteolytic properties of these enzymes, several 

potential limitations were anticipated for their application for inactivation of these 

enteric viruses. First, the protein secondary and tertiary structures may impede 
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enzyme association for sufficient peptide hydrolysis to degrade the capsid or 

disrupt surface molecules involved in host receptor interactions. Second, enteric 

viruses must resist a broad range of host digestive proteases. The reported 

susceptibility of other enteric organisms to plant proteases as compared to host 

digestive enzymes may have been as much a function of structural specificity for 

enzyme interaction as production of specific protease inhibitors to digestive 

enzymes (Stepek et al., 2005). Third, antimicrobial properties demonstrated in 

previous studies may have been due to degradation of bonds other than peptide 

bonds such as was reported for Alicyclobacillus spp. (dos Anjos et al., 2016). 

Finally, the viruses encode their own proteases involved in proteolytic processing 

of nonstructural proteins (Dinakarpandian et al., 1997; Farkas et al., 2008; 

Nakamura et al., 2005; Thorne and Goodfellow, 2014; Vashist et al., 2009; 

Viswanathan et al., 2013); the exposure of capsid proteins to these viral 

proteases during replication is not known.  

The notable reduction in infectious MNV, however, warranted further 

investigation into conditions that may yield complete inactivation and the nature 

of the reduction, whether due to disruption of capsid integrity or host cell 

interaction. The different resistances of MNV and TV also prompted study with 

HuNov to discern which surrogate more closely represented the susceptibility of 

the human pathogen to these structure-dependent treatments.  

A time-course study was undertaken to determine if MNV infectivity reduction 

could be achieved in less than 10 minutes or if complete infectivity reduction 
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could be achieved with longer exposure. The time necessary to realize a 2-log 

reduction in infectivity of MNV by bromelain at 50C was at least 6 minutes (Fig. 

2). Full inhibition of infectivity was not achieved with this treatment even when 

treatment time was extended to 15 minutes (Fig. 2). These conditions are not 

realistic for commercial application to fresh produce without anticipated 

compromise of product quality. 

The basis for the reduction of MNV infectivity as a result of bromelain and 

heat treatment was further investigated in an effort to determine if MNV capsid 

proteins involved in adherence to host cellular receptors were compromised or if 

capsid integrity was sufficiently damaged to render the particles completely 

inactive. The first approach involved application of RNase to degrade free RNA 

(Hirneisen and Kniel, 2012; Kingsley, 2002) to predict capsid integrity; however, 

this assay yielded erroneous results as controls could not be detected (data not 

shown). Attempts to quench interfering bromelain activity by fetal bovine serum 

(FBS) were unsuccessful even with addition of FBS at 50% of the treatment tube 

volume (data not shown). Therefore, MNV RNA was directly added to the 

protease treatment tubes to detect RNA stability in the presence of bromelain. 

MNV RNA added directly to bromelain could not be detected when reverse 

transcription was performed immediately after exposure (data not shown). 

However, MNV RNA directly added to bromelain treatment tubes could be 

detected by RT-qPCR at time point zero when samples were first treated with the 

AllPrep PowerViral DNA/RNA Extraction Kit to reduce inhibitors (Table 2). At 
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longer time points of 5 and 10 minutes post inoculation of RNA in bromelain at 

50C, however, no RNA could be detected indicating that free RNA is degraded 

by bromelain and heat treatment (Table 2). With this established, intact MNV viral 

particles were subsequently treated by bromelain, and MNV was detected in 

parallel by plaque assay and RT-qPCR. This was done in order to determine if 

reduction in infectivity as measured by plaque assay also yielded reduction in 

MNV RNA, findings that would point to capsid degradation as indicated by 

release of RNA. Conversely, if reduction in infectivity did not correlate to 

reduction in RNA, the data would suggest MNV infectivity was reduced by means 

other than complete capsid degradation and release of genomic material, such 

as by alteration of host cell attachment capabilities. Although MNV infectivity was 

reduced by more than one log PFU/ml by combined bromelain and heat 

treatment (Fig. 3), unlike in previous experiments (Figs. 1 and 2), the reduction 

was not statistically significant in these experiments (Fig. 3). Likewise, the 

difference in MNV RNA detected from the bromelain and heat treatment 

compared to controls was not significantly different (Fig. 3). Due to the variable 

efficacy of MNV reduction between experiments, it is not possible to conclude if 

the modest reduction in MNV infectivity was a result of MNV capsid degradation 

and RNA release.  

The most effective conditions observed for reduced infectivity of MNV were 

applied to HuNov GII to determine susceptibility to bromelain and to compare the 

pathogen resistance to that of its surrogates, TV and MNV, which exhibited 
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different susceptibilities to bromelain. HuNov was diluted ten-fold from stool into 

PBS and filtered of stool bacteria before further dilution into the treatment tubes. 

Due to the dilution and filtration preparatory steps, the initial inoculum of HuNov 

in the bromelain treatment study was very low and at the limit of detection by RT-

qPCR for the first trial and below detection for the second trial. However, for the 

first trial, there was no decrease in detectable HuNov RNA from the untreated 

control to HuNov treated by heat alone, bromelain alone, or the combination of 

heat and bromelain (Table 3). Given that earlier studies indicated that MNV RNA 

added directly to the heated bromelain was undetectable after 5 and 10 minutes 

of treatment, release of HuNov RNA presumably did not occur suggesting that 

the treated HuNov capsid was intact. No further studies were undertaken to 

determine effect of enzyme on HuNov ability to adhere to known receptors or 

plant tissue. 

In conclusion, the lack of or limited efficacy of bromelain, papain, and ficin on 

HAV, HuNov, TV, and MNV even at elevated temperatures and exposure times 

suggests the plant-derived proteases do not appear to be commercially 

applicable for inactivation of virus on raw produce. The variable susceptibilities 

observed among HuNov, TV and MNV further illustrate differences in related 

viruses and limitations of utilization of surrogates for predicting pathogen 

behavior.  
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Table 3.1. Treatment Conditions 

Enzyme  Buffer Proteas
e  
(ppm) 

Cysteine-
hydrochloride 
(mM) 

Treatment 
Temperature 
and Time 
 

pH at 

20C 

Active 
Protease 

(g/ml) 

Untreated 
Control 

HBSS 0 2 21C, 10 min 

21C, 60 min 

7.10 None 
detected 

Citrate 0 2 21C,10 min 5.55 None 
detected 
 

Heated 
Control 

HBSS 0 2 45C, 60 min  

50C, 10 min  

55C, 10 min 
 

7.10 None 
detected 

Citrate 0 2 50C, 10 min 5.55 None 
detected 
 

Bromelain HBSS 2500 2 45C, 60 min 

50C, 2 to 10 
min  

55C, 10 min 
 

7.01 14.1 

Citrate 2500 2 50C, 10 min 5.49 174.4 
 

Papain HBSS 2500 2 45C, 60 min 

50C, 10 min 

55C, 10 min 

7.57 4.0 

Citrate 2500 2 50C, 10 min 5.51 33.4 
 

Ficin HBSS 2500 2 45C, 60 min 

50C, 10 min  

55C, 10 min 
 

7.17 20.4 

Citrate 2500 2 50C, 10 min 5.52 97.7 
 

Bromelain
Papain 
Ficin 

HBSS 2500 2 45C, 60 min 

50C, 10 min 

55C, 10 min 
 

7.10 15.0 

Citrate 2500 2 50C, 10 min 5.50 95.6 
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Table 3.2. Detection of murine norovirus RNA added directly to bromelain  

Bromelain 
(ppm) 

Temperature 

(C) 

Time  
(min) 

RT-qPCRU  
(st dev) 

 

0 Ice bath 10 8.8 (9.5) 
 

2500 50 0 3.5 (4.2) 
 

2500 50 5 None detected 
 

2500 50 10 None detected 

 

 

 

 

Table 3.3. Human norovirus detected by RT-qPCR after treatment with bromelain 

(2500 ppm) for 10 min at 50C 
 

Treatment 
Trial 1  

(RT-qPCRU) 
Trial 2  

(RT-qPCRU) 
 

Untreated 
1.5 None detected 

 

Bromelain alone 
2.0 None detected 

 

Heat alone 
2.0 None detected 

 
Bromelain + Heat 1.5 None detected 
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Figure 3.3. Detection of infectious MNV (gray bars) compared to MNV RNA 
(black squares) after treatment of MNV particles with bromelain (2500 ppm) for 

10 min at 50C. Detection sensitivity was one log10 PFU/ml and one RT-qPCRU. 
Error bars (gray for infectivity log PFU/ml, black for RNA log RT-qPCRU) 
represent standard deviation. Bars (a, b) and squares (x, y) labeled with different 
letters were significantly different (p<0.05).  
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Chapter 4 

 

 

EFFECT OF BACTERIAL CELL-FREE SUPERNATANTS ON INFECTIVITY OF 

NOROVIRUS SURROGATES 

 

4.1. Abstract  

Bacterial metabolic products were evaluated for inhibitory effects on viral 

propagation in cell culture. Cell-free supernatants (CFS) were prepared from 

cultures of Enterococcus faecalis ATCC 19433, Pseudomonas fluorescens 

ATCC 13525, Escherichia coli 08, Staphylococcus epidermidis ATCC 12228, 

Bacillus subtilis 168, Bacillus coagulans 185A, B. coagulans 7050, Clostridium 

sporogenes PA3679, and a commercial probiotic of Lactobacillus acidophilus, 

Lactobacillus  rhamnosus, Bifidobacterium bifidum, Lactobacillus salivarius, and 

Streptococcus thermophilus  in microbiological media or milk. Inhibitory effects of 

CFS on propagation of murine norovirus-1 (MNV) and Tulane virus (TV) in RAW 

264.7 and LLCMK2 cells, respectively, were evaluated in the continuous 

presence of CFS or after exposure of host cells to CFS. Slight inhibition of viral 

propagation was observed for MNV and TV in the continuous presence of CFS of 

B. subtilis 168 and E. faecalis 19433, respectively. CFS cytotoxicity was also 

determined by microscopic examination. Virus persisted in the CFS that 

demonstrated cytotoxic effects suggesting a lack of direct effect of CFS on 



 

127 
 

virions. Viral propagation indicates a general lack of competitive inhibition by 

bacterial extracellular products and bears significance in understanding the 

persistence of virus in food and human systems shared by bacteria that are 

recognized for their colonization and competitive capabilities.  

4.2. Introduction  

Both cooperative and antagonistic interactions occur in microbial communities. 

Examples include quorum sensing among bacteria, bacteriocin production, 

protozoan internalization of bacteria, and infection of bacteria by viruses. Such 

interactions are often specific and exist among a narrow range of 

microorganisms where there is an apparent basis for self-preservation. The 

nature of interactions between bacteria and non-bacteriophage viruses is less 

well characterized. Bacterial biofilms have been reported to provide a structure 

within which virus may become entrapped and persist in an infectious state as 

has been demonstrated in laboratory-simulated water systems (14, 16, 21). 

Another study revealed interactions between virus-like particles of norovirus and 

crude protein extracts of microorganisms grown from wastewater sludge, raising 

speculation, though yet to be tested, that bacteria may possess or release 

proteins that could bear significance in viral transmission (17). Conversely, there 

have been several reports of antiviral effects of metabolic by-products of 

environmental and intestinal bacteria, including probiotic bacteria, on enveloped 

and non-enveloped viruses (1, 2, 3, 4, 5, 6, 10, 15, 20, 24, 25, 26, 27). Some of 

these reported antiviral effects were reduced by the addition of proteases or 
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protease inhibitors thereby suggesting bacterial proteolysis of virus (5, 6); 

whereas, some bacteria demonstrated antiviral effects that were proposed to be 

related to small molecular weight products of less than 1,000 daltons (4, 6). 

Other mechanisms of reported antiviral activity were speculated to involve the 

inhibition of infection by blocking cellular receptors, inhibition of some later stage 

of viral replication, viral aggregation, or crosstalk with host cells (1, 10, 20, 24, 

25, 26, 27). A greater understanding of bacterial and viral interactions may aid in 

understanding viral persistence and point to potential control measures. In 

particular, a probiotic-derived antiviral compound could have significant benefit 

for clinical and/or safe food-processing applications depending on the nature of 

the antiviral effect, whether in the inhibition of interaction with the host or in direct 

effects on viral integrity. This study was undertaken to evaluate the effects of cell-

free supernatants of bacteria important to food systems as the normal microbiota 

of soil, plant tissue, human digestive, and/or skin systems on the propagation of 

murine norovirus-1 (MNV) and Tulane virus (TV), viruses of the Caliciviridae 

genus which is shared by human norovirus.  

4.3. Materials and Methods 

4.3.1. Cultures and cell lines 

4.3.1.1. Viruses and host cells.  Murine norovirus (MNV-1) was propagated by 

inoculation in confluent 24-h RAW 264.7 cells incubated at 37ºC and 5% CO2 for 

48 h in Dulbecco’s Modification of Eagle’s Medium (DMEM, Mediatech, Inc., 

Manassas, VA) containing 4.5 g l-1 of glucose, L-glutamine and sodium pyruvate 
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amended with fetal bovine serum (FBS, HyClone, Logan, UT) at 10% v/v, 4 mM 

glutamax (Invitrogen), sodium bicarbonate (Mediatech), and antibiotic/antimycotic 

(100 U penicillin, 100 µg ml-1 streptomycin, 0.25 µg ml-1 amphotericin B, 

HyClone). Infected RAW cells were subjected to three freeze/thaw cycles (-

80ºC/25 to 37ºC), collected, and pelleted by centrifugation (233 x g). The virus in 

the supernatant was collected, aliquoted and stored at -80ºC until further use. 

Tulane virus (TV) was propagated by inoculation of 24-h confluent LLCMK2 cells, 

incubated for 55 h at 37ºC with 5% CO2 in Medium 199/EBSS (M199 with Earles 

Balanced Salts and L-glutamine, HyClone) amended with 10% FBS and 

antibiotic/antimycotic mix as stated above. TV was collected from LLCMK2 cells 

as previously described for MNV and stored at -80ºC until use. 

4.3.1.2. Bacteria.  P. fluorescens ATCC 13525, E. coli 08 (an avian isolate), S. 

epidermidis ATCC 12228, E. faecalis ATCC 19433, B. subtilis 168, B. coagulans 

185A, B. coagulans 7050, and C. sporogenes PA3679 were obtained from the 

culture collection of the University of Delaware, Department of Animal and Food 

Sciences. A commercial probiotic mixture of Lactobacillus acidophilus, 

Lactobacillus rhamnosus, Bifidobacterium bifidum, Lactobacillus salivarius, and 

Streptococcus thermophilus (Advanced CD Accuflora Pro-biotic Acidophilus, 

Northwest Natural Products Inc., Vancouver, WA) was purchased at a local 

pharmacy. 

4.3.2. Preparation of Cell-free Supernatants and Controls.  Bacteria were grown 

overnight under the conditions presented in Table 4.1. All were subcultured into 
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fresh media, except for the Accuflora probiotic mix, and incubated 

approximately 17 h. Sporeforming bacteria were heat-shocked at 80ºC for 10 min 

prior to initial incubation. Gaspak jars with BD BasPak EZ Anaerobic Container 

System (Becton, Dickinson, and Co., Sparks, MD) were used to create anaerobic 

conditions. Cells of stationary-phase bacteria were pelleted by centrifugation at 

2095 x g for 10 min, and the supernatant was withdrawn and filtered (0.2-µm 

pore size). The pH of the CFS and uninoculated media controls was measured at 

full concentration and at 10% v/v in DMEM and M199 cell culture media as used 

in viral propagation experiments with a Mettler Toledo FE20/EL20 pH meter 

(Columbus, OH). Cell-free supernatants were stored at -20ºC until use in antiviral 

activity assays.  

4.3.3. Assay for Antiviral Activity of CFS 

4.3.3.1. Viral infection and propagation. The effect of CFS on the inhibition of 

viral propagation in cell culture was evaluated by adaptation of the viral yield 

reduction assay described by Todorov et al. (24, 25).  Host cells were identically 

inoculated into 25-cm2 cell-culture flasks and the monolayer grown to 

approximately 90% confluency. Spent medium was aspirated and cells were 

rinsed with Hanks Balanced Salt Solution, 1x with calcium and magnesium 

(HBSS, Mediatech). Cells were exposed to CFS and virus by two methods: (1) 

Cells were overlaid with 10% CFS in 5 ml cell culture media and immediately 

inoculated with virus, and (2) cells were overlaid with 10% CFS in cell culture 

media for 3 h followed by aspiration of media, triplicate rinsing with HBSS to 
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remove CFS, and infection with virus in fresh cell culture media. The second 

method was conducted to test for potential infection inhibition as a result of direct 

irreversible effects of CFS on host cells. Virus was inoculated at approximately 

102 to 103 PFU ml-1 and allowed to propagate for 44 h at 37ºC and 5% CO2. 

Initial viral inoculum was determined by inoculation of an additional flask of cells 

with virus followed by immediate freezing at -80ºC and recovery as in test and 

control samples. Host cells exposed to 10% HBSS in cell culture media in the 

absence of viral infection served as negative controls. Host cells exposed to 10% 

v/v HBSS in cell culture media with infection by virus served as positive controls. 

The use of 10% HBSS was to account for the same reduction in concentration of 

cell culture media as was done with the addition of CFS. Additional control media 

included tryptic soy broth (TSB), TSB with 0.6% yeast extract (TSBYE), 

Lactobacilli MRS broth, UHT milk with 1% milkfat, UHT milk acidified with DL-

lactic acid (Sigma, St. Louis, MO) (milk/LA) to the same pH of 4.81 as the milk 

after fermentation by Accuflora probiotic mix, and the filtered (0.2-um pore size) 

supernatant of acidified milk (milk/LA/FS).  Duplicate viral propagation trials were 

conducted.   

4.3.3.2. Recovery and quantification of viral propagation.  After the 44-h infection 

period, cells were observed microscopically for cytopathic effects (CPE), 

subjected to three freeze/thaw cycles, scraped from the flask, collected, 

vortexed, and pelleted as described in section 4.3.1.1 for virus propagation. Virus 

in the supernatant was enumerated by plaque assay (9, 28). Host cells were 
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grown to approximately 90% confluency in 12-well cell culture plates for 24 h in 

media as described in section 4.3.1.1. Virus was serially diluted in cell culture 

media and infected overnight under static conditions at 37ºC and 5% CO2 with 

two wells inoculated per dilution. The inoculum was aspirated, and cells were 

overlaid with a 1:1 mixture of 3% SeaPlaque Agarose (Lonzo, Rockland, ME) 

and cell culture medium. For MNV plaque overlay, 2X MEM/EBSS (with L-

glutamine, HyClone) containing 2% FBS and glutamax, sodium bicarbonate, and 

antibiotic/antimycotic as described in section 4.3.1.1 for DMEM was used. For TV 

plaque overlay, M199/EBSS cell culture medium containing 2% FBS and 

antibiotics/antimycotics was used. After solidification, agarose was overlaid with 

medium containing 2% FBS, and incubated for an additional 48 h to allow plaque 

formation. The fluid medium was aspirated and cells were stained for 6 to 8 h 

with 1% neutral red in medium containing 2% FBS prior to plaque enumeration.  

4.3.4. Assay for cytotoxicity.  The effect of CFS on uninfected cells was 

evaluated under the same conditions and proportions as infection in the 25-cm2 

flasks except scaled down to 12-well cell culture plates. After exposure to CFS, 

cells were rinsed with HBSS, overlaid with trypan blue, excess dye was 

aspirated, and cells viewed for cytotoxic effects as measured by dye uptake, 

sloughing, and/or morphological changes. Wells with uninfected and viral-

infected cells served as controls. Two wells were tested per sample; duplicate 

trials were conducted. 
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4.3.5. Data analysis.  Viral propagation was calculated by the difference in the 

initial viral inocula for each trial and the virus enumerated after infection in the 

presence of CFS (method 1) or in cells previously exposed to CFS (method 2). 

Statistical significance (p<0.5) in viral propagation among test samples and 

media controls were determined by analysis of variance and student’s t-test with 

statistical software, JMP Pro Version 10.0.0 (SAS Institute Inc., Cary, NC) (18).  

4.4. Results and Discussion 

 The bacteria utilized in the present study are widely associated with the 

environment, edible plants and animal tissues, human skin, and the 

gastrointestinal tract; many are among genera known for extracellular protease 

production (11, 12), probiotic potential and previously-reported antiviral effects (1, 

3, 15, 19, 20, 26, 27). To the authors’ knowledge, this is the first study to 

investigate the effects of bacterial metabolic products on viruses closely related 

to human norovirus in capsid structure and host receptor molecules. 

Slight inhibition of viral propagation by approximately one-log PFU ml-1 in the 

absence of detectable cell cytotoxicity was observed for MNV in the continuous 

presence of the CFS of B. subtilis 168 and for TV in the continuous presence of 

CFS of E. faecalis 19433 as compared to uninoculated TSB, the medium in 

which these bacteria were grown (Table 4.2). Differences were not observed for 

these CFS when previously applied to cells and rinsed prior to the addition of 

virus (data not shown). These bacteria have previously been reported to have 

antiviral effects against poliovirus (5) and hepatitis A virus (6). In both of these 
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studies, antiviral effects were speculated to be due in part to bacterial proteolysis. 

Hotta et al. (10) reported antiviral effect of E. faecalis (previously known as S. 

faecalis) against herpes simplex virus-1 and adenovirus type 12. In the case of E. 

faecalis, inhibition was not attributed to direct effects on virus, but believed to be 

inhibitory to adsorption of virus to host cells.  Further research is needed to 

characterize the inhibitory effects observed in the present study against MNV and 

TV. 

Treatments that were cytotoxic to RAW cells at 10% v/v DMEM included MRS 

medium (pH 7.29), CFS of Accuflora probiotic grown in MRS medium (pH 6.75), 

CFS of P. fluorescens in TSB (pH 7.50), and the CFS of E. coli in TSB (pH 7.35).  

Reduced propagation of MNV in the presence of P. fluorescens CFS was 

observed (Table 4.2); however, while viral propagation was limited by host cell 

availability, the recovery of MNV was the same as the initial viral inoculum 

suggesting viral persistence in these samples and a lack of direct effect of CFS 

on the virus.  The cytotoxic effect did not appear to be strictly a function of pH of 

the treatment as the pH range of controls and other CFS was 6.75 to 8.01. The 

cytotoxic effect of certain bacteriological media and CFS highlight potential 

challenges for application of cell culture assay for viral studies involving bacterial 

growth products even in the absence of live bacteria.  

In contrast to some viral propagation data, reduced or no CPE was evident in 

RAW cells at the 44-h collection point after MNV infection in the continuous 

presence of acidified milk, filtered supernatant of acidified milk, CFS of the 
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probiotic mix grown in milk, and CFS of B. coagulans 185A, B. coagulans 7050, 

S. epidermidis 12228 and C. sporogenes PA3679 as determined by 

morphological changes and/or cell sloughing. Host cell adhesive properties, 

proliferation and immune response may be worthy of investigation as this was 

only observed in the RAW macrophage cell line. A time course study for viral 

collection, extended incubation, as well as a time-of-addition study for extracts 

may help elucidate if the treatments delayed some stage of viral multiplication or 

cell egress to help explain this apparent contradiction between the absence of 

observed CPE in spite of viral propagation. These data highlight the need to 

exercise caution in relying solely on CPE observations for assessment of antiviral 

activity. 

This experiment was designed to mirror previous studies that evaluated the 

effect of individual bacteria culture products on viruses. The caliciviruses 

selected for this study are commonly-used surrogates for human norovirus 

(HuNoV) based on their infectivity in cell culture, genetic similarity to HuNoV, 

and, in the case of TV, interaction with histo-blood group antigens (7, 8, 22).  At 

the conditions tested, the bacterial extracts demonstrated slight or no antiviral 

activity, either directly on the virus or in inhibition of interaction with host cells. 

This study is limited to the conditions supportive of cell culture assays and pure 

culture of bacteria, and thus may not fully reflect exposures that could occur in 

natural environments including variable concentrations of metabolic products, 

temperatures, pHs, exposure times, other biological materials with which virus 
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and bacteria may interact in the gastrointestinal tract or environment, as well as 

various combinations and states of bacteria. For example, the production of 

bacterial proteolytic enzymes has been demonstrated to increase in a 

temperature-dependent manner when present in co-culture biofilms as compared 

to planktonic, single-culture bacteria (23). However, given that infectious MNV 

reportedly persists over a 20-day period in a fermented vegetable product with a 

final pH below 4.0 (13), direct effects of bacteria on virus in foods may also be 

absent as was observed in this study.  

The data do not point to potential viral control strategies by most bacterial 

CFS, although it may be worthy to further study persistence of these viruses in 

the presence of live bacteria to evaluate the influence of cell-bound properties, as 

well as other CFS concentrations, duration of exposure, and retention of CFS 

treatment on cells prior to the addition of virus. Inasmuch as the tested viruses 

may represent similar noneveloped viruses of significance to humans, these 

findings may help in understanding the persistence of virus in environments 

shared by bacteria that are recognized for their colonization and competitive 

capabilities.  
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Table 4.1. Bacterial growth conditions for CFS preparation 

Bacterial culture 
Growth 

medium a 
Temperature 

(ºC) 

Atmospheric  
Conditions 

 

E. faecalis 19433 TSB 37 
Aerobic 

 

P. fluorescens 13525 TSB Ambient (~22) 
Aerobic 

 

S. epidermidis 12228 TSB 37 
Aerobic 

 

B. subtilis 168 TSB 37 
Aerobic 

 

B. coagulans  185A TSB 37 
Aerobic 

 

B. coagulans 7050 TSB 37 
Aerobic 

 

E. coli  08 TSB 37 
Aerobic 

 

C. sporogenes PA3679 TSBYE 37 
Anaerobic 

 

Accuflora  
L. acidophilus 
L.  rhamnosus 
B.  bifidum  
L. salivarius  
S. thermophilus 

MRS and milk 
(UHT, 1% 

milkfat) 
Ambient (~22) Anaerobic 

 

a TSB, Tryptic soy broth, TSBYE (TSB amended with 0.6% yeast extract), MRS 
(Difco Lactobacilli MRS Broth), milk, commercially ultra-high temperature (UHT) 
processed and containing 1% milkfat. 
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Table 4.2. Viral propagation in continuous presence of bacterial cell-free 
supernatants 
 
 Viral Propagation (PFU/ml) (st. dev.)* 

 MNV-1 TV 

HBSS 5.15 (0.38)a 2.38 (0.1.) x 

TSB 5.13 (0.05) a 2.37 (0.44) x 

B. coagulans 185A 3.92 (0.02) ab 2.06 (0.06) xy 

B. coagulans 7050 3.93 (0.08) ab 2.01 (0.15) xyz 

B. subtilis 168 3.14 (0.99) b 2.09 (0.04) xy 

E. coli 08 4.40 (0.43) ab 2.15 (0.37) xy 

E. faecalis 19433 4.39 (0.17) ab 1.53 (0.38) yz 

Ps. fluorescens 13525 2.81 (1.54) b 1.91 (0.13) xyz 

S. epidermidis 12228 3.75 (0.19) ab 2.26 (0.81) x 

TSBYE 4.10 (0.94) ab 2.41 (0.35) x 

C. sporogenes PA 3679 4.11 (0.16) ab 1.82 (0.12) xyz 

Milk 5.27 (0.04) a 2.43 (0.29) x 

Milk acidified with lactic acid 3.98 (0.57) ab 2.45 (0.32) x 

Milk acidified with lactic 
acid, filtered  
 

4.41 (0.05) ab 2.35 (0.30) x 

Accuflora in Milk 4.95 (0.54) a 2.34 (0.37) x 

Accuflora in MRS Not determined 2.37 (0.47) x 

MRS Not determined 2.43 (0.38) x 

 

* Values within a column that are significantly different (p<0.5) are indicated by 
different superscripts.   
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Chapter 5 

EFFECT OF BACTERIA AND BACTERIAL CONSTITUENTS ON RECOVERY 

AND RESISTANCE OF HUMAN NOROVIRUS AND TULANE VIRUS 

 

5.1. Abstract 

Norovirus encounters numerous and diverse bacterial populations in the host and 

environment, but the impact of bacteria on norovirus transmission, infection, 

detection and inactivation resistance are not well understood. Human norovirus 

(HuNov) and its surrogate, Tulane virus (TV), were investigated for interactions 

with viable bacteria, bacterial metabolic products, and bacterial cell constituents 

and evaluated for impact on viral recovery and inactivation resistance. TV was 

incubated with common soil, human intestinal, skin, and phyllospheric bacteria 

and recovered by centrifugation and filtration to detect unbound virus. The cell-

free supernatant (CFS) of Bifidobacterium bifidum 35914, which produces 

glycan-modifying enzymes, was evaluated for recovery of HuNov from stool and 

Enterobacter cloacae 13047 and propagation of TV in LLC-MK2 cells. The 

impact of Escherichia coli O111.B4 lipopolysaccharide (LPS) and Bacillus subtilis 

peptidoglycan (PEP) was evaluated for impact on TV thermal and chlorine 

inactivation resistance. Incubation of TV with various bacteria did not impede 

viral recovery suggesting a lack of direct, stable binding between virus and 
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bacteria. The CFS of B. bifidum did not enhance recovery of HuNov from stool or 

suspension of E. cloacae nor did it reduce TV propagation. PEP increased TV 

thermal and chlorine inactivation resistance as compared to control TV in 

phosphate buffered saline (PBS). At 60C, TV suspended in PBS and LPS was 

reduced by more than 3.7-log10 PFU/ml; whereas in PEP, TV reduction was 

approximately 2-log10 PFU/ml. Chlorine treatment at 200 ppm rendered TV 

undetectable (> 3-log10 PFU/ml  reduction) in PBS and LPS ; however, TV was 

still detected in PEP, reduced by 2.9-log10 PFU/ml. Virus inactivation studies and 

food processing practices should account for this potential impact of bacteria on 

viral resistance. 

5.2. Introduction 

Norovirus has an estimated annual burden of 20 million illnesses in the United 

States (Hall et al., 2014) and 700 million illnesses globally (Belliot et al., 2014) 

and is the leading cause of foodborne gastroenteritis (Hall et al., 2014). 

Accordingly, the transmission, persistence, and resistance of human norovirus 

(HuNov) or its surrogates have been investigated (D’Souza et al., 2006; 

Escudero et al., 2012; Hirneisen and Kniel, 2013; Kotwal and Cannon, 2014; and 

Tuladhar et al., 2012). Some norovirus research has been conducted with virus 

alone in model systems, notably either in the absence of bacteria or without 

characterization of naturally-occurring bacteria, in spite of the vast quantity and 

diversity of bacteria that virus encounter in the environment (Lindow and Brandl, 

2003; Wiken Dees et al., 2015) and host (Palmer et al., 2007). This approach 
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enhances the understanding of virus behavior with fewer confounding factors and 

minimizes methodology limitations encountered in isolating and enumerating 

virus from complex matrices; however, microbial communities have been 

demonstrated to impact the survival of microorganisms.  

Interactions between virus and bacteria could have considerable implications 

for virus persistence, transmission, detection, and resistance to inactivation 

treatments. The potential for accumulation of viruses in bacterial biofilms in 

drinking water systems has been demonstrated for poliovirus-1 and 

bacteriophages B40-8 and MS2 (Lehtola et al., 2007; Quignon et al., 1997; 

Skraber et al., 2005). Virus may persist in these biofilms for days to months 

(Skraber et al., 2005), and are presumed to be afforded protection from 

environmental and chemical stresses as has been reported for bacteria 

embedded in a biofilm matrix. The presence of bacterial cell surface constituents, 

lipopolysaccharide and peptidoglycan, even in the absence of live bacteria, has 

been shown to enhance the thermal and chlorine resistance of the enteric virus, 

poliovirus (Robinson et al., 2014).  

With particular regard to norovirus, several studies have demonstrated direct 

interaction between bacterial surface and viral capsid molecules. Bacterial 

proteins isolated from activated sludge have been demonstrated to bind ligands 

of conserved human norovirus (HuNov) amino acid capsid sequences (Sano et 

al., 2010). Direct associations between virus and several bacterial genera 

normally found in the human gastrointestinal tract have also been reported and 
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attributed to undefined, but potentially specific receptor-ligand interactions 

(Almand et al., 2017; Sano et al., 2010). The interaction of human norovirus with 

the exopolysaccharide of a bacterium closely-related to Enterobacter cloacae 

was attributed to moieties similar to histo-blood group antigens (HBGA) on the 

exopolysaccharide (Miura et al., 2013). Norovirus is known to bind HBGAs of 

host mucosal epithelial cells (Karst, 2010; Singh, et al., 2015; Tan and Jiang, 

2005), and these molecules are recognized as one, although not necessarily the 

only, receptor on host cells (Karst, 2010; Murakami et al., 2013). The presence of 

bacteria with HBGA-like surface molecules or exogenous HBGA were reported to 

support norovirus infection of host B cells (Jones et al., 2014). Although the 

adherence of norovirus virus-like particles to HBGA-like moieties of plant and 

oyster tissue (Esseili et al., 2012; Gandhi et al., 2010; Tian et al., 2007) has been 

investigated, direct interactions between norovirus and the bacteria associated 

with these foods has not been reported (Deng and Gibson, 2017).  

Whereas some bacterial surfaces bear HBGA-like moieties, other enteric 

bacteria produce enzymes capable of degrading blood group antigens.  

Ruminococcus torques, Bifidobacterium bifidum, and B. infantis have been 

demonstrated to constitutively produce extracellular glycosidases capable of 

degrading blood group A, B, and/or H-antigens among other mucin glycoproteins 

(Hoskins et al., 1985). Earlier studies demonstrated the production of 

extracellular and cell-bound blood-group degrading (BGD) enzymes by 
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pathogenic bacteria, Clostridium perfringens (Aminoff and Furukawa, 1970) and 

Shigella dysenteriae (Prizont, 1982), respectively.  

Bacteria that produce glycan-modifying enzymes have been demonstrated to 

alter surfaces of some bacterial (Cromwell et al., 1977) and human intestinal 

cells (Varyukina et al., 2012). Degradation of B-like surface antigens of 

Escherichia coli 086 in the presence of fecal bacteria or their extracts derived 

from individuals with B secretor type has been demonstrated (Cromwell et al., 

1977). Soluble factors with glycan-modifying properties derived from Bacteriodes 

thetaiotaomicron and Lactobacillus casei inhibited infection of rotavirus infection 

in human intestinal cells (Varyukhina et al., 2012). The impact of BGD enzymes 

on norovirus interaction with either host cells or bacteria with HBGA-like surface 

moieties has not been evaluated. 

The impact of these viral-bacterial interactions on virus survival and 

transmission between environment and host remains to be characterized. In 

consideration of the binding previously reported between norovirus and fecal 

bacteria, the interaction of virus and bacteria associated with plant foods 

commonly implicated as norovirus transmission vehicles warrants attention. The 

impact of mixed bacterial populations on norovirus binding, particularly the fecal 

bacteria that interact with norovirus and the fecal bacteria that produce 

glycosidases has not been investigated. The role of bacteria or bacterial 

constituents on viral resistance to treatments commonly used for food production 

also warrants investigation.  
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The objectives of this study were (1) to evaluate the effect of common soil, 

human intestinal, skin, and phyllospheric bacteria on the recovery of human 

norovirus surrogate, Tulane virus (TV), as an indicator of direct viral binding, (2) 

to evaluate the metabolic products of bacteria known to produce glycosidases for 

impact on binding of HuNov to bacteria and TV propagation in cell culture, and 

(3) to evaluate the effect of bacterial cell constituents on thermal and chlorine 

resistance of TV.   

5.3. Materials and Methods 

5.3.1. Viruses.  HuNov GII was obtained from human stool samples provided by 

the Delaware Department of Public Health. TV (provided by Xi Jiang, University 

of Cincinnati College of Medicine, Cincinnati, OH) was propagated in LLC-MK2 

cells (ATCC CCL-7).  LLC-MK2 cells were grown 24 h at 37ºC with 5% CO2 to 

confluency in Medium 199/EBSS (M199 with Earles Balanced Salts and L-

glutamine, HyClone, Logan, UT) amended with 10% fetal bovine serum (FBS, 

HyClone) and antibiotic/antimycotic (100 U penicillin, 100 g ml-1 streptomycin, 

0.25 g ml-1 amphotericin B, HyClone). Confluent LLC-MK2 cells were 

inoculated with TV and incubated approximately 48 h at 37ºC with 5% CO2. TV 

was collected from LLC-MK2 cells by three freeze/thaw cycles (-80ºC/25 to 37ºC) 

and centrifugation (233 x g) (Beckman Coulter, Indianapolis, IN, USA) to pellet 

cellular debris. The supernatant containing the virus was aliquoted and stored at 

-80ºC. 
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5.3.2. Bacteria. Enterobacter cloacae ATCC 13047, Enterobacter faecalis ATCC 

19433, Escherichia coli 08 (an avian isolate), Staphylococcus epidermidis ATCC 

12228, S. aureus AH1979, Bacillus subtilis 168, B. coagulans 7050, 

Bifidobacterium bifidum ATCC 35914, and P. fluorescens ATCC 13525 were 

obtained from the culture collection of the University of Delaware, Department of 

Animal and Food Sciences.  Pseudomonas sp. and Flavobacterium sp. were 

isolated from processing equipment of a fresh produce processing facility.  

Bacteria were grown from frozen stocks in either tryptic soy broth (TSB, 

Acumedia, Neogen Corporation, Lansing, MI, USA) or Lactobacilli MRS Broth 

(Difco, BD, Sparks, MD) according to conditions outlined in Table I and 

subcultured prior to use in experiments. Anaerobic conditions were established 

with BD GasPak EZ Anaerobic container system (BD, Sparks, MD) in GasPak 

jars with CO2 indicator (BD). Romaine lettuce was purchased at a local grocery 

store, and 25 g of leaves were suspended in 225 ml phosphate buffered saline 

(PBS), pH 7.4 (Mediatech, Inc. Manassas, VA, USA) and stomached for 60 sec. 

One ml of PBS was transferred to 9 ml tryptic soy broth and incubated at 21C 

for approximately 17 h. Growth was subcultured and incubated 17 h in TSB at 

21C with gentle agitation. 

5.3.3. Bacterial cell-free supernatant. Bifidobacterium bifidum 35914 was grown 

and subcultured anaerobically in MRS broth at 37C. Cells of stationary-phase 

bacteria were pelleted by centrifugation at 2095 x g for 10 min, and the 

supernatant was filtered (0.2-µm pore size) to obtain cell-free supernatant (CFS). 
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The pH of the CFS was measured with a Mettler Toledo FE20/EL20 pH meter 

(Columbus, OH). CFS was stored at -20ºC until use in antiviral activity assays. 

5.3.4. Bacterial cell constituents. Lyophilized preparations of lipopolysaccharide 

(LPS) of Escherichia coli O111.B4 and peptidoglycan (PEP) of Bacillus subtilis 

were obtained commercially (Sigma-Aldrich, St. Louis, MO, USA). The LPS and 

PEP were each resuspended in phosphate buffered saline, pH 7.4 to 1 mg/ml 

final concentration for treatment studies.   

5.3.5. Enumeration of infectious virus. Infectious TV was enumerated by plaque 

assay (Shearer et al., 2014; Wang and Kniel, 2014).  LLC-MK2 cells were 

seeded in 6-well cell culture plates and grown to at least 80% confluency at 37C 

and 5% CO2 with M199 as previously described. Cells were overlaid with 

samples serially diluted in Hanks Balanced Salt Solution, 1x with calcium and 

magnesium (HBSS, Mediatech) at 500 l per duplicate well for each sample. 

Infected cells were incubated approximately 2.5 h at 37C and 5% CO2 after 

which inoculants were aspirated, and cells were overlaid with 2 ml of a 1:1 

mixture of 3% peqGOLD Universal agarose (PEQ Lab, Erlangen, Germany) and 

M199 containing 2% FBS and antibiotic/antimycotic. Solidified agarose was 

overlaid with M199 medium containing 2% FBS and incubated for approximately 

48 h to allow plaque formation. The fluid medium was aspirated, and cells were 

fixed for a minimum of 2 h 10% formaldehyde in phosphate buffered saline (PBS, 

pH 7.4, Mediatech, Inc., Manassas, VA, USA). The fixative was aspirated and 

agarose removed from the wells. Cells were overlaid with crystal violet (0.05% in 
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10% ethanol, Fisher Scientific, Kalamazoo, MI, USA) for a minimum of 30 min 

prior to visual enumeration of plaques.  

5.3.6. Enumeration of viral RNA. HuNov RNA was extracted with the AllPrep 

PowerViral DNA/RNA Extraction Kit (Qiagen, Hilden, Germany) according to 

manufacturer protocols. Reverse transcription (RT) was performed with the 

Sensiscript RT Kit (Qiagen) according to manufacturer protocols at 37C for 60 

min in an Eppendorf thermocycler (Hamburg, Germany).  HuNov primers (G2SK-

F, 5’-CNTGGGAGGGCGATCGCAA and G2SK-R,5’-

CCRCCNGCATRHCCRTTRTACAT, Sigma-Aldrich Corp.) (Kojima et al., 2002) 

targeted the shell domain of capsid protein VP1. Amplification of cDNA was 

carried out with the QuantiTect SYBR Green PCR kit (Qiagen) using the same 

primers as for reverse transcription, and real time PCR (qPCR) was performed in 

a Rotor-Gene Q (Qiagen). qPCR conditions included a hot start at 95C for 15 

min, 40 cycles of 94C/15 sec denaturation, 60C/30 sec annealing, and 72C/30 

sec extension with confirmation of amplicons by melt curves. HuNov RNA serially 

diluted in sterile, nuclease-free water was used to generate standard curves with 

the lowest dilution of detection designated 1 RT-qPCR unit (RT-qPCRU) (Almand 

et al., 2017, Tuladhar et al., 2012).  

5.3.7. Enumeration of bacteria. Bacteria were serially diluted in buffered peptone 

water (BPW, Acumedia) and spread plated on tryptic soy agar (TSA, Difco, BD) 

or Lactobacilli MRS Agar (Difco, BD) and incubated according to conditions in 

Table I. Bacterial colonies were counted manually after 24 and 48h of incubation. 
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5.3.8. TV association with bacteria.  Subcultured bacteria grown to stationary 

phase (Table I) were washed once with PBS by centrifugation at 1455 x g for 15 

min and were resuspended in PBS. Cultures were diluted in PBS to obtain an 

initial inoculum of approximately 7 log10 CFU/ml for each bacterial culture and 5 

log10 PFU/ml of TV. Initial bacteria inocula were enumerated as previously 

described. The suspensions of virus and bacteria were incubated aerobically for 

2 h at 22C with agitation (Clay Adams Nutator, BD) or at 37C with agitation 

(100 rpm, Innova 44, New Brunswick Scientific, Enfield, CT, USA) as outlined in 

Table I. Controls included TV incubated 2 h without bacteria at 4, 22, and 37C. 

After the 2-h attachment period, the TV-bacteria suspensions were centrifuged at 

233 x g for 5 min to lightly pellet bacteria. The supernatant containing TV that did 

not pellet with the bacteria was filtered through a 13-mm diameter, cellulose 

acetate, EZFlow syringe filter (0.22 m) (Foxx Life Sciences, Salem, NH, USA) to 

remove remaining bacteria for plaque assay enumeration of unbound virus. Two 

independent trials were conducted. 

5.3.9. HuNov recovery from stool in presence of B. bifidum 35914 CFS.  Human 

stool containing HuNov GII was mixed 1:1 with phosphate buffered saline, (PBS, 

pH 7.4) and vortexed vigorously at 30 sec. Aliquots of the diluted stool were 

diluted 10-fold (v/v) in phosphate buffered saline (PBS, pH 7.4), MRS broth 

unadjusted at pH 6.4, MRS broth adjusted to pH 4.6 with a 1:1 solution of acetic 

acid (1 M, Sigma) and L(+)-lactic acid (1 M, Acrōs Organics), or B. bifidum 35914 

CFS at pH 4.6.  All suspensions were vortexed vigorously for 30 seconds. 
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Duplicate tubes were tested per treatment condition per trial. One set of stool-

containing PBS was centrifuged at 13,000 x g for 5 minutes to pellet debris. The 

supernatant was transferred to a fresh sterile tube tested for HuNov RNA. 

Another set of stool-containing PBS was treated with chloroform (10% v/v final) 

for 10 min at 21C, centrifuged, and the supernatant tested for HuNov RNA. 

Remaining stool suspensions in PBS, MRS pH 6.4, MRS pH 4.6, and CFS were 

incubated for 6 h at 37C, vortexed, centrifuged, and supernatants tested for 

HuNov RNA. Two independent trials were conducted. 

5.3.10. HuNov recovery from E. cloacae 13047 in presence of B. bifidum 35914 

CFS.  Human stool containing HuNov GII was dispensed into sterile 1.5-ml 

centrifuge tubes and diluted 10-fold (m/v) with PBS, pH 7.4, MRS broth 

unadjusted at pH 6.4, MRS broth adjusted to pH 4.6 with a 1:1 solution of acetic 

acid (1 M, Sigma) and L(+)-lactic acid (1 M, Acrōs Organics), or B. bifidum 35914 

CFS at pH 4.6. Stool suspensions were vortexed vigorously for 30 sec and 

centrifuged at 13,000 x g for 10 min. The supernatants were filtered to remove 

stool bacteria (0.22 m, 13 mm EZ Flow Syringe filter, Foxx Life Sciences, NH, 

USA), and each supernatant was dispensed into two aliquots. To one aliquot of 

each medium, E. cloacae was added (initial inoculum 5.4-log10 CFU/ml); 10 ul of 

sterile PBS was added to the other aliquot. E. cloacae was grown in TSB, 

washed and resuspended in PBS prior to inoculation of HuNov-containing 

supernatants. The HuNov suspensions with and without E. cloacae were 

incubated for 6 h at 37C and then centrifuged at 13,000 x g for 5 min to pellet E. 
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cloacae. The supernatant was tested for HuNov that did not pellet with E. 

cloacae as well as the E. cloacae remaining in the supernatant (3.2 log10 

CFU/ml). Two independent trials were conducted. 

5.3.11. TV propagation in presence of B. bifidum 35914 CFS.  The effect of CFS 

of B. bifidum 35914 on the inhibition of viral propagation in cell culture was 

evaluated by adaptation of the viral yield reduction assay (Shearer et al., 2014; 

Todorov et al. 2005; Todorov et al., 2010). LLC-MK2 cells were identically-

inoculated into 25-cm2 cell culture flasks and the monolayer grown to 

approximately 90% confluency. Spent medium was aspirated and cells were 

rinsed with Hanks Balanced Salt Solution, 1x with calcium and magnesium 

(HBSS, Mediatech). LLC-MK2 cells were exposed to CFS and virus by two 

methods: (1) cells were overlaid with 10 or 25% CFS in 5 ml cell culture media 

and immediately inoculated with TV, and (2) cells were overlaid with 10% CFS in 

cell culture media for 3h at 37C and 5% CO2 followed by aspiration of media, 

triplicate rinsing with HBSS to remove CFS, and infection with TV in fresh cell 

culture media. Viral propagation was calculated by the difference in the initial 

virus inoculum (approximately 102 to 103 PFU ml-1) and the virus enumerated 

after incubation for 48 h at 37C and 5% CO2. Initial viral inoculum was 

determined by inoculation of an additional flask of cells with TV followed by 

immediate freezing at -80ºC and recovery as in test and control samples. Host 

cells exposed to 10 or 25% HBSS in M199 without virus served as negative 

controls. Host cells exposed to 10 or 25% v/v HBSS in M199 with virus served as 
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positive controls. The use of 10% HBSS was to account for the same reduction in 

concentration of cell culture media as was done with the addition of CFS. 

Additional control media included MRS broth. Two independent trials were 

conducted. 

5.3.12. TV thermal resistance in presence of bacterial cell constituents. TV (4.6 

log10 PFU/ml) was suspended in PBS, LPS (1 mg/ml), or PEP (1 mg/ml). Aliquots 

(200 ul) were dispensed into 0.2-ml PCR tube strips (Eppendorf, Hamburg, 

Germany) and incubated for 2h at 37C with agitation (100 rpm, Innova 44). After 

incubation, tubes were placed in a thermocycler (Vapo.Protect, Eppendorf) for 2 

min at 20, 55, 60, or 65C. Tubes were cooled in an ice bath immediately after 

treatment. Uninoculated PBS, LPS, and PEP were used as negative controls to 

evaluate cytotoxicity in LLC-MK2 cells. Treated samples were serially diluted in 

HBSS, and infectious TV was enumerated by plaque assay. The detection limit 

was 10 PFU/ml. Three independent trials were conducted. 

5.3.13. TV chlorine resistance in presence of bacterial cell constituents. TV (4 

log10 PFU/ml) was suspended in PBS, LPS (1 mg/ml), or PEP (1 mg/ml). Aliquots 

(180 µl) were dispensed into 0.2-ml PCR strip tubes and incubated for 2 h at 

37C with agitation (100 rpm, Innova44). After incubation, 20 µl of the appropriate 

chlorine stock solution freshly-prepared from sodium hypochlorite in household 

bleach (Clorox Bleach Concentrate, 6% sodium hypochlorite with 5.7% available 

chlorine) in PBS was added to obtain final concentrations of 0 (PBS alone), 2, 20, 

and 200 ppm chlorine for treatment. Chlorine levels of stock solutions were 
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verified with a chlorine test kit (Hach Company, Loveland, CO, USA). TV was 

treated for 5 min at 20C. Uninoculated PBS, LPS, and PEP served as negative 

controls and for cytotoxicity determination. After treatment, chlorine was 

quenched with 20 µl each of sodium thiosulfate (5%, Fisher Scientific) and M199 

medium amended with 10% FBS). Samples were serially diluted in HBSS, and 

infectious TV was enumerated by plaque assay. The detection limit was 

determined to be 10 PFU/ml. Three independent trials were conducted.  

5.3.14. Data analysis. Statistical significance (p<0.05) of treatments was 

determined by analysis of variance and Student’s t-test with statistical software 

JMP Pro, version 13.0.0 (SAS Institute Inc., 2016). 

5.4. Results and Discussion 

Recent studies have revealed direct interactions between human norovirus 

and human fecal bacteria (Almand et al., 2017) as well as the potential 

importance of bacteria for norovirus infection (Jones et al., 2014). Studies on 

interactions between other enteric viruses and bacteria suggest contradictory 

potential impacts on virus depending on the bacteria, their constituents, or 

metabolic products. Bacteria may aid (Jones et al., 2014) or limit (Cliver and 

Herrmann, 1972; Kandasamy et al., 2016; Pant et al., 2007) viral infection. 

Bacteria may enhance viral resistance (Robinson et al., 2014) to disinfection or 

exhibit antiviral properties (Aboubakr et al., 2014; Choi et al., 2009). The studies 

presented herein investigated the impact of various bacteria or their constituents 
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on binding, recovery, infectivity, and inactivation resistance of HuNov or its 

surrogate, Tulane virus. 

Virus have the potential to be transmitted from fecal contamination to foods 

throughout production and handling. The potential role of bacteria to serve as 

carriers of virus to enhance transmission and persistence is unknown. Previous 

studies demonstrated diminished recovery of human norovirus after incubation 

with enteric bacteria as an indication of direct binding between bacteria and 

norovirus (Almand et al., 2017). The present study investigated the binding of TV 

to bacteria associated with the human intestinal tract, human skin, soil, or 

phyllosphere in consideration of the variety of bacteria that virus may encounter 

from host to soil to plant surfaces. After incubation of virus and bacteria together, 

bacteria were pelleted by centrifugation to avoid underestimation of viral recovery 

due to subsequent blocking of filters, and the supernatant was filtered to remove 

unpelleted bacteria to avoid overestimation of unbound viral particles. TV 

incubated with bacteria was recovered at comparable levels as TV incubated 

without bacteria (Figure 1) for all bacteria studied. These data suggest that direct 

interactions between TV and bacteria were limited or unstable. These findings do 

not mirror those reported with human norovirus and various fecal bacteria 

(Almand et al. 2017). Differences in HuNov and TV association with fecal 

bacteria were reported in previous studies (Almand et al., 2017); therefore, in 

spite of the similarity in interactions with HBGAs, differences in capsid surfaces 

and receptor binding may account for the lack of binding observed with TV in this 
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study. The exclusive role of HBGA-like molecules for TV or HuNov binding has 

not been established nor have all bacteria that bind HuNov been characterized 

for surface molecules, and thus, other interactions may account for some binding 

reported in previous studies. Bacterial surfaces were not characterized in the 

present study. Simultaneous study of HuNov and TV interactions with various 

bacteria characterized for surface properties would be helpful to better elucidate 

the role of bacteria for viral environmental transmission and persistence as well 

as methods for viral detection in complex matrices. 

The second set of studies investigated HuNov recovery and TV infectivity in 

the presence of cell-free growth products by B. bifidum 35914. B. bifidum has 

been demonstrated to constitutively produce extracellular glycosidases capable 

of degrading mucin glycoproteins (Hoskins et al., 1985). These include sialidase, 

-galactosidase, -N(Ac)glucosaminidase, and -N(Ac)galactosaminidase as well 

as enzymes with activity against blood group H-antigens (Hoskins et al., 1985). 

The impact of these glycosidases to degrade bacterial or host cell surfaces with 

presumed HBGA-like molecules and the subsequent impact on viral binding and 

infectivity are unknown, but could bear significance for viral pathogenesis, 

transmission and detection. The cell-free supernatant of B. bifidum was 

investigated for impact on recovery of HuNov from a stool matrix and from direct 

interaction with E. cloacae.  B. bifidum CFS was also investigated for impact on 

cell-culture propagation of TV.  
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The recovery of HuNov GII from a clinical stool sample using B. bifidum CFS 

as compared to buffer or media was investigated (Figure 5.2). Extraction and 

detection of HuNov from stool often involves resuspension of stool in PBS. This 

method was compared to recovery of HuNov GII by PBS subsequently treated 

with chloroform to inactivate bacteria. HuNov recovery from stool was also 

investigated by PBS, B. bifidum CFS, and bacterial growth media, MRS, at 

normal pH of 6.4 and adjusted pH of 4.6 to match the pH of the CFS. HuNov was 

naturally-occurring in these stool samples and not inoculated to a known 

concentration, so recovery quantification in each medium is relative to the other 

media. There was greater detection of HuNov GII genomic material from all 

media as compared to PBS at room temperature; however, HuNov recovery was 

on the same log scale among the treatments (Figure 5.2). The CFS did not 

provide any greater recovery of HuNov from the fecal sample suggesting a lack 

of impact of extracellular metabolic products of B. bifidum on viral-bacterial 

associations in this matrix. The enzymatic composition of the CFS was not 

characterized in this study; future studies could include direct addition of 

glycosidases to stool matrices or bacterial suspensions to evaluate this strategy 

for enhanced recovery of HuNov.  

HuNov was previously reported to directly interact with E. cloacae potentially 

through HBGA-like molecules found on the bacteria surface (Almand et al., 

2017). In the present study, HuNov recovery after co-inoculation with E. cloacae 

in the absence of other stool bacteria was evaluated in PBS, MRS at pH 6.4 and 
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4.6, and the CFS of B. bifidum. Bacteria were pelleted after exposure to HuNov 

as was done in binding studies with TV; however, the supernatant was not 

filtered due to the low level of HuNov in the inoculum and consequent likelihood 

HuNov would decrease below detection with filtration. E. cloacae remained in the 

supernatant at approximately 3.2 log10 CFU/ml as determined with a control 

treated identically as the samples; therefore, some HuNov detected in the 

supernatant could be associated with the E. cloacae that did not pellet. Detection 

of HuNov GII genomic material in the supernatant was not significantly different 

among the media evaluated regardless of the presence or absence of E. cloacae 

(Figure 5.3). The CFS of B. bifidum did not enhance recovery of HuNov from 

interaction with E. cloacae greater than was observed with PBS (Figure 5.3).  

In the final study with B. bifidum CFS, no significant differences were 

observed in the propagation of TV in positive control media or test samples with 

10% B. bifidum CFS (Table 5.2). This was observed for both methods of CFS 

exposure, during the infection period in the absence of FBS or throughout 

propagation in amended cell culture media. TV propagation in LLC-MK2 cells 

was inhibited in the presence of 25% CFS in M199; however, 25% CFS was also 

cytotoxic to LLC-MK2 as evidenced by morphological changes and cell 

detachment. Although there was a reduction in TV recovered after exposure to 

25% CFS as compared to the initial inoculum, the difference was not statistically 

significant, suggesting the CFS also does not have a direct degradative effect on 

TV at the levels tested. These data suggest that extracellular metabolic products 
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of resident intestinal bacteria with reported glycosidase production did not 

interfere with attachment to host cells in vitro as evidenced by equivalent TV 

propagation in 10% CFS as compared to control media. The impact of mixed 

bacterial products on viral attachment in vivo is unknown.  

 The final studies addressed the thermal and chlorine resistance of TV 

suspended in commercial preparations of Escherichia coli O111.B4 

lipopolysaccharide and Bacillus subtilis peptidoglycan. These studies followed a 

modified experimental design previously reported in which LPS and PEP were 

demonstrated to increase poliovirus thermal resistance by 3C as measured by 

delayed RNA release over a thermal gradient and increased chlorine resistance 

up to 103-fold in PEP as compared to PBS (Robinson et al., 2014). The 

temperatures and chlorine levels selected for the present study were derived 

from conditions previously reported for TV resistance (Hirneisen and Kniel, 

2013). This study builds on those data to evaluate the influence of bacterial cell 

constituents on viral inactivation resistance as measured by viral infectivity. This 

would not be possible in cell culture with live bacteria or HuNov.  

Both thermal (Figure 5.4) and chlorine (Figure 5.5) resistance of TV increased 

in the PEP suspension as compared to PBS alone or in suspension with LPS. 

Notably, the PEP was not fully soluble in buffer. TV infectivity was reduced by 

less than 2 log PFU/ml in PBS, LPS, and PEP at 55C as compared to the 

control at 20C; these findings are consistent with previously reported TV thermal 

resistance (Hirneisen and Kniel, 2013). TV was not detected ( 3.7-log PFU/ml 
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reduction) after 60C treatment when suspended in PBS and LPS, but was 

reduced by only 1.99 log PFU/ml in PEP (p<0.05). More subtle changes may 

have been detected if tested over multiple time points at each temperature. With 

chlorine exposure, TV was reduced by  one log PFU/ml by 2 and 20 ppm 

chlorine in PBS, LPS, and PEP.  Chlorine treatment of 200 ppm rendered TV 

undetectable ( 3-log PFU/ml reduction) in PBS and LPS; however, TV was still 

detected in PEP, reduced by 2.86 PFU/ml. The increased chlorine resistance 

observed with TV in PEP may be due to reduced efficacy of chlorine as a result 

of increased organic load, although this was not observed at the conditions 

tested with LPS. Alternatively, the increased resistance may be due to some 

direct association with PEP that provides protection to TV.  

In conclusion, full recovery of TV from suspensions of fecal, skin, soil, and 

phyllospheric bacteria imply individual bacteria of these strains may not 

specifically bind and serve as direct carriers for TV; however, the correlation to 

HuNov and role of mixed bacterial communities and their products for viral 

protection and transmission remain to be evaluated. Similarly, the extracellular 

products of a probiotic bacterium known to produce glycan-modifying enzymes 

did not alter HuNov recovery from fecal suspension, binding to E. cloacae, or TV 

propagation in these model systems; however, more basic study of the CFS, 

individual glycosidases, and specific viral-bacterial and viral-host interactions 

may be worthy of investigation. Virus in suspension of bacterial cell constituents 
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had increased inactivation resistance; and thus, inactivation studies and food 

processing practices should account for this potential impact. 
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Table 5.1.  Bacterial growth conditions. 

Bacteria Growth 
Medium 

Growth 
Temperature 

(C) 
 

Growth 
Atmosphere 

Growth 
Conditions 

E. cloacae ATCC 
13047 
 

TSB 37 Aerobic Static 

E. faecalis 19433 
 

TSB 37 Aerobic Static 

E. coli 08 
 

TSB 37 Aerobic Static 

S. epidermidis 
12228 
 

TSB 37 Aerobic Static 

S. aureus 
AH1979 
 

TSB 37 Aerobic Static 

B. subtilis 168 
 

TSB 37 Aerobic Static 

B. coagulans 
7050 
 

TSB 37 Aerobic Static 

B. bifidum ATCC 
35914 
 

MRS 37 Anaerobic Static 

Ps. fluorescens 
13525 
 

TSB 22 Aerobic Agitated 

Pseudomonas sp. 
 

TSB 22 Aerobic Agitated 

Flavobacterium 
sp. 
 

TSB 22 Aerobic Agitated 

Lettuce bacteria TSB 22 Aerobic Agitated 

 

TSB, tryptic soy broth; MRS, Lactobacilli MRS Broth 
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Table 5.2. Tulane virus propagation in presence of Bifidobacterium bifidum cell-
free supernatant* 
 

 

pH of Media 

at 24C  
(st. dev.) 

TV 
Propagation 

(PFU/ml) 
CFS – Infection   

 (st. dev.)** 
 

TV Propagation 
(PFU/ml) 

CFS – 
Propagation 
 (st. dev.) ** 

Positive control, 10% M199  
 

7.42 (0.02) 
3.41 (0.07) a 

3.43 (0.35) a 

Positive control, 10% HBSS 
  

7.60 (0.09) 
3.41 (0.01) a 

3.61 (0.48) a 

Positive control, 10% MRS 
 

7.21 (0.00) 
3.48 (0.04) a 

3.70 (0.46) a 

Positive control, 25% HBSS 
 

7.50 (0.01) 
ND 

3.61 (0.68) a 

Positive control, 25% MRS 
 

6.99 (0.03) 
ND 

2.57 (0.33) a 

Test, 10% CFS 
 

6.70 (0.04) 
3.30 (0.10) a 

3.73 (0.68) a 

Test, 25% CFS 
 

5.88 (0.24) 
ND 

-0.70 (0.47) b 

Test, pretreat cells/rinse, 10% 
CFS 
 

6.70 (0.04) 
ND 

3.81 (0.83) a 

Test, pretreat cells/rinse, 25% 
CFS 

5.88 (0.24) 
ND 

2.82 (2.05) a 

 
* n=2 
** Values within a column that are significantly different (p<0.5) are indicated by 
different superscripts.  
ND, not determined. 
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Figure 5.1.  Binding of TV to bacteria as measured by recovery of infectious TV 
(black bars) after exposure to bacteria (initial bacterial populations, gray bars) in 

PBS for 2 h at 22 or 37C. Error bars represent standard deviation (n=2). Bars 
labeled with different letters within a set, TV recovered (a, b) or initial bacteria (x, 
y, z), are significantly different (p<0.05). 
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Figure 5.2. Recovery of HuNov GII from a clinical stool sample in PBS, MRS 
broth, or CFS (cell-free supernatant) of B. bifidum 35914. Error bars represent 
standard deviation (n=4; two replicates each per two independent trials). Bars 
labeled with different letters are significantly different (p<0.05). 
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Figure 5.3.  HuNov GII recovered after incubation with (black bars) or without E. 
cloacae (gray bars) in PBS, MRS broth, or B. bifidum CFS (left axis) and percent 
recovery of HuNov GII (patterned bars) after incubation with E. cloacae relative 
to control HuNov incubated without E. cloacae (right axis). Error bars represent 
standard deviation (n=2). Bars labeled with different letters are significantly 
different (p<0.05): HuNov recovered (log10 RT-qPCRU) with or without E. cloacae 
(a, b); HuNov recovery (%) (x,y). 
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Figure 5.4.  Thermal resistance of TV suspended in phosphate buffered saline 
(PBS), E. coli O111.B4 lipopolysaccharide (LPS), or B. subtilis peptidoglycan 
(PEP). Error bars represent standard deviation (n=3). Asterisks indicate TV was 
below the detection limit of one log PFU/ml (dashed line). Bars labeled with 
different letters are significantly different (p < 0.05). 
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Figure 5.5.  Chlorine resistance of TV suspended in phosphate buffered saline 
(PBS), E. coli O111.B4 lipopolysaccharide (LPS), or B. subtilis peptidoglycan 
(PEP). Error bars represent standard deviation (n=3). Asterisks indicate TV was 
below the detection limit of one log PFU/ml (dashed line). Bars labeled with 
different letters are significantly different (p < 0.05). 
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APPENDIX 

REPRINT PERMISSION POLICY FOR DISSERTATION CHAPTERS 2 AND 4 
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