
ABSTRACT 

ALMAND, ERIN AHMO. Characterizing Human Norovirus-Bacteria Interactions. 
(Under the direction of Dr. Lee-Ann Jaykus). 
 

Select gastrointestinal bacteria were recently observed binding to human 

norovirus. These interactions may be mediated through bacterial glycans highly similar to 

histo-blood group antigens (HBGAs), the norovirus cellular receptor. The purpose of this 

dissertation is to examine the nature of human norovirus and bacterial interactions, then 

identify potential ligands for concentrating and separating human noroviruses from 

different matrices. 

To elucidate whether this bacteria-norovirus binding phenomenon is specific to 

single isolates or more widespread, naturally occurring fecal bacteria were isolated from 

human norovirus-positive stool.  These bacteria (Klebsiella spp., Citrobacter spp., 

Bacillus spp., Enterococcus faecium and Hafnia alvei) and select ATCC isolates 

(Staphylococcus aureus and Enterobacter cloacae) were used in suspension assays to 

assess binding efficiency to three human norovirus strains (GII.4 New Orleans and 

Sydney, GI.6) and two surrogate viruses (Tulane virus and Turnip Crinkle Virus [TCV]), 

under various growth conditions. This binding was visualized using transmission electron 

microscopy. All bacteria tested bound human norovirus with high efficiency (<1 Log10 of 

input virus remained unbound; p>0.05); selectively bound Tulane and did not bind TCV. 

Minimal media maximized binding efficiency (<1 Log10 of input virus remained 

unbound), whereas enriched media decreased binding (1-3 Log10 of input virus remained 

unbound; p<0.05).  The norovirus-bacteria binding occurred on outer cell surfaces and 

pili structures, without apparent localization.  Taken together, these data suggest that 



human norovirus binding to fecally-associated bacteria occur with high efficiency but 

relatively low inter-strain specificity.  

Human norovirus-bacteria binding was further characterized to identify candidate 

ligands potentially responsible for these interactions. Seven bacteria (E. cloacae, S. 

aureus, Klebsiella spp., Bacillus spp., E. faecium, Citrobacter spp., and H. alvei) were 

evaluated via Western blot using antibodies to determine HBGA type AB, B and H 

activity or lectins to identify HBGA-specific sugars. Virus overlay assays narrowed down 

and identified residues with preferential binding to GI.1 Norwalk, GI.6, GI.7, GII.1, GII.4 

Sydney, and GII.17 VLPs. Each bacterium screened possessed (1) SDS-PAGE band sizes 

ranging from 140- to 15-kDa; (2) varying degrees of HBGA-like activity; and (3) a 

unique HBGA antibody-binding pattern. All VLPs tested bound specific bacterial 

residues and sugars (N-acetyl-galactosamine, α-D-galactose or α-L-fucose). LC-MS/MS 

analyzed a 35-kDa glycoprotein on four Enterobacteriaceae that possessed HBGA-

activity and bound all VLPs tested. Two highly conserved outer membrane components 

were detected--outer membrane protein A and major outer membrane lipoprotein. 

Collectively, this work suggests that individual glycoproteins with varying carbohydrate 

residues may be responsible for human norovirus-bacteria interactions.  

The need for improved pathogen separation and concentration methods to reduce 

time-to-detection for foodborne pathogens is well recognized. A proof-of-concept study 

was conducted using the human plasma protein Apolipoprotein H (ApoH) to determine if 

it was capable of binding and efficiently capturing two representative human norovirus 

strains (GI.1 and GII.4), a cultivable surrogate, and four bacterial pathogens (Escherichia 

coli O157:H7, Listeria monocytogenes, Salmonella enterica serovar Enteritidis, and S. 



aureus). Experiments were carried out using ApoH-conjugated bead-based capture 

followed by pathogen detection. For all three viruses studied, >10% capture efficiency 

(<1 Log10 loss in RT-qPCR amplifiable units) was observed.  The same capture 

efficiencies were observed for the bacterial pathogens tested, with the exception of E. coli 

O157:H7 (approximately 1% capture efficiency, or 2 Log10 loss in CFU equivalents).  

The efficiency of the capture steps did not vary as a consequence of input target 

concentration or in the presence of an abundance of background microflora.   

Taken together, these results have far reaching implications on understanding the 

complex human norovirus-bacteria interactions and harnessing these interactions to 

achieve better success in isolating highly variable norovirus from different matrices. 
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Abstract 

Bacteria and viruses often occupy the same niches, however their potential collaboration 

only recently gained recognition. While the interaction of some bacteria and viruses is 

well characterized (e.g. the influenza virus), researchers are typically more interested in 

the location of the infection than the manner of cooperation. There are two overarching 

types of bacterial-virus interactions: direct interactions aiding viruses and indirect 

interactions aiding bacteria. The virus-benefitting direct interactions occur when the virus 

exploits a bacterial component to facilitate penetration into the host cell. Conversely, the 

indirect interactions result in increased bacterial pathogenesis as a consequence of viral 

infection. Enteric viruses mainly utilize the direct pathway, while respiratory viruses 

largely affect bacteria in an indirect fashion. This review focuses on the virus-bacteria 

interactions that impact the infection process, and provides evidence of an emerging 

theme in infectious disease. 
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Introduction 

 Commensal bacteria colonize both the respiratory and gastrointestinal tracts; 

however, relative amounts of bacteria vary tremendously. Gastrointestinal habitats 

incorporate anywhere from 200 species (within the oral cavity) to 1000 species at the 

distal intestine, where bacterial levels reach 1014 cells/gram of intestine. Conversely, 

respiratory tracts contain approximately 104 total bacteria (Wardwell et al., 2011; 

Charlson et al., 2012; Lozupone et al., 2012; Sommer and Bäckhed, 2013) and ample 

uninhabited space. These differences in microbial population size shape the different 

interactions occurring between the host and commensal bacteria. Contrary to the lungs, in 

the intestinal tract, the bacteria are actually considered the first line of defense against 

invading pathogens. The commensal bacteria layer limits the accessibility of tissue for 

pathogen colonization and these beneficial microbes typically outcompete their disease 

promoting counterparts. Previous reviews have focused on microbial interactions 

occurring either within the upper respiratory or gastrointestinal tracts (Murphy et al., 

2009; Bosch et al., 2013; Hendaus et al., 2015; Ben Berkhout, 2015), without looking at 

similarities and differences between the two areas.   It is becoming increasingly apparent 

that viral pathogens and bacterial cells (commensal or pathogenic) may not only occupy 

the same locations, but also aid each other during colonization and/or infection.  

 Categorically, bacteria and viruses interact in two ways (Table 1). The 

mechanism(s) benefitting the virus predominately occurs through direct interactions, 

where a virus exploits a bacterial component to facilitate penetration into the host cell.  

This invasion is usually achieved by binding of a virus to a bacterial cell, or by utilization 

of a bacterial product. These interactions promote infection of the virus, with no known 
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benefit to the bacterial species. Bacterial advantages are gained through indirect 

interactions in which the virus inflicts host cell damage critical to virus infection, but also 

beneficial for other pathogens. In these instances, there is no actual interface between the 

virus and the bacteria; rather, the viral infection makes one or more host cell types more 

susceptible to bacterial colonization. There are four major mechanisms, often working in 

concert, supporting the indirect interactions:  virus-induced increase of bacterial cell 

receptor concentrations; virus damage to underlying epithelial cells; virus displacement 

of commensal bacteria; and virus suppression of the host immune system. This review 

briefly examines the microbial interactions benefitting viruses and bacteria, while 

addressing the overarching paradigm emerging in human disease--how viruses and 

bacteria help each other to cause infection. 

 

Direct Interactions: viruses exploiting bacteria 

 The majority of direct bacteria-virus interactions are associated with viruses in the 

gastrointestinal tract. During their infectious cycle, these viruses encounter large numbers 

of commensal bacteria that, by shear number, direct the nature of the virus-bacteria 

interaction. In the gastrointestinal tract, the large number of bacteria occupying tissue 

surfaces actually mitigates the risk of unwanted bacterial proliferation or virus 

attachment.  Rather than compete for host cell binding sites, some viruses can utilize 

bacterial ligands to enhance their association with host cells and initiate infection. In 

other cases, the viruses do not actually target the epithelial cells, but merely use the 

intestine as a pit stop to their final destination in the immune system (Racaniello, 2006; 

Karst and Wobus, 2015).  
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 Poliovirus, which replicates in the intestine prior to disseminating throughout the 

body, is a good example of an enteric virus hijacking bacterial components for its own 

infection cycle (Racaniello, 2006). Gram-positive and Gram-negative bacteria derived 

from the gut have been found to significantly increase poliovirus infectivity using a cell 

culture model (Kuss et al., 2011). In experiments where mice with and without normal 

gut microflora were orally challenged with poliovirus, the former showed mortality twice 

that of mice treated with antibiotics. This increase in mortality was associated with 

increased viral titers in mice with an intact microbiota. These effects were not seen in 

intraperitoneal inoculation, where the virus does not need to interact with the native 

microbiota prior to infection. When these findings were examined using a cell culture 

model, exposure of poliovirus to bacteria or bacterial components increased virus titers as 

much as 500% and doubled the poliovirus adherence to HeLa cells (Kuss et al., 2011). It 

appears that bacterial components -- lipopolysaccharides (LPS), peptidoglycan and other 

N-acetylglucosamine-containing polysaccharides -- increase viral receptor binding and 

potentially enhance virus propagation (Kuss et al., 2011).  

 Other studies show that direct association with fecal microbiota increased 

poliovirus environmental fitness and stability, as exposure to bacteria or their 

polysaccharides decreased the efficacy of virus inactivation by heat and bleach (Robinson 

et al., 2014). To get productive poliovirus replication and infection, the virus transitions 

from a native capsid to an empty virion, a phenomenon that should occur within the host 

cell. Heat treatments can also trigger this switch, reducing infectivity before the virus 

reaches its target. The presence of bacterial components, such as polysaccharides, help 

protect against these harsh environmental conditions by limiting viral inactivation. When 
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poliovirus binds to bacterial components, it slows the transition from a native capsid to an 

empty virion outside of host cells, preventing premature virion destruction and increasing 

transmission efficiency (Robinson et al., 2014). Taken together, these data support the 

conclusion that gastrointestinal microbiota not only increase poliovirus infectivity, but 

also promote transfer to the next host.   

 Evidence suggests that human norovirus also engages gastrointestinal bacteria. 

Histo-blood group antigens (HBGAs) have been identified as putative receptors or co-

receptors for human norovirus infection, and HBGA-like moieties are also present on the 

surface of enteric bacteria (Springer et al., 1961; Miura et al., 2013).  These bacterial 

motifs (specifically tested on Enterobacter cloacae) are commonly found in the 

extracellular polymeric substances and were shown to bind both a GI.1 and GII.6 strain 

of human norovirus by enzyme-linked immunosorbent assay and transmission electron 

microscopy. Furthermore, bacterial components have been reported to facilitate modest 

viral replication in the reported BJAB cell culture system. The bacterial derived HBGAs 

stimulated replication comparable to their synthetic counterparts, in a dose dependent 

manner (Jones et al., 2014).  Interestingly, for murine norovirus, mouse responses mimic 

that of the poliovirus mouse model, with antibiotic-treated mice showing reduced virus 

titers compared to animals having normal gut microflora (Jones et al., 2014; Baldridge et 

al., 2015).  The significance of this phenomenon to human norovirus is, however, 

unknown.  

 The effects of microbiota on reovirus were originally tested to determine the 

specificity of microbial influences on viral infection, and explore if this interaction was a 

unique phenomenon or widespread across enteric viruses. Reovirus is capable of 
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infecting most mammals, although overt presentation of disease symptoms varies with 

each host. In one study, a cohort of mice was treated with antibiotics prior to challenge, 

and disease pathology was compared to untreated, but challenged animals. The untreated 

mice had classic reovirus strain T3SA+ symptoms with biliary obstructions and enlarged 

Peyer’s patches. The antibiotic-treated mice appeared normal, and also had significantly 

lower reovirus titers in the intestine (Kuss et al., 2011). Like norovirus, this may be 

related to bacteria providing histo-blood group antigens, since rotavirus, a member of the 

Reoviridae family, also exploits these molecules as a cellular receptor (Böhm et al., 

2015).  However, the nature of these interactions is poorly characterized, as is the role of 

HBGA binding in the reovirus infection process. 

 The utilization of bacterial components to promote virus infectivity is not entirely 

unique to enteric viruses. For example, mouse mammary tumor virus, a retrovirus, 

subverts the immune system by coating itself in bacterial LPS (Kane et al., 2011).  This 

outside layer triggers TLR4 on white blood cells and a signal cascade meant to destroy 

bacteria, at the same time suppressing defenses against viral invaders. The result: viral 

replication occurs unimpeded by the immune system (Kuss et al., 2011).  

 Bacterial products can also stimulate viral infection. In the case of influenza virus, 

not only does the virus help bacteria gain a foothold for infection, but it also interacts 

with commensal bacteria in a more direct manner.  This appears to be mediated by 

bacterial extracellular proteases that commonly promote tissue colonization and aid in 

bacterial virulence (Shaw et al., 2004). Specifically, to become infectious, the precursor 

haemagglutinin (HA0) of influenza needs to undergo proteolytic cleavage into HA1 and 

HA2 fragments. Typically the host supplies enzymes necessary for activation; however, 
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studies also implicate proteases produced by Staphylococcus aureus and Aerococcus 

viridans.  Such synergism therefore promotes viral pathogenesis (Tashiro et al., 1987; 

Scheiblauer et al., 1992; Böttcher Friebertshäuser et al., 2013). 

 The human immunodeficiency virus (HIV) provides a unique example of the 

interdependence between virus and bacteria. While previous examples dealt with 

commensal bacteria exploited for viral invasion, HIV recruits another human pathogen. 

More specifically, individuals infected with HIV are more prone to Mycobacterium 

tuberculosis, and infection with the bacteria accelerates the progression of AIDS. During 

acute M. tuberculosis infection, HIV RNA copy number increases (Goletti et al., 1996), 

possibly due to the interplay between the M. tuberculosis cell wall component 

lipoarabinomannan and the immune system. M. tuberculosis up-regulates the production 

of tumor necrosis factor (TNF), an immune system component that controls bacterial 

infections, which activates HIV replication in macrophages (Pawlowski et al., 2012). 

This interplay with the immune system also induces IL-6 production which, in 

conjunction with TNF, activates transcription of the long terminal repeats in HIV, 

abetting replication (Collins et al., 2002). 

 

Indirect Interactions: bacteria exploiting viral infections 

 Bacterial species often benefit from viral infections. Although the virus exists 

independent of the proximal bacterial species, the virus-induced disease state can allow 

usually harmless bacteria to become pathogenic. Under normal, healthy circumstances, 

direct competition between microbes limits pathogen invasion by saturating colonization 

sites, priming barrier immunity to produce antimicrobials, and increasing the immune 
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response to invading microorganisms (Khosravi and Mazmanian, 2013). When microbial 

populations are disrupted, niches previously inaccessible to invading pathogens become 

available, and surfaces where native microbiota previously outcompeted their disease-

causing counterparts are compromised. The overall strategies viruses use to aid bacteria 

pathogenesis include a complex combination of cellular receptor up-regulation, 

disruption of the epithelial layers, displacement of commensal bacteria, and immune 

system suppression.  

 Arguably, the interactions between the influenza virus and bacteria (i.e. 

Streptococcus pneumoniae, S. aureus and Haemophilus infleunzae) remain the best 

studied within the human body, with both the virus and bacteria benefitting from the 

relationship. The influenza virus not only damages the host epithelium (e.g. apoptosis), it 

also provides potential binding sites for bacteria through three mechanisms: 

neuraminidase cleavage of sialic acid from host cells, bacterial host receptor up-

regulation, and host regeneration of the common bacterial receptors fibrin and fibrinogen 

(McCullers and Bartmess, 2003; McCullers, 2006). This pattern of host damage is 

common amongst upper respiratory tract viruses and bacteria [reviewed in (Hament et al., 

1999; Murphy et al., 2009; Bosch et al., 2013; Hendaus et al., 2015)], and these 

interactions are summarized in Table 1.1. 

 Immune system subversion occurs when viruses target cell types such as 

lymphocytes, macrophages, and monocytes. By infecting and replicating within cells 

originally primed for defense, the host response is severely hindered. A good example are 

the periodontal diseases gingivitis and periodontitis (Han et al., 2000). Research shows 

that the more aggressive periodontitis (associated with attachment, bone and tooth loss) is 
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the result of interactions between three herpesvirus species [Epstein-Barr virus type 1 

(EBV-1), human cytomegalovirus (HCMV) and herpes simplex virus (HSV)] with the 

common periodontal bacteria Porphyromonas gingivalis and Dialister pneumosinte 

(Contreras and Slots, 2000). The collaboration between virus and bacteria is two-fold: 

through an impaired immune system and lesion development (Kamma et al., 2001). HSV 

and HCMV both infect monocytes, macrophages and T-lymphocytes, whereas EBV-1 

targets B-lymphocytes. Virally infected immune cells cause inflammation and cytopathic 

effects within host tissues, while providing a diminished capacity to defend against 

periodontal bacteria. This inflammation provides the starting point for periodontal 

lesions. Furthermore, the viral proteins present on these infected, but intact, host cells act 

as receptors for periodontal bacteria, while destroyed host cells also provide attachment 

points at newly exposed surfaces (Contreras and Slots, 2000). These lesions progress 

until the rapid loss of connective tissue attachment and alveolar bone loss characteristic 

of periodontitis occurs.  

 The interactions mentioned thus far provide localized instances where viruses and 

bacteria aid each other to infiltrate surrounding tissues. There are some viruses, however, 

which do not merely act on one location within the body, but rather directly impact the 

immune system, allowing for bacterial co-infections to arise separately from the viruses’ 

area of impact.  For instance, HIV targets helper T lymphocytes, macrophages and 

dendritic cells. By targeting a wide variety of cells within the immune system, its 

pathogenesis promotes highly complex polymicrobial interactions characterized by 

bacterial co-infections within the entire human microbiome (Chun et al., 1998). The 

gastrointestinal tract bears the brunt of the attack, where the virus contributes to increased 
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bacterial translocations, injured immune system components (i.e., anti-inflammatory and 

pathogen recognition pathways) and depleted commensal flora. Additionally, HIV 

immune system disruption changes the overall composition of certain host microbiomes, 

causing once static bacterial ratios in the oral cavity and gastrointestinal tract to diversify 

with new inhabitants (Saxena et al., 2012). This phenomenon contributes to hallmark 

symptoms such as oral lesions, chronic lung disease, and pneumonia (Zar, 2008; Saxena 

et al., 2012).  While the exact mechanisms of these effects are unknown, depletion of 

immune cells commonly found at highly populated host-bacteria interfaces leads to 

barrier breakdowns and increased bacterial colonization. In some cases, this results in 

pathogen infiltration, like that observed with increased M. tuberculosis infections, but 

oftentimes the impact is more subtle.  

 Measles is a persistent virus often recovered from T-lymphocytes, B-lymphocytes 

and macrophages, while also permeating the central nervous system and lymph nodes. 

While the measles virus itself rarely produces mortality, it increases susceptibility to 

secondary bacterial infections. The measles virus suppresses the antibacterial responses 

of both the innate and adaptive immune systems, proving ample opportunities for 

opportunistic pathogens to invade. Reports associate Listeria monocytogenes, S. aureus, 

and M. tuberculosis with the measles virus, and likely other bacterial agents also 

capitalize on the immunocompromised host (Slifka et al., 2003). 

 

Influence of bacteria and virus features on interactions 

 The interactions described above do not appear to be exclusive to Gram-positive 

or Gram-negative bacteria. Within the direct interactions category, both types of bacteria 
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(and their LPS and peptidoglycan components) stabilize poliovirus, while only Gram-

positives aid the influenza virus. Other enteric virus studies have preferentially 

investigated Gram-negative bacteria or their membrane component (LPS), possibly due 

to their abundance in the intestines. In the case of norovirus, it is likely that Gram-

negative bacterial interactions were studied because of previous research suggesting the 

presence of HBGA-like antigens on their surfaces, but the presence of these antigens on 

the surfaces of Gram-positives has not yet been studied. For the studies observing 

interactions within the entire gastrointestinal microbiome (e.g. murine norovirus), it is 

unclear which specific bacterial genus or species supports infection. For the indirect 

interactions, both Gram-negative and Gram-positive bacteria are positively affected by 

the virus interaction(s). This finding is not surprising as the virus affects the host rather 

than the bacterium directly, suggesting a less specific, broader reaching mechanism.  

 While both enveloped and non-enveloped viruses are capable of interacting with 

commensal or pathogenic bacteria, the means by which this occurs is virus-specific. 

Influenza, an enveloped virus, utilizes an exogenous bacterial enzyme to cleave 

hemagglutinin and render itself infectious. Conversely, the non-enveloped viruses (i.e. 

norovirus, poliovirus and reovirus) bind directly to bacterial glycoconjugates. While this 

review focused on virus-bacteria interactions, the use of glycosphingolipids as cellular 

receptors is actually well documented in both non-enveloped and enveloped viruses 

(Taube et al., 2010). However, although adenovirus, influenza virus and parainfluenza 

virus bind glycoconjugates, the extent to which they attach to the corresponding bacterial 

motif requires further examination.  
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 Mechanistically there are differences between the polymicrobial interactions 

observed in the different host regions. Within the intestine, the enteric viruses seek a 

more direct relationship with the bacteria (e.g. poliovirus), whereas the infections within 

the lung capitalize on microbial scarcity (for the initial viral infection) and then cellular 

damage for the bacteria to gain a foothold (e.g. Respiratory Syncytial Virus). Although 

there are differences between the types of interactions within each host region, both of 

them involve manipulating the current host status to the benefit of the pathogen, rather 

than hijacking and subverting the other microorganism. While this synergism does not 

always exist [for more information read (Moon and Stappenbeck, 2012)] this review 

highlights a new paradigm where bacteria and viruses work together to cause destruction, 

rather than aid in human health. 

 

Conclusions 

 As polymicrobial interactions move from the exception to the norm, researchers 

must realize viruses and bacteria are no longer mutually exclusive disease-causing agents. 

This increased pathogenicity that occurs as a consequence of their interactions is 

especially common in areas inhabited by normally benign members of the native 

microflora. Viruses are utilizing bacterial components to enter target cells, while bacteria 

capitalize on the destructive nature of virus replication to gain footholds into previously 

inaccessible regions. Throughout the body these microorganisms collaborate to better 

each other, to the detriment of the host. Although technically challenging, future disease 

models should incorporate the complex environment in which pathogens operate. 

Certainly, advances in metagenomics and the microbiome will play an important role in 
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better understanding these environments.  By focusing on microbial interactions instead 

of solely on the causative disease agent, it may be possible to exploit these pathways in 

an effort to identify new therapeutic targets.  
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Table 1.1 Virus-Bacteria Interactions. Human viruses often directly and indirectly work with bacteria. Direct interactions 
involve a specific bacterium or bacterial product that aids viral infection. Indirect partnerships are the result of a viral primary 
infection producing amenable conditions for bacterial colonization. 

Virus Bacteria Significance Reference 
Direct Interaction 
Norovirus E. cloacae HBGA-like moieties serve as co-factor during 

infection 
(Miura et al., 2013; 
Jones et al., 2014) 

Polio Virus N-acetyl glucosamine 
containing polysaccharides 
(LPS, peptidoglycan) 

Enhanced cell association and viral replication; 
eliminates premature viral RNA release 

(Kuss et al., 2011; 
Robinson et al., 2014) 

Reovirus Enteric bacteria Enhanced viral replication (Kuss et al., 2011) 
Influenza Virus S. aureus; Aerococcus viridans Protease cleaves the hemagglutinin (HA) into 

HA1 and HA2, making the particles infectious 
(Tashiro et al., 1987; 
Scheiblauer et al., 1992) 

Human 
Immunodeficiency 
Virus (HIV) 

M. tuberculosis Increases HIV long terminal repeat-driven 
transcription and HIV production 

(Goletti et al., 1996) 

Indirect Interaction 
Herpesviruses Porphyromonas gingivalis; 

Dialister pneumosintes 
Promotes immunosuppression leading to 
bacterial colonization 

(Kamma et al., 2001) 

Measles Virus M. tuberculosis; S. aureus; L. 
monocytogenes  

Promotes a generalized state of 
immunosuppression leading to bacterial co-
infection 

(Slifka et al., 2003) 

HIV Oral, gastrointestinal, lung, 
penile, vaginal bacteria 

Immune system deterioration and increased 
bacterial translocation 

(Saxena et al., 2012) 

Parainfluenza Virus Nasopharyngeal bacteria Increased bacterial binding to the lower 
respiratory tract 

(Korppi et al., 1990) 

Respiratory Syncytial 
Virus 

S. pneumonia, Pseudomonas 
aeruginosa, H. influenzae 

Increased bacterial invasiveness; increased host 
cell adhesion molecules 

(Talbot et al., 2005; Van 
Ewijk et al., 2007) 

Influenza Virus 
 

S. pneumoniae;  
S. aureus; H. influenza; 
respiratory commensals 

Viral neuraminidase cleaves epithelial cell 
sialic acid exposing bacterial receptors; 
damages epithelial cells 

(Tashiro et al., 1987; 
McCullers, 2006; Bosch 
et al., 2013) 

Rhinovirus S. pneumoniae; S. aureus; 
 H. influenzae 

Increases host cell adhesion molecules (Wang et al., 2009) 

Adenovirus S. pneumoniae Increases host cell adhesion molecules (Håkansson et al., 1994) 
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Abstract 

Select bacterial strains capable of binding to human norovirus have recently been 

identified. To elucidate whether this phenomenon is specific to single isolates or more 

widespread, naturally occurring bacterial fecal isolates from human norovirus-positive 

stool were isolated.  These bacteria (Klebsiella spp., Citrobacter spp., Bacillus spp., 

Enterococcus faecium and Hafnia alvei) and select ATCC isolates (Staphylococcus 

aureus and Enterobacter cloacae) were used in suspension assays linked to RT-qPCR 

detection to assess binding efficiency to three human norovirus strains (GII.4 New 

Orleans and Sydney, GI.6) and two surrogate viruses (Tulane virus and Turnip Crinkle 

Virus). The impact of different growth media on binding efficiency was also evaluated, 

and binding was visualized using transmission electron microscopy. All bacteria tested 

bound the representative human norovirus strains with high efficiency (<1 Log10 of input 

virus remained unbound) (p>0.05); there was selective binding for Tulane and no binding 

observed for TCV. Binding efficiency was maximal in minimal media (<1 Log10 of input 

virus remained unbound), but notably decreased in enriched media  (1-3 Log10 of input 

virus remained unbound) (p<0.05).  The norovirus-bacteria binding occurred around the 

outer cell surfaces and pili structures, without apparent localization.  Taken together, 
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these data suggest that human norovirus binding to fecally associated bacteria occur with 

high efficiency, but relatively low inter-strain specificity. Improved understanding of 

norovirus-bacterial interactions has widespread implications, providing fruitful avenues 

for further research and applications.   
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1.0 Introduction 

 Human norovirus is the leading cause of acute viral gastroenteritis worldwide 

(Ahmed et al., 2014), and also the most common cause of foodborne disease, at least 

within the United States (Scallan et al., 2011). The public health and economic burden of 

norovirus infection is substantial in the Western world, and may be crippling in 

developing countries (Scharff, 2012). Increased awareness of this ubiquitous pathogen 

has placed considerable interest in developing diagnostics, antivirals and vaccines, as 

well as finding more effective ways to halt its transmission. Of course, understanding the 

virus’ infection cycle is critical to development of better control strategies.  The major 

obstacle limiting such research is the lack of a reliable and reproducible cell culture 

model.  

 The identification of the human norovirus cellular receptor has been crucial to the 

success of control strategies, as well as a basic science understanding of infection 

mechanisms.  For many years, histo-blood group antigens (HBGAs) were thought of as a 

putative receptor. HBGAs are terminal glycans on carbohydrates found in humans on red 

blood cells, in saliva, and secreted in the gastrointestinal tract. Similar structures are 

found ubiquitously in other animals, plants and bacteria (Marionneau et al., 2001). Most 

but not all human norovirus strains bind to these carbohydrates, with each strain having 

unique binding patterns, exploiting different residues for infection (Cheetham et al., 

2007).  

 In the 1960s, researchers determined that gastrointestinal bacteria express HBGA-

like moieties (Springer et al., 1961). These structures are homologous to their human 

counterparts, and when the norovirus cellular receptor was elucidated, investigators 
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immediately pursued the potential role of gut microflora in the infection dynamics. 

Abetting these hypotheses were previous work in other enteric viruses showing that gut 

microbiota in mice can play a role in virus persistence and/or infection for poliovirus 

(Kuss et al., 2011; Robinson et al., 2014), reovirus strain T3SA+ (Kuss et al. 2011) and 

murine norovirus (MNV). Based on these findings, norovirus researchers postulated that 

bacteria-virus interactions in the gut are essential to, or at least promote, virus infection 

(Jones et al, 2014). Using Enterobacter cloacae, a bacterium previously shown to possess 

HBGA-like compounds (Miura et al., 2013), Jones et al. (2014) produced a mammalian 

cell culture model for human norovirus propagation. The target cell line [Burkitt’s 

Lymphoma (BJAB) B cells] could support modest replication of the virus only after 

supplementation with synthetic HBGAs, or when in the presence of E. cloacae. These 

findings suggest that bacterial HBGAs may be able to fulfill the role of human HBGAs 

during the infection process.  

 These previous studies only examined the impact of a single bacterial strain when, 

in reality, microbial populations within the human gastrointestinal tract are quite 

complex. This finding begs the question as to whether human norovirus-bacteria 

interactions are an isolated occurrence or a widespread phenomenon.  In other words, 

studies are needed to characterize the specificity of these interactions. The purpose of this 

research was to determine if a select group of bacterial species commonly found in the 

human gut bind to human norovirus, and if so, to characterize the intensity and location 

of that binding.  Both Gram-negative and Gram-positive bacterial strains (reference and 

fecal isolates) were screened with genotypes GI.6 and GII.4 human norovirus strains, as 

well as the cultivable Tulane virus surrogate.   
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2.0 Materials and Methods 

2.1 Virus Strains and Virus-Like Particles (VLPs) 

Human fecal specimens derived from outbreaks and confirmed positive (by sequencing) 

for GI.6, GII.4 New Orleans, and GII.4 Sydney were obtained courtesy of Dr. Shermalyn 

Greene, North Carolina State Laboratory of Public Health, Raleigh, NC. Stool samples 

were diluted to 20% v/v (final concentration) in 1X PBS pH 7.2 (Life Technologies, 

Carlsbad, CA), aliquoted, and stored at -80oC until use. Tulane virus, [obtained courtesy 

of Dr. Jason Jiang from Cincinnati Children’s Hospital, Cincinnati, OH] was cultivated in 

the LLC-MK2 (ATCC, Manassas VA) as previously reported (Farkas et al., 2008), and 

harvested by three cycles of freeze-thaw at -80°C followed by centrifugation. Aliquots of 

the virus-rich supernatant were stored at -80° C. A purified stock of Turnip Crinkle Virus 

(TCV) was obtained from the laboratory of Dr. Steven Lommel (North Carolina State 

University, Raleigh, NC) and diluted in PBS. Virus-like particles (VLPs) for strains GII.4 

Sydney (1.0mg/ml) and GII.4 Houston (1.3mg/ml) were provided courtesy of Dr. Robert 

Atmar (Baylor College of Medicine, Houston, TX). 

 

2.2 Bacterial Isolates 

Bacterial strains used in this study are shown in Table 1. Stock cultures of Lactobacillus 

plantarum and Lactobacillus gasseri were obtained courtesy of Dr. Todd Klaenhammer 

(North Carolina State University, Raleigh, NC). Reference strains, provided by the 

American Type Culture Collection (ATCC; Manassass, VA) included Staphylococcus 

aureus (ATCC 25235), E. cloacae (ATCC 13047) and Bacteroides thetaiotaomicron 

(ATCC 29148). To obtain natural bacterial isolates, human stool from one patient 
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positive for GI.6 norovirus was diluted and plated in 100µl aliquots onto tryptic soy agar 

(TSA; Thermo Fisher Scientific, Waltham, MA); TSA supplemented with 5% 

defibrinated sheep blood (Lampire Biological Products, Pipersville, PA); Brucella agar 

(BA; Thermo Fisher Scientific); and BA supplemented with 5% defibrinated sheep blood, 

in duplicate. For the lactobacillus species, de Man, Rogosa and Sharpe agar or broth 

(MRS; Thermo Fisher Scientific) was used for cultivation. These plates were incubated 

anaerobically (5% carbon dioxide, 10% hydrogen, 85% nitrogen) in an anaerobic glove 

box with CAM-12 oxygen monitoring system and heating unit (Coy Laboratories, Grass 

Lake, MI) for 24 h at 37°C. Unique colonies from each agar plate (i.e. size, color, shape, 

hemolysis) were isolated, purified, and grown anaerobically at 37°C overnight on both 

the agar and in the broth formulations from which they were initially isolated. Stocks 

were made in 30% glycerol and stored at -80°C. Each of the isolated fecally derived 

cultures underwent further characterization using Gram stain, motility tests and the Oxoid 

Microbact GNB 24E reagent system (Thermo Fisher Scientific). To identify the bacteria, 

whole agar plates were sent and a single colony of each bacterial isolate was sequenced 

via 16S rDNA by GENEWIZ (South Plainfield, NJ). Bacterial IDs were confirmed using 

NCBI Blast.  

 

2.3 Bacteria-Virus Binding Assays 

The ability of bacteria to bind norovirus was modified from the plate-based assay of 

Miura et al (2013) to a suspension test design. Since preliminary data showed that 

bacteria-virus binding was highly dependent upon initial bacterial growth conditions 

(data not shown), several different media formulations were used for bacterial 
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propagation. Specifically, for minimal media, two formulations were used. The Gram-

negative medium consisted of M9 minimal salts (supplemented with 20% glucose, 0.2% 

MgSO4 and 0.01% CaCl2; Sigma-Aldrich, St. Louis, MO), while the Gram-positive 

bacteria were grown in one-half strength TSB. There was no statistically significant 

difference between Gram-negative bacteria grown in M9 minimal media versus half- 

strength TSB (data not shown). On the other end of the nutrient spectrum both Gram-

negative and Gram-positive bacteria (E. cloacae, S. aureus and the fecal isolates) were 

grown in two rich media types typically used to cultivate fastidious microbes, i.e., 

chopped meat broth (Anaerobe Systems, Morgan Hill, CA) and TSB supplemented with 

defibrinated sheep blood. Prior to experimentation, starting concentrations (input) of 

bacteria were enumerated for each bacterial strain and media combination via growth 

curves.  

 Prior to binding assays, bacterial cultures were grown anaerobically for 24 h at 

37°C in 10 ml of select medium. The cells were then pelleted, washed once, and 

resuspended in 10 ml PBS, pH 7.2. These stocks were diluted to concentrations of 

approximately 1x107cfu/ml.   Human norovirus suspensions were diluted 100-fold in PBS 

to concentrations around 1x105 RT-qPCR amplifiable units (RT-qPCRU)/ml (GII.4 

Sydney), 1x103 RT-qPCRU /ml (GII.4 New Orleans) and 1x104 RT-qPCRU /ml (GI.6).  

Tulane virus and TCV were likewise diluted in PBS to reach a final concentration of 

1x107 RT-qPCRU /ml and 1x106 RT-qPCRU/ml, respectively.  

 For each suspension assay, 100µl of resuspended bacteria was diluted in 300µl 

PBS, and 100µl of diluted virus suspension was added. The mixture was incubated for 2 

h at 37°C with rotation. The mixture was pelleted at 10,000 x g for 5 min at room 
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temperature and the supernatant was removed for enumeration of remaining (unbound) 

viruses using RT-qPCR. The pellet was also retained for enumeration. Positive controls 

consisted of input virus suspension without exposure to bacteria; negatives controls 

consisted of PBS alone.   

 

2.4 Nucleic Acid Extraction and Detection of Viral RNA 

The bacterial supernatants and in some instances, pellets, were processed for RNA 

extraction using the NucliSENS® easyMAG automated system (bioMérieux SA, Marcy 

l’Etoile, France) as per manufacturer instructions, with a final resuspension volume of 

50µl.  

 Detection of viral RNA was carried out using Reverse Transcriptase quantitative 

PCR (RT-qPCR) using primers and probes outlined in Table 2.2. The 25µl PCR reaction 

consisted of 12.5µl 2X reaction buffer (SuperScript® III One-Step qRT-PCR Kit, 

Invitrogen, Grand Island, NY), 0.5µl RT/Platinum® Taq Mix, 400nM forward and 

reverse primers, 200nM fluorescently labeled TaqMan probe and 2.5µl of RNA. A 

CFX96 Touch™ Real Time PCR Detection System (Bio-Rad, Hercules, CA) 

thermocycler was used with the following amplification conditions: (1) reverse 

transcription for 30 min at 50°C; (2) denaturation for 15 min at 95°C; and (3) 45 cycles of 

15 s at 95°C then 30 s at 60°C. All primers and probes utilized the same amplification 

protocol. 

 Standard curves were constructed as previously described (Gentry-Shields & 

Jaykus, 2015) using ten-fold serial dilutions of viral RNA in DEPC-treated water. The 

resulting CT value was plotted against the each serial dilution and analyzed using linear 
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regression to determine a slope. The overall standard curve was a compilation of three-

independent repetitions. The lower limit of detection for a given standard curve was 

considered the lowest dilution at which all three replicates were positive for viral RNA; 

this was designated as 1 RT-qPCRU. The virus input concentration (in RT-qPCRU) 

before exposure to the bacteria, and that in the supernatant after exposure to the bacteria, 

were estimated by comparison to the standard curve.  Because the amplifications 

associated with the viruses bound to the pellet were so variable (potentially due to PCR 

interference associated with excessive amounts of background DNA, data not shown), 

virus capture efficiency was computed based on loss to supernatant, i.e., [(Total virus 

input-virus in supernatant)/total virus input], expressed as a percentage (Stevens & 

Jaykus, 2004). 

 

2.5 Transmission Electron Microscopy (TEM) 

Because of the need for high assay resolution, TEM experiments were done using VLPs 

in place of fecally-derived virus.  The bacteria-virus binding experiments were done as 

described above except for the use of 10µg of VLP (GII.4 Sydney or GII.4 Houston). 

After the bacteria-virus mixture was pelleted, the precipitate was washed and 

resuspended in 500µl 20mM HEPES (Life Technologies, Carlsbad, CA). Fifteen µl of 

each sample was applied to 400-mesh carbon-nickel coated grids (Ladd Research, 

Williston, VT) for 10 min and the excess sample removed using Whatman filter paper 

(Grade 2, 8µm pore size, Sigma-Aldrich, St. Louis, MO). Negative staining was done 

with 10µl 2% aqueous uranyl acetate for 60 s. Negative controls consisted of bacteria 

without exposure to VLPs. Images were visualized using the JEOL 1210 transmission 
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electron microscope (JEOL-USA, Inc., Peabody, MA) at 80 kV courtesy of the Center for 

Electron Microscopy (North Carolina State University, Raleigh, NC).   

 

2.6 Statistical Analysis 

Three independent experiments were performed for each binding assay. Capture 

efficiency data were expressed as mean Log10 concentrations ± standard deviations across 

the experiments, depicted by error bars. Comparisons between the Log10 concentrations 

of the samples within any one virus or media type were done in JMP 11 (SAS Institute, 

Cary, NC) using the Tukey-Kramer honest significant difference test and considered 

significant if p <0.05. 

 

3.0 Results 

3.1 Human norovirus binds to bacteria 

Thirteen bacterial species were originally isolated from the GI.6-positive stool sample 

after growth on TSB, TSB+blood, BA, BA+blood, BHI and/or MRS agars. Primary 

microbial analysis putatively determined identity, and after deletion of duplicates, there 

were eight unique species. These eight strains were sent for 16S rDNA sequencing. Of 

the eight isolated, although appearing different physiologically, three were duplicates on 

the genetic level. The five resulting species were evaluated for their ability to grow on 

different media. Additional reference bacteria were included, i.e., L. gasseri, L. 

plantarum and B. thetaiotaomicron based on their beneficial role within the human gut 

and overall prevalence in the gastrointestinal tract. While most of the bacterial isolates 

were able to grow in all listed media types (Table 1), the lactobacillus and bacteroides 
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species were more fastidious (Table 2.1), and were only able to be compared across 

different viruses, not different growth conditions (Figure 2.1). 

 Suspension assays were used to evaluate the efficiency of binding of select 

bacteria to a group of viruses.  Collectively, all the bacterial species bound to all human 

norovirus strains tested, with GII.4 binding efficiencies generally greater than those for 

GI.6 (Figure 2.1). This preferential binding aligns with reports of GII.4 strains due to 

their rapidly evolving nature and more promiscuous binding patterns than their GI 

counterparts (Debbink et al., 2012). All bacterial strains bound all human norovirus 

strains with high efficiency, as in all cases <1 Log10 of input virus was lost to 

supernatant. For any one bacterial strain, there were no statistically significant differences 

in binding efficiency when percentages were compared across the three norovirus 

genotypes. There were differences between bacteria binding observed for Tulane virus, 

for which individual bacterial strains either bound to the virus at a level statistically 

equivalent to the other norovirus strains, or the bacteria did not bind the virus at all. None 

of the bacterial strains bound the negative control, TCV, to any appreciable degree. 

Taken together, these data suggest that human norovirus-bacteria binding occurs with 

high efficiency but with relatively low inter-strain specificity.  

 

3.2 Human norovirus-bacteria binding efficiency is impacted by growth media  

To further elucidate factors impacting the dynamics of bacteria-virus binding, 

experiments were undertaken in which the bacterial strains were grown in enriched media 

(chopped meat and TSB+blood), nutrient dense media (TSB and BHI), or minimal media 

and then challenged with GII.4 Sydney, the most recent epidemic human norovirus strain 
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(Figure 2.2).  For minimal media or nutrient dense media (TSB or BHI), there were no 

statistically significant differences between the input virus concentrations and virus 

concentrations estimated as bound to bacteria for any of the bacterial species. On the 

other hand, the bacteria-virus binding efficiency notably decreased in enriched media, a 

phenomenon that was statistically significant (p<0.05) in most cases, and most 

pronounced for Bacillus spp., E. faecium, Citrobacter spp., and H. alvei. In general, 

TSB+5% sheep blood had the greatest negative impact on norovirus binding to bacteria. 

A minimal media or reduced strength media produced the most consistent, high degree of 

binding. 

 

3.3 Human norovirus-bacteria binding targets pili and cell membranes   

Three Gram-negative and three Gram-positive bacteria (two ATCC strains and four 

isolates) were viewed using TEM after exposure to either GII.4 Sydney or GII.4 Houston 

VLPs (Figure 2.3 A-C and D-F, respectively). Of the bacteria imaged, three [S. aureus 

(Figure 2.3B), E. faecium (Figure 2.3D), and Citrobacter spp. (Figure 2.3E)] showed 

VLPs bound to the outer cell membrane; two [E. cloacae (Figure 2.3A) and Bacillus spp. 

(Figure 2.3C)] had VLPs bound to pili; and one [H. alvei (Figure 2.3F)] showed evidence 

of VLP binding to both structures. For the latter two instances, the binding was scattered 

around the cell rather than localized to certain structures.  

 

4.0 Discussion 

 Human norovirus infects the gastrointestinal tract (small intestine), although the 

specific cellular target(s) and details of the infection process are still unclear (Sestak et 
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al., 2012; Wobus et al., 2004). It is, however, well established that histo-blood group 

antigens (HBGAs) are a putative receptor/co-receptor for host cell binding for most 

strains (Huang et al., 2005). HBGA and HBGA-like molecules are found not only in 

human cells but also in those of other animals and plants, and even on bacteria 

(Marionneau et al., 2001). These bacterial moieties are not well characterized and their 

relationship to human norovirus binding even less so. Regardless, bacteria are numerous 

in the gut and the potential for norovirus-bacteria interaction--whether beneficial to the 

virus or not--remains high. The purpose of this research was to determine if a select 

group of bacterial species bound to human norovirus, and if so, to characterize the 

intensity and location of that binding.   

 This study provides evidence that naturally occurring fecally-derived bacterial 

isolates, as well as repeatedly cultured ATCC bacteria are capable of interacting with 

human norovirus strains (Figure 2.1 and 2.3). These interactions appear to be specific to 

human strains since (1) all human norovirus genotypes tested bound with high efficiency 

to all bacteria screened;  (2) there were limited interactions between these same bacteria 

and the Tulane virus surrogate, and none with the unrelated TCV; and  (3) bacteria-virus 

binding localized on the bacterial cell membranes and pili (Figure 2.3).   This work builds 

upon, and adds to, recent findings focused on norovirus-bacteria interactions in which 

three candidate bacterial strains (one strain of E. cloacae and two E. coli strains) were 

found to possess HBGA activity and also bind to human norovirus (Miura et al., 2013; Li 

et al. 2015).  

 A significant question arising from all of these studies relates to the role of 

HBGAs in mediating norovirus-bacteria binding.  During the course of this project, we 
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sought to directly determine if select bacterial strains showed evidence of having HBGA-

like moieties using an enzyme-linked immunosorbent assay (ELISA) adapted from 

Manuel et al (2015). Unfortunately, those results were highly variable and the data 

inconclusive (Figure A.1).  Previous studies using assays based on agglutination (Miura 

et al., 2013) or flow cytometry (Li et al., 2015) to determine HBGA activity of bacterial 

isolates have been difficult to reproduce due to unavailability or use of poorly 

characterized reagents. Furthermore, those same studies showed HBGA activity to be 

quite variable, often oscillating between high levels and no expression (Li et al., 2015).  

In short, direct detection of HBGA-like moieties on bacterial cells has been a challenge 

for researchers.  

 Because of this, we used a more indirect RT-qPCR approach to assess bacteria-

norovirus binding.  While this method yielded results supporting binding, it did not 

provide information on how or why that binding occurred.  Thus, the mechanism by 

which norovirus binds to gut bacteria remains hypothetical.  Indirect evidence, however, 

suggests a common ligand, perhaps HBGA-like molecules.  For example, the fact that 

Tulane virus bound to some but not all bacterial strains tested provides evidence for a 

possible HBGA-mediated mechanism, albeit one of relatively low specificity. Tulane 

virus is genetically related to human norovirus and binds HBGAs in a highly selective 

manner (i.e., B and H antigens as well as sialoglycoconjugates), overlapping receptors 

with some virus strains (Rydell et al., 2009). Further, the absence of binding with TCV, a 

genetically unrelated plant virus of similar size, shape and charge to human norovirus 

(Gentry-Shields & Jaykus, 2015) suggests the absence of some common binding moiety 

(Donze et al., 2014). Together, the Tulane and TCV experimental results support the 



 

33 

hypothesis that human norovirus-bacteria binding is more likely to be associated with a 

receptor-ligand interaction rather than a charge-based or indirect interaction.  

 Differences in bacteria-virus binding efficiency as a consequence of media 

formulation has been previously observed (Moody et al., 1969). It has been hypothesized 

that the high level of nutrients in rich media could alter the growth and expression of 

HBGA-like molecules by bacteria; or occlude HBGA sites on the bacteria, preventing 

norovirus binding (Moody et al., 1969). In this study, nutrient dense media significantly 

hampered bacteria-human norovirus interaction.  However, the significance of this in the 

complex system of the small intestine is unknown.  One could make the argument that the 

small intestine would be considered a “nutrient rich” environment, in which case lower 

degrees of HBGA binding might be expected.  On the other hand, the nutrient dense 

times in this organ are short [approximately 1-2 h (Macfarlane, 2008)] and are separated 

by long periods of time devoid of nutrients. Since the bacteria themselves would do the 

majority of their growth in periods with low nutrient levels, it is possible that expression 

of binding ligands might be up-regulated during fasting, such that high levels of ligands 

are present just when the gut would be exposed to the virus. However, there are likely 

many other factors at play, since growth conditions include not only nutrient 

composition, but pH, atmospheric conditions, temperature, and likely, bacterial 

interactions, a combination of which might actually enhance the blood group activity of 

the bacteria, and/or allow for carbohydrates that are usually present at low levels to 

express at higher levels (Moody et al., 1969). Suffice it to say, growth conditions matter 

and further studies on the impact of their manipulation would be useful.  
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 A second question arising from these studies is the impact of bacteria-virus 

interactions on the infection process. Recent work has shown that gut microbiota in mice 

can play a role in virus persistence and/or infection for poliovirus (Kuss et al., 2011; 

Robinson et al., 2014), reovirus strain T3SA+ (Kuss et al., 2011), and murine norovirus 

(MNV) (Jones et al., 2014). Similar to norovirus, poliovirus and reovirus encounter high 

levels of gastrointestinal bacteria during the initial infection process. Studies in mice in 

which the natural intestinal microbiota were depleted via antibiotics have shown 

attenuation of virulence for the viruses (Kuss et al., 2011). The infectious phenotype 

could be recovered by the addition of N-acetylglucosamine-containing bacterial products 

(i.e. peptidoglycan or lipopolysaccharides). Further investigation revealed that virus 

binding to bacterial polysaccharides enhanced virion stability and host cell attachment 

(Robinson et al., 2014).  

 It is possible that human norovirus may utilize bacterial components for a similar 

fitness advantage or to aid the replication cycle.  Building on the finding that 

Enterobacter cloacae, a common gastrointestinal microbe, expresses HBGA-like 

compounds (Miura et al., 2013), Jones et al. (2014) hypothesized that human norovirus 

utilize bacterial HBGA-like molecules to gain entry into the host cell. This supposition 

led to the report of a putative cell culture model put forward by Jones et al (2014). They 

found that human norovirus passaged in a Burkitt’s lymphoma-derived B cell line could 

replicate only in the presence of E. cloacae or by supplementation with synthetic 

HBGAs.  These findings support a possible role for bacterial HBGA-like substances in 

the human norovirus infection process.  
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 To our knowledge, this is the first report in which human norovirus VLPs were 

visualized binding to different bacterial structures, rather than just bacteria in general or 

the exopolysaccharide matrix (Miura et al., 2013).  This binding was selective to cell 

membranes and pili, consistent with Shearer et al. (2014) who found that interactions 

between bacteria and norovirus are contingent on the bacterium itself, as opposed to a 

secreted bacterial component.  These structures on the outside of the cell may help 

mediate adhesion, and/or may also camouflage the bacteria from the host to prevent 

interactions that could be detrimental to the bacteria or the virus. From the virus’ 

perspective, adhering to the pili might place it closer to host cell binding regions, 

facilitating infection. It should be noted that the negative staining used to prepare samples 

for electron microscopy made it difficult to visualize the external structures of the 

bacteria without compromising the ability to see the VLPs. Thus, it is possible that more 

interactions are occurring between the virus and the bacteria that were not visible due to 

methodological limitations.   

 Improved understanding of norovirus-bacterial interactions has widespread 

implications. As discussed above, it may have relevance in elucidating key factors 

mediating initiation of infection and/or penetration of the host cell.  It can also help 

explain why norovirus recovery from food and environmental sample matrices might be 

inefficient; if virus is binding to native bacteria that are discarded in sample preparation, 

then recoveries will be less than optimal. Since the binding interactions were specific for 

human norovirus yet broadly reactive amongst virus strains, if the moiety to which the 

viruses bind could be elucidated, it might result in a broadly reactive ligand for use in 

virus concentration methods and/or diagnostics.  Regardless of potential downstream 



 

36 

applications, the phenomenon of bacteria and virus interaction resulting in advantages to 

one or both of the infectious entities is being increasingly recognized.  The impact of this 

shifting paradigm will need to be considered in many different aspects of human 

norovirus study, providing fruitful avenues for further research and applications. 
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Table 2.1 Bacterial strains and growth media used in this study. 

Bacterial Strain Growth Media Source 
Staphylococcus aureus TSB, or as indicated in 

Figure 2 
ATCC® 23235 

Enterobacter cloacae TSB, or as indicated in 
Figure 2 

ATCC® 13047 

Bacteroides thetaiotaomicron Chopped meat medium ATCC® 29148 
Lactobacillus plantarum MRS Klaenhammer 
Lactobacillus gasseri MRS Klaenhammer 
Klebsiella spp. TSB, or as indicated in 

Figure 2 
This study 

Bacillus spp. TSB, or as indicated in 
Figure 2 

This study 

Enterococcus faecium TSB, or as indicated in 
Figure 2 

This study 

Citrobacter spp. TSB, or as indicated in 
Figure 2 

This study 

Hafnia alvei TSB, or as indicated in 
Figure 2 

This study 
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Table 2.2 Primers and probes used for RT-qPCR detection of viruses in this study. 

Pathogen Primers and Probes (5’-3’) Reference 
GI.1 Norwalk COG1F CGYTGGATGCGNTTYCATGA 

COG1R CTTAGACGCCATCATCATTYAC 

RING1a 6-FAM-AGATYGCGATCYCCTGTCCA-

BHQ1 

RING1b 6-FAM-AGATCGCGGTCTCCTGTCCA-

BHQ1 

(Kageyama et 
al., 2003) 

GII.4 New 
Orleans/Sydney 

JJV2F CAAGAGTCAATGTTTAGGTGGATGAG 

COG2R TCGACGCCATCTTCATTCACA 

RING2P 6-FAM-TGGGAGGGCGATCGCAATCT-

BHQ1 

(Jothikumar et 
al., 2005; 
Kageyama et 
al., 2003) 

Tulane Virus TV2F GAGATTGGTGTCAAAACACTCTTTG 

TV2R ATCCAGTGGCACACACAATTT 

TVP 6-FAM-AGTTGATTGACCTGCTGTGTCA-

BHQ1 

(Sestak et al., 
2012) 

Turnip Crinkle 
Virus 

TCV900F GTTCGACGCATCTTCCATATCT 

TCV900R CTCTTTCCATCAACCCTCTTCTC 

TCV900Probe 6-FAM-
TGGGCAATGGTTTAGACTTTGGAGTCC-BHQ1 

(Gentry-
Shields & 
Jaykus, 2015) 
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Figure 2.1 Binding efficiency of human norovirus and representative surrogate 
viruses to select bacteria. The line indicates the total virus input.  Data are expressed as 
Log10 mean concentration ± the standard deviation of bacteria bound (in RT-qPCRU) 
(bars) and percent binding efficiency as determined by loss-to-supernatant ([total input 
virus-supernatant virus]/total input virus) (numerical). The black bars correspond to 
ATCC or control strains. The gray bars correspond to bacteria isolated in this study. All 
bacteria grew anaerobically in TSB with the following exceptions: B. thetaiotaomicron 
(chopped meat medium), L. gasseri (MRS) and L. plantarum (MRS). Asterisks (*) 
represent values were there was a statistically significant difference (p<0.05) between the 
viral input load and the bacterial capture amount based on Log10 RT-qPCRU 
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Figure 2.2 Binding efficiency of the GII.4 Sydney when bacterial strains were grown in different media. The line 
indicates the total virus input.  Data are expressed as mean Log10 concentration of bacteria bound ± the standard deviation (in 
RT-qPCRU) (bars) and percent binding efficiency as determined by loss-to-supernatant ([total input virus-supernatant 
virus]/total input virus) (numerical). Letters indicate statistically significant differences (p<0.05) between the amount of virus 
bound for any one bacterial strain cultured using different growth media
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Figure 2.3 Transmitting electron micrograph of select bacteria with GII.4 VLPs. Transmitting electron microscopy (50,000x) photos 
of select bacteria to which are bound GII.4 Sydney (A-C) and GII.4 Houston (D-F) VLPs. Bacteria present are as follows: (A) E. cloacae, 
(B) S. aureus, (C) Bacillus spp., (D) E. faecium, (E) Citrobacter spp., and (F) H. alvei. Select VLPs are highlighted with the arrows, 
although additional VLPs may be present in the image. Images shown are representative of multiple fields of view.
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Abstract 

Histo-blood group antigens (HBGAs) are the putative host cell receptor/co-receptor for 

human norovirus.  These are highly polymorphic terminal glycans that are found on 

human cells but also in other animals, on plants and even on bacteria.  Recent studies 

have found that human norovirus is capable of binding to select bacteria, and this 

interaction appears to be mediated by HBGA-like molecules on the bacteria. The purpose 

of this study was to further characterize this binding across multiple bacterial species and 

viruses so as to identify candidate ligands that might be responsible for these virus-

bacteria interactions. Seven bacteria (Enterobacter cloacae, Staphylococcus aureus, 

Klebsiella spp., Bacillus spp., Enterococcus faecium, Citrobacter spp., and Hafnia alvei) 

were evaluated via Western blot for their ability to bind to antibodies of HBGA type AB, 

B and H; a similar assay was done using lectins that targeted individual sugar 

components associated with specific HBGA structures. Virus overlay assays using VLPs 

specific to GI.1 Norwalk, GI.6, GI.7; and GII.1, GII.4 Sydney, and GII.17 were done to 

further narrow down the residues having preferential norovirus interactions. Each 

bacterial species screened possessed (1) SDS-PAGE band sizes ranging from 140- to 15-

kDa; (2) varying degrees of HBGA-like activity; and (3) a unique binding pattern to the 
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HBGA antibodies tested. Both GI and GII norovirus VLPs bound specific bacterial 

residues, and the individual sugars involved (N-acetyl-galactosamine, α-D-galactose or α-

L-fucose) were identified by a lectin-binding assay. A 35-kDa glycoprotein from select 

bacteria was chosen for further analysis because it was present in all studied HBGAs, 

bound all six of the norovirus VLPs tested, and had a high affinity for the biotinylated 

lectins. This band, corresponding to four members of the Enterobacteriaceae family, was 

analyzed using LC-MS/MS, and the results were evaluated using Scaffold and NCBI 

Blast to identify and determine the homology between the peptides present. Two outer 

membrane components were highly conserved across the four bacterial strains tested--

outer membrane protein A and major outer membrane lipoprotein. Collectively, this work 

suggests that individual glycoproteins with varying carbohydrate residues may be 

responsible for human norovirus-bacteria interactions. Future studies focused on 

elucidating the exact glycan moieties responsible for these interactions have significant 

implications in understanding human norovirus infectivity and pathogenicity, and 

developing reagents to aid in cultivation and diagnostics.  
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1.0 Introduction 
 
 Human norovirus is the leading cause of viral gastroenteritis worldwide (Ahmed 

et al., 2014), yet despite the high incidence of disease, there are still gaping holes within 

norovirus research. Over ten years ago, the putative cellular receptor for human norovirus 

was identified--histo-blood group antigens (HBGAs; (Harrington et al., 2002). These 

antigens are polymorphic terminal glycans found on red blood cells, gastrointestinal cells 

and secreted in saliva (Marionneau et al., 2001). The identification of a cellular receptor 

started a wave of studies looking into human norovirus-HBGA interactions, but 

researchers shortly discovered the relationship is quite complicated because of genotype-

specific HBGA binding (Harrington et al., 2004; Huang et al., 2005). There are two 

overarching virus-HBGA binding categories, i.e., those norovirus genotypes that bind to 

AB antigens and those that bind to Lewis antigens. Within these categories there are eight 

more specific binding patterns having variable HBGA affinities (Huang et al., 2003). For 

some human norovirus strains, researchers have failed to find HBGA binding (Huang et 

al., 2003). Unfortunately, the inability to clearly define human norovirus cellular 

receptors, along with the absence of a suitable in vitro cell culture system or small animal 

model, have complicated comprehensive study of these viruses (Lay et al., 2010; 

Newman & Leon, 2015). Work has been done with cultivable surrogate viruses such as 

murine norovirus (MNV; Gonzalez-Hernandez et al., 2014; Jones et al., 2014) and 

Tulane virus (Farkas et al., 2008; Sestak et al., 2012), but the need to understand the 

complex pathogenicity of human norovirus remains. 

 HBGA-like moieties have been found in other animals, on plants and even on 

bacteria (Esseili et al., 2012; Miura et al., 2013; Springer et al., 1961; 1962). The 
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bacterial findings have been known since the 1960s (Springer et al., 1961; 1962), but the 

potential relevance to human norovirus has only been explored recently. Initial studies 

have found human norovirus is capable of binding to select bacteria, and this interaction 

is hypothesized to be dependent on HBGA-like molecules (Miura et al., 2013). For 

example, an agglutination assay was used to identify HBGA-like activity on Enterobacter 

cloacae and further work demonstrated that various human norovirus virus-like particles 

(VLPs) were able to bind to the extrapolysaccharide layer of E. cloacae, where the 

activity was localized. That particular study prompted another group, Jones et al. (2014), 

to develop a putative cell culture model capable of modest human norovirus replication in 

the presence of either synthetic HBGAs or heat-killed E. cloacae.  The investigators 

suggested that luminal HBGAs might not be the only source of norovirus receptors 

during the infection process, but that a bacterial component may supplement the host.  A 

recent study identified two HBGA-positive Escherichia coli serovars that also interacted 

with human norovirus, in this case HBGAs were detected and quantified using flow 

cytometry (Li et al., 2015).  

 While these studies collectively suggest versatility of the norovirus-bacteria 

interaction, the select bacteria identified (i.e., two E. coli strains and one E. cloacae 

strain) make up only a small portion of the thousands of species present in the human 

gastrointestinal tract. In addition, the bacterial components utilized during these 

interactions have not been identified.  The overarching hypothesis upon which this work 

is based that bacterial HBGA-like moieties are at least in part responsible for norovirus-

bacteria binding.  Using a combination of Western blot and proteomics, the purpose of 

this study was to further characterize the binding across multiple bacterial species and 
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viruses so as to identify candidate ligands that might be responsible for these virus-

bacteria interactions. 

 
2.0 Materials and Methods 
 
2.1 Virus-Like Particles (VLPs), Antibodies, and Lectins 

Virus-like particles (VLPs) were provided courtesy of Dr. Robert Atmar (Baylor College 

of Medicine, Houston, TX). Six different VLPs were used throughout the course of this 

study: GI.1 Norwalk (stock concentration 3.7 mg/ml); GI.6 (4.6 mg/ml); GI.7 (0.8 

mg/ml); GII.1 (0.9 mg/ml); GII.4 Sydney (1.0 mg/ml); and GII.17 (2.6 mg/ml). 

Antibodies used in the virus overlays, i.e., Ab3912 (for assays using GI.1, GI.6, GI.7 

VLPs) and NS14 (for assays using GII.1, GII.4 Sydney, GII.17) were obtained from the 

same source.  Primary antibodies to HBGA antigens used in Western blots were all 

provided by Abcam (Cambridge, U.K.) and corresponded to blood groups AB (ab24223), 

B (ab24224), and H (ab24213); and blood groups Lewis a (ab2967), Lewis b (ab3968), 

and Lewis y (ab3359). Biotinylated lectins included those isolated from Bandeiraea 

simplicifolia (Sigma-Aldrich, St. Louis, MO), Dolichos biflorus (Bio-world, Dublin, 

OH), Lens culinaris agglutinin (Vector Laboratories, Burlingame, CA) and Ulex 

europaeus agglutinin (Vector Laboratories).  

 

2.2 Bacterial Strains and Growth Conditions 

Seven different bacterial strains were used in this study. Two reference strains were 

supplied by the American Type Culture Collection, i.e., Staphylococcus aureus (ATCC 

25235) and Enterobacter cloacae (ATCC 13047). The remaining five strains (Klebsiella 

spp., Bacillus spp., Enterococcus faecium, Citrobacter spp., and Hafnia alvei) were 
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previously isolated from GI.6 norovirus positive stool (as shown in Chapter 3). For all 

studies, bacterial strains were grown aerobically at 37°C overnight in 40ml of half-

strength tryptic soy broth (TSB; Thermo Fisher Scientific, Waltham, MA).  

 

2.3 SDS-PAGE Protein Gels 

Overnight cultures were centrifuged at 10,000 x g for five min, and resuspended in 4ml of 

1X phosphate buffered saline (PBS; pH 7.2, Life Technologies, Carlsbad, CA). The 

resuspensions were chilled on ice for ten min prior to undergoing sonication using a 

Branson Digital Sonifier 450 (Branson Ultrasonics Corporation, Danbury, CT) to disrupt 

cellular integrity. Samples were sonicated at an amplitude setting of 60% for 7 rounds of 

10 s followed by 20 s on ice, or until the samples were cooled. Lysates were mixed 1:1 

with 2X Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA) supplemented 

with β-mercaptoethanol (Thermo Fisher Scientific) or stored at -80°C until use. Samples 

were mixed thoroughly and boiled in screw-top microcentrifuge tubes for 5 min. They 

were then loaded in 25µl aliquots into 12% mini-PROTEAN TGX precast gels (Bio-Rad 

Laboratories) with a spectra multicolor broad range protein ladder (Thermo Fisher 

Scientific) included on each gel to determine protein size. Biotinylated HBGAs were 

included as positive controls. Gels were run for 35 min at 200 V using the mini-

PROTEAN gel box system (Bio-Rad Laboratories) in a Tris-glycine buffer. Protein gels 

not being transferred to a membrane were stained with AcquaStain protein gel stain 

(Thermo Fisher Scientific) until band development. The gels were washed 3 times for 10 

min each in DEPC water to remove residual stain, and then soaked in fresh DEPC water 

overnight. 
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2.4 Western Blots Using Antibodies and Lectins 

Western blots were done at room temperature using both HBGA primary antibodies and 

select lectins.  In preparation for blots, SDS-PAGE protein gels were transferred to 

0.45μm nitrocellulose membranes (Bio-Rad Laboratories) using a Mini Trans-Blot 

electrophoretic transfer cell (Bio-Rad Laboratories) and blocked at 4°C overnight in 

SuperBlock blocking buffer (Thermo Fisher Scientific). To determine HBGA activity, the 

membranes were exposed to PBS containing 0.5% skim milk/0.05% Tween 20 and 

supplemented with a 1:500 ratio of the appropriate primary antibody. Membranes were 

incubated for 1 h with shaking and washed three times for 10 min each using PBS-0.5% 

Tween (PBS-T).  They were then exposed for 2 h to secondary antibody (Anti-mouse 

IgG-alkaline phosphatase; Sigma-Aldrich) diluted 1:5000 in PBS with 5% skim milk-

0.5% Tween. Membranes were again washed thrice in PBS-T and developed for 30 min 

with a 5-bromo-4-chloro-3-indoyl-phosphate/p-nitroblue tetrazolium chloride 

(BCIP/NBT) solution (MP Biomedicals, Santa Ana, CA). Biotinylated HBGAs (A, B or 

H; Glycotech, Gaithersburg, MD) were included as a positive control, while growth 

media or a biotinylated HBGA not being tested was included as a negative control.  

 The protocol for Western blots probed with lectins was similar to that above 

except that 10μg of biotinylated lectin was used in place of primary antibody; and 

streptavidin-conjugated horseradish peroxidase (Invitrogen, Carlsbad, CA) at a 1:5000 

dilution followed by addition of the One-Step TMB-Blotting Substrate Solution (Thermo 

Fisher) was used for signal development. The lectin positive controls were the HBGA 

containing the residue of interest (e.g. Dolichos biflorus binds N-acetyl-galactosamine, a 

component of A antigen; Bandeiraea simplicifolia binds α-D-galactose, a component B; 
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Ulex europeas binds α-L-fucose, a component of H antigen). Lectin negative controls 

were unreactive biotinylated HBGAs.  

 

2.5 Virus Overlays 

The virus overlay protocol was adapted from Kikkert et al. (1998). In brief, an SDS-page 

protein gel and cellulose membrane transfer was performed, but the membrane was not 

blocked overnight. Rather, it was washed three times in binding buffer (25 mM Tris-HCl 

[pH 7.5], 50mM NaCl, 2mM dithioretitol [DTT], 2 mM EDTA, 0.25% Tween 20; 10 min 

each), then washed four times in renaturation buffer (25 mM Tris-HCl [pH 7.5], 50mM 

NaCl, 2mM DTT, 2 mM EDTA; 5 min each), prior to incubation overnight in fresh 

renaturation buffer. The blot was washed twice in 5% skim milk-0.05% Tween 20 (5 min 

each), followed by 30 min incubation in overlay buffer (5% skim milk-0.05% Tween 20, 

2% polyvinylpyrrolidone). Diluted VLPs (2 μg/ml) were added to 10ml of overlay buffer 

and incubated with the blot for 2 h followed by washing three times in 0.5% skim milk-

0.05% Tween.  This was followed by exposure to primary antibody [Ab3912 (GI.1, GI.6, 

GI.7) and NS14 (GII.1, GII.4 Sydney, GII.17)] and development as described above for 

Western blots. As a positive control, 10μl of 1:1000 diluted norovirus antibody was 

included in each blot for viral adherence. Uninnoculated media was included as a 

negative control. 

 

2.6 Blot Quantification 

Blot band intensity was quantified using ImageJ software (National Institute of Health, 

Bethesda, MD). Briefly, blots were saved as .tif files, and each lane was evaluated using 
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the rectangular selections tool. These plot profiles were evaluated and the area of each 

peak was determined using the analyze gels feature. All bands for a given blot were 

compared to the positive control included on that blot. For the virus overlays, the top 

band from each antibody was used. The positive control was given a relative intensity 

value of 1.0. The formula for calculating the relative density for each band was as 

follows: [(area of experimental band)/(area of control band)]. Values over 1.0 were 

considered to be an elevated signal. 

 

2.7 Outer Membrane Protein Isolation 

Bacteria were grown in 40ml of half strength TSB, and then resuspended 1ml of PBS on 

ice. Outer membrane proteins were then extracted using the ReadyPrep Membrane I 

Protein Extraction Kit (Bio-Rad Laboratories) as per manufacturer instructions and used 

immediately after isolation. 

 

2.8 Lectin Capture Assay 

Biotinylated lectins (10μg) were incubated overnight at 4°C with 1ml of freshly isolated 

outer membrane protein. Simultaneously, 30μl of Dynabeads MyOne Streptavidin C1 

(Invitrogen) were blocked in 470μl 5% skim milk overnight at 4°C. After blocking, the 

beads were removed from the skim milk using a magnetic rack, and wash twice with 

PBS. The lectin-outer membrane protein mixture was added to the blocked Dynabeads. 

This mixture was incubated for 30 min at room temperature with rotation. The excess 

outer membrane proteins were removed using a magnetic rack, and the captured outer 

membrane proteins were washed with PBS. The beads were resuspended in 100μl of 
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PBS. Following resuspension, 25μl of each sample was mixed with Laemmli buffer for 

use in two SDS-PAGE protein gels. One gel was stained with AcquaStain as previously 

described, and destained overnight. The other gel was transferred to nitrocellulose 

membrane and a virus overlay was used to confirm the proteins retained norovirus VLP 

binding capabilities. Based off of previous experiments with HBGA, lectin, and virus 

binding, a 35-kDa band was chosen for further protein analysis using LC/MS. 

 

2.9 Liquid-Chromatography-Mass Spectrometry (LC-MS/MS) 

The 35-kDa bands identified for E. cloacae, Klebsiella spp., Citrobacter spp., and H. 

alvei were cut from the protein gel and stored in DEPC water. These were sent overnight 

to MS Bioworks (Ann Arbor, MI), for sample preparation and analysis. In brief, samples 

were washed with 25mM ammonium bicarbonate and then reduced with 10mM 

dithiothreitol at 60°C, followed by alkylation with 50mM iodacetamide at room 

temperature. They were then subjected to a 4 h trypsin (Promega, Madison, WI) digestion 

at 37°C and quenched with formic acid. Supernatants were analyzed using a LC-MS/MS 

NanoAcquity high performance liquid chromatography system (Waters Corporation, 

Milford, MA) interfaced with a Thermo Fisher Q Exactive. Peptides were loaded onto a 

trapping column and eluted over a 75µm analytical column at 350nl/min. The resulting 

data were searched using Mascot (Matrix Science, Boston, MA). The following Universal 

Protein Resource (UniProt) databases were used to determine proteins present in the 

samples: UniProt Hafnia alvei ATCC 13337, UniProt Enterobacter cloacae, UniProt 

Citrobacter freundii and UniProt Klebsiella oxytoca. The data were parsed into Scaffold 

software (Proteome Software, Portland, OR) for validation, filtering, and to create the 



 

 58 

non-redundant protein list for each sample. MS Bioworks used the following criteria to 

filter the data: a minimum protein value of 90%, a minimum peptide value of 50% 

(Prophet scores), and at least two unique peptides per protein. Results were displayed as 

spectral counts and the Scaffold files were provided for further analysis. 

 

2.10 Data Analysis 

Scaffold files contained search results, coverage maps and peptide lists for further 

analysis. The non-redundant protein list for each bacterial sample was compiled to 

determine a comprehensive protein list across all tested samples. Due to the size of the 

protein of interest (35-kDa), proteins greater than 50-kDa were omitted. Protein 

homology was determined using the National Center for Biotechnology Information 

(NCBI; Bethesda, MD) protein Blast feature and the protein sequences provided in 

Scaffold. To maximize consistency in the data, proteins from each organism screened 

were compared only to other sequences found during analysis, not against the available 

bacterial databases.  Proteins were evaluated based on percent identity, query cover and 

the expected (E) value. Proteins with an E value <10-10 were considered homologous 

(Pearson, 2013). Proteins unique to a single organism were separated to determine a core 

proteome. The conserved proteins were analyzed to determine clusters of orthologous 

groups (COGs) and protein function. A hierarchal cluster semi-quantitative analysis using 

Ward’s method was performed in JMP 11 (SAS Institute, Cary, NC). 
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3.0 Results  

3.1 Bacteria contain histo-blood group-like antigen activity 

SDS-PAGE band sizes ranged from 140- to 15-kDa in size.  Based on Western blot 

analysis, all bacteria screened reacted positively upon exposure to one or more anti-

HBGA antibodies, suggesting that they each possess residues with HBGA-like activity 

(Figure 3.1). This activity was unique to each bacterium based on (1) the total combined 

intensity of banding (Figure 3.1); (2) the specificity of the banding relative to different 

HBGAs (Figure 3.1); (3) the number of protein bands per bacteria species reacting with 

each individual anti-HBGA antibody (Table 3.1); and (4) the molecular weight of each 

reactive band (Table 3.1). For all bacteria tested, and all anti-HBGA antibodies screened 

(with the exception of Lewis y; Figure B.1), there were at least two different sized protein 

bands capable of binding HBGA antibodies. Despite overlap between HBGA type AB 

and B, the binding profiles observed for each antibody remained unique, potentially 

suggesting different target sites.  The predominant protein band showing HBGA activity 

on each bacterium differed.  Although there were some instances of relatively large band-

to-band density variation for any one strain, those strains having a high degree of total 

HBGA banding density also showed correspondingly high individual banding densities.  

For instance, E. faecium possessed the lowest levels of overall HBGA activity, had only 

three total bands (2 for AB and 1 for B) and the highest relative density observed was 

1.04±0.37. Conversely, nine bands characterized the Bacillus spp. activity, and all nine 

bands had a relative density greater than 1.0 (Figure 3.1 and Table 3.1). 

 The 35-kDa band was the most abundant (Table 3.1), and was found to have 

reactivity with H, AB and B antibodies, in addition to the Lewis antibodies (a, b, and y; 
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Figure B.1; Table B.1). This band was present in all bacteria tested, with the exception of 

E. faecium, which also possessed the lowest overall degree of HBGA-like activity. The 

reactivity of the 35-kDA band with HBGA antibody was extremely high (relative density 

almost always >1.0), with the exception of the AB antigen for Klebsiella spp. (relative 

density of 0.87±0.19). There was little evidence of bacterial HBGA-like activity in 

association with lower molecular weight bands (i.e. 25-, 17- or 15-kDa), in which case 

expression was at low levels and highly variable (Table 3.1). This variability was 

observed across larger mass bands as well. The largest band size observed, 140-kDa, had 

the least variability, possibly due to its limited mobility within the protein gel. 

 

3.2 Norovirus virus-like particles (VLPs) bind to bacteria at specific residues 

To determine if human norovirus bound to protein bands on which HBGA-like residues 

were observed, virus overlays were completed using three GI VLPs (corresponding to 

GI.1, GI.6, and GI.7 strains) and three GII VLPs (corresponding to GII.1, GII.4 Sydney 

and GII.17 strains). The binding patterns for the VLPs as a function of band reactivity 

with H, AB and B antibodies (detailed in Table 3.1) is displayed in Figure 2, which is 

also overlaid with the number of GI VLPs (Figure 3.2A; Figure B.2) and GII VLPs 

(Figure 3.2B; Table B.2) which bound to each band associated with each organism. 

Overall, the 35-kDa bands, which possessed the highest degree of HBGA-like activity, 

bound one or more of the GI and GII VLPs for all bacteria except E. faecium.  The 35-

kDa bands corresponding to all seven bacterial strains bound all three of the GII VLPs 

tested.  The same 35-kDa band corresponding to five of the bacteria strains also bound all 

three of the GI VLPs screened; the GI VLPs preferentially bound to other residues for the 
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S. aureus and the E. faecium strains. For S. aureus, there was preferential binding of all 

three GI VLPs to the 50-kDa bands.  In several cases, two of three or one of three VLPs 

of the GI and GII panel bound to different residues, but no notable trends were observed 

in those binding patterns. Although in general those bands having bacterial residues with 

higher HBGA binding signals also bound a wider range of VLP types, there were 

instances for which bands showing high HBGA activity did not correlate with high or 

diverse degrees of VLP binding.  This disconnect was especially obvious for the higher 

molecular weight residues.  On the other hand, some of the VLPs bound to residues for 

which there was no evidence of HBGA-like activity (Figure 3.2; Table B.2). This 

phenomenon was mainly observed for the lower molecular weight bands.  

 

3.3 Lectins add additional sugar specificity to bacterial binding sites 

Lectins bind to specific glycan residues that may be present in HBGAs, thus providing 

greater specificity in analyzing VLP binding (Figure 3.3; Table B.3). Therefore, lectins 

were used in binding assays (1) to attempt to pinpoint the specific sugar residues 

responsible for norovirus binding; and (2) to determine if biotinylated lectins showed 

high enough correlation with HBGA activity and virus binding to facilitate identification 

of glycoproteins of interest. Overall, the lectin band binding patterns differed 

significantly from those observed for the HBGA binding assays.  For example, for the 

HBGAs, the antibody corresponding to the anti-B antigen produced the most diverse 

banding patterns as juxtaposed to the Bandeiraea simplicifolia lectin (which also binds α-

D-galactose), which had the least variable binding pattern of the lectins. Additionally, for 

the HBGAs only H. alvei and Citrobacter spp. possess a bacterial residue at the lower 
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molecular weights (17- or 15-kDa; consistent with B-like activity); however, while no 

15-kDa band was present, all of the lectins tested had an affinity for a 17-kDa band 

possessed by the four Gram-negative bacteria (E. cloacae, Klebsiella spp., Citrobacter 

spp., and H. alvei) indicative of A, B and H-like activity.  

 The reactivity of the 35-kDa residues, which was so prominent in the HBGA 

binding data, was reduced in the lectin binding studies. The intersection of anti-HBGA 

activity, VLP binding and lectin binding can be seen in Figure 3.3. There were no real 

patterns observed when comparing bands that bound to both VLP and lectin (but not 

HBGA) across the different bacteria (red highlighted).  In this case, VLP binding may 

occur because of the presence of specific sugars rather than specific HBGAs. In cases 

with band binding observed for anti-HBGA, lectin, and VLPs (orange highlighted), the 

data were particularly compelling for the Dolichos biflorus lectin, which binds N-acetyl-

galactosamine, a component of the A antigen. Specifically, the abundant 35-kDa band 

bound all bacteria except E. faecium, i.e., there was a positive correlation between lectin, 

HBGA and virus binding across five of other six bacteria for this band. The putative 

glycoproteins associated with this 35-kDa band were chosen for further study because (1) 

they showed high levels of HBGA activity for all anti-HBGA antibodies tested for five of 

the seven bacteria (exceptions being S. aureus and E. faecium); and (2) they bound to all 

six human norovirus VLPs tested. The bacterial isolates E. cloacae, Klebsiella spp., 

Citrobacter spp., and H. alvei were chosen for these experiments. These bacteria were 

selected because they are all members of the Enterobacteriaceae family, and while it is 

well accepted the E. cloacae possesses HBGA-like activity (Miura et al., 2013; Jones et 
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al., 2014), the three other strains--rather than being repeatedly cultured as an ATCC 

strain--were isolated as part of the natural gut microflora.   

 

3.4 LC-MS/MS identifies potential glycoproteins of interest 

The bacterial proteins extracted using the ReadyPrep Membrane I Protein Extraction Kit 

were captured using the biotinylated lectin as described above. The captured lectin 

products were separated, run on a protein gel, and virus overlay was done to confirm that 

the 35-kDa band could still bind the VLPs (data not shown).  The 35-kDa bands were 

excised and further analyzed by LC-MS/MS using the Uniprot peptide databases describe 

above. Since two of the bacterial fecal isolates are not full characterized, the Uniprot 

databases were searched using Klebsiella oxytoca and Citrobacter freundii to represent 

fecal isolates that could only be typed at the genus level (i.e., Klebsiella spp. and 

Citrobacter spp., respectively). The original protein lists obtained for each bacterial 

species were condensed to 98 unique proteins (Figure B.3) found across the four different 

bacterial types: E. cloacae, K. oxytoca, C. freundii, and H. alvei. This list was further 

separated into 53 proteins found in multiple bacterial isolates and 45 proteins unique to 

an individual bacterium. Further analysis focused on the proteins common to two or more 

bacterial species (Figure 4). 

 Spectral counts provided from the LC-MS/MS analysis determined the relative 

abundance of proteins within the bacterial sample. These values were higher for the more 

widely conserved proteins, and lower for those proteins only common to a few bacteria 

(Figure 3.4).  There was variation in the relative abundance, with E. cloacae having the 

most numerous spectral counts and highest amount of protein recovered overall.  After 
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normalizing these data to account for this variation, the trends remained the same (Figure 

B.4). The proteins in this comprehensive list could be separated into molecules having 

three major functions: (1) extracellular or outer membrane components; (2) intracellular 

processes and regulation; or (3) metabolism (Table B.4). Since a potential norovirus-

binding glycoprotein is likely expressed outside the cell, additional characterization 

focused on the extracellular or outer membrane components protein subset (Table 3.2). 

 The outer membrane components were common across all four bacteria analyzed 

with high levels of homology, whereas the transport systems (extracellular proteins) were 

less conserved and more variable in sequence and structure (Table 3.2). There were a 

total of 15 proteins identified having correspondence to the bacterial outer membrane. Of 

these, nine were present in three or more of the four bacteria analyzed. These conserved 

proteins were more closely examined to determine their amino acid homology between 

the different species. In general, H. alvei had the most unique protein sequences, although 

these were still highly homologous (i.e. excess similarity implying a shared common 

ancestor) to the other bacterial proteins (Table B.5). While there are reports in the 

literature of proteins being highly similar with E values as high as 0.001, homology was 

discerned at an E value of 10-10 for protein sequences, with a sequence identity greater 

than 20% (Pearson, 2013).  

 

 

4.0 Discussion 

Human norovirus causes millions of cases of gastroenteritis each year (Ahmed et al., 

2014), yet there are still many questions surrounding the infectious process of this global  
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pathogen. Although the target cell type for human norovirus has still not been definitively 

elucidated, there is abundant evidence to suggest the cellular receptors/co-receptors are 

HBGAs (Debbink et al., 2012; Shirato-Horikoshi et al., 2007; Tan & Jiang, 2005). 

Surprisingly, there is less conclusive evidence as to the necessity of these HBGAs to the 

infection process, or their source, be it human (Huang et al., 2005) or bacterial (Jones et 

al., 2014; Miura et al., 2013). The overarching hypothesis upon which this work was 

based is that bacterial HBGA-like moieties are at least in part responsible for norovirus-

bacteria binding.  Using a combination of Western blot and proteomics, the purpose of 

this study was to further characterize binding across multiple bacterial species and viruses 

so as to identify candidate ligands that might be responsible for these virus-bacteria 

interactions.  The approach described here allowed for identification of putative bacterial 

cellular components that contribute to norovirus binding based on (1) reactivity with anti-

HBGA antibodies; (2) the ability to bind GI and GII norovirus VLPs; and (3) their 

reactivity with lectins having overlapping residues with HBGAs.  Proteomics approaches 

allowed for further refinement of the list of candidate proteins. 

 The Western blot experiments showed direct interaction between HBGA 

antibodies and seven bacterial strains (2 ATCC strains and 5 fecal isolates), a finding 

which by association implies that these bacteria possess proteins having HBGA-like 

moieties.  This finding is consistent with early studies documenting that HBGA-like 

molecules occur commonly in bacterial species (Springer et al., 1961; Moody et al., 

1969). Also consistent with more recent studies (Li et al., 2015; Miura et al., 2013), this 

HBGA-like activity differed by bacterial strain. In general, one specific HBGA-like 

activity occurred per bacterium (e.g. Bacillus spp. type AB or S. aureus type H), with 
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reactivity to the other two antibodies occurring at lower levels. The exception was E. 

faecium, which only contained modest levels of both AB and B activity (ratios of 1.29± 

0.13 and 0.72±0.31, respectively). Interestingly, the Gram-negative bacteria tested had 

greater reactivity with the antibody to HBGA type B, with both AB and H activity 

present at lower levels. The similarities between the Gram-negative bacteria may be due 

to homologous structures across the related Enterobacteriaceae and could suggest that 

Gram-negative and Gram-positive bacteria interact with norovirus using different 

mechanisms. It is possible that this is related to pili or fimbrial structures [Chapter 3, 

Figure 3] as data show that VLPs were found only in association with the outer 

membrane of both S. aureus and E. faecium, while they may bind preferentially to 

protruding structures in Gram-negative bacteria.  

 Another surprising finding was the variety of bacterial protein bands that showed 

HBGA antibody binding activity. For example, the antibody to the B antigen alone bound 

to six different bands, several of those with high affinity (Table 3.1). Interestingly, if a 

bacterium possessed B activity, binding did not occur with all of bands (e.g. E. cloacae 

had three of six bands implicated in B activity, whereas H. alvei had four of six). These 

findings suggest that rather than a single glycoprotein expressed throughout the outer 

membrane of each bacterium, there may be multiple proteins with different glycosylation 

sites to solicit binding from the different HBGA antibodies. Conversely, when there are 

glycoproteins of the same protein size but different HBGA activities, there could 

potentially be cross-reactivity with the antibody used, or there could be multiple 

glycosylation sites across the protein, with carbohydrate variation across each site (de 

Kort et al., 1999). Another potential interpretation is that these proteins work together 
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collectively, with the 35-kDa component or complex being the most efficient for 

antibody binding and potentially norovirus binding (Figure 3.2). The smaller residues, 

while inefficient binders on their own, may provide a better target when used together, 

and the ideal glycoprotein size may vary from antibody to antibody or across virus 

strains. Regardless, the strongest and most consistent antibody binding occurred in 

association with a common 35-kDa band across all four HBGA antibodies screened and 

virtually all bacteria. 

 The overlay assays provided further evidence that bands containing HBGA-like 

residues do indeed bind human norovirus.  However, this binding was not uniform in 

strength or in specificity. For instance, a VLP might have bound to a certain band 

previously identified as having HBGA-like activity, but it did not bind to all of the 

residues found on that bacterium that were positive for that activity.  This tendency was 

especially obvious amongst the HBGA-active bands of lower molecular weight, for 

which S. aureus, E. cloacae and Citrobacter spp. all had a 25-kDa band with B activity, 

but none of those bands bound to either the GI or GII norovirus VLPs. Additionally, 

fewer viruses bound to the abundant high molecular weight bands in favor of the 35-kDa 

residues (Figure 3.2). This finding may be due to the accessibility of binding sites within 

the larger proteins or potentially slight sugar variations that permit binding to HBGA 

antibodies but occlude binding of the VLPs. These results suggest that HBGA activity 

exhibited by a bacterium does not guarantee human norovirus binding. It also implies the 

HBGA antibody and VLPs may have both similar and different binding targets on a 

bacterial cell. 
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 Interestingly, VLPs also bound to bands that were not identified as positive for 

HBGA activity on that particular bacterium. Again, this observation was mainly limited 

to the protein bands with lower molecular weights. For example, there were ten instances 

of GI VLPs binding a bacterial residue with a molecular weight less than or equal to 25-

kDa. Of those ten instances, only two of them correlated with previously identified 

HBGA-like binding, whereas the eight remaining residues were HBGA-negative. A 

similar pattern was observed for the GII VLPs where there were five instances of VLPs 

binding to the smaller bacterial residues, and only one of these interactions correlated 

with previously identified HBGA-activity. There are several possible reasons for this 

observation. For instance, the antibodies used in this study were raised against human 

HBGAs, and it is quite likely that human HBGAs are structurally different from their 

bacterial counterparts, resulting in reduced antibody binding for the bacterial moieties 

(Muschel & Osawa, 1959; Springer et al., 1961).  Alternatively, the glycoproteins 

associated with the small bands may not have been abundant enough to yield a 

discernable signal using a more broadly reactive HBGA antibody, but the high 

concentration of the VLPs, and the fact that the capsid is composed of a single protein 

type, facilitated binding. It may also be due to subtle or not so subtle differences between 

the antibody-binding site and the VLP binding site.  In this case, the VLP binding may 

provide the more concrete evidence of the virus-bacteria interactions. Indeed, the 

norovirus VLPs corresponding to strains having no known HBGA ligand (e.g., GI.3, 

GII.1) (Han et al., 2014) were still able to bind protein bands from various bacteria. In 

fact, the GII.1 VLP bound to a 35-kDa band present on all the bacteria (Figure 3.2). 
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Given this observation, there may be an important structural difference between human 

and bacterial HBGA-like moieties.  

 The VLP binding specificity and strength had some correlation with the size of 

the protein band. For example, all of the 35-kDa bands identified for all of the bacteria 

screened bound to all three of the GI VLPs. Likewise, all of the 35-kDa bands bound to 

all the GII VLPs. This conserved binding among bacteria and VLP genotypes for this 

particular band suggests a binding pocket on the norovirus VLP potentially common 

amongst these strains, or a bacterial moiety capable of bridging the differences within the 

binding pockets. The fact that VLP binding to protein bands having higher or lower 

molecular weights was more variable (Figure 3.2) may support potential binding pocket-

specific interactions. Specifically, there have been both major and minor binding residues 

identified for synthetic HBGA carbohydrates, so it is possible that some of the smaller 

protein bands were unable to interact with the requisite amino acids on the norovirus 

capsid (Tan & Jiang, 2011). On the other hand, steric hindrance from the larger proteins 

might have prevented the essential sugars from interacting within the binding pocket.  

 Although previously used to distinguish HBGA-like moieties in plants (Esseili et 

al., 2012), to our knowledge this is the first time lectins have been applied in this manner 

to determine bacterial HBGA activity. Lectins identify specific sugar residues [i.e., N-

acetyl-galactosamine (Dolichos biflorus), α-D-galactose (Bandeiraea simplicifolia) and 

α-L-fucose (Ulex europaeus) and their use in this study conferred an additional layer of 

specificity to determining potential carbohydrate residues that might mediate binding, if 

indeed the bands probed correspond to glycoproteins. The literature shows that of the 

four core sugars associated with histo-blood group antigens (i.e. fucose, galactose, 
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galactosamine and/or glucosamine), a combination of two of the four are required for 

HBGA activity (Springer, 1970). Therefore, it is possible that combinations uncommon 

amongst human HBGAs may be the predominant structure on bacterial glycoproteins. 

The lectin data lends itself to this hypothesis, as all of the residues that were associated 

with HBGA activity and lectin binding also conferred VLP binding; however, some 

bacterial residues were also capable of binding the lectin and the norovirus VLP, without 

any detected HBGA activity (Figure 3.3). This discrepancy was found across bands of 

both high and low molecular weights, suggesting either a specificity issue with the 

HBGA antibodies tested, or a structural difference between the HBGA antibody target 

and the bacterial moiety. It is also possible that the bacterial residues only utilize one of 

the required sugars for VLP binding (i.e. only the N-acetyl-galactosamine rather than the 

N-acetyl-galactosamine and fucose present on the A antigen), rather than multiple sugars 

as suggested in the norovirus literature (Singh et al., 2015) . 

 Using biotinylated lectins and SDS-PAGE, it was possible to separate and purify 

a group of bacterial proteins of common molecular weight (35-kDa) having the highest 

degree of joint virus, HBGA and lectin binding of those screened. These were then 

subjected to LC-MS/MS analysis.  The bacteria chosen for this analysis were the ATCC 

strain of E. cloacae and the Klebsiella spp., Citrobacter spp., and H. alvei fecal isolates. 

These four bacteria were chosen because they (1) possess higher degrees of HBGA-like 

activity; (2) had a wider range of banding molecular weights; and (3) had especially high 

levels of HBGA expression for the 35-kDa protein, which also bound to all six norovirus 

VLPs tested (Figure 3.2). Additionally, these bacteria are all part of the 
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Enterobacteriaceae family, so if there was a glycoprotein common to all of the norovirus 

interactions, it would be more obvious to spot amongst closely related bacterial species. 

 Even though the bacterial outer membrane fraction was isolated for LC-MS/MS 

analysis, the list of candidate proteins produced included outer membrane components, 

intracellular proteins, and metabolism enzymes. The majority of these proteins, with the 

exception of the outer membrane components, have been described as non-classically 

secreted or “moonlighting” proteins in other bacteria (Bendtsen et al., 2005). These 

proteins are found commonly along the outside of the cell, and as shown in Figure 3.4, 

with relatively high abundance.  For example, proteins involved in ribosomal structure or 

biogenesis (e.g. ribosomal subunits, elongation factors) and carbohydrate transport or 

metabolism (e.g. enolase, glyceraldehyde-3-phosphate dehydrogenase) may all be 

considered “moonlighting” proteins due to their uses both inside and outside the cell 

(Bendtsen et al., 2005). In addition to those proteins mentioned, it has been shown that 

highly conserved or “ancient enzymes” commonly found in sugar metabolism, and other 

proteins expressed at high levels, are more likely to cross the membrane (Huberts & van 

der Klei, 2010). Although it is possible human norovirus interacts with one of these 

multi-tasking proteins, the subsequent analysis focused on the more likely candidates, the 

outer membrane proteins (Table 3.2). 

 Nine highly conserved proteins were chosen for further analysis. Two of these 

proteins were outer membrane components, one was involved in the synthesis of the 

outer membrane (2-dehydro-3-deoxyphosphooctonate aldolase), and six were transporters 

(Table 3.2). Despite some of the lower sequence identities observed within the transport 

systems (e.g. 27-28% for the E. cloacae glutamine transporter), all nine of the proteins 
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were highly conserved across the bacteria tested, with e values--the likelihood of that 

protein sequence occurring by chance alone--less than 10-10. Both of the outer membrane 

proteins (outer membrane protein A and major outer membrane lipoprotein) are 

peptidoglycan-associated lipoproteins, and common to all four of the tested bacteria.  

They are found exclusively on the outside of the cell and both are involved in 

peptidoglycan binding, making them ubiquitous (Table 3.2). Interestingly, the major 

outer membrane lipoprotein actually has a molecular weight of 8-kDa, and it is curious 

that this protein did not migrate further on the protein gel. However, this observation may 

lend credence to the suggestion that these proteins are working in conjunction, and larger 

complexes may account for the variation in observed banding sizes. Carbohydrate 

availability may also be an issue, as the larger complexes may block some of the 

glycosylated residues.  Suffice it to say, these two proteins are prime candidates for 

involvement in norovirus-bacteria interactions. 

 Future work should focus on characterizing the glycan structure on these two 

candidate proteins, including identification of glycosylation sites. To confirm the 

involvement of these specific proteins in norovirus-bacteria binding, both could be 

engineered for over-expression and/or knocked-out with subsequent observation of the 

impact on HBGA-like activity and norovirus binding. Additionally, this work focused on 

the Gram-negative bacteria; Gram-positive proteins may be responsible for HBGA-like 

binding as well, but remain unidentified and could be a fruitful avenue for future work. 

 There are a number of important implications/applications for these findings. 

Based on the hypothesis of Jones et al. (2014) a bacterial component can supplement the 

host receptor in providing available HBGAs to facilitate norovirus infection, it is possible 
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that the proteins identified here might serve this purpose.  It is also possible that bacterial 

HBGA-like moieties could supply the source of carbohydrate required for norovirus 

strains without a known HBGA ligand to infect host cells. Furthermore, understanding 

this relationship between human norovirus and bacteria may provide future therapeutic 

targets or aid in vaccine development. Within the realm of diagnostics, there is still no 

broadly reactive ligand for use in separating, concentrating, and/or detecting all norovirus 

strains.  By determining the glycoproteins responsible, we are one step closer to 

identifying a carbohydrate capable of these wide ranging interactions. Furthermore, as 

carbohydrates are notoriously difficult to work with, overexpressing a glycoprotein 

containing the target residue may eliminate the need for synthetic manufacturing of these 

molecules.  

 This study is the first to comprehensively explore the interactions between gut-

associated bacteria and human norovirus, with a focus on HBGA-like binding residues. 

The underlying hypothesis was that bacterial HBGA-like moieties are at least in part 

responsible for norovirus-bacteria binding. Our evidence suggests both Gram-negative 

and Gram-positive bacteria possess HBGA-like moieties or closely related sugars. These 

bacterial components are capable of binding both GI and GII human norovirus, although 

the size of the glycoprotein, the overall HBGA-activity and number of viruses bound by 

each bacterial residue vary. To identify glycoproteins potentially responsible for these 

interactions, four Gram-negative bacteria were further evaluated by LC-MS/MS and 

multiple outer membrane proteins with high homology were identified as potential 

candidates. Clearly, norovirus-bacteria interactions are highly diverse, and likely not 

limited to select members of the gastrointestinal population or a single binding moiety. 
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This work is the first to identify potential bacterial glycoproteins with broad reactivity to 

both GI and GII human norovirus. Future studies focused on elucidating the exact glycan 

moieties responsible for these interactions have significant implications in understanding 

human norovirus infectivity and pathogenicity, and developing reagents to aid in 

cultivation and diagnostics.  
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Figure 3.1 Cumulative relative HBGA density observed for each bacterium tested. 
Western blot bands were processed semi-quantitatively using ImageJ software. Each 
HBGA was tested separately, and band intensities for each bacterial lysate were 
normalized against a positive control (biotinylated HBGA). The bars represent the overall 
sum of the bands present per bacteria for each HBGA. Data shown represents the mean of 
two replicates with the standard deviations as indicated.
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Table 3.1 Bacterial HBGA-like activity and corresponding Western blot band size.  Numbers correspond to relative band 
intensity; (++) indicates strong bands (relative absorbance >1.0); (+) indicates weak bands (relative absorbance <1.0); and (-) 
indicates no band observed. 

Protein band size 
(kDA) 

H AB B 

50 35 140 100 50 35 140 50 35 25 17 15 

S. aureus 5.34 
±1.51 
(++) 

3.53 
±1.4

0 
(++) 

0.47 
±0.04  

(+) 

- 3.28 
±0.27  
(++) 

- 0.43 
±0.04 

(+) 

0.99 
±0.88 

(+) 

1.40 
±0.08 
(++) 

0.28 
±0.24 

(+) 

- - 

E. cloacae - 1.47 
±0.2

9 
(++) 

0.81 
±0.18 

(+) 

- - 1.30 
±0.08 
(++) 

1.59 
±0.79 
(++) 

- 4.81 
±1.95 
(++) 

0.28 
±0.25 

(+) 

- - 

Klebsiella spp. - 2.52 
±0.0

6 
(++) 

1.13 
±0.31 
(++) 

- - 0.87 
±0.19 

(+) 

1.04 
±0.07 
(++) 

- 2.66 
±1.95 
(++) 

- - - 

Bacillus spp. 1.53 
±0.86 
(++) 

2.53 
±0.3

5 
(++) 

2.35 
±0.46 
(++) 

3.85 
±2.76 
(++) 

1.68 
±0.19 
(++) 

1.75 
±0.98 
(++) 

1.19 
±0.04 
(++) 

1.38 
±1.22 
(++) 

2.64 
±0.34 
(++) 

- - - 

E. faecium - - 1.04 
±0.37 
(++) 

- 0.26 
±0.44 

(+) 

- 0.72 
±0.31 

(+) 

- - - - - 

Citrobacter spp. 0.35 
±0.60 

(+) 

2.21 
±0.1

1 
(++) 

1.30 
±0.76 
(++) 

0.22 
±0.31 
 (+) 

0.05 
±0.08 

(+) 

1.89 
±1.09 
(++) 

1.01 
±0.22 
(++) 

- 4.12 
±0.28 
(++) 

0.28 
±0.17 

(+) 

- 0.17 
±0.24 

(+) 

H. alvei 2.11 
±1.56 
(++) 

5.32 
±1.7

2 
(++) 

0.74 
±0.30 

(+) 

- - 2.17 
±1.25 
(++) 

0.79 
±0.17 

(+) 

- 5.98 
±1.98 
(++) 

- 0.22 
±0.27 

(+) 

0.13 
±0.18 

(+) 
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Figure 3.1 Norovirus VLP binding as a function of bacterial HBGA-like binding. 
Virus overlays were completed for GI and GII VLPs using (A) GI.1, GI.6 and GI.7 and 
(B) GII.1, GII.4 Sydney and GII.17, respectively. Band sizes from virus overlay assays 
are colored based on the number of norovirus VLPs that bound to each residue: 0 (white); 
1 (light gray); 2 (medium gray) or 3 (dark gray). The relative density of the HBGA 
Western blot analysis (transposed from Table 1) is depicted in the background as follows: 
(++) indicates strong bands (relative absorbance >1.0); (+) indicates weak bands (relative 
absorbance <1.0); and  
(-) indicates no band observed.  

A. 

B. 
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Figure 3.2 Bacteria-lectin binding activity as a function of VLP binding activity. 
Each lectin and its associated terminal sugar moiety are shown at the top of the figure.  
Note that only bands for which one or more of the lectins bound to one or more of the 
bacteria are included in the top row. Band densities from lectin-based Western blots are 
depicted as follows: (++) indicates strong bands (relative absorbance >1.0); (+) indicates 
weak bands (relative absorbance <1.0); and (-) indicates no band observed.  Colors 
correspond to joint binding between bacteria, HBGA antibody, and/or VLP. Specifically, 
red represents those residues bound by VLPs with no corresponding HBGA residue 
observed. Orange represents residues positive for lectin, HBGAs and viruses.  White 
represents no lectin or VLP binding observed. 
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Figure 3.3 Hierarchal two-way cluster heat map for bacterial protein spectral 
counts. A hierarchal two-way cluster heat map depicting the different spectral counts per 
protein for each bacterium tested. The legend depicting the overall protein abundance of 
each bacterial species is shown to the right. Blue depicts proteins in low abundance, with 
the shading increasing towards red as the proteins detected become more abundant. 
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Table 3.2 Comparison of the homologous outer membrane proteins identified upon 
LC-MS/MS analysis of the 35-kDa band. Percent sequence identity is shown as a 
range, with the number of bacteria tested in parentheses. A dash indicates a protein that 
was not present for that bacterial strain. 
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Accession Protein Description H. alvei E. cloacae C. freundii K. oxytoca 
Outer Membrane Components 

PRK05198 
2-dehydro-3-

deoxyphosphooctonate aldolase 

75-76% 

(4) 

75-88% 

(4) 

 76-88% 

(4) 

76-88% 

(4) 

PRK15396 
Major outer membrane 

lipoprotein 

89% (4) 89-100% 

(4) 

89-99%(4) 89-100% 

(4) 

PRK10808 Outer membrane protein A 
75-76% 

(4) 

75-88% 

(4) 

76-88% (4) 76-85% 

(4) 

Transport Systems 

PRK15007 
Arginine transporter periplasmic 

protein 

- 92-95% 

(3) 

95% (3) 92-95% 

(3) 

PRK05621 ATP synthase gamma chain 
90-91% 

(3) 

 91-93% 

(3) 

- 90-93% 

(3) 

PRK11260 
Cystine transporter periplasmic 

protein 

37-38% 

(4) 

37-94% 

(4) 

38-94% (4) 38-92% 

(4) 

PRK10653 
D-ribose transporter periplasmic 

protein 

84% (4) 84-97% 

(4) 

84-97% (4) 84-95% 

(4) 

PRK10797 
Glutamine transporter 

periplasmic protein 

- 27-28% 

(3) 

27-95% (3) 28-95% 

(3) 

PRK15437 
Histidine transporter periplasmic 

protein 

- 89-92% 

(3) 

91-92% (3) 89-91% 

(3) 
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Abstract 

The need for improved pathogen separation and concentration methods to reduce time-to-

detection for foodborne pathogens is well recognized. Apolipoprotein H (ApoH) is an 

acute phase human plasma protein that has been previously shown to interact with 

viruses, lipopolysaccharides (LPS) and bacterial proteins. The purpose of this study was 

to determine if ApoH was capable of binding and efficiently capturing two representative 

human norovirus strains (GI.1 and GII.4), a cultivable surrogate, and four bacterial 

pathogens (Escherichia coli O157:H7, Listeria monocytogenes, Salmonella enterica 

serovar Enteritidis, and Staphylococcus aureus). Experiments were carried out using an 

ApoH-conjugated magnetic bead-based capture followed by pathogen detection using 

nucleic acid amplification. For all three viruses studied, >10% capture efficiency (<1 

Log10 loss in RT-qPCR amplifiable units) was observed.  The same capture efficiencies 

were observed for the bacterial pathogens tested, with the exception of E. coli O157:H7 

(approximately 1% capture efficiency, or 2 Log10 loss in CFU equivalents).  The 

efficiency of the capture steps did not vary as a consequence of input target concentration 

or in the presence of an abundance of background microflora.  A complementary plate-
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based capture assay showed that ApoH bound to a variety of human norovirus virus-like 

particles. ApoH has the potential to be a broadly reactive ligand for separating and 

concentrating representative foodborne pathogens, both bacteria and viruses.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 86 

1.0 Introduction 

Foodborne pathogens are responsible for approximately 9.4 million illnesses each year in 

the United States, with an estimated total illness cost of $14.0 billion annually (Batz et al, 

2012; Scharff, 2012).  About 58% (5.5 million) of these illnesses are caused by human 

norovirus (Scallan et al, 2011). While the bacterial foodborne pathogens are responsible 

for fewer illnesses (3.6 million each year), they constitute the majority of serious 

outcomes (Scallan et al, 2011). Nontyphoidal Salmonella spp., the most common 

bacterial causative agent, is the leading cause of foodborne related hospitalizations (35%) 

and deaths (28%) (Centers for Disease & Prevention, 2013), while Listeria 

monocyotogenes is the third leading cause of foodborne disease deaths (19%) (Scallan et 

al, 2011; Gandhi & Chikindas, 2007). Two other important foodborne pathogens are 

shiga toxin-producing Escherichia coli (STEC, for which E. coli O157:H7 is the most 

common serovar.), and Staphylococcus aureus which causes self-limiting food 

intoxication associated with food handling and subsequent temperature abuse (Rangel et 

al, 2005; Kadariya et al, 2014).  

 Regulators and industry alike use microbiological testing as one tool to manage 

these foodborne disease agents. The inability to cultivate human norovirus in vitro means 

that separation and concentration of low levels of virus particles from food matrices is 

necessary prior to detection, which is done using molecular amplification methods. 

Conversely, it is possible to enrich low levels of most bacterial pathogens, however 

enrichment steps are time-consuming, often taking up to two days. Waiting for test 

results has many implications, both financial (e.g., storage and warehousing, reduced 

product shelf-life) and public health in nature.  In fact, users of testing methods almost 
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universally recognize that the enrichment and/or concentration process is the single most 

limiting factor in the development of near real-time methods for foodborne pathogen 

detection (Dwivedi & Jaykus, 2011).  

 There is a need to develop methods that either shorten enrichment times, or allow 

bypass of enrichment steps.  Separation and concentration of pathogens from the sample 

matrix prior to detection is necessary in order to achieve these goals.  This so-called “pre-

analytical sample processing” is of increasing interest to the detection sector and 

approaches have been reviewed elsewhere (Stevens & Jaykus, 2008; Dwivedi & Jaykus, 

2011).  The most commonly used methods for pathogen separation and concentration are 

immuno-magnetic separation (antibody-conjugated paramagnetic beads) or affinity 

magnetic separation (ligand-conjugated paramagnetic beads) (Fluit et al, 1993a; Fluit et 

al, 1993b; Liebana et al, 2009; Stevens & Jaykus, 2008). However, depending on the 

ligand, these methods have their disadvantages, and none is ideal (Dwivedi & Jaykus, 

2011).  For example, it is very difficult to find broadly reactive ligands for capture of all 

human norovirus genotypes (and for some bacteria as well); binding affinities can be 

poor, and cost and/or shelf-life can be problematic.  No ligand has binding specificity to a 

comprehensive and diverse group of foodborne pathogens.  

 Apolipoprotein H (ApoH), also known as beta2-glycoprotein I, is an acute phase 

protein found circulating in human plasma (Bouma et al, 1999). ApoH has already been 

shown to interact directly with a number of different viruses such as hepatitis B, rotavirus 

and human immunodeficiency virus (Adlhoch et al, 2011; Stefas et al, 1997; Stefas et al, 

2001).  It also binds with high affinity to LPS on Gram-negative bacteria (Agar et al, 

2011) and specific proteins on two Gram-positive pathogens, S. aureus (Zhang et al, 
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1999) and Streptococcus pyogenes (Nilsson et al, 2008). The broad range specificity of 

ApoH may provide a viable alternative to current pathogen-specific techniques (e.g., 

antibody capture) for the concentration and separation of viral and bacterial pathogens 

from food or environmental samples.  

 The purpose of this study was to determine whether ApoH-conjugated magnetic 

beads could be used to capture norovirus (representative human genotypes and the Tulane 

virus, a cultivable surrogate) and select Gram-negative (E. coli O157:H7 and S. enterica 

serovar Enteritidis) and Gram-positive (L. monocytogenes and S. aureus) bacteria from 

solution.  The efficiency of this concentration and separation technique was also 

determined.  

 

2.0 Materials and Methods 

2.1 Virus Strains 

The genogroup I, genotype 1 (GI.1) Norwalk virus (NV) (courtesy of Dr. Christine Moe, 

Emory University, Atlanta, GA) and a GII.4 New Orleans outbreak strain (courtesy of 

Dr. Shermalyn Greene, North Carolina State Laboratory of Public Health, Raleigh, NC) 

were obtained as stool samples and diluted 10-20% in phosphate buffered saline (PBS) 

(MP Biomedicals, Santa Ana, CA). Tulane virus was propagated in the LLC-MK2 cell 

line as previously described (Farkas et al, 2008) and recovered after three sequential 

freeze-thaw cycles. All virus stocks were aliquoted and stored at -80°C until used.  Serial 

dilutions of whole viruses were prepared in PBS or proprietary 1X Binding Buffer (ApoH 

Technologies, Villaneuve St Georges, France). 
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2.2 Bacterial cultures and plating 

Stock cultures of Escherichia coli O157:H7 (ATCC 43895), Listeria monocyotgenes 

(ATCC 19115), Salmonella enterica serovar. Enteritidis (ME46) and Staphylococcus 

aureus (ATCC 25235) (all from the American Type Culture Collection, Manassas, VA) 

were propagated aerobically overnight at 37°C in Brain Heart Infusion (BHI) broth 

(Fisher Scientific, Waltham, MA) before experiments. Plating for enumeration was 

carried out using the pour plate technique on BHI agar. Plates were grown for 24-48 h at 

37°C prior to counting colonies.  

 

2.3 Magnetic Bead Binding to Pathogens 

Magnetic bead capture of viruses was performed using the ApoH-CaptoVIR kit (ApoH 

Technologies), whereas bacteria were captured using both the ApoH-CaptoVIR and 

ApoH-CaptoBAC kits (ApoH Technologies). Serial dilutions of whole virus particles or 

bacteria were prepared in 1X PBS (Life Technologies, Carlsbad, CA). One hundred 

microliters of the serially diluted pathogen was added to 900µl of binding buffer prepared 

as per the manufacturer instructions (ApoH Technologies).  Ten microliters of ApoH-

coated magnetic beads (ApoH Technologies) were added to each of the pathogen/binding 

buffer suspensions and incubated with rotation at 4°C for 60 min.  

 

2.4 Nucleic Acid Extraction 

For the virus samples, beads were removed from the suspension using a magnetic rack 

and were washed twice with PBS-0.05% Tween (PBS-T) before being resuspended in 

2ml of easyMAG Lysis Buffer (bioMérieux SA, Marcy l’Etoile, France).  Beads were 
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removed from the lysis buffer using a magnetic rack, and the buffer was processed for 

RNA extraction using the NucliSENS® easyMAG automated system (bioMérieux), with 

a final resuspension volume of 40µl. To determine input virus concentration, 100µl  of 

serially diluted virus suspension (described in section 2.1 above) was added to 1800µl  of 

easyMAG Lysis Buffer, which was then processed for nucleic acid extraction as above. 

RNA was stored at -80°C until use.  

 For bacteria samples, beads were removed from suspension using a magnetic rack 

and the supernatants were reserved for cultural enumeration. The beads were gently 

washed and resuspended in 200µl of PBS. The PBS-bead mixture was added to 750µl 

Lysis Solution in a ZR BashingBead Lysis Tube for DNA extraction using the ZR 

Fungal/Bacterial DNA Miniprep kit (Genesee Scientific, San Diego, CA, USA) as per 

manufacturer instructions. To determine input CFU for each bacterial concentration, 

100µl of each dilution mixed with 100µl of PBS went directly into the Lysis Solution for 

DNA extraction. The DNA was reconstituted into 40µl of elution buffer and kept at -

20°C until use.  

 Samples containing both virus and bacteria were run in parallel, with one sample 

being processed for viral RNA isolation and the other for bacterial DNA isolation. These 

samples were prepared as above, however the binding buffer was reduced to 800µl to 

accommodate the increase in input sample volume. Unlike the initial studies looking at 

bacteria capture alone, input bacteria concentrations for bacteria-virus co-capture 

remained constant at approximately 106 cfu/mL, while virus dilutions [10-1, 10-2 and 10-3, 

dilutions corresponding to approximately 104, 103 and 102 input RT-qPCR amplifiable 

units (RT-qPCRU), respectively] were evaluated. 
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2.5 Detection and Quantification of Viral RNA 

Detection of viral RNA was carried out using Reverse Transcriptase quantitative PCR 

(RT-qPCR) using the SuperScript®III Platinum® One-Step qRT-PCR kit (Life 

Technologies) with the primers and probes outlined in Table 1. The amplification 

temperature profile was as follows: 30 min at 50°C, 15 min at 95°C; 45 cycles of 15 s at 

95°C, 30 s at 60°C.  Thermal cycling was done using a Bio-Rad CFX96 Touch Real-

Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA). Standard 

curves were generated using 10-fold serial dilutions of RNA extracted from stock virus 

(GI.1 or GII.4), and RNA extracted from serially diluted cell culture lysate containing 

Tulane virus.  Consistent with others (Tung et al, 2013), the cycle threshold (Ct) values 

were plotted against each respective dilution, and the highest dilution for which three 

positive signals were obtained from three separate runs was defined as one RT-qPCR unit 

(RT-qPCRU); this also corresponded to the lower limit of detection of the assay. RT-

qPCR was performed on both sample ‘input’ and sample ‘output’ (virus captured by 

ApoH-coated beads).  The capture efficiency was determined by using the following 

equation:  [(RT-qPCRU corresponding to virus captured by ApoH-conjugated 

beads)/(RT-qPCRU corresponding to input virus)] x 100. 

 

2.6 Detection and Quantification of Bacteria 

As has been previously reported for other ligands (Boulanger & Edelstein, 1995; Cullison 

& Jaykus, 2002), inconsistent counts were obtained when performing cultural 

enumeration on the ApoH bead-bound bacteria (data not shown). Therefore, capture 

efficiency for the bacterial work was determined based on loss to supernatant (evaluated 



 

 92 

using cultural methods) and/or by qPCR performed on DNA extracts corresponding to 

captured bacteria. For the former approach, input bacteria and the non-adherent bacteria 

in the discarded supernatant after bead capture were plated for enumeration on brain heart 

infusion agar.  Percent capture was calculated using the following formula: [(total 

concentration of input bacteria-concentration of bacteria in supernatant)/(total 

concentration of input bacteria)] x 100 (Stevens & Jaykus, 2004). After several sets of 

experiments, it was clear that there were no statistically significant differences between 

bacteria enumerated by cultural vs. qPCR based methods, so the latter analyses were 

done using solely the qPCR approach.  

 Amplification of bacterial DNA was carried out using the primers and probes 

described in Table 1. The reagents used were the Platinum® Taq DNA Polymerase kit 

(Life Technologies) supplemented with a dNTP mix (Life Technologies). The 

amplification temperature profile was as follows: 10 min at 95°C; 40 cycles of 20 s at 

95°C, 30 s at 56°C and 1 min at 72°C. The same PCR cycling conditions were used for 

all bacteria (Rodríguez-Lázaro et al, 2004), done using a Bio-Rad CFX96 Touch Real-

Time PCR Detection System. Standard curves were generated using 10-fold serial 

dilutions of DNA extracted from untreated overnight bacterial cultures. The resulting 

bacterial Ct values were plotted against the input bacteria based off of serial dilution and 

plating, and analyzed using linear regression to determine the slope. To approximate the 

bacterial counts, the experimental Ct values were converted to CFU equivalents (CFU-E) 

by application of the standard curves.  Bacteria capture efficiency based on qPCR was 

calculated as follows: [(qPCR-based CFU-E corresponding to bacteria captured by 

ApoH-conjugated beads)/(CFU-E corresponding to input virus] x 100.  



 

 93 

2.7 Virus-Like Particles (VLPs) 

Three GI virus-like particles (VLPs) [GI.1, GI.6, and GI.7], and six GII VLPs [GII.2 

(Snow Mountain, SMV), GII.4 (Houston, HOV; Grimsby, GRV), GII.6, GII.7, GII.12 

and GII.17] (courtesy of Dr. Robert Atmar, Baylor College of Medicine, Houston, TX), 

were used in this study.   

 

2.8 Plate-Based ApoH Capture Assay 

VLPs described above were diluted in PBS to a final concentration of 3mg/ml.  ApoH- 

coated microplates (ApoH Technologies, Villaneuve St Georges, France) were incubated 

with 100µl of VLP suspension per well (four wells per replicate) at 37°C for 90 min as 

per manufacturer instructions.  Negative controls (four wells of PBS containing no VLPs) 

were included in all replicates.  Suspensions were removed from the wells, and then 

blocked using Superblock (Thermo Fisher) for 2 h at 4°C.  Wells were thrice washed 

using 200µl PBS-T.  One hundred microliters of primary antibody (Ab3901 for GI, 

AbNS14 for GII; courtesy of Dr. Robert Atmar, Baylor College of Medicine) was added 

to each well at a concentration of 3mg/ml.  Samples were incubated at 37°C for 60 min, 

followed by washing three times with 200µl PBS-T.  One hundred microliters of 

secondary antibody (Ab6789; Abcam, Cambridge, UK) was then added to each well and 

incubated at 37°C for 60 min.  Wells were washed again thrice with PBS-T and 100µl of 

TMB 2-Component Microwell Peroxidase Substrate System (Fisher Scientific, Waltham, 

MA) was added with incubation at room temperature for 15 min. Absorbance was 

measured at 450nm using a TECAN Infinite M200 Pro plate reader (TECAN Systems, 
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Inc. San Jose, CA).  Values were considered significant if the positive/negative ratio was 

greater than 2.0 (Tian et al, 2006). 

 

2.9 Statistical Analysis 

Three independent replicates were performed for each experiment. Data were expressed 

as means ± standard deviation for Log10 concentration across the experiments, depicted 

by error bars. Comparisons between samples were done in JMP (SAS Institute, Cary, 

NC) using the Tukey-Kramer honest significant difference test and considered significant 

if p <0.05. 

 

3.0 Results 

3.1 ApoH Bead-Based Capture of Whole Virus Particles 

A comparison of the RT-qPCRU corresponding to whole virus particles before and after 

capture using ApoH-coated beads is presented in Figure 4.1.  In virtually all instances, 

there was no statistically significant difference between input virus concentration and that 

recovered using the ApoH beads (p>0.05), indicating a high degree of capture efficiency.  

On a percentage basis, >23% of the input virus was captured by the beads; hence, virus 

loss during capture was always <1 Log10 RT-qPCRU.  The limit of detection for TV 

capture-RT-qPCR occurred at the 10-6 dilution, or approximately 100 input RT-qPCRU 

(Figure 4.1a); for NV, 10-4, or approximately 10 input RT-qPCRU (Figure 4.1b); and for 

GII.4, 10-4, or approximately 10 input RT-qPCRU (Figure 4.1c). 
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3.2 ApoH Capture Assay for VLPs 

Because of an interest in evaluating the reactivity of ApoH with a variety of human 

norovirus strains, 11 VLP types were used in a plate-based ApoH capture assay. Seven 

VLP types could be captured by the plate assay (positive/negative ratio >2.0; Figure 4.2).  

VLPs GI.6, GI.7, GII.3 and GII.6 showed mean positive/negative ratios of <2.0, meaning 

poor capture efficiency (Tian et al, 2006).  The highest degree of capture was observed 

for the GII.4 HOV VLP strain, although significant capture and detection was also 

observed for the GI.1, GII.2 SMV, GII.4 GRV, GII.7, GII.12 and GII.17. 

 

3.3 ApoH Capture of Bacteria  

The capture efficiency, as evaluated by qPCR and cultural enumeration, for the four 

bacteria tested using the ApoH-CaptoVIR kit are shown in Figure 4.3a.  Using the qPCR 

method and E. coli O157:H7, there was a significant difference (p<0.05) between the 

input concentration and that captured.  Specifically, capture efficiency for E. coli 

O157:H7 ranged from 2.1-5.0% for all bacteria concentrations tested, indicating close to 

a 2 Log10 loss during the capture step. For the Gram-positive bacteria and S. enterica, the 

capture efficiencies were much better, ranging from 29.2%- 92.0% (for all initial bacteria 

concentrations), or <1 Log10 loss during the capture step. On the other hand, there were 

no statistically significant differences (p>0.05) when comparing capture efficiencies for 

all four bacteria based on results using the cultural method (Figure 4.3b).   When 

comparing the performance of the ApoH-CaptoBAC kit to that of the ApoH-CaptoVIR 

kit, a significantly reduced efficiency of capture based on both the qPCR and cultural 

methods was again observed for E. coli O157:H7 (Figure C.1).  The ApoH-CaptoVIR kit 
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was chosen for subsequent experiments due to the desire to evaluate one single kit for its 

efficacy in capture of both bacteria and viruses.  

 

3.4 ApoH Capture from Mixed Samples  

To evaluate the potential for competition between bacteria and viruses when in the same 

sample, ApoH capture of GII.4 Sydney human norovirus in the presence of different 

bacterial pathogens (Figure 4.4a) and bacterial capture in the presence of virus (Figure 

4.4b), was evaluated. The virus capture data under these circumstances was consistent 

with that obtained using virus-only suspensions, with an approximate 1 Log10 loss in viral 

genome copy number after capture compared to input, across all bacteria at all 

concentrations. The bacterial capture performance was also consistent with the previous 

studies, with a <1 Log10 loss across three out of four bacteria, regardless of viral load. As 

was the case for bacteria only, the E. coli O157:H7 maintained the previously observed 1-

2 Log10 loss during ApoH capture when suspended in solutions also containing norovirus. 

 

4.0 Discussion 

The need to shorten and simplify methods to detect bacterial and viral pathogens in food 

and environmental samples is well established.  The most commonly used approach to 

achieve this is concentration and purification of the target from the sample matrix just 

prior to detection. In this proof-of-concept study, ApoH was used for this purpose.  For 

all three viruses studied at all concentrations, >10% capture efficiency (<1 Log10 loss in 

RT-qPCRU) was observed, even when viruses were co-captured in the presence of 

bacteria.  The same can be said for the bacterial pathogens tested, with the exception of 
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E. coli O157:H7 (approximately 1% capture efficiency, or 2 Log10 loss).  The efficiency 

of the capture steps did not vary as a consequence of input target concentration or in the 

presence of an abundance of background microflora.  A complementary plate-based 

capture assay showed that ApoH bound to a variety of human norovirus VLPs. Overall, 

the results demonstrate that ApoH has the potential to be a broadly reactive ligand for 

separating and concentrating foodborne pathogens, with an affinity for a variety of 

human norvovirus strains, in addition to both Gram-negative and Gram-positive bacteria.  

 The literature describes various capture methods for human norovirus. In early 

work, Schwab et al. (2001) used antibodies, but to-date the commercially available 

antibodies lack broad reactivity with a variety of norovirus genotypes. Histo-blood group 

antigens (HBGAs), the putative human norovirus host receptor/co-receptor, have recently 

gained attention for use in norovirus capture. For example, Tian et al (2010) used 

magnetic beads coated with various HBGAs to capture a number of GI and GII norovirus 

strains from clinical samples.  While the method worked, no single HBGA was able to 

capture all of the virus genotypes screened.  Porcine gastric mucin has been used in place 

of purified HBGAs (Tian et al. 2008), but is also not broadly reactive.  Single stranded 

DNA aptamers have the potential to be specific to human norovirus, yet broadly reactive 

enough to encompass most strain variants.  In one study, ssDNA aptamers were shown to 

significantly bind to 13 out of 14 VLP genotypes tested (Escudero-Abarca et al, 2014), 

and were also able to capture a representative GII.4 strain inoculated on to lettuce (limit 

of detection about 10 genome equivalent copies). The ApoH conjugated magnetic beads 

in this study were shown to capture both GI and GII norovirus, as well as the surrogate, 

Tulane virus.  The results from the plate-based capture assay demonstrated that ApoH 
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bound more than half of the VLPs included in this study, boding well for relatively broad 

reactivity. 

 Current pathogen concentration methods range from general (e.g. high speed 

centrifugation, filtration) to specific (immunomagnetic separation), with a emphasis on 

separating the organisms from sample matrices, removing inhibitors and reducing sample 

size while maintaining viability/infectivity. Physical processes are usually the most 

general forms of concentration, relying mainly on particle size to separate components of 

interest. Chemical approaches such as adsorption/elution or polyethylene glycol 

precipitation are more relevant to viral pathogens but in that realm, are still not very 

specific. Biological approaches have greater specificity, often using antibodies or phages 

to target individual bacterial strains, with high capture efficiencies (Dwivedi & Jaykus, 

2011). In one study, cell wall-binding domains of bacteriophage endolysins for specific 

bacteria were conjugated to paramagnetic beads and shown to capture selected bacteria 

with efficiencies of over 90% (Kretzer et al, 2007). However, concentration strategies 

such as these are limited in scope, as specialized approaches focus on capturing and 

detecting a single bacterial or viral pathogen per test. For a more broadly reactive 

application, a system needs to be developed where strain variation, pathogen type 

(bacterial, viral, protozoal) or emerging, as yet unidentified pathogens, may be captured 

and enumerated. 

 ApoH-bacteria interactions have been documented in the literature, but the protein 

has not been used before as a capture ligand.  For example, anti-ApoH antibodies have 

been found to be associated with several bacterial infections, and multiple pathogens 

directly interact with the ApoH protein, including S. aureus and S. pyogenes (Zhang et al, 



 

 99 

1999).  Furthermore, binding to LPS causes ApoH to undergo a conformational change 

leading to binding and clearance of bacteria during infection (Agar et al, 2011). This 

binding is mediated largely by ionic and hydrophobic interactions (Hammel et al, 2001), 

instead of the protein specific interactions observed for some Gram-positive bacteria. 

This difference in interaction mechanism may explain the slightly higher capture 

efficiency observed for Gram-positive (67.7-92.0%) versus Gram-negative (2.1-66.4%) 

bacteria (Figure 3).  

 Nonetheless, the capture efficiency for bacteria observed in this study was 

comparable to similar affinity-based separations, where, using different matrices, 

recovery has ranged from 33-215% in broth to 13-50% in ground beef and milk (Stevens 

& Jaykus, 2008). Unfortunately, the recovery of E. coli O157:H7 using ApoH (2.1-5.0%) 

was lower than density gradient centrifugation (20-45%) or crude filtration (10-95%) 

(Stevens & Jaykus, 2008), suggesting that the method sometimes underperforms relative 

to other concentration approaches.  

 A single strategy to concentrate both viruses and bacteria has not been explored, 

making ApoH a unique capture ligand. To take advantage of this broadly reactive ligand, 

a co-capture strategy using the virus capture kit was evaluated (Figures 4 and 5). This 

joint capture mimics better what might be present in complex sample matrices in terms of 

background microflora, although it does not take into account the potential impact of the 

sample matrix iteslf.  Interestingly, binding efficiency for norovirus was relatively 

unaffected by the presence of high background of bacteria, and vice versa.  This assay 

resilience may be due to the abundant bead surface area such that the pathogen 

concentrations were not low enough to saturate the available ApoH binding sites. 
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However, once a matrix is added, non-specific binding could easily result in binding 

saturation which would result in reduction of binding efficiency for target pathogens. 

Because the impact of the matrix is a black box, future studies should focus on using 

ApoH to concentrate and separate both viral and bacterial pathogens from relevant food 

and environmental samples.  

 In this study, we demonstrated the potential for a broadly reactive ligand, ApoH, 

to separate and concentrate both human norovirus and select bacterial pathogens in 

preparation for detection by molecular amplification. This capture ligand performed well 

for several human norovirus strains, as well as three different pathogenic bacteria, 

making it relatively broadly reactive and amenable to concentration of multiple, 

structurally different foodborne pathogens. Further, the capture step appeared to work 

well in the presence of background microflora.  The next logical step is to evaluate the 

performance of the methods in complex sample matrices, studies that are underway in our 

laboratory. 
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Table 4.1 Primers and probes used for RT-qPCR detection of viruses and qPCR detection of bacteria. 

Pathogen Primers and Probes Reference 
GI.1 Norwalk COG1F 5’-CGYTGGATGCGNTTYCATGA-3’ 

COG1R 5’-CTTAGACGCCATCATCATTYAC-3’ 
RING1a 5’-6-FAM-AGATYGCGATCYCCTGTCCA-BHQ-3’ 
RING1b 5’-6-FAM-AGATCGCGGTCTCCTGTCCA-BHQ-3’ 

Kageyama et al 
(2003) 

GII.4 New 
Orleans 

JJV2F 5’-CAAGAGTCAATGTTTAGGTGGATGAG-3’ 
COG2R 5’-TCGACGCCATCTTCATTCACA-3’ 
RING2P 5’-6-FAM-TGGGAGGGCGATCGCAATCT-BHQ-3’ 

Jothikumar et al 
(2005); Kageyama et 
al (2003) 

Tulane Virus TV2F 5’-GAGATTGGTGTCAAAACACTCTTTG-3’ 
TV2R 5’-ATCCAGTGGCACACACAATTT-3’ 
TVP 5’-6-FAM-AGTTGATTGACCTGCTGTGTCA-BHQ-3’ 

Sestak et al (2012) 

E. coli ECN1254F 5’-GCAAGGTGCACGGGAATATT-3’ 
ECN1328R 5’-CAGGTGATCGGACGCGT-3’ 
ECL1277P 5’-6-FAM-CGCCACTGGCGGAAGCAACG-BHQ-
3’ 

(Takahashi et al, 
2009) 

L. 
monocytogenes 

hlyQF 5’-CATGGCACCACCAGCATCT-3’ 
hlyQR 5’-ATCCGCGTGTTTCTTTTCGA-3’ 
hlyQP 5’-6-FAM-CGCCTGCAAGTCCTAAGACGCCA-BHQ-
3’ 

(Rodríguez-Lázaro et 
al, 2004) 

S. enterica ttr-6 5’-CTCACCAGGAGATTACAACATGG-3’ 
ttr-4 5’-AGCTCAGACCAAAAGTGACCATC-3’ 
ttr-5 5’-6-FAM-CACCGACGGCGAGACCGACTTT-BHQ-3’ 

(Malorny et al, 2004) 

S. aureus nucF372 5’-TGTAGTTTCAAGTCTAAGTAGCTCAGCAA-3’ 
nucR465 5’-TGCACTATATACTGTTGGATCTTCAGAA-3’ 
nuc 5’-6-FAM-TGCATCACAAACAGATAACGGCGTAA-
BHQ-3’ 

(Alarcón et al, 2006) 
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Figure 4.1 Capture of virus particles using the ApoH-CaptoVIR kit.  Serial dilutions 
of virus stocks were subjected to ApoH capture, magnetic separation, RNA extraction of 
the virus-bound beads, and detection/enumeration by RT-qPCR.  Capture efficiency (%) 
was calculated as the ratio of captured virus to input virus as measured in RT-qPCR 
amplifiable units (RT-qPCRU). There were no statistically significant differences 
(p<0.05) between input and captured virus at a given input virus concentration.
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Figure 4.2  VLP binding to ApoH-coated microplates. Human norovirus VLP binding 
to ApoH-coated microplates was determined using a capture assay approach.  Binding 
(capture) was considered significant when positive/negative ratios were greater than 2.0 
(Tian et al, 2006). Different letters (a, b, c, d) indicate statistically significant differences 
between binding efficiency when comparing VLP genotypes (p <0.05).
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Figure 4.3 Capture of select bacteria using the ApoH-CaptoVIR kit. Serial dilutions 
of fresh bacterial stocks were subjected to ApoH capture, magnetic separation, DNA 
extraction of the bacteria-bound beads, and detection/enumeration by RT-qPCR (A); or 
else by cultural enumeration of the discarded supernatant from the capture step (B).  
Capture efficiency (%) was calculated as the ratio of captured bacteria to bacteria virus as 
measured in CFU equivalents (A) or as measured by loss to supernatant (B). *Statistically 
significant difference (p<0.05) between input and captured bacteria at a given input 
bacteria concentration. 
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Figure 4.4 ApoH co-capture of whole human norovirus and bacterial pathogens. The 
bacterial pathogens remained at a constant concentration,106 cfu/ml, while the amount of 
virus varied, as shown (104, 103, 102 RT-qPCRU). (A) Virus capture in the presence of 
the indicated bacterial pathogens, as determined by RT-qPCR.   (B) Bacteria capture in 
the presence of the indicated virus concentration.  Bacterial capture efficiency was based 
on the qPCR method. *Statistically significant differences between input and captured 
(A) virus or (B) bacteria.
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CONCLUSIONS 

 Human norovirus is the leading cause of acute viral gastroenteritis, as well as 

foodborne illness. Despite its huge global impact, there remain many questions 

unaddressed by the current state of norovirus knowledge.  One of the major limitations to 

future research is the lack of a robust cell culture system by which to propagate the virus. 

Recent interest has been sparked regarding potential interactions between gastrointestinal 

bacteria and human norovirus. Some studies show that single bacterial strains are capable 

of facilitating infection in a candidate cell line, whereas others describe a potential role 

for bacteria in helping the virus persist in the environment.  

A common shortfall of these studies, however, is the narrow focus of the bacterial 

species tested. Although there are thousands of different bacterial species within the 

gastrointestinal tract--some uncultivable by current methods--only two different bacterial 

species have been evaluated to date. The work presented in this dissertation clearly shows 

that multiple bacteria types are capable of interacting with human norovirus. These 

bacteria are both Gram-negative and Gram-positive, and include common reference 

strains as well as species isolated from norovirus-positive human stool.  

 Currently, the study of norovirus-bacteria interactions has been constrained to a 

few strains of Gram-negative bacteria. The first study used five Gram-positive (S. aureus, 

L. plantarum, L. gasseri, Bacillus spp., and E. faecium) and five Gram-negative (E. 

cloacae, B. thetaiotaomicron, Klebsiella spp., Citrobacter spp., and H. alvei) bacteria, for 

the most comprehensive look at bacterial-norovirus interactions to date. Interestingly, 

although previous work suggested these interactions might be specific to unique bacterial 

strains, in a suspension assay, all of the bacteria studied bound to human norovirus GI.6, 
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GII.4 Sydney and GII.4 New Orleans strains, with high efficiency (<1 Log10 of viral input 

unbound). Furthermore, these interactions appeared to be specific (i.e. rather than 

nonspecific charge-based interactions) as only five of the bacteria tested (S. aureus, L. 

plantarum, L. gasseri, Klebsiella spp., and E. faecium) bound to Tulane virus, a member 

of the Caliciviridae family, which has an overlapping cellular receptor to human 

norovirus. Turnip Crinkle Virus, a plant virus having a similar size, shape, and charge to 

human norovirus, did not bind to any of the bacteria tested. These results clearly suggest 

that gut-associated bacteria show a propensity to bind human norovirus, a phenomenon 

that is relatively widespread rather than an isolated event. 

In addition to assessing only a few bacterial species, previous studies have not 

investigated the impact of bacterial growth conditions on norovirus binding.  This is 

important because naturally-occurring bacteria thrive in a variety of environments, and 

the impact of those environments on norovirus binding could have important implications 

to infection, treatment, environmental persistence, and/or inactivation. Our studies show 

that this often times overlooked part of the experimental process may have huge 

downstream implications. In fact, dependent on the bacteria chosen, growth in rich, 

undefined media was able to almost abolish norovirus binding; whereas a minimal media 

promoted stronger and more reproducible binding. This finding may play a role in 

understanding norovirus pathogenesis, as virions entering the small intestine are likely 

encountering these nutrient starved-bacteria, providing access to binding ligands that 

could increase the likelihood or severity of norovirus infection. For a more practical 

implication, it stresses the need for standardization across bacteria-norovirus studies as 

well as interpretation of results.  
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 One of the most pivotal findings of the last decade was identification of the 

putative human norovirus cellular receptor -- histo-blood group antigens (HBGAs). 

HBGAs are ubiquitous throughout nature, found not only in humans (e.g. on 

intestinal/blood cells or secreted), but also in other plants, animals and on bacteria. In 

fact, HBGA-like molecules have been identified in oyster gut tissue, the presence of 

which mediate strong enteric virus attachment.  A logical hypothesis is that HBGA-like 

moieties are also involved in bacteria-norovirus interactions. The current but limited 

literature supports this, and all studies examining bacteria-norovirus interactions to date 

have also looked at HBGA-like activity.  Therefore, we sought to determine if HBGA-

like molecules were present in the bacteria that we studied, and if so, at what levels.  

In initial studies, we attempted to evaluate HBGA binding using ELISA-based 

assays.  This approach failed due to lack of reagent availability and poor assay sensitivity. 

Methods used by others – flow cytometry and agglutination – were similarly 

unsuccessful.  Instead, a Western blot assay was chosen, allowing us to semi-

quantitatively determine the relative abundance of HBGA-like moieties in each 

bacterium, as well as the size of the protein bands corresponding to this activity. For each 

bacterium screened, there were differing degrees of total HBGA-like binding to each 

antibody tested.  Likewise, a unique banding pattern was observed for each bacterium-

antibody combination.  While the results suggest diverse HBGA-like binding behaviors 

by different gut-associated bacteria, the quality of the assay is inevitably affected by 

antibody reactivity.  The antibodies used in this study could all be purchased 

commercially, providing credibility to the results.  
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The term “HBGA-like” is still rather ambiguous throughout the literature, and 

there is no a consensus on what amino acid-glycan combinations might be required for 

this distinction. Of the three bacteria studied previously, no specific HBGA-like moieties 

were identified for the bacterial structures.  However, in the 1960s when researchers first 

observed these bacterial moieties, they found many variations within the structures 

providing the HBGA-like activity. Our studies sought to further characterize the different 

residues present, by evaluating them based on individual sugar components using lectins. 

Some lectin binding events occurred in lieu of HBGA activity, and on the other hand, 

some residues showing evidence of HBGA-like activity failed to bind lectins. However, 

collectively we were able to deduce that fucose, N-acetyl-galactosamine and galactose 

may confer norovirus binding on their own, even if these individual residues are not 

sufficient for HBGA-like activity.  

 Our studies were also able to link the HBGA-like moieties with different 

norovirus binding patterns. Discrepancies between observed HBGA-like activity on 

bacteria and subsequent norovirus binding suggested the virus-bacteria interactions might 

not be limited to bacterial structures that are highly similar to human HBGA components.  

Rather, the viruses appeared to be able to further differentiate between bacterial 

components based on size. There were clear differences between GI and GII binding to 

bacteria, with the GII strains binding to more conserved residues, with less individual 

strain variation. Interestingly, all six VLPs tested were capable of binding to a 35-kDa 

band from five of the tested bacterial strains, i.e., E. cloacae, Klebsiella spp., Bacillus 

spp., Citrobacter spp., and H. alvei. These studies highlight the discriminatory nature of 
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norovirus binding, almost in a Goldilocks fashion, where some glycoproteins are too 

large, some are too small, and some are just right. 

 Based on the findings for the norovirus-VLP binding, LC-MS analysis was 

completed on four Gram-negative strains. These strains were chosen due to their high 

level of HBGA-like activity, and the combined results of norovirus and lectin binding. 

Additionally, these strains made it is possible to compare an ATCC strain, E. cloacae (the 

only bacterial strain for which there is significant previous norovirus binding data), with 

three highly related fecal isolates from the same Enterobacteriaceae family: Klebsiella 

spp., Citrobacter spp., and H. alvei.  This analysis yielded 98 unique proteins; of these, 

nine were strict outer membrane components common in at least three of the bacteria 

tested. These conserved proteins were also highly homologous, implicating them as 

glycoproteins potentially involved in norovirus-bacteria binding. 

 More research needs to be conducted to determine if these proteins are actually 

responsible for that binding. Future work should therefore begin with identifying the 

glycans (if any) present on these bacterial proteins.  A logical next step would be to 

confirm that norovirus does indeed bind the bacterial components, using synthetic 

glycans.  Finally, use of molecular dynamics to model interactions between the capsid 

and glycoprotein would provide further evidence supporting the molecular basis for the 

observed binding phenomenon.   

One potential application for virus-binding ligands such as these putative bacterial 

glycoproteins is enteric virus concentration and detection.  While further analysis is 

required before these particular molecules could be used for this purpose, the final study 

in this dissertation provided proof-of-concept study for ligand-based capture. 
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Specifically, ApoH, an immune system component with broad binding reactivity to 

numerous viruses and bacteria, was used as a capture ligand for both human norovirus 

and candidate bacterial pathogens. ApoH capture was efficient (>10% capture efficiency) 

for various norovirus genotypes and three of the four bacterial strains tested (S. enterica 

serovar Enteritidis, S. aureus, and L. monocytogenes), and less so for E. coli O157:H7 

(~1% capture efficiency).  The ApoH showed some degree of broad reactivity with 

multiple norovirus VLPs, and worked well in co-capture (bacteria and viruses) 

experiments.  The novelty of the ApoH work is the ability to capture and concentrate both 

bacterial and viral pathogens in a single step, although additional effort is required before 

this method can be effectively applied to more complex food matrices.  

The information provided here has widespread implications for not only the 

norovirus research community, but also healthcare and food safety. Putative norovirus 

cell culture systems rely on exogenous HBGAs or bacteria to be added for any type of 

viral replication to occur. Not all human norovirus strains have known cellular receptors, 

and it is a painstaking process to identify each ligand for an evolving outbreak strain. 

Adding whole bacteria to cell culture systems is not ideal, as bacterial contamination may 

undo weeks of cellular preparation. This study provides a potential solution to both of 

these issues. By identifying a broadly reactive bacterial ligand it may be possible to 

cultivate both current and emerging human norovirus strains. Furthermore, by 

pinpointing the exact glycoprotein(s) responsible, it is possible to simply add this isolated 

component, thereby preventing bacterial contamination.  

In addition to the challenge it provides for human norovirus cultivation, a major 

hurdle in moving vaccination forward is the high degree of antigenic variability amongst 
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strains, making it difficult to develop vaccines against multiple norovirus genotypes. By 

identifying bacterial ligands having broad norovirus binding capabilities, it may be 

possible to determine if there is a core binding pocket essential during norovirus-host 

interactions, a logical target for future vaccine development. Additionally, although 

antibiotics are ineffective against viruses, the emerging role of bacteria during infection 

suggests depleting the native gut microflora – in conjunction with a norovirus treatment – 

may reduce the damaging effects of the virus, especially in immune-compromised 

individuals. In short, this research provides information that may be relevant to 

understanding norovirus infection, and provide alternative avenues for future intervention 

and therapeutic strategies. 

 In food and environmental virology, knowledge that bacteria bind norovirus with 

a relatively high degree of tenacity, may well change current strategies for virus 

separation from sample matrices.  For instance, bacteria are frequently removed by 

centrifugation during sample preparation, without regard for the potential that they may 

bind virus.  This may be a flawed approach.  Based on this work and future add-on 

studies, identification and manufacture of a broadly reactive ligand capable of binding to 

all known and emerging norovirus strains could significantly improve the ability to 

concentrate and detect low levels of virus contamination commonly found in these sorts 

of samples.  It may even be possible to use a particularly “high norovirus binding” 

bacterium for virus concentration purposes.   

 Multi-microbial collaborations are emerging as a common strategy for infection 

and persistence of both viruses and bacteria. This research provides concrete evidence 

that such collaborations occur between human norovirus and gut-derived bacteria, 
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although the impacts of these interactions on virus infectivity or pathogenicity remain to 

be elucidated. While unstudied, it is possible bacteria are also benefitting from these 

interactions, as the damage caused within the small intestine (i.e. blunt vili, disrupted 

cellular membranes) may provide better footholds for the bacteria – in an area otherwise 

characterized by high bacterial turnover. Regardless, these findings deliver a unique and 

unexplored perspective on norovirus, and provide promising avenues for future 

explorations. 
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APPENDIX A-ELISA-BASED DETECTION OF HBGAS 

 

  

 

Figure A.1 ELISA-based detection of HBGAs. (A) H type 1; (B) ABH; (C) LeA; (D) 
LeB; and (E) LeY. The positive controls used were the indicated HBGA and S. aureus 
(binds all antibodies). Positive/negative ratios > 2.0 are considered significant (p<0.05), 
and indicated with (*). 
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APPENDIX B-BACTERIAL HBGA IDENTIFICATION AND GLYCOPROTEIN 

ANALYSIS 

Table B.1 Bacterial Lewis antigen-like activity and Western blot band size.  Numbers 
correspond to relative band intensity; (++) indicates strong bands (relative absorbance 
>1.0); (+) indicates weak bands (relative absorbance <1.0); and (-) indicates no band 
observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Protein band size 
(kDA) 

Lea Leb Ley 

50 35 50 35 35 

S. aureus ++ ++ ++ ++ + 
E. cloacae - - - - + 
Klebsiella spp. - - - - + 
Bacillus spp. - - - - + 
E. faecium - - - - - 
Citrobacter spp. - + - + + 
H. alvei - + - + + 

A. B. A. 
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Figure B.1 Norovirus Lewis Antigen GI and GII VLP binding patterns. Virus 
overlays were completed for GI and GII VLPs using (A) GI.1, GI.6 and GI.7 and (B) 
GII.1, GII.4 Sydney and GII.17, respectively. Band sizes from virus overlay assays are 
colored based on the number of norovirus VLPs that bound to each residue: 0 (white); 1 
(gray) or 3 (dark gray). The relative density of the HBGA Western blot analysis 
(transposed from Table 1) is depicted in the background as follows: (++) indicates strong 
bands (relative absorbance >1.0); (+) indicates weak bands (relative absorbance <1.0); 
and (-) indicates no band observed. 

 

 

 Le
a
 Le

b
 Le
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Protein size 
(kDa) 

50 35 50 35 35 

S. aureus ++ ++ ++ ++ ++ 

E. cloacae - - - - - 

Klebsiella spp. - - - - - 

Bacillus spp. - - - - - 

E. faecium - - - - - 

Citrobacter spp. - + - + + 

H. alvei - + - + + 
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a
 Le

b
 Le

y
 

Protein size 
(kDa) 

50 35 50 35 35 

S. aureus ++ ++ ++ ++ ++ 

E. cloacae - - - - - 

Klebsiella spp. - - - - - 

Bacillus spp. - - - - - 

E. faecium - - - - - 

Citrobacter spp. - + - + + 

H. alvei - + - + + 

A. 

B. 



 

 123 

 

 

Figure B.2 Norovirus GI and GII VLP-HBGA binding patterns . Virus overlays were 
completed for GI VLPs using (A) GI.1, GI.6 and GI.7. Western band sizes were colored 
based on which norovirus VLPs bound to each indicated band size: red (GI.1); yellow 
(GI.6); blue (GI.7); orange (GI.1&GI.6); purple (GI.1&GI.7); green (GI.1, GI.6 & GI.7). 
Virus overlays were also completed for GII VLPs using (B) GII.1, GII.4 Sydney and 
GII.17. Western band sizes were colored based on which norovirus VLPs bound to each 
indicated band size: yellow (GII.4 Sydney); red (GII.17); orange (GII.4 Sydney & 
GII.17); green (GII.1, GII.4 Sydney & GII.17). 

A. 

B. 
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Table B.2 Virus-like particle overlay band sizes. The band size is denoted by the 
number (in kDa) whereas the relative band intensity is shown by: (++) relative 
absorbance >1, (+) relative absorbance <1 and (-) no signal.  

 GI.1 GI.6 
 

GI.7 GII.1 GII.4 
Sydney 

GII.17  

S. aureus 140 (+) 
100 (++) 
50 (+) 
 

50 (+) 
35 (+) 
25 (+) 

50 (+) 35 (++) 140 (++) 
50 (++) 
35 (+) 

35 (+) 

E. cloacae 100 (+) 
35 (++) 

35 (++) 
17 (+) 

140 (+) 
100 (+) 
35 (+) 

35 (++) 140 (+) 
50 (+) 
35 (+) 
 

140 (++) 
35 (++) 

Klebsiella spp. 140 (+) 
100 (++) 
35 (++) 
 

35 (++) 
 

140 (+) 
100 (+) 
35 (++) 

35 (++) 140 (++) 
50 (++) 
35 (+) 

140 (+) 
35 (++) 
17 (+) 

Bacillus spp. 140 (+) 
100 (+) 
35 (+) 

35 (++) 
25 (++) 
17 (+) 

140 (+) 
100 (+) 
35(+) 

35 (++) 50 (+) 
35 (++) 
25 (+) 
17 (+) 

50 (+) 
35 (++) 
17 (+) 
15 (+) 

E. faecium 100 (+) 25 (+) 140 (+) 35 (++) 50 (+) 
35(++) 
 

35 (+) 

Citrobacter 
spp. 

100 (+) 
35 (++) 

35 (++) 
17 (+) 

140 (+) 
100 (+) 
35 (+) 

35 (++) 140 (++) 
50 (++) 
35 (+) 
 

140 (+) 
35 (++) 

H. alvei 140 (+) 
100 (+) 
50 (+) 
35 (+) 
17 (+) 

35 (++) 
17 (+) 
15 (+) 

140 (++) 
100 (+) 
35 (++) 
25 (+) 

35 (++) 140 (++) 
50 (+) 
35 (+) 

35 (++) 
15 (++) 
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Table B.3 Lectin binding band sizes and intensity. The band size is denoted by the 
number (in kDa) whereas the relative band intensity if shown by: (++) relative 
absorbance >1; (+) relative absorbance <1 and (-) no signal. 
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Figure B.3 Raw spectral counts for non-redundant proteins analyzed by LC-
MS/MS. The overall protein list from each bacterium tested were parsed down to a list 
with 98 total proteins. Of these, 45 are unique to a single bacterium, and were omitted 
from further analysis. The frequency legend can be seen in the upper right corner of the 
figure.  Red indicates a more abundant protein, whereas blue denotes a spectral count of 
zero.
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Figure B.4 Normalized LC-MS/MS spectral counts for proteins common to two or 
more bacteria. To normalize the frequency, each raw spectral count was divided by the 
total spectra found for that bacterium. This analysis was conducted on the 53 proteins 
common to multiple bacteria. The frequency legend can be seen in the upper right corner 
of the figure.  Red indicates a more abundant protein, whereas blue denotes a spectral 
count of zero.
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Table B.4 Comparison of all homolgous proteins identified by LC-MS/MS. Proteins were split into extracellular/outer 
membrane components, intracellular processes/regulation and metabolism. The percent identity is shown for the most highly 
homologous protein amongst the four bacteria chosen, while (-) indicates no protein identified. Values are colored based on 
percent relative identity: >90% (black): >80% (dark gray); >70% (medium gray); >60% (medium-light gray); <60% (light 
gray) and no homologous protein found (white). 

Accession COG Protein Description H. alvei E. cloacae C. freundii K. oxytoca 
Extracellular/Outer Membrane Components 

PRK05198 COG2877 2-dehydro-3-deoxyphosphooctonate aldolase 
261/284 
(92%) 

261/284 
(92%) 

- - 

PRK05289 COG1043 
Acyl-[acyl-carrier-protein]--UDP-N-
acetylglucosamine O-acyltransferase 

- 232/262 
(89%) 

- 232/262 
(89%) 

PRK15007 COG0834 
Arginine transporter, periplasmic binding 
protein 

- 231/243 
(95%) 

231/243 
(95%) 

230/243 
(95%) 

PRK05621 COG0224 ATP synthase gamma chain 
260/287 
(91%) 

268/276 
(93%) 

- 268/276 
(93%) 

PRK11260 COG0834 
Cystine transport system substrate-binding 
periplasmic protein 

88/231 
(38%) 

251/266 
(94%) 

251/266 
(94%) 

245/266 
(94%) 

PRK06819 COG1344 Flagellin 
- 204/345 

(69%) 
204/345 
(69%) 

- 

PRK10797 COG0834 Glutamine ABC transporter periplasmic protein 
- 65/235 

(28%) 
236/248 
(95%) 

236/248 
(95%) 

PRK15437 COG0834 Histidine-binding periplasmic protein 
- 218/237 

(92%) 
236/259 
(91%) 

236/259 
(91%) 

PRK10895 COG1137 
Lipopolysaccharide ABC transporter ATP-
binding protein 

216/240 
(90%) 

- - 216/240 
(90%) 

PRK11063 COG1464 Lipoprotein 
- - 255/271 

(94%) 
255/271 
(94%) 

PRK15396 COG4238 Major outer membrane lipoprotein 
55/62 
(89%) 

78/78 
(100%) 

77/78 
(99%) 

78/78 (100%) 

PRK10319 COG0860 N-acetylmuramoyl-l-alanine amidase I 
- 263/291 

(90%) 
- 263/291 

(90%) 

PRK10554 COG3203 Outer membrane porin protein OmpD 
- - 267/365 

(73%) 
267/365 
(73%) 

PRK10808 COG2885 Outer membrane protein A 
270/356 
(76%) 

312/353 
(88%) 

312/353 
(88%) 

304/357 
(85%) 
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Accession COG Protein Description H. alvei E. cloacae C. freundii K. oxytoca 

PRK10653 COG1879 Periplasmic D-ribose transporter subunit 
247/293 
(84%) 

286/296 
(97%) 

286/296 
(97%) 

280/296 
(95%) 

PRK15117 COG2854 Toluene tolerance protein Ttg2D 
- 189/208 

(91%) 
- 189/208 

(91%) 
Intracellular Processes/Regulation 

PRK05299 COG0052 30S ribosomal protein S2 
230/241 
(95%) 

240/241 
(99%) 

234/241 
(97%) 

240/241 
(99%) 

PRK00310 COG0092 30S ribosomal protein S3 
232/233 
(99%) 

233/233 
(100%) 

233/233 
(100%) 

231/233 
(99%) 

PRK05327 COG0522 30S ribosomal protein S4 
198/206 
(96%) 

199/202 
(99%) 

200/206 
(97%) 

199/202 
(99%) 

PRK05424 COG0081 50S ribosomal protein L1 
216/234 
(92%) 

231/234 
(99%) 

231/234 
(99%) 

229/234 
(98%) 

PRK09374 COG0090 50S ribosomal protein L2 
260/273 
(95%) 

272/273 
(99%) 

273/273 
(100%) 

273/273 
(100%) 

PRK00001 COG0087 50S ribosomal protein L3 
197/209 
(94%) 

207/209 
(99%) 

205/209 
(98%) 

207/209 
(99%) 

PRK05319 COG0088 50S ribosomal protein L4 
193/201 
(96%) 

195/197 
(99%) 

201/201 
(100%) 

201/201 
(100%) 

PRK15090 COG1414 
DNA-binding transcriptional regulator 
KdgR/Iclr  

- 250/263 
(95%) 

- 250/263 
(95%) 

PRK10816 COG0784 DNA-binding transcriptional regulator PhoP 
- 210/223 

(94%) 
210/223 
(94%) 

- 

PRK05182 COG0202 DNA-directed RNA polymerase subunit alpha 
323/329 
(98%) 

- - 323/329 
(98%) 

PRK09377 COG0264 Elongation factor Ts 
258/281 
(92%) 

278/283 
(98%) 

270/283 
(95%) 

278/283 
(98%) 

PRK00049 COG0050 Elongation factor Tu 
382/394 
(97%) 

393/394 
(99%) 

389/393 
(99%) 

393/394 
(99%) 

PRK10700 COG1187 Pseudouridine synthase 
258/306 
(84%) 

287/307(93
%) 

- 287/307 
(93%) 

PRK11145 COG1180 Pyruvate formate-lyase-activating enzyme 
219/246 
(89%) 

- - 219/246 
(89%) 

PRK04950 COG3109 RNA chaperone ProQ  
168/250 
(67%) 

188/231 
(81%) 

- 188/231 
(81%) 

Table B.4 Continued. 
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Accession COG Protein Description H. alvei E. cloacae C. freundii K. oxytoca 

PRK05678 COG0074 
Succinyl-CoA ligase [ADP-forming] subunit 
alpha 

263/289 
(91%) 

284/289 
(98%) 

- 284/289 
(98%) 

PRK11173 COG0745 
Two-component response regulator aerobic 
respiration control protein ArcA 

226/238 
(95%) 

233/238 
(98%) 

231/238 
(97%) 

233/238 
(98%) 

Metabolism 

PRK14115 COG0588 
2,3-bisphosphoglycerate-dependent 
phosphoglycerate mutase  

217/250 
(87%) 

247/250 
(99%) 

243/250 
(97%) 

247/250 
(99%) 

PRK11830 COG2171 
2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-
succinyltransferase 

248/274 
(91%) 

248/274 
(91%) 

- - 

PRK00279 COG0563 Adenylate kinase 
190/214 
(89%) 

207/214 
(97%) 

207/214 
(97%) 

206/214 
(96%) 

PRK12374 COG0132 ATP-dependent dethiobiotin synthetase BioD 
147/220 
(67%) 

203/230 
(89%) 

205/230 
(89%) 

- 

PRK05283 COG0274 Deoxyribose-phosphate aldolase 
212/259 
(82%) 

253/259 
(98%) 

253/259 
(98%) 

246/259 
(95%) 

PRK00077 COG0148 Enolase 
412/434 
(95%) 

425/432 
(98%) 

424/431 
(98%) 

425/432 
(98%) 

PRK06411 COG3260 Formate hydrogenlyase subunit 
- - 237/265 

(89%) 
237/265 
(89%) 

PRK15425 COG0057 Glyceraldehyde-3-phosphate dehydrogenase 
302/331 
(91%) 

315/331 
(95%) 

327/331 
(99%) 

327/331 
(99%) 

PRK05086 COG0039 Malate dehydrogenase 
278/312 
(89%) 

- 286/312 
(92%) 

286/312 
(92%) 

PRK06411 COG0377 NADH-quinone oxidoreductase subunit B 
211/244 
(94%) 

- 223/224 
(99%) 

223/224 
(99%) 

PRK10538 COG4221 NADP-dependent dehydrogenase/reductase 
- 65/240 

(27%) 
212/248 
(85%) 

212/248 
(85%) 

PRK00073 COG0126 Phosphoglycerate kinase 
357/387 
(92%) 

380/387 
(98%) 

- 380/387 
(98%) 

PRK09362 COG0152 
Phosphoribosylaminoimidazole-
succinocarboxamide synthase  

210/237 
(89%) 

228/237 
(96%) 

228/237 
(96%) 

228/237 
(96%) 

PRK05819 COG0813 Purine nucleoside phosphorylase DeoD-type 
220/240  
(92%) 

236/240 
(98%) 

- 236/240 
(98%) 

PRK05265 COG0854 Pyridoxine 5'-phosphate synthase 
197/243 
(81%) 

197/243 
(81%) 

- - 

Table B.4 Continued. 
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Accession COG Protein Description H. alvei E. cloacae C. freundii K. oxytoca 

PRK00702 COG0120 Ribose-5-phosphate isomerase A 
- 232/262 

(89%) 
- 232/262 

(89%) 

PRK12385 COG0479 Succinate dehydrogenase iron-sulfur subunit 
- 232/244 

(95%) 
231/244 
(95%) 

232/244 
(95%) 

PRK00042 COG0149 Triose-phosphate isomerase 
208/255 
(82%) 

236/246 
(96%) 

242/255 
(95%) 

236/246 
(96%) 

PRK11178 COG2820 Uridine phosphorylase 
- 248/253 

(98%) 
- 248/253 

(98%) 

PRK00358 COG0528 Uridylate kinase 
219/241 
(91%) 

239/241 
(99%) 

237/241 
(98%) 

239/241 
(99%) 

 

 

Table B.4 Continued. 
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Table B.5 Homology between the LC-MS/MS identified outer membrane components. (-)no bacterial protein present. 
Protein 
Description 

H. alvei E. cloacae C. freundii K. oxytoca 

 E. 
cloacae 

C. 
freundii 

K. 
oxytoca 

H. alvei C. 
freundii 

K. 
oxytoca 

H. alvei E. 
cloacae 

K. 
oxytoca 

H. alvei E. 
cloacae 

C. 
freundii 

2-dehydro-3-
deoxyphosphooctonate 

aldolase 

269/356 
(75%) 

274/359 
(76%) 

270/356 
(76%) 

269/356 
(75%) 

312/353 
(88%) 

304/357 
(85%) 

274/359 
(76%) 

312/353 
(88%) 

302/360 
(84%) 

270/356 
(76%) 

304/357 
(85%) 

302/360 
(84%) 

N-acetylglucosamine 
O-acyltransferase 

- - - - - 232/262 
(89%) 

- - - - 232/262 
(89%) 

- 

Arginine Transporter - - - - 231/243 
(95%) 

223/243 
(92%) 

- 231/243 
(95%) 

230/243 
(95%) 

- 223/243 
(92%) 

230/243 
(95%) 

ATP synthase gamma 
chain 

260/287 
(91%) 

- 258/287 
(90%) 

260/287 
(91%) 

- 268/276 
(93%) 

- - - 258/287 
(90%) 

268/276 
(93%) 

- 

Cystine transport 
system  

86/231 
(37%) 

87/231 
(38%) 

88/231 
(38%) 

86/231 
(37%) 

251/266 
(94%) 

245/266 
(92%) 

87/231 
(38%) 

251/266 
(94%) 

245/266 
(92%) 

88/231 
(38%) 

245/266 
(92%) 

245/266 
(92%) 

Flagellin - - - - 204/345 
(69%) 

- - 204/345 
(69%) 

- - - - 

Glutamine Transporter - - - - 62/230 
(27%) 

65/235 
(28%) 

- 62/230 
(27%) 

236/248 
(95%) 

- 65/235 
(28%) 

236/248 
(95%) 

Histidine Transporter - - - - 218/237 
(92%) 

230/259 
(89%) 

- 218/237 
(92%) 

236/259 
(91%) 

- 230/259 
(89%) 

236/259 
(91%) 

Lipopolysaccharide 
Transporter  

- - 216/240 
(90%) 

- - - - - - 216/240 
(90%) 

- - 

Lipoprotein - - - - - - - - 255/271 
(94%) 

- - 255/271 
(94%) 

Major outer membrane 
lipoprotein 

55/62 
(89%) 

55/62 
(89%) 

55/62 
(89%) 

55/62 
(89%) 

77/78 
(99%) 

78/78 
(100%) 

55/62 
(89%) 

77/78 
(99%) 

77/78 
(99%) 

55/62 
(89%) 

78/78 
(100%) 

77/78 
(99%) 

N-acetylmuramoyl-l-
alanine amidase I 

- - - - - 263/291 
(90%) 

- - - - 263/291 
(90%) 

- 

Outer membrane porin 
OmpD 

- - - - - - - - 267/365 
(73%) 

- - 267/365 
(73%) 

Outer membrane 
protein A 

269/356 
(75%) 

274/359 
(76%) 

270/256 
(76%) 

269/356 
(75%) 

312/353 
(88%) 

304/357 
(85%) 

274/359 
(76%) 

312/353 
(88%) 

302/360 
(84%) 

270/356 
(76%) 

304/357 
(85%) 

302/360 
(84%) 

D-ribose Transporter 245/293 
(84%) 

247/293 
(84%) 

247/293 
(84%) 

245/293 
(84%) 

286/296 
(97%) 

280/296 
(95%) 

247/293 
(84%) 

286/296 
(97%) 

278/296 
(94%) 

247/293 
(84%) 

280/296 
(95%) 

278/296 
(94%) 

Toluene tolerance 
protein Ttg2D 

- - - - - 189/208 
(91%) 

- - - - 189/208 
(91%) 

- 
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APPENDIX C- APOH BACTERIAL CAPTURE 

 

 

Figure C.1 Capture of select bacteria using the ApoH-CaptoBAC kit. Serial dilutions 
of fresh bacterial stocks were subjected to ApoH capture, magnetic separation, DNA 
extraction of the bacteria-bound beads, and detection/enumeration by RT-qPCR (A); or 
else by cultural enumeration of the discarded supernatant from the capture step (B).  
Capture efficiency (%) was calculated as the ratio of captured bacteria to bacteria virus as 
measured in CFU equivalents (A) or as measured by loss to supernatant (B). *Statistically 
significant difference (p<0.05) between input and captured bacteria at a given input 
bacteria concentration.  
 

A. 

B. 


