
ABSTRACT 

MOORE, MATTHEW DOUGLAS. Novel Alternative Methods for the Detection and Study 

of Human Noroviruses. (Under the direction of Dr. Lee-Ann Jaykus.) 

 

Human norovirus is the leading cause of viral gastroenteritis and foodborne illness 

worldwide. Because it is highly transmissible, rapid detection of human norovirus is critical 

for control. In the absence of an in vitro cultivation system, genome amplification is 

commonly used for detection (specifically RT-qPCR), but this method does not discriminate 

infectious from non-infectious particles. The purpose of this work was to develop and 

evaluate novel methods to improve detection and study of human norovirus.  

While quite accurate, RT-qPCR it is not amenable to true real-time (near 

instantaneous) detection in the field. Recombinase polymerase amplification (RPA) is a 

portable, rapid isothermal genome amplification method with time-to-result of only 20 

minutes. An RT-RPA method was developed that was able to amplify and detect human 

norovirus from patient outbreak stool that was either subject to RNA purification or directly 

boiled to release viral RNA. The assay demonstrated specificity, reacting only with the two 

most recent pandemic norovirus strains (GII.4), and had a limit of detection of 3.2±0.01 log10 

genomic copies. It is promising for application in clinical point-of-care or field settings in 

which rapid detection is required. 

As genome amplification cannot discriminate infectious particles, binding of human 

norovirus to its putative receptors/co-factors, histo-blood group antigens (HBGAs), is 

commonly used to aid in infectivity discrimination. However, plate-based HBGA binding 

assays are cumbersome. A streamlined HBGA capture-based assay was developed that was 

capable of producing a high positive/negative signal (25.3 ± 4.9) in under 2.5 hours for the 

latest pandemic human norovirus strain (GII.4 Sydney; SYV). The assay performed similarly 



to an established (longer) assay when evaluating the efficacy of a physical (heat) and 

chemical (copper) virus inactivation method.  The streamlined approach provides a rapid, 

high throughput means of obtaining mechanistic insight for further norovirus study.  

HBGAs are expensive and difficult to synthesize, purify, and modify, as are 

antibodies. Nucleic acid aptamers are emerging ligands that are easily synthesized and 

modified, inexpensive, and stable. Aptamers targeting a region of the outermost capsid 

domain of a pandemic norovirus strain were produced using SELEX (Systematic Evolution 

of Ligands by EXponential enrichment). Two candidates, aptamers M1 and M6-2, showed 

broad reactivity with a panel of VLPs corresponding to 14 different norovirus strains; they 

were also capable of binding and concentrating infectious virus from stool. These aptamers 

are among the most broadly reactive norovirus ligands reported to date. 

Utilization of aptamers for discrimination of infectious from non-infectious norovirus 

particles has not been investigated. Thus, aptamer M6-2 binding behavior was compared to 

HBGA and antibody NS14 as applied to SYV exposed to various heat treatments. Aptamer 

M6-2 behaved similarly to HBGAs, as both displayed a high degree of target conformation-

dependent binding (98.0 ± 1.3% and 99.5 ± 1.2% signal, respectively), while NS14 had 

significantly less (73.6 ± 3.9%). Dynamic light scattering (DLS) and transmission electron 

microscopy (TEM) confirmed binding results. Ligand docking simulations placed M6-2 in 

similar capsid binding regions as HBGA, with NS14 in a different region. This is the first 

instance in which aptamers have been utilized for estimation of infectivity of a virus. 

The developed ligand docking simulation was then used with molecular dynamics 

simulations to predict thermal inactivation kinetics of different human norovirus strains. In 

these studies, VLPs corresponding to three different GII strains [SYV, GII.4 Houston (HOV), 



and GII.2 Snow Mountain (SMV)], were used for the simulations, and their heat 

susceptibility was confirmed by aptamer/HBGA binding assays, DLS, and TEM. Docking 

simulations showed M6-2 interacting in the same residues for all three VLPs, and estimated 

HOV to be much more susceptible to heat than SYV or SMV based on hydrogen bond 

analysis, secondary structure change, and total exposed residue surface area. These findings 

were confirmed using the laboratory-based analyses. The notable susceptibility differences 

observed between pandemic strains have significant consequences for human norovirus 

control. Taken together, this work provides significant tools and findings that will facilitate 

the detection, study, and control of human norovirus.  
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CHAPTER 1 

Human Norovirus as a Foodborne Pathogen: Challenges and Developments 

Matthew D. Moore
1
, Rebecca M. Goulter

1
, and Lee-Ann Jaykus

1
 

1
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Introduction 

Human noroviruses (NoV) are the most common cause of acute gastroenteritis and 

responsible for substantial morbidity and mortality worldwide (Patel et al. 2008; Glass et al., 

2009). One important mode of NoV infection is via contaminated food, as these viruses are 

considered the leading known foodborne agent in the United States (U.S.), accounting for 

over 50% of foodborne illnesses annually (Scallan et al., 2011b). Human NoV may also be a 

significant cause of foodborne disease of unknown etiology, which is estimated to be as 

many as 80% of food-related illness (Scallan et al., 2011a). 

  Noroviruses are a member of the family Caliciviridae, which derives its name from 

the Greek word for cup (calyx), in reference to cup-like depressions on the surface of the 

virus (Glass et al., 2009). The Caliciviridae family contains six genera: Norovirus, Vesivirus, 

Lagovirus, Recovirus, Sapovirus, and Becovirus. The Norovirus genus is the most common 

cause of disease in humans relative to the other five. These viruses were previously referred 

to by other names, such as ―small round structured viruses‖ and ―Norwalk-like viruses‖ 

(Lambden et al. 1993).  They are typically 27-37 nm in diameter, nonenveloped, with a 7.5-

7.7 kilobase (kb) positive (+) sense single-stranded (ss)RNA genome that consists of three 

open reading frames (ORFs) (Glass et al., 2000; Jiang et al., 1993; Lambden et al., 1993). 
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ORF 1 codes for a nonstructural polyprotein that is believed to self-cleave into six to seven 

proteins (NS1-NS7). Some of the nonstructural proteins include an NTPase (Pfister and 

Wimmer, 2001), a protease (Blakeney et al., 2003; Liu et al., 1996), an RNA-dependent 

RNA polymerase (Fukushi et al., 2004; Rohayem et al., 2006), and a protein (VPg) that is 

covalently linked to the 5‘ end of the genome suspected to initiate translation and possibly 

transcription (Subba-Reddy et al. 2011, Belliot et al. 2008, Daughenbaugh et al. 2003, 

Goodfellow et al. 2005).  For a more thorough discussion of NoV genomic structure and 

function, refer to Thorne & Goodfellow (2014). 

ORF2 and ORF3 encode major (VP1) and minor (VP2) capsid proteins, respectively 

(Glass et al. 2000, Prasad et al. 1999). The VP1 protein contains internal N-terminal and shell 

(S) domains as well as a protruding (P) domain comprised of a P2 subdomain that is the most 

exposed part of the virus; and the P1 subdomain lies below P2 (closer to the S domain). The 

viral capsid is a T= 3 icosahedron that contains 180 copies of VP1, which form dimers. When 

expressed in certain models, the proteins self-assemble in empty capsids called virus-like 

particles (VLPs, Jiang et al. 1992). Human NoV cannot be cultivated in vitro and there is no 

known animal model for reliable virus propagation outside of human beings. 

Historically, NoV have been classified based on the degree of difference between the 

amino acid sequences of the VP1 major capsid protein (Zheng et al., 2006).  This protein was 

selected for many reasons, one of which was that it contains the highly variable P2 

subdomain that is suspected to interact with specific host cell targets such as the histo-blood 

group antigens (HBGAs) and possibly others (Huang et al. 2003, Murakami et al. 2013). For 

a more comprehensive review of putative NoV host cell receptors, refer to Huang et al. 
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(2005) and Donaldson et al. (2010). Historically, genogroups have been defined as having 

45-61% uncorrected pairwise difference in the VP1 region (Zheng et al. 2006). Accordingly, 

the Norovirus genus has been divided into six genogroups (GI – GVI), three of which cause 

disease in humans (GI, GII, and GIV). The recent GVI and a tentatively-proposed GVII 

genogroups consist of canine NoV (Martella et al., 2008; Tse et al., 2012). Further 

subdivisions within genogroups, representing genetic clusters, constitute genotypes. 

Genotypes have been defined to contain 14-44% VP1 amino acid difference, while strains are 

defined to have 0-14% difference (Zheng et al., 2006). To date, over 31 genotypes of human 

NoV have been reported, of which 9 and 22 belong to GI and GII, respectively. At the time 

of this writing, this constitutes over 150 strains, but genotypic and strain designations are 

evolving.   

Traditional nomenclature has been based on genogroup-genotype combination (e.g., 

GII/4 or GII.4). With the discovery that recombination can occur in the ORF1-ORF2 junction 

and other areas, and identification of more genotypes/strains, an alternative international 

standard for strain classification has been proposed. This assignment is a dual typing system 

based on specific difference cutoffs of the partial RdRp (ORF1, 1300 nucleotides) and 

complete VP1 (ORF2) sequences. The new nomenclature of an identified isolate would be 

written as: ―norovirus Genogroup/Host/Country/Isolation Year/Partial ORF1_ORF2_Strain 

NameIndex Year/Isolate city name (possibly with a unique isolate number).‖ For example, an 

isolate of genogroup II found in Houston, TX (U.S.) that has a GII.P4 partial ORF1 grouping 

with a GII.4 Hunter ORF2 sequence would be designated as norovirus 

GII/Hu/US/2005/GII.P4_GII.4_Hunter2004/Houston23. If only ORF2 is known then 
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norovirus GII/Hu/US/2005/GII.4_Hunter2004/Houston23 (Kroneman et al. 2013). An 

example phylogenetic tree of some GII human NoV strains is provided in figure 1.   

A number of features of NoV make them highly transmissible through the food 

supply. First, the infectious dose is low, ranging from 20 to several thousand particles, 

depending upon the study and corresponding modeling assumptions (Teunis et al. 2008; 

Atmar et al. 2013). Also, these viruses are antigenically and genetically diverse, resulting in 

many different strains with limited immunological cross-protection between strains. 

Although still debatable, there is evidence that immunity to any one strain may be as short as 

a few months to two years (Parrino et al., 1977).  Human NoV are persistent in the 

environment, lasting weeks to years depending on environmental conditions such as 

temperature and relative humidity. They are also resistant to nearly all of the active 

ingredients in cleaning products, sanitizers, and disinfectants commonly used in food 

production and processing, including quaternary ammonium compounds, detergents, 

alcohols, and even chlorine at regulated concentrations. The same can be said about food 

processing and preservation methods such as heat, ionizing radiation, organic acids, 

preservatives, and manipulation of pH or water activity. These issues are discussed in 

multiple reviews (Hirneisen et al. 2010, Hoelzer et al. 2013, Li et al. 2012b). Some call 

human NoV the ―near perfect‖ foodborne pathogen, except for the fact that they cannot 

multiply (but persist) in foods and the environment.   

Many unknowns remain for this important foodborne pathogen, and food virology is 

an area of active research. In this review, we discuss efforts to address several recalcitrant 

issues associated with the study and understanding of NoV, with a particular focus on the 
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foodborne transmission route. These topics include efforts in human NoV cultivation; recent 

epidemiological findings; strain evolution; and key detection conundrums. The reader will 

come away with a better understanding of why this foodborne pathogen is so difficult to 

study and control, and how scientists are working to address these issues. 

 

In Vitro and In Vivo Cultivation 

The single most important limitation to the ability to study human NoV is the lack of 

an in vitro cultivation method, despite almost 50 years of attempts. Cultivation using many 

mammalian cell lines and human NoV strains has been attempted. For example, Duizer et al. 

(2004) tested A549, AGS, Caco-2, CCD-18, CRFK, CR-PEC, Detroit 551, Detroit 562, 

FRhK-4, HCT-8, HeLa, HEC, HEp-2, Ht-29, HuTu-80, I-407, IEC-6, IEC-18, Kato-3, L20B, 

MA104, MDBK, MDCK, RD, TMK, Vero and 293 cell lines along with about 32 different 

human NoV strains, all leading to no significant findings. Contrary to the case for murine 

NoV (GV), human macrophages and dendritic cells were unable to support infection by 

human strains (Lay et al., 2010). Guix et al. (2007) transfected Norwalk virus (the 

representative GI.1 strain) RNA in the tumorigenic human liver Huh-7 cells, achieving viral 

replication through one cycle but nothing thereafter, suggesting cultivation issues occur in 

the attachment and uncoating stages of replication. Overexpression of the gene responsible 

for producing an HBGA (the H antigen) in Huh-7 cells resulted in enhanced binding of 

Norwalk virus but failed to produce viral infection. Further, mutant Huh-7.5.1 cells having an 

inactive RIG-I (a host protein that combats alien RNA in cells) supported viral replication 

through only one cycle as well. Based on these findings, in vitro cultivation issues appear to 
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be at the attachment and uncoating stages of infection. Further, this study implicated the viral 

VPg as necessary for viral replication (Guix et al., 2007). Some initial success was observed 

when challenging adult duodenal tissues in ex vivo culture, however, when using the in vitro 

human glandular epithelial cell line HIEC-6 only low (2 log10 or less) viral RNA production 

was observed, as was the absence of a cytopathic effect (Leung et al., 2010).  

A three-dimensional (3D) cell culture model was reported almost a decade ago for 

human NoV cultivation. Human small intestinal cells were grown on collagen I-coated 

porous microcarrier beads in a rotating wall vessel incubator (Straub et al. 2007).  This 

mimics the fluid-shear environment of the intestine and thus allows the intestinal epithelium 

to grow and differentiate in three dimensions. Straub et al. (2007) showed replication of two 

GII and one GI human NoV strains in five passages using this model. The same group 

utilized the 3D cell culture method in Caco-2 cells and seemed to have some limited success 

(Straub et al., 2011). However, coordinated international efforts have failed to replicate these 

findings (Herbst-Kralovetz et al., 2013; Papafragkou et al., 2013; Takanashi et al., 2014). 

More recent efforts focus on the use of human intestinal enteroids or organoids, derived from 

human intestinal epithelial stem cells that are created ex vivo into 3D small intestinal 

epithelial functional units.  These are composed of the entire villus-crypt axis and epithelial 

cell types normally present in the small intestine (Kovbasnjuk et al. 2013). However, at the 

time of this writing, no reliable model is available.  For additional information on in vitro 

human NoV propagation, several review articles are available (Karst et al. 2014, Li et al. 

2012b, Richards 2012, Vashist et al. 2009). 
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A number of animal models have been proposed for human NoV propagation. One of 

these is gnotobiotic pigs, which when challenged with a GII.4 strain, appear to exhibit mild 

diarrhea, shed virus, support some degree of viral replication, and exhibit a specific immune 

response profile (Cheetham et al. 2006). Additionally, the binding patterns of different 

human NoV VLPs to HBGA-expressing gnotobiotic pig buccal and duodenal tissues have 

been observed (Cheetham et al., 2007). Gnotobiotic calves have also been reported to host 

human NoV GII.4 infection (Souza et al. 2008).   

The presence of GI and GII human NoV antibodies has been reported in several non-

human primate species (Jiang et al., 2004). Rockx et al. (2005) found some evidence that 

rhesus macaques had the potential to serve as a model when inoculated with Norwalk virus 

(GI.1). Chimpanzees were also shown to host infection, harbor viral antigen production, and 

shed virus when injected intravenously with filtered Norwalk virus (Bok et al., 2011). A 

recent study reported that some strains of BALB/c mice and BALB/c mice that had been 

―humanized‖ (grafted with certain human stem cells) were able to host replication of a 

human NoV GII.4 strain (Taube et al., 2013). This report is significant as it presents the 

possibility of a smaller, less cumbersome animal model for human NoV research. However, 

in this case, viral introduction was interperotineal, not oral; the immunocompromised state of 

the mice eliminates applicability to immunological studies; and the animals shedding virus 

were asymptomatic. Further support, replication, and improvement of this model are needed. 

Suffice it to say that no animal model yet produces a response to challenge with human NoV 

that is similar to that of humans.  
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In the absence of cell culture or animal models, scientists have resorted to human 

challenge studies. Perhaps the first example of a human NoV challenge study occurred 

shortly after the original 1968 Norwalk virus outbreak, in which case fecal specimens derived 

from secondary cases were diluted and fed to volunteers (Dolin et al., 1972). Some important 

fundamental questions about human NoV infection have been addressed using human 

feeding studies. For instance, the aforementioned information on NoV infectious dose were 

derived from human challenge data (Atmar et al., 2013; Teunis et al., 2008). Other 

information was also elucidated from these studies, as Atmar et al. (2013) found that the 

incubation period of the virus ranged from 20-50 hours, with some association of a shorter 

incubation period for higher inoculation doses. Further, the range of symptom duration was 

found to be from 8-60 hours; however, viral shedding of infected patients ranged from 6-55 

days. Viral shedding in vomitus was also reported, with a median of 41,000 genomic 

equivalents of NoV per ml of vomitus. This is compared to medians of 160 billion genomic 

equivalents/ml and 10 billion genomic equivalents/ml in the stool of people who exhibited 

gastroenteritis symptoms and those who did not, respectively (Atmar et al., 2013).  

Human feeding has also been used as a way to measure disinfection efficacy in the 

case of high pressure processing of oysters (Leon et al., 2011), and virus carriage on the 

hands of infected individuals (Liu et al., 2013), both important questions in the realm of food 

safety. In a recent study, serum samples from volunteers previously challenged with the 

Snow Mountain virus (GII.2) were used to characterize human NoV strain evolution and 

antigenic and immune response characteristics (Lindesmith et al., 2005; Swanstrom et al., 

2014). While the data obtained by human challenge is incredibly valuable, these studies are 
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expensive, time consuming, and require rigorous regulatory approvals. They must therefore 

be carefully designed to optimize data collection but are, nonetheless, only rarely done. 

In the absence of a cultivable human NoV strain, cultivable surrogate viruses have been 

widely used. These include feline calicivirus (FCV; Doultree et al. 1999); murine norovirus 

(MNV; Wobus et al. 2006); Tulane Virus (Farkas et al., 2008); rabbit hemorrhagic disease 

virus (Meyers et al., 1991); porcine enteric calicivirus (Flynn & Saif 1988); poliovirus; 

hepatitis A virus; and MS2 bacteriophage (Bae & Schwab 2008, Shin & Sobsey 2003). To 

date, FCV propagated in Crandell-Reese feline kidney cells and MNV propagated in mouse 

macrophage RAW 264.7 cells are the most widely used surrogates. Feline calicivirus is a 

member of the Vesivirus genus in the Caliciviridae family and causes a respiratory disease in 

cats, but is considered appropriate because it was a member of the same family as Norovirus 

and of similar genome structure, at least by the standards of the late 1990‘s, when it was first 

used. FCV is still considered the ―gold standard‖ by the U.S. Environmental Protection 

Agency for products seeking to make anti-noroviral claims. MNV was reported by Karst et 

al. (2003) about a decade ago and was rapidly adopted because it is a member of the 

Norovirus genus (categorized as a GV NoV) and hence has more similar genetic and 

structural characteristics to human NoV than other surrogates. However, it causes meningitis, 

not gastroenteritis, in mice (Kahan et al., 2011).  

Many, many studies have been done to evaluate the environmental behavior of human 

NoV based on that of the cultivable surrogate viruses. Almost all of these studies have used 

one or a few surrogates, and have not done any direct comparisons between the behavior of 
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the surrogates to human NoV, in part because the latter cannot be cultivated in vitro. A full 

accounting of all these studies is beyond the scope of this paper, but they have been reviewed 

elsewhere (Baert et al., 2009a; Hirneisen et al., 2010; Hoelzer et al., 2013). Differences in 

susceptibility of the surrogates to environmental conditions and inactivation treatments are 

now well documented.  Richards (2012) provides a critical review of these issues. Many of 

the surrogates differ in terms of resistance to elevated temperature, extremes of pH, and 

susceptibility to organic solvents as well as various chemical sanitizers and disinfectants. 

Generally, FCV appears to be more susceptible to pH and chlorine than is MNV, while MNV 

is more susceptible to alcohols (Cannon et al., 2006; Park et al., 2010; Tung et al., 2013). A 

recent systematic review and meta-analysis of studies using two or more surrogates 

concluded that MNV, hepatitis A virus (HAV), and bacteriophage MS2 were generally more 

stable than FCV to chemical disinfectants, but by an average of less than or equal to 1.5 log10 

PFU (Hoelzer et al., 2013).  

Tulane virus (TV) is a newer surrogate, first reported by Farkas et al. (2008). Tulane 

virus was isolated from the stool of captive rhesus macques, and was phylogenetically 

classified into a new Caliciviridae genus called Recovirus. The TV genome has as general 

genetic similarity to Norovirus, and the capsid has similar size (~36 nm) and buoyant density 

as other members of the Caliciviridae family (Farkas et al., 2008). Unlike MNV and FCV, 

TV has been reported to bind HBGA types A and B (Farkas et al., 2010). This is significant 

in that this is the same putative host receptor as human NoV, suggesting that TV may be a 

more relevant surrogate in cases where capsid functionality and behavior (disinfection 

studies) are being assessed. TV is readily cultured in the LLC-MK2 monkey kidney cell line.  
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Recent studies have sought to characterize the susceptibility of TV to different 

inactivation strategies. One such study compared TV and MNV sensitivity to pH, chlorine, 

heat, and survival in tap water at room and refrigeration temperatures. MNV was found to be 

more stable in refrigerated tap water and at various pH values compared to TV. However, 

MNV and TV behaved similarly in 20C tap water, under different heat treatments (50-75C 

for 2 minutes) and at most concentrations of chlorine (0.2, 20, 200, and 2,000 ppm) 

(Hirneisen and Kniel, 2013a). In another study, MNV and TV showed inactivation profiles 

similar to human NoV (assessed by RT-qPCR) when inoculated on spinach for up to a week 

(Hirneisen and Kniel, 2013b). Similarly, no statistically significant differences in the survival 

of MNV, TV, and hepatitis A virus on alfalfa seeds and sprouts held at 22C for 20 days was 

observed by Wang et al. (2013). Certainly, further work must be done to identify the 

appropriate, most conservative (e.g., resistant) surrogate to be used for a given condition or 

treatment. It is likely that the choice of appropriate surrogate will be a function of the 

experimental question being posed. Comparative studies in which the behavior of surrogates 

is compared to that of human NoV (using reverse transcription-qPCR) are also needed. The 

lack of a universally applicable cultivable surrogate for which there is a clear relationship to 

the behavior of human NoV under a variety of circumstances has hindered progress in 

understanding the efficacy of inactivation strategies.   
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Understanding the Epidemiology of Norovirus Disease 

As stated previously, human NoV are the leading cause of acute viral gastroenteritis 

and of foodborne disease in most--if not all--of the world.  But food is only one means by 

which the virus is spread, and person-to-person (P2P) transmission remains the most 

common route. Recently, P2P was reported to account for 62-84% of all reported outbreaks 

(Vega et al., 2014, 2011). The overall burden of disease from all transmission routes 

combined is staggering. A compilation of different studies of incidence/outcome rates 

produced estimates that NoV are responsible for 19-21 million illnesses, 1.7-1.9 million 

outpatient visits, 400,000 emergency department visits, 56,000-71,000 hospitalizations, and 

570-800 deaths annually in the U.S. alone.  When disease rates are applied to a U.S. resident 

who lives to the age of 79 years, he/she would experience five incidents of human NoV 

disease in a lifetime, have a 1 in 2 chance of a disease related outpatient visit, a 1 in 50-70 

chance of hospitalization, and 1 in 5,000-7,000 chance of death due to NoV infection (Hall et 

al., 2013; Scallan et al., 2011b). Long-term healthcare facilities are particularly important, 

constituting 62.5% (2,475/3,960) of NoV cases reported to the U.S. Centers for Disease 

Control and Prevention (CDC) from 2009-2013 (although most NoV cases are not reported 

to the CDC) (Vega et al., 2014).  European statistics are generally similar to those from the 

U.S. (Phillips et al. 2010; Baert et al. 2009b; Tam et al. 2012). 

In outbreak settings, GII infections outnumber GI infections, as GII strains have been 

found to occur in 80% or more of outbreaks. The epidemic strains belonging GII.4 are 

responsible for the vast majority of cases, particularly those associated with person-to-person 
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transmission (Matthews et al. 2012, Vega et al. 2014). For example, 72% of long-term 

healthcare facility outbreaks reported from 2009-2013 were caused by GII.4 strains, but non-

GII.4 strains also caused considerable morbidity, especially in association with restaurant and 

food-related settings (Vega et al., 2014). Of late, there appears to have been an increase in 

human NoV disease incidence in multiple countries, probably due to the emergence of a new 

GII.4 strain (the Sydney strain which appeared first in 2012) (van Beek et al., 2013). In fact, 

human NoV mortality can spike by as much as 50% during seasons in which an emergent 

epidemic (GII.4) strain is circulating (Hall et al., 2012a).   

There are limited statistics relative to the amount of NoV disease attributable to 

foods. Obtaining these estimates is extremely challenging because multiple factors must be 

considered and assumptions made in order to generate population-level estimations of the 

burden of foodborne illness. For laboratory confirmed surveillance, for example, the infected 

patient must seek medical attention; a clinical sample must be obtained; a laboratory must 

identify the pathogen; and the illness must be correctly reported up the chain of health 

authorities (Scallan et al., 2011b). Unfortunately, disease associated with human NoV is 

widespread, frequently goes undiagnosed, is not normally life threatening, and is not reported 

to public health authorities in the U.S. Consequently, foodborne disease incidence estimates 

for NoV are largely determined based on population-level data and mathematical modeling. 

The most commonly cited U.S. statistic is that of Scallan et al. (2011b), which estimates that 

viruses accounted for 59% of all foodborne disease, and NoV accounted for 99% (5.5 

million) of all viral foodborne illness incidents per year. While the illness is usually self-

limiting with infrequent death, the sheer numbers result in around 15,000 hospitalizations 
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(26%, 2
nd

 in rank) and 150 deaths (11%, 4
th
 in rank) annually (Scallan et al., 2011b). In 

Canada, NoV is also considered the leading cause of foodborne illness, accounting for 65% 

of the known illnesses (Thomas et al., 2013).   

However, estimates of the comparative importance of food relative to other 

transmission routes vary widely. Based on outbreaks published from 1983-2011, Matthews et 

al. (2012) suggested that the majority of NoV infections were transmitted by foodborne 

routes (54%), with person-to-person ranking second (26%). However, this was a meta-

analysis of published outbreaks and not necessarily based upon population-based surveillance 

data. On the other hand, using U.S. CaliciNet surveillance system data from 2009-2013, 

Vega et al. (2014) concluded that 83.7% of NoV outbreaks were person-to-person while only 

16.1% were foodborne.  In another study focused only on foodborne outbreaks, 46% (3,000) 

of approximately 6,300 outbreaks of known cause reported to the U.S. CDC between 2001-

2008 were attributed to NoV (Hall et al. 2012b).  

Human NoV outbreaks are difficult to identify and even more difficult to trace back 

to a common food source. In addition to the general problems described above, most 

foodborne NoV outbreaks are small, associated with a retail setting (and hence investigated 

locally or regionally), and secondary P2P spread (propagated outbreaks) is very common. 

Even in the case of a foodborne source being identified, many factors hinder detection of the 

virus in the food (discussed later).   

Some novel approaches have recently been applied to human NoV outbreak 

identification. Verhoef et al. (2011) used sequence analysis of NoV genetic clusters in 
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conjunction with epidemiological data to retrospectively identify common source outbreaks 

occurring in Europe from 1999-2008. The method found a notable increase in common 

source and international outbreaks compared to the numbers identified originally by the 

Food-Borne Viruses in Europe (FBVE) network (Verhoef et al., 2011). In a later study, the 

same team analyzed 500 publicly-available full-length NoV capsid sequences for outbreak 

identification. Not surprisingly, a region containing most of the P2 subdomain (nucleotide 

positions 900-1,400) was found to be the best for assigning genotypes while also recognizing 

variants and identifying outbreak events. Within this region, the minimum fragment of 950-

1,350 nucleotides of the capsid gene could be used to identify greater than 80% of outbreak 

events (Verhoef et al., 2012). A similar approach has been taken in tracing and identifying 

nosocomial infections (Sukhrie et al., 2011). With a distinctly foodborne focus, Verhoef et al. 

(2010) used genotype frequency distributions from NoV isolated from European bivalve 

mollusks in conjunction with genotype frequency derived from human illness surveillance to 

differentiate outbreaks due to contamination early in the food chain (i.e., during production 

or processing) vs. those occurring later in the chain (i.e., food-handler-associated). In a 

completely different approach, Rha et al. (2013) utilized BioSense, a national electronic U.S. 

healthcare surveillance system, to statistically correlate emergency department chief 

complaint data to seasonal increases of human NoV disease, proposing this method as a 

means of detecting the beginning of the NoV outbreak season (Rha et al., 2013). Clearly, the 

combination of classic epidemiological outbreak investigation with nucleic acid sequence 

analysis and/or healthcare surveillance increases the resolution of investigations. 
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Another epidemiological challenge related to NoV—as well as other foodborne 

pathogens—is attribution of cases or outbreaks to specific food commodities. Because 

surveillance data are so sparse, many attribution studies are based largely on outbreak data. 

Over the last several years, the U.S. CDC has embarked on more comprehensive human NoV 

food attribution studies.  Using data from 1998-2008 obtained from the Foodborne Disease 

Outbreak Surveillance System, they have been able to make some general conclusions. First 

of all, the majority of food-associated NoV outbreaks in their database could not be 

attributable to one or more specific foods. When they could be attributed to a food, such 

foods could be subdivided into multicomponent or ―complex‖ foods and single component or 

―simple‖ foods (Painter et al., 2013). Human NoV outbreaks were more often caused by 

complex foods relative to simple foods. Further breakdown of the simple foods suggested 

that fresh vegetables were responsible for about 30-40% of simple food outbreaks, followed 

by fruits and nuts (10-20%), mollusks (10-15%), and dairy (5-15%) (Gould et al., 2013; Hall 

et al., 2014, 2012b; Painter et al., 2013). Very similar results were obtained using 2009-2012 

data (Hall et al., 2014) and by others not affiliated with CDC (Batz et al., 2012; Greig and 

Ravel, 2009). 

Of the NoV outbreaks that could be attributed to a single location, restaurants/delis 

were the most common (63-64%), followed by catering/banquet halls (11-17%), and private 

homes (4-6%) (Hall et al., 2014;  Hall et al. 2012b). Post-harvest contamination by food 

handlers during preparation of foods was suspected as a possible source of as much as 90% 

of foodborne NoV outbreaks (Hall et al., 2014), and was specifically implicated as the source 

of contamination in 53% of outbreaks (Hall et al., 2012b). However, in many instances, the 
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source (pre- or post-harvest) could not be resolved. Not unexpectedly, the only food for 

which pre-harvest contamination was a notable proportion was mollusks (Hall et al., 2012b). 

Of the 528 foodborne NoV outbreaks reported during 2009-2012 for which specific 

contamination factors were identified, infectious workers were responsible for 70% of these 

outbreaks, and bare hand contact with ready-to-eat foods was identified in 54% of the 

outbreaks (Hall et al., 2014). Clearly, the food handler appears to be responsible for the 

majority of foodborne outbreaks. 

In conclusion, it appears that the majority of NoV outbreaks appear to be transmitted 

between individuals, although foodborne transmission is significant. Estimates of the relative 

proportion of transmission that is food-associated vary widely and more refined data are 

needed. Complex, prepared, ready-to-eat foods are over-represented in outbreaks, and the 

most common setting for these is restaurants/delicatessens and catering facilities, implicating 

food handling as the likely contamination source. In the case of simple foods, vegetables, 

fruits and nuts are the most likely culprits, but it is difficult to discern how important pre-

harvest contamination is for these products. Even in the absence of comprehensive data, it 

appears that targeting the food preparation sector would be an efficacious way to address the 

foodborne NoV problem. 

 

Norovirus Evolution and Epidemic Strain Emergence 

In the past two decades, the GII.4 genotype has emerged as the cause of the majority 

of human NoV cases (Lindesmith et al., 2008). For example, a recent survey of the CaliciNet 
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program from 2009-2013 found that GII.4 was implicated in 72% of nearly 4,000 reported 

NoV outbreaks in the U.S. (Vega et al., 2014). This genotype has been found to circulate and 

evolve rapidly after periods of stasis (a phenomenon called epochal evolution) such that 

different pandemic/epidemic strains emerge with unique properties every few years. In the 

last two decades, these have included: Camberwell (1994); US 95/96 (1995-1996); 

Farmington Hills (2002); GII.4b (2002); Hunter (2004); Sakai (2006); Minerva (2006); New 

Orleans (2009); and Sydney (2012). Interested readers are referred to White et al. (2014) and 

Vinje et al. (2014) for additional discussion of this subject. 

There are multiple mechanisms that contribute to the rapid evolution of GII.4 NoV. 

First, RNA viruses have very high mutation rates due to lack of proof-reading mechanisms 

during their replication, and GII.4 appears to have higher replication and mutation rates 

relative to other human NoV (Bull et al., 2010). Because GII.4 strains cause acute symptoms 

but rarely death, and affect such a large proportion of the population, the viruses may be 

under selective pressure due to widespread host immune responses. As a result, human NoV 

GII.4 strains change their receptor binding and antigenic profiles over time (Debbink et al. 

2012, Lindesmith et al. 2008, 2012, 2013) in an effort to escape herd immunity. This results 

in a change in capsid structure that affects host cell binding profiles (HBGA-mediated and 

perhaps others) and antigenic sites, leading to a new pool of susceptible individuals. This 

concept of viral capsid mutation to evade host immune response is called antigenic drift, and 

is supported by studies noting changing antigenic profiles of the recently circulating GII.4 

New Orleans (Lindesmith et al., 2013) and Sydney (Debbink et al., 2013) strains. Such 
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changes in antigenic profiles pose challenges to creation of vaccines and universal 

recognition ligands for development of detection assays.  

Another aspect of human NoV evolution is the occurrence of recombinant strains, as 

these viruses have been found to undergo spontaneous recombination at different genome 

locations including ORF1 (Waters et al., 2007); the ORF1/2 junction (Bull et al., 2007, 2005; 

Eden et al., 2013); the ORF2/3 junction (Eden et al., 2013); and ORF2 (Eden et al., 2013; 

Rohayem et al., 2005). Novel recombinants of multiple genotypes have been recently 

reported. For example, an emerging GII.12 strain is a likely recombinant (with a GII.g ORF1 

and GII.12 ORF2) (Giammanco et al. 2012, Takanashi et al. 2011) that interestingly did not 

bind synthetic HBGAs yet infected humans (Takanashi et al., 2011). This same strain had a 

rate of evolution comparable to a previously reported rate for GII.4 (Giammanco et al., 

2012).  

Patients with chronic human NoV infections have recently been used as models to 

observe intra-host evolution of the viruses. Bull et al. (2012) performed pyrosequencing on 

stool samples obtained from a chronically infected infant, finding notable heterogeneity over 

time to the extent that the virus in fecal samples after 288 days had become genetically 

distinct from the initial sampling points. Another study on chronically infected patients found 

multiple instances where antigenic site mutations occurred during the infection (Siebenga et 

al., 2008). In short, human NoV GII.4 evolution, by multiple means, results in the emergence 

of new strains with new host susceptibility patterns, allowing the virus to continue to 
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maintain itself even in the face of widespread population immunity (Bull et al., 2010; 

Donaldson et al., 2008; White, 2014).  

 

Detection of Human Norovirus in Environmental and Food Samples 

Despite extensive efforts, development of robust methods to detect viral 

contamination in foods and environmental samples remains challenging. Because the 

numbers of virus particles present in contaminated foods are usually low and no universal or 

rapid culture-based methods are available, enrichment is not possible. Consequently, the 

viruses must be concentrated and purified from complex sample matrices prior to detection, 

with molecular amplification (reverse transcription qPCR or RT-qPCR) being the detection 

method of choice. Sequence-based determination of amplicon identity is ideally used for 

amplicon confirmation. The major steps required for the detection of viruses in foods can be 

designated as follows: (1) virus concentration and purification; (2) nucleic acid extraction; 

(3) detection; and (4) confirmation. A full description of these methods is well beyond the 

scope of this document, as entire monographs are written about this. The interested reader is 

referred to these more comprehensive reviews (Bosch et al. 2008, Butot et al. 2014, Knight et 

al. 2013, Maurer 2011, Vinjé 2014).  Here we discuss two recalcitrant problems associated 

with the detection of NoV in complex sample matrices, those being interpretation of 

presumptively positive samples and the ―infectivity dilemma.‖  

Owing to their very low detection limits (theoretically, a single genome copy per RT-

PCR reaction), molecular amplification approaches are the methods of choice for detecting 
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human NoV in food and environmental samples where the concentration of viruses is usually 

quite low.  In earlier days, sample concentrates were processed for viral RNA isolation, 

followed by detection by RT-PCR and confirmation of amplicon identify using nucleic acid 

hybridization. In the middle of the last decade, RT-PCR was replaced almost exclusively by 

real-time or reverse transcription-quantitative PCR (RT-qPCR), a method that incorporates a 

fluorescently labeled probe or specifically intercalating fluorescent dye in the reaction mix, 

theoretically allowing one to by-pass time consuming DNA hybridization steps. This method 

remains the ―gold standard‖ at the current time.   

But incorporation of a hybridization step during amplification can be problematic 

when low template concentrations are present. First of all, matrix-associated inhibition 

persists in many food and environmental samples, and can impact the efficiency of nucleic 

acid extraction and RT-qPCR (Rutjes et al., 2006; Schrader et al., 2012). Such inhibition is 

usually identified using internal amplification controls, but these can interfere with the 

efficiency of amplification of the target (Espy et al., 2006; Hoorfar et al., 2004). When 

inhibition occurs, the usual solution is sample dilution. Unfortunately, this then reduces the 

analytical sensitivity of the assay. Another issue is interpretation of results for samples 

producing high cycle threshold (Ct) values by RT-qPCR. There have been a number of 

studies that have employed RT-qPCR to detect viruses in various types of naturally 

contaminated sample matrices, and a snapshot of these studies is provided in Table 1. Note 

that in most cases, some sort of amplicon confirmation step was used, ranging from cloning 

and sequencing to ―double‖ amplifications to hybridization. The most reliable of these is 

DNA sequencing, but rarely is there enough amplicon obtained from naturally contaminated 
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samples to successfully acquire sequences, especially when Cycle threshold (Ct) values 

exceed 35. Unfortunately, low levels of viral contamination (and associated high Ct values) 

are the rule rather than the exception for these sample types.   

Thus, in many cases definitive confirmation of amplicon identity may not be possible. 

This means that the analyst is faced with the conundrum of wrongly interpreting sample 

positivity, leading to false positive or false negative reporting. At this point in time, it is 

probably prudent to interpret such samples as ―presumptively‖ positive.  But also keep in 

mind that sample negativity is impacted by residual RT-qPCR inhibition (and potential 

sample dilution), competition with internal amplification controls, and sampling. Even a 

negative result does not assure the analyst of the absence of viral contamination. 

Unfortunately, these interpretation dilemmas remain unaddressed. As more food and 

environmental samples are screened, it is increasingly important to come to consensus on 

these data interpretation issues, or there is the risk of under- or over-estimating the 

prevalence of virus contamination and/or wrongly predicting its risk.   

Methods that are designed to detect viral nucleic acids are unable to distinguish 

between infectious and non-infectious virus, the latter of which might consist of defective 

virus particles and mutated or degraded viral RNA. The reason for this is that RT-qPCR 

relies on the amplification and detection of small nucleic acid sequences (ca. 100-200 

nucleotides) that may originate from the complete infectious viral genome, defective virus 

particles containing intact or partially intact genomes, and/or from degraded RNA derived 

from inactivated particles. Furthermore, the scientific community has unequivocally 
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demonstrated that the RNA associated with inactivated viruses remains detectable by nucleic 

acid amplification long after viral infectivity has been lost (Richards 1999). In short, in the 

absence of a culture method or a suitable marker for infectivity, it is impossible to confirm 

that the detection of human NoV by RT-qPCR is indicative of infectious virus, as RT-qPCR 

tends to overestimate the actual amount of infectious virus. There are two major reasons why 

food scientists need reliable means to discriminate human NoV infectivity status: (1) to 

identify products that actually pose a risk to human health; and (2) to support studies of virus 

inactivation, including characterization of the efficacy of both traditional and novel control 

measures.  

Alternative methods for predicting virus infectivity based on molecular amplification 

approaches have been investigated. These methods fall into two major classifications: (1) 

those based on examining the stability of the virus genome; and (2) those based on 

examining capsid integrity.  Examples of these approaches are provided in Table 2. The latter 

approach is the most popular, and one commonly used method is to precede RT-qPCR with 

enzymatic (RNase with or without prior proteinase K) treatment. Sometimes called 

―virolysis,‖ the idea is that destruction of the viral capsid will result in release of viral RNA, 

which will be degraded by RNase. If the capsid is only partially degraded, then a prior 

proteinase K digestion should finish the process, releasing the viral RNA so that it is 

susceptible to RNase. A second major approach is so-called ―integrated,‖ in that it is 

designed to measure the affinity of virus particles for receptors involved in cellular 

attachment, or to other virus binding ligands. Commonly used ligands are antibodies, 

carbohydrates (HBGAs), or negatively charged (cationic) magnetic particles. In these cases, 
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infectivity discrimination assumes that if the viral capsid is non-intact, it will not be able to 

bind to the receptors.      

There are inactivation methods that target the viral nucleic acid. In this case, detection 

of small genomic target fragments using RT-qPCR may not indicate the presence of 

infectious virus for two reasons. The first reason is that naked viral RNA can persist long 

after a viral capsid has been destroyed. The second reason is that even though a single strand 

break occurring anywhere in the viral genome will render a virus particle non-infectious, the 

same break cannot be detected by RT-PCR if the target region for amplification remains 

intact. To account for this problem, it has been suggested that measurement of the overall 

integrity of genomic RNA could provide a useful marker for infective particles. This has 

been accomplished by techniques using multiple amplifications (Pecson et al. 2011), 

amplification of near full length genomes (Kostela et al., 2008), or a combination in which 

long range reverse transcription is followed by more efficient small fragment RT-qPCR 

(Wolf et al., 2009).   

One method that accounts for both capsid and genome integrity is the use of nucleic 

acid intercalating agents such as propidium monoazide (PMA) (Escudero-Abarca et al., 

2014; Kim and Ko, 2012; Parshionikar et al., 2010). Theoretically, these compounds cannot 

penetrate intact capsids but are able to penetrate damaged or destroyed capsids. Once 

penetrated, the photo-inducible azide group on these molecules covalently cross-links the 

RNA, producing stable monoadducts that cannot be amplified by PCR. 
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Note that each of the methods to discriminate infectivity status of human NoV using 

nucleic acid amplification have their own advantages and disadvantages, and the interested 

reader is referred to the comprehensive review of Knight et al. (2013) for more details. There 

is great debate amongst scientists working in this field as to which is the ―best‖ method. 

When looking at the data collectively as applied to surrogate viruses for which infectivity and 

nucleic acid amplification are compared, preceding RT-qPCR with enzymatic pre-treatments 

or ligand binding (capsid integrity methods) provide better but still not complete agreement 

with virus infectivity. Methods to assess genome integrity and the use of nucleic acid 

intercalating agents are difficult to optimize and frequently inefficient. Also, data on method 

performance frequently differs as a function of inactivation strategy. To date, no one method 

has been demonstrated to accurately discern infectious from non-infectious viral particles in 

the absence of an in vitro human NoV cultivation method. 

 

Conclusions 

In all, human NoV remain a significant challenge. Elements of NoV‘s basic biology 

and replication mechanism remain to be elucidated. Although many in vitro and in vivo 

cultivation methods have been attempted, humans remain the only host for virus propagation. 

As such, researchers have been forced to rely on data produced using cultivable surrogates, 

but each of these has its own advantages and disadvantages. Human challenge studies can 

also be conducted, but they are expensive, time-consuming, and infrequent. Rapid strain 

divergence and antigenic drift of the GII.4 genotype presents a whole additional set of 
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challenges, particularly in vaccine development and detection of emerging strains. Although 

there is better understanding of disease burden and attribution, outbreaks are still vastly 

under-reported, and adequately addressing the important role of the food handler remains a 

recalcitrant issue. In the absence of reliable detection methods for viruses in foods, it is 

difficult to attribute specific foods to outbreaks, or to better understand the prevalence of 

naturally occurring contamination. In addition to its existing features as a ―near perfect‖ 

foodborne pathogen, we now need to add another, that being our inability to really 

understand human NoV because they are just so hard to study.   
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Table 1.1 Studies Highlighting Issues in Positive RT-(q)PCR Interpretation 

Sample type Controls/ Confirmation Issues Citation 

Leafy greens Second PCR targeting a 

different region and 

attempted sequencing of 

amplicon. 

Of 275 samples total, 148 (54%) were found to be 

positive for HuNoV by RT-qPCR. Only 40 samples 

(15%) produced a band of expected size for the second 

amplification.  Of these 40 amplicons, only 16 (6%) 

could be sequenced to confirm HuNoV RNA. 

Mattison et 

al. 2010 

Raspberries, cherry  

tomatoes, strawberries 

and fruit salad 

IAC included; attempted 

sequencing of amplicon. 

‗Positive‘ Ct values were >37.  Not a single ‗positive‘ 

could be confirmed by sequencing. 

Stals et al. 

2011 

Environmental 

(catering kitchens and 

restrooms) 

Nested PCR; attempted 

sequencing amplicon. 

Samples with Ct‘s >40 could not always be confirmed by 

sequencing. 

Boxman et 

al. 2011 

Raw and treated 

sewage water 

Southern hybridization. Not always correlation between positive RT-qPCR and 

hybridization results. 

van den 

Berg et al. 

2005 

Shellfish Dilution, hybridization 

and attempted sequencing 

amplicon. 

Sequencing not possible.  Differences in sensitivities of 

hybridization method compared to RT-qPCR between GI 

and GII genogroups of NoV. Inhibition seen in 27% of 

positive samples. 

Loisy et al. 

2005 

Shellfish IAC and sequencing. Most ‗positive‘ virus samples had Ct‘s >45 (of 50 cycles). 

Of 15 ‗positive‘ samples, only 5 could be sequenced. 

DePaola et 

al. 2010 

N/A N/A A broad review focused on molecular methods in food 

microbiology for interested readers. 

Ceuppens 

et al. 2014 
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Table 1.2 Studies Regarding In Vitro Estimation of Human Norovirus Infectivity Using RT-(q)PCR 

Method Viruses Tested Treatment(s) Results Citation(s) 

Long range genome 

amplification 

Bacteriophage 

MS2; human 

NoV GI.1 and 

GII.4;  murine 

norovirus 

(MNV); 

poliovirus I 

(PV1) 

Ultraviolet (UV) 

light; heat; 

Method generally overestimated viral load by a 

range of 0.5 to as much as 4 log10, but usually 

performed better than traditional RT-qPCR.  

For UV, method design had to account for 

different genomic region susceptibility.  

Amplification tended to be inefficient.  Does 

not account for capsid integrity. 

Kostela et al. 

2008, Pecson et 

al. 2011, Shin & 

Sobsey 2003, 

Wolf et al. 2009 

RNase and 

Proteinase K pre-

treatment followed 

by RT-PCR 

MS2; MNV; 

HAV, PV1, 

feline calicivirus 

(FCV); human 

NoV GII 

UV; 

hypochlorite; 

heat; singlet 

oxygen; high 

hydrostatic 

pressure (HPP); 

Method generally overestimated viral load by a 

range of 2->3 log10, sometimes performing 

better than traditional RT-qPCR.  One study 

gave negative endpoint results, but low initial 

loads of virus were used (~10
3
 logs). Generally 

does not account for genome integrity. 

Diez-Valcarce 

et al. 2011, 

Nuanualsuwan 

& Cliver 2002, 

Pecson et al. 

2009, Tang et 

al. 2010 

RNase pre-treatment 

with RT-qPCR 

FCV, human 

HuNoV , MNV, 

human 

adenovirus, 

human NoV 

GI.1 

Hypochlorite; 

heat; alcohols; 

quarternary 

ammonium 

compounds; 

chlorine dioxide; 

oregano extract 

Method correlates to infectivity over a narrow 

disinfection range for hypochlorite (low 

available chlorine concentrations) and heat 

initially, but overestimates viral load in most 

cases, by 1 to  >3 log10. A human feeding 

study found this method overestimated viral 

persistence in groundwater by nearly 3 years. 

Mathematical modeling was applied to make 

estimation fairly accurate in one case. 

Generally does not account for genome 

integrity. 

de Abreu Corrêa 

et al. 2012, 

Gilling et al. 

2014, Nowak et 

al. 2011a,b; 

Seitz et al. 

2011, Topping 

et al. 2009 
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Table 1.2 Studies Regarding In Vitro Estimation of Human Norovirus Infectivity Using RT-(q)PCR (Continued). 

Cell-binding (Raw 

264.7 or Caco-2) or 

receptor binding 

(Ganglioside GD1a 

or porcine gastric 

mucin, PGM) 

followed by RT-

qPCR 

MNV; human 

NoV GI.1, GI.8 

and GII.4 

Heat; HPP; UV; 

hydrogen 

peroxide; grape 

seed extract; 

Some evidence that PGM binds preferentially 

to intact particles. Collectively, the method 

overestimated viral load by 1-4.5 log10 but 

usually performed better than traditional RT-

qPCR.  Generally does not account for genome 

integrity. 

 

 

Dancho et al. 

2012, Li et al. 

2011, 2012a; 

Tang et al. 2010 

Pre-treatment with 

nucleic acid 

intercalating agents 

(propidium 

monoazide, PMA 

followed by RT-

qPCR 

HAV; human 

NoV GII.2; 

MS2; MNV 

Heat Two studies compared PMA-RTqPCR to 

RNase-RT-qPCR.  The former method 

appeared to perform equivalently or better than 

the latter, and certainly better than RT-qPCR 

alone.  However, the method is difficult to 

optimize and results appear to vary by virus. 

Escudero-

Abarca et al. 

2014, Kim & 

Ko 2012, 

Parshionikar et 

al. 2010b, 

Sánchez et al. 

2012 

Hydrazide binding 

followed by RT-

qPCR 

Astrovirus 

serotype 4; 

human 

NoVGII.4 

Hypochlorite Method overestimated astrovirus load by about 

1-2 log10 compared to plaque assay. Only 

relevant for disinfection approaches in which 

oxidative damage occurs. 

Sano et al. 2010 

Proteinase K and 

RNase pretreatment 

followed by NASBA 

FCV, human 

NoV GII 

Heat Enzymatic treatment removed all positive 

signal for human NoV that had been seen 

without treatment. No comparison to surrogate 

to demonstrate method was made however. 

Lamhoujeb et 

al. 2008 
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Figure 1.1 Example Phylogenetic Tree of Selected GII Strains. The tree is constructed based 

on only full-length VP1 sequences and contains the prototype GI.1 Norwalk Virus as an 

example of GI. The interested reader is referred to Kroneman et al. (2013) and Vinjé et al. 

(2014) for more coverage of NoV phylogeny and genotyping.   
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Abstract 

Human norovirus is a leading cause of viral gastroenteritis worldwide, responsible for 

significant disease burden. Rapid detection could facilitate control, however widespread 

point-of-care testing is infrequently done due to the lack of robust and portable methods. 

Recombinase polymerase amplification (RPA) is a novel isothermal method which rapidly 

amplifies and detects nucleic acids using a simple device in near real-time. An RT-RPA 

assay targeting a recent epidemic human norovirus strain (GII.4 New Orleans) was 

developed and evaluated in this study. Of 48 candidate primer pairs screened, an optimal set 

was chosen and a corresponding fluorescent probe designed. The identified primer-probe set 

successfully detected purified norovirus RNA from all GII.4 New Orleans patient clinical 

isolates tested and had a limit of detection of 3.2 ± 0.01 log genomic copies (LGC). The 

assay was also capable of detecting norovirus in dilutions of patient stool that were boiled, 

and displayed better resistance to reaction inhibition than a commonly used RT-qPCR. The 

RT-RPA assay also was capable of successfully amplifying a more recent pandemic strain, 

GII.4 Sydney, suggesting toleration of some base mismatching. On the other hand, the RT-

RPA assay did not amplify genomes from 9 non-related enteric viruses and bacteria. 
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Although higher than RT-qPCR, the limit of detection of the RT-RPA assay was comparable 

to most other reported isothermal norovirus amplification methods. The RT-RPA assay 

detected norovirus in some samples in as little as 6 min, and taking into account sample 

preparation prior to amplification (i.e., diluting and boiling stool), the entire detection process 

can be performed in less than 30 min. The reported RT-RPA method shows promise for 

sensitive point-of-care detection of a human norovirus epidemic strain faster than previously 

reported amplification methods. 

 

Introduction 

Human norovirus is estimated to account for a fifth of all acute gastroenteritis cases 

worldwide (Ahmed et al., 2014), costing $2.8-$3.7 billion in annual economic losses in the 

U.S. alone (Scharff, 2012). Norovirus is especially troublesome in healthcare settings, as 

outbreaks result in consumption of resources, extended hospital stays, ward closures, and 

high morbidity (B Y Lee et al., 2011). Thus, early detection of clinical infection is important 

as it can facilitate more rapid implementation of rigorous controls, which can result in 

reduced health care costs and improved public health (Bruce Y Lee et al., 2011). 

 Detection of human norovirus historically relies on reverse transcriptase 

quantitative polymerase chain reaction (RT-qPCR). However, this method requires time-

consuming sample preparation and purification and is sensitive to matrix-associated 

inhibitors (Butot et al., 2014). RT-qPCR also relies on bulky instrumentation and usually 

takes over an hour to complete. Recombinase polymerase amplification (RPA) is a novel 

isothermal PCR alternative that produces results in 20 minutes or less with portable 
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instrumentation. RPA uses bacterial recombinase enzymes to anneal primers to template 

DNA for extension and amplification by an isothermal polymerase (Armes and Stemple, 

2009; Piepenburg et al., 2006). The basic RPA platform has been used in concert with a 

reverse transcriptase and a fluorescent probe system for real time detection of viral pathogens 

with RNA genomes (Amer et al., 2013; Euler et al., 2012b).  Its use of sequence repair 

enzymes theoretically provides a higher fidelity than RT-qPCR (Armes and Stemple, 2009; 

Piepenburg et al., 2006), although the assay‘s sensitivity to matrix-associated inhibitors is 

poorly characterized. The purpose of this study was to develop a real time RT-RPA assay for 

rapid detection of a recent epidemic human norovirus strain and evaluate its performance in 

both purified and minimally processed outbreak-derived clinical (stool) specimens. 

 

Materials and Methods 

Viruses, Bacteria, and Outbreak Stool Specimens 

Stool specimens obtained from fourteen individuals previously confirmed positive for human 

norovirus genogroup II, genotype 4 (GII.4) New Orleans, GII.4 Sydney, and GII.3 using RT-

qPCR and sequencing were provided courtesy of S.R. Greene (North Carolina Department of 

Health and Human Services, Raleigh, NC). Stool specimens were diluted to 20% (w/v) in 

phosphate buffered saline (PBS, pH 7.2), divided into minimal use aliquots, and stored at -

80
o
C until use. Frozen animal cell culture lysates of poliovirus 1, feline calicivirus, Tulane 

virus, and hepatitis A virus that are routinely used in our laboratory were used in exclusivity 

studies. Adenovirus 41 strain Tak (VR-930D), bacteriophage MS2 (15597-B1), Escherichia 

coli [(Migula) Castellani and Chalmers strain C3000 (15597)], and Enterobacter cloacae 
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subsp. Cloacae [(Jordan) Hormaeche and Edwards (13047)] obtained from ATCC (Manassas, 

VA) were also used. For those studies, genomic nucleic acids from all samples were 

extracted using the NucliSENS® easyMAG system (bioMerieux SA, Marcy l‘Etoile, France) 

according to the manufacturer‘s instructions. All extracted nucleic acids were aliquoted into 

minimal use volumes and stored at -80
o
C until use. 

 

Generation of a human norovirus RNA Standard by RT-qPCR 

The amplifiable genomic copies of a sample was determined using an RNA standard curve as 

previously described (Fronhoffs et al., 2002). Briefly, extracted GII.4 New Orleans RNA was 

first amplified with T7GII.4F and GII.4R primers (Table 2.1) using the Superscript One-Step 

RT-PCR kit (Invitrogen, Carlsbad, CA) and 5 µl template. A 15 min reverse transcription 

cycle at 50
o
C was then followed by enzyme inactivation at 95

o
C for 2 min. Amplification 

was performed for 30 cycles of 95
o
C for 15 sec, 55

o
C for 30 sec, and 72

o
C for 30 sec. The 

460 nucleotide amplicon was gel purified using the QIAquick gel extraction kit (Qiagen, 

Hilden, Germany) and subjected to in vitro transcription using the MEGAshortscript T7 kit 

(Thermo Fisher, Waltham, MA) according to manufacturer‘s instructions. The transcribed 

RNA was purified and quantified (NanoPhotometer Pearl, Denville Scientific, South 

Plainfield, NJ). It was then serially diluted and used to construct a standard curve with RT-

qPCR using the JJV2F-COG2R-Ring2-TP primer probe set (Table 2.1) and the SuperScript 

One-Step RT-PCR kit with 45 cycles and a 54
o
C annealing temperature. The RNA standard 

curve was used to estimate RNA copy number from extracted patient stool samples.  
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Real time RT-RPA primer and probe design 

Primers for RT-RPA were designed following manufacturer guidelines (TwistDx Inc. 

Cambridge, UK). Targets for primer design were the relatively conserved ORF1-2 junction 

and a previously reported conserved region of the norovirus capsid near the N/S domain of 

ORF2 (Kageyama et al., 2003; Kojima et al., 2002). After initial screening, one optimally 

performing primer set was selected and the corresponding probe was designed according to 

manufacturer‘s instructions (TwistDx Inc.) (Table 2.1). Primers were provided by Integrated 

DNA Technologies (IDT, Coralville, IA) and probes were provided by Biosearch 

Technologies (Novato, CA).  

 

RT-RPA reaction conditions 

RT-RPA reactions were carried out using the TwistAmp exo RT kit (TwistDx Inc.). Each 50 

µl reaction contained 2.1 pmol forward and reverse primer, 0.6 pmol probe, 29.5 µl 

proprietary rehydration buffer, 10 µl template, and nuclease-free water to 47.5 µl. The 

reaction mixture was then added to rehydrate TwistAmp exo RT lyophilized enzyme pellets, 

and 2.5 µl of 280 mM magnesium acetate was added to the tops of reaction tube lids. The 

magnesium acetate droplets were then spun down using a minifuge and a timer immediately 

started. Reactions were quickly transferred to a Bio-Rad CFX Thermal Cycler (Bio-Rad, 

Hercules, CA) set to 40
o
C with cycles read every 30 sec. Five min after the reactions were 

started, the cycler was paused, reactions mixed, spun down, and placed back on the thermal 

cycler to continue cycling. The total time to produce signal was calculated by the following 

formula: (Total Time Thermal Cycler Not Recording Reaction) + (Ct Value * 30 sec/cycle).   
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Evaluation of purified RNA and heated stool samples using RT-RPA and RT-qPCR 

Twenty percent suspensions of norovirus GII.4 New Orleans-confirmed clinical samples 

from 12 patients were serially diluted and the RNA released by heating in a Bio-Rad T100 

Thermal Cycler (Bio-Rad, Hercules, CA) at 99
o
C for 5 min. Tubes were cooled on ice, mixed 

and briefly centrifuged. These heated stool dilutions were used directly as a template in RT-

RPA reactions as described above in section 3.4, and in RT-qPCR reactions using the JJV2F-

COG2R-Ring2-TP primer probe set (Table 2.1). RT-PCR and RT-qPCR reactions were both 

cycled at a 15 min reverse transcription cycle at 50
o
C, followed by reverse transcriptase 

inactivation at 95
o
C for 2 min, then amplification for 30 or 45 cycles of 95

o
C for 15 sec, 54

o
C 

for 30 sec, and 72
o
C for 30 sec, respectively. Primer and probe reaction concentrations were 

all 200 nM. In addition, NucliSENS® easyMAG RNA extracts from each clinical sample 

were serially diluted and used in RT-RPA and RT-qPCR. The degree of correlation between 

RT-RPA time to detection (in min) and log10 genomic copy input (by standard curve) was 

determined by linear regression using Microsoft Excel 2013 (Figure 2.4). For evaluating the 

RT-RPA assay analytical sensitivity, serial dilutions of purified RNA from one selected stool 

sample (sample 29) was tested using as described above for a total of 9 replicates and a 

probit regression was performed using the JMP 12 software package (SAS, Cary, NC). 

 

Exclusivity testing and sequence analysis 

The specificity was evaluated by analyzing multiple relevant enteric virus and bacterial 

strains for cross reactivity with the RT-RPA assay (Table 2.3). Purified genomic nucleic acid 
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was serially diluted, and 10
-2

 and 10
-3

 dilutions used directly as templates in RT-RPA. To 

analyze the degree of sequence difference between GII.4 New Orleans, for which the primers 

were designed, and two other human norovirus strains (GII.3 and GII.4 Sydney), sequences 

were aligned by performing Clustal W analysis using the MEGA 6 Software suite (Tamura et 

al., 2013). 

 

Results 

Development and Screening of RT-RPA primer and probe sets 

Forty-eight combinations of candidate primers (8 forward and 12 reverse) were generated 

and screened for reactivity to purified GII.4 New Orleans RNA. Of these, 8 primer sets were 

identified as capable of amplifying target RNA, and a probe (NOP1) was designed that 

would accommodate all 8 sets (Table 2.1). The primer sets were then tested for the time to 

fluorescence threshold with the probe and compared (Figure 2.1). Six primer sets produced 

signal with the probe, and two of the sets—NOF5-NOR11 and NOF5-NOR12—produced 

signal significantly (p<0.05) faster than three other sets and also performed similarly when 

used on heated stool (data not shown). One set was discarded because it produced signal with 

widely inconsistent time to result. Due to resource constraints, one set (NOF5-R11 with 

NOP1) was chosen for subsequent evaluation.  
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Evaluation of RT-RPA performance with GII.4 New Orleans outbreak samples  

RT-RPA performance was tested using serially diluted stool samples obtained from 

12 different individuals during 10 different GII.4 New Orleans outbreaks that occurred in 

2012. Two sample preparation methods were analyzed for each of the samples—

conventional RNA purification and direct detection after boiling of patient stool (Table 2.2). 

RT-RPA applied to serially-diluted purified RNA samples produced signal for a wide range 

of virus input levels, was highly repeatable, and identified virus in all patient samples. RNA 

copy number over a range of 0.2 log10 genomic copies (LGC) to 9.4 LGC per reaction 

produced positive signal fluorescence within 6.1 min to 21.5 min. Overall for purified RNA, 

the input LGC of RNA as determined by RT-qPCR was inversely proportional to the time to 

signal of the RT-RPA when analyzed by linear regression (Figure 2.4).  

When applied to heated stool, RT-RPA did not perform as well, but positive signal 

was still repeatedly produced for all outbreak-derived stool samples except one (sample 44), 

with estimated input genome concentration ranging from 0.8 – 10.0 LGC and positive signal 

produced in 6.7 – 20.0 min. For most boiled stool samples, the RT-RPA produced positive 

signal for samples with high levels of inhibitors. For example, for relatively ―dirty‖ samples 

(20% and 2% fecal suspensions), RT-RPA produced more positive replicates than did RT-

qPCR, with 61% versus 18% positive replicates for 20% stool, and 61% versus 58% for 2% 

stool, respectively (Figure 2.3). Supplementation of reactions with dimethyl sulfoxide 

(DMSO), formamide, and RNase inhibitor did not improve or change results of the RT-RPA 

assay (data not shown). 
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Analytical sensitivity of RT-RPA for detection of human norovirus GII.4 New Orleans RNA 

To test the analytical sensitivity (detection limit) of the RT-RPA assay, serial 

dilutions of purified GII.4 New Orleans RNA from one patient (sample 29) were tested for 9 

replicates and a probit regression used to interpolate a limit of detection (Figure 2.2). The 

range of input RNA producing positive results for all three replicates was 3.2 to 6.2 LGC 

with time to threshold florescence of 12.4 ± 2.4 min to 8.2 ± 0.5 min, respectively. Based on 

the probit regression, the limit of detection of the assay (the level of input RNA for which 

95% of samples would be positive) is 3.2 ± 0.01 LGC. This is about 1.0 LGC higher than the 

limit of detection for RT-qPCR, which was predicted by probit to be 2.3 ± 0.04 LGC.  

 

Specificity of human norovirus GII.4 New Orleans RT-RPA 

The specificity of the RT-RPA was determined using a panel of genomes extracted 

from relevant enteric virus and bacterial cultures (Table 2.3). Consistent positive signal was 

only observed for both GII.4 human norovirus strains. Human norovirus GII.3 produced 

positive signal for one replicate at one dilution, but was otherwise negative. The GII.4 

Sydney strain, the most recent circulating epidemic strain (van Beek et al., 2013), repeatedly 

produced positive signal in 8.1 – 15.3 min over a 3.0 LGC range of input RNA. The 

repeatable amplification and positive signal of GII.4 Sydney suggests that some degree of 

base mismatching is tolerated in the RT-RPA system, despite its reliance on recombinase 

enzymes (Table 2.4). There were a total of 6 mismatches in the assay‘s targeted region when 

comparing GII.4 New Orleans and Sydney strains, whereas there were 16 mismatches when 

comparing GII.3 with GII.4 New Orleans. Sydney does not differ from New Orleans in the 
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probe region and has only 4 and 3 base mismatches in the forward and reverse primer target 

regions, respectively. GII.3 has 3 probe, 2 forward, and 11 reverse primer target region 

mismatches. It is likely that the reverse primer target region is the reason for the lack of 

consistent reactivity for GII.3.  

 

Discussion 

In this work, a RT-RPA assay for the rapid detection of GII.4 human norovirus was 

developed and proof-of-concept data provided for its use in detecting virus in representative 

clinical samples. In purified RNA extracts, the assay limit of detection was 3.2 LGC per 

reaction.  When human fecal samples positive for norovirus GII.4 New Orleans were 

extracted for RNA isolation followed by RT-RPA, virus could be detected in all patient 

specimens, with longer amplification times to target signal corresponding to lower input 

template concentrations. It was possible to detect norovirus when 20% fecal specimens were 

heated to release the viral RNA, without further purification. With this heat release method, 

lower limits of detection were around 5.0 LGC per reaction. Although not as sensitive as the 

RT-qPCR, the RT-RPA assay appears to have similar analytical sensitivity to conventional 

RT-PCR and other human norovirus isothermal assays (Fukuda et al., 2006; Greene et al., 

2003).  

For point-of-care diagnostics in particular, isothermal amplification methods are of 

great interest due to their convenience, rapid time-to-result, and potential for miniaturization. 

Two of these methods have been well studied for human norovirus detection: nucleic acid 

sequence based amplification (NASBA) and loop-mediated isothermal amplification 
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(LAMP). Greene et al. (2003) developed the first norovirus NASBA, targeting Norwalk 

virus, reporting a detection limit of 10
4
 PCR-amplifiable units/ml sample and a total time-to-

result  of 4-6 h. Moore et al. (2004) evaluated the sensitivity and specificity of this same 

NASBA using  GI, GII, and outbreak strains. The method was able to detect 13/17 of the 

strains tested and, compared to the RT-PCR ―gold standard,‖ had a sensitivity and specificity 

of 100% and 80%, respectively. A different NASBA assay design targeting the ORF1-ORF2 

junction and using the JJV2F and COG2R primers (Jothikumar et al., 2005; Kageyama et al., 

2003) reportedly had higher analytical sensitivity, approximately 90% concordance with 

other assays, and reduced time-to-result (90 min) (Lamhoujeb et al., 2009).  

The first human norovirus LAMP assay targeted a similar genome region to the RT-

RPA, was designed to detect both GI and GII viruses, and had a detection limit of 2-3 

LGC/25 µl reaction. Sensitivity and specificity approached 100% and results were achieved 

in 60-90 min (Fukuda et al., 2006). Yoda et al. (2007) designed their own LAMP assay 

targeting the ORF1-ORF2 junction and were able to improve on the detection limit (to 1-2 

LGC/25 µl reaction) and increase inclusivity by design changes. In another study, Iturriza-

Gomara et al. (2008) evaluated a commercial RT-LAMP for norovirus detection relative to 

an RT-PCR, finding a slightly lower sensitivity for the GI RT-LAMP but a higher sensitivity 

for the RT-LAMP assay. Newer LAMP designs are facilitating colorimetric endpoints and 

can be used even for genotyping (Fukuda et al., 2007; Luo et al., 2014).  

Although several isothermal techniques for the amplification and detection of purified 

nucleic acids exist (Craw and Balachandran, 2012; Gill and Ghaemi, 2008), RPA has 

multiple advantages, i.e., (i.) the use of a single tube; (ii.) real-time detection of amplified 
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product using a fluorescent probe; (iii.) the inclusion of most required reagents in the form of 

a freeze-dried pellet to simplify testing; (iv.) the inclusion of a binding protein that has been 

reported to aid in amplification of RNA targets having a high degree of secondary structure; 

and (v.) a reduced time to a positive signal.  Its major disadvantage may be lack of broad 

reactivity (i.e., high specificity), perhaps because the recombinase enzyme used is thought to 

have higher fidelity than PCR (Armes and Stemple, 2009; Piepenburg et al., 2006). However, 

in our work some degree of base mismatch appears to have been tolerated as we were able to 

detect two different GII.4 strains, although older strains have not been evaluated. However, 

having a method that reliably detects GII.4 norovirus is relevant as this genotype is 

responsible for at least 70% of norovirus cases in the United States (Vega et al., 2014) and 

80-95% of outbreaks globally (Patel et al., 2008). New RT-RPA assays could be redesigned 

relatively quickly to cover new epidemic strains as they emerge.  

With the exception of the early work of Greene et al. (2003), this is the first study of 

isothermal amplification in which fecal suspensions without prior RNA extraction were used 

as template. Our results are generally consistent with Greene et al. (2003) in that the RT-RPA 

assay produced more positives in samples with higher concentrations of fecal material as 

compared to RT-qPCR. Specifically, for our study‘s comparisons of sample positivity for 

20% stool suspensions, about 60% were positive by RT-RPA while less than 20% of those 

same samples were positive by RT-qPCR (Figure 2.3). This suggests that the RT-RPA 

method may have more tolerance for inhibitory compounds. When RPA was used for the 

direct detection of Chlamydia trachomatis from urine samples, no notable amplification 

inhibition occurred, although it was common when using PCR (Krõlov et al., 2014). The 
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authors hypothesized that RPA would be less susceptible to amplification inhibition because 

the assay relies on enzyme components and conditions more comparable to biological 

systems. For example, the use of a recombinase enzyme may provide increased primer 

binding efficiency. A polymerase derived from a bacterial species (Bacillus subtilis) that can 

grow at 37
o
C may be more physiologically familiar, as would be an amplification reaction 

occurring under isothermal conditions of 40
o
C (Piepenburg et al., 2006).  Interestingly, the 

isothermal LAMP assay has also been shown to have a higher tolerance for inhibitors in 

other biological samples (Enomoto et al., 2005; Kaneko et al., 2007, 2005). However, further 

comparisons of isothermal methods to PCR are necessary before broad conclusions about the 

impact of inhibitors on amplification efficiency can be made.   

This GII.4 norovirus RT-RPA assay displayed poorer analytical sensitivity (detection 

limit) than several previously reported assays for other viral pathogens. These earlier studies 

used an RNA standard to determine analytical sensitivity and showed RT-RPA detection 

limits <1 LGC for bovine coronavirus (Amer et al., 2013), and Rift Valley fever, Ebola, 

Marburg, Sudan and Sigma viruses (Euler et al., 2013, 2012a). This is 2 LGC better than the 

limit of detection reported for our assay. However, our limit of detection was similar to that 

reported for a foot and mouth disease virus assay (3.16 LGC) (Abd El Wahed et al., 2013). 

There are a number of explanations for the differences in detection limits reported in the 

literature. Firstly, in the earlier studies, detection limits were based on an RNA standard 

generated from a plasmid, while our study used RNA directly purified from a clinical sample. 

We believe that the latter approach, while producing higher detection limits, is more 

biologically relevant, because a full length genome may consume more RPA enzyme and 
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also contain regions of increased secondary structure, both of which can impede enzymatic 

action (Bustin and Nolan, 2004). Alternatively, the length of the amplicon reported here is 

longer than those reported by Euler et al. (2013, 2012a) and Amer et al. (2013), but is similar 

in length to that reported by Abd El Wahed et al. (2013), who showed a similar higher limit 

of detection. 

The RT-RPA assay was able to amplify the two most recent circulating epidemic 

GII.4 norovirus strains. This implies that despite its high fidelity, the assay is able to tolerate 

slight differences in target sequence. This is in agreement with Boyle et al. (2013), who 

reported that two different HIV-1 RPA primer-probe sets were capable of amplifying nearly 

all HIV-1 subtypes, including one isolate with 9 mismatches. In our report, GII.4 Sydney 

containing 6 total mismatches in the target region was readily amplified. The data of Daher et 

al. (2015), which focused on using RPA for amplification of conserved genes for several 

bacteria, showed a similar tolerance to base pair mismatches. Interestingly, the GII.3 

template was inconsistently amplified by the NOF5-NOR11-NOP1 primer-probe set, the 

amplified region of which contained base mismatches on the 3‘ end of NOF5 and NOR11 

target regions in addition to a large number of mismatches (Table 2.4). Such placement of 

mismatches was found by Daher et al. (2015) to be more inhibitory to amplification than 

internal or 5‘ mismatches. The fact that the primer-probe set reported here did not amplify 

any other relevant enteric virus or bacterial nucleic acid suggests that it shows specificity, but 

more extensive testing in this regard would be necessary for future validation. 

This is the first report on the use of the emerging RPA technology for the rapid 

detection of human norovirus. RT-RPA has multiple advantages over RT-qPCR, including: 
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(i.) the lack of reliance on larger, more expensive equipment for amplification and detection; 

(ii.) the use of recombinase enzymes that reduce the likelihood of false positive results due to 

their inherent proofreading capabilities (Armes and Stemple, 2009; Lin et al., 2014; 

Piepenburg et al., 2006); (iii.) quicker time-to-result; and (iv) the potential for reduced impact 

of matrix-associated inhibitors. Theoretically, the RT-RPA assay is capable of direct, 

portable detection of epidemic human norovirus in clinical samples with minimal expertise in 

less than 30 minutes. With further optimization, in particular improvement of analytical 

sensitivity and comprehensive evaluation of assay specificity, RT-RPA has potential to be a 

promising alternative to RT-qPCR or other isothermal methods for rapid testing for human 

norovirus. 
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Table 2.1 Primer sequences used for RT-RPA and RT-qPCR assays.  

Primer 

Name 

Sequence (5‘  3‘) Nucleot

ide
a
 

Source 

JJV2F
b
 CAAGAGTCAATGTTTAGGTGGATGAG 5003 Jothikumar et al. 2005 

COG2R
b 

TCGACGCCATCTTCATTCACA 5101 Jothikumar et al. 2005 

Ring2-TP
b 

TGGGAGGGCGATCGCAATCT 5048 Jothikumar et al. 2005 

NOF5 CCACGGCCCAGCATTTTACAGCAAAATCAGC 4918 This Paper 

NOF7 CCATACAATTGATGTCCCTACTGGGGGAGGCCGC 4880 This Paper 

NOR9 TTCTAGGGGATACTGTAAACTCTCCACCAGGGGC 5292 This Paper 

G2R10 CCTGGGGCATTTCTAGGGGATACTGTAAACTCTCC 5304 This Paper 

NOR11 CTACGGGCTCCAAAGCCATAACCTCATTGTTGACC 5182 This Paper 

NOR12 CCAAAGCCATAACCTCATTGTTGACCTCTGGG 5172 This Paper 
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Table 2.1 Primer sequences used for RT-RPA and RT-qPCR assays (Continued).  

NOP1
d ATTTTTACGTGCCCAGACAAGAGCCAATGT3CAHA1GGATGA

GATTCTCAGA 

4987 This Paper 

T7GII.4F
c TAATACGACTCAACTATAGCAAGAGTCAATGTTTAGGTGGAT

GAG 

5003 This Paper 

GII.4R2
c 

GTTGGGAAATTCGGTGGGACTG 5182 This Paper 

a
Nucleotide corresponding to 5‘ of primer on GII.4 New Orleans sequence (GenBank JN595867.1) 

b
54

o
C annealing temperature and 2.1 pmol primer in 50 µl reaction used for RT-qPCR primers and probe 

c
55

o
C annealing temperature and 2.1 pmol primer in 50 µl reaction used for RT-PCR amplification of standard 

d
For probe modifications: 3 = internal dT-FAM; H = THF; 1 = internal dT-BHQ1. Probe has 3‘ C3-spacer for blocking extension. 
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Table 2.2 RT-RPA performance with purified RNA and heated stool samples. 

Isolate 

Number 

Purified GII.4 New Orleans RNA Heated GII.4 New Orleans Stool 

 Input (LGC)
a
 Time to Detection (Min) Lowest 

Detectable 

Input 

(LGC)
b
 

Input 

(LGC)
a
 

Time to Detection 

(Min) 

Lowest 

Detectable 

Input (LGC)
b
 

10 1.6-7.6 6.1 ± 0.1 - 13.2 ± 2.8 4.6 (4/4) 2.2 – 8.2 7.3 ± 0.0
c
 – 15.4 ± 0.5 5.2 (2/3) 

14 3.4 – 9.4 6.8 ± 0.3 – 14.8 ± 3.0 4.4 (1/3) 4.0 – 

10.0 

6.7 ± 1.2 – 16.7 ± 1.4 5.0 (2/3) 

15 2.0 – 8.0 7.3 ± 0.8 – 14.0 ± 0.0
c
 5.0 (1/3) 2.6 – 8.6 7.9 ± 1.7 – 14.7 ± 0.0

c
 4.6 (1/3) 

29 0.2 – 6.2 10.4 ± 1.7 – 13.3 ± 0.2 4.2 (3/3) 0.8 – 6.8 11.2 ± 0.1 – 14.1 ± 

0.0
c
 

2.8 (1/3) 

34 3.0 – 9.0 7.4 ± 0.5 – 13.4 ± 2.6 5.0 (3/3) 3.6 – 9.6 7.8 ± 1.5 – 11.8 ± 0.0
c
 6.6 (1/3) 

37 1.3 – 7.3 9.3 ± 0.9 – 14.2 ± 2.2 5.3 (3/3) 1.9 – 7.9 8.4 ± 0.3 – 10.9 ± 2.8 5.9 (3/3) 

44 0.5 – 6.5 11.7 ± 0.0
c
 – 15.3 ± 3.5 3.5 (1/3) 1.1 – 7.1 None Detected None 

Detected 

47 0.2 – 6.2 9.5 ± 0.5 – 21.5 ± 0.0
c
 3.2 (1/3) 0.8 – 6.8 19.8 ± 1.2 6.8 (3/3) 

58 0.6 – 6.6 7.6 ± 0.2 – 19.6 ± 0.0
c
 1.6 (1/3) 1.2 -7.2 9.4 ± 1.7 – 11.3 ± 1.0 5.19 (3/3) 

64 0.7 -6.7 9.3 ± 0.4 – 14.1 ± 2.7 4.7 (3/3) 1.3 – 7.3 18.2 ± 0.0
c
 5.3 (1/3) 

74 2.5 – 8.5 8.1 ± 0.6 – 13.2 ± 2.2 4.5 (3/3) 3.1 – 9.1 12.8 ± 0.3 – 20.0 ± 0.6 7.1 (3/3) 

87 3.0 -9.0 6.8 ± 0.1 – 13.1 ± 1.2 5.0 (3/3) 3.6 -9.6 7.5 ± 0.1 – 9.9 ± 0.9 7.6 (3/3) 
a
The input range tested for each sample. 

b
The lowest input level for which a signal was obtained along with the proportion of replicates the signal was obtained for that 

input level. 
c
No standard deviation observed due to only one positive replicate. 
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Table 2.3 Exclusivity (specificity) analysis. 

 

Organism Type
a
 Organism name Signal (Y/N)

b
 

Virus Human norovirus GII.4 Sydney strain Y (4/4) 

Virus Human norovirus GI.6 N 

Virus Human norovirus GII.3 Y (1/3) 

Virus Poliovirus 1 N 

Virus Feline calicivirus N 

Virus Tulane virus N 

Virus Adenovirus 41 strain Tak (ATCC VR-930D) N 

Virus Hepatitis A virus N 

Virus Bacteriophage MS2 (ATCC 15597-B1) N 

Enteric bacteria Escherichia coli (Migula) Castellani and Chalmers Strain C3000 (ATCC 15597) N 

Enteric bacteria Escherichia coli O157:H7 N 

Enteric bacteria Enterobacter cloacae subsp. Cloacae (Jordan) Hormaeche and Edwards, subsp. 

nov. (ATCC 13047) 

N 

a
Source organism type used. All organisms may be present in human enteric samples. 

b
Whether or not an amplifiable signal was observed at any point for any dilution with RT-RPA. If yes, then the proportion of 

replicates for which a positive signal was obtained is presented in parentheses.  
c
Showed low reactivity in one replicate. 
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Table 2.4 Sequence alignment of GII.4 strains and GII.3. 

 

GII.4 New 

Orleans
a 

TCTCCACGGCCCAGCATTTTACAGCAAAATCAGC----GGTCAACAATGAGGTTATGGCTTTGGAGCCCGTAGTTGGTGC 

GII.4 

Sydney 

ACTCCACGGCCCGGCATTCTATAGCAAAATTAGC----GGTCAACAATGAGGTTATGGCTCTGGAGCCCGTTGTTGGTGC 

GII.3 ACTCCACGGCCCAGCATTCTACAGCAAAATCAGT----GATCAGTAATGAGGCAATGGCGCTAGATCCAGTGCGGGTGC 

a
Bolded sequences correspond to NOF5 and NOF11 target regions, mismatches with GII.4 New Orleans are in red 
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Figure 2.1 Time to signal detection of different RT-RPA primer pairs. The RT-RPA assay 

was performed as described using the NOP1 probe. The template used was 7.0 LGC of 

purified GII.4 New Orleans RNA per reaction. 
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Figure 2.2 Sensitivity of RT-RPA assay for purified GII.4 New Orleans RNA as predicted 

using a probit regression. Serial dilutions of purified RNA from a selected patient stool 

sample was used as template in RT-RPA reactions for 9 replicates and the number of positive 

samples at each dilution was used for a probit regression. The points mark the proportion of 

samples positive at each log10 genomic copy level; the solid line marks the predicted 

frequency of samples positive as a function of log10 genomic copy input, and the dotted line 
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Figure 2.3 Comparison of RT-RPA and RT-qPCR assays for detection of heated stool 

isolates. Stocks of a 20% solutions of 12 clinical stool isolates were diluted and heated at 

99
o
C for 5 min to release norovirus RNA. The heated samples were cooled and used directly 

as templates in RT-RPA or RT-qPCR reactions. The overall percentage of replicates at each 

stool dilution for all 12 isolates that produced a positive signal are presented in the figure
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Figure 2.4 Linear Regression of RT-RPA assay with purified RNA. Time to fluorescence 

threshold of all sample replicates relative to input genomic copies is displayed. A linear 

regression of these points along with equation and R
2
 values are also displayed.

y = -1.4759x + 19.696 
R² = 0.6381 
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Abstract 

Human norovirus is a leading cause of gastroenteritis worldwide. In the absence of a simple 

in vitro cultivation method, receptor-binding assays using histo-blood group antigens 

(HBGAs) can serve as a proxy for estimating infectious particles. The purpose of this study 

was to streamline a previously reported plate-based human norovirus receptor-binding assay 

to decrease time-to-result while maintaining accuracy and high throughput. A sandwich-type 

capture assay using commercially available neutravidin-coated plates, biotinylated HBGAs, 

and broadly reactive human norovirus antibodies was designed and optimized for assessing 

the binding ability of norovirus GII.4 Sydney capsids. The ability of the assay to estimate the 

degree of capsid binding after physical (heat) or chemical (copper) inactivation treatments 

was compared to results using a previously established longer duration assay. The 

streamlined method produced a high positive/negative ratio (25.3 ± 4.9) with a total assay 

time of less than 2.5 hours. It had a limit of detection of 0.1 µg/ml capsid protein and 

produced results consistent with those of the long duration HBGA binding assay when 

evaluating the efficacy of copper and heat on human norovirus capsid functionality. This new 
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method is a promising alternative for evaluating human norovirus inactivation with a focus 

on impact to virus particle functionality. 

 

Introduction 

Human norovirus is the leading cause of viral gastroenteritis worldwide (Glass et al., 2009), 

placing a significant burden on public health. Control of these viruses is difficult due to their 

resistance to commonly used disinfectants, sanitizers, and processes (Hirneisen et al., 2010).  

Hence, accurate characterization of norovirus inactivation is important, which has been 

hampered by the absence of a simple in vitro cultivation method. Cultivable surrogate viruses 

are frequently used as proxies, but their differential susceptibility compared to human 

norovirus limits their usefulness (Richards, 2012).  

Historically, norovirus is detected using nucleic acid amplification, most often RT-

qPCR.  It is widely recognized that measurement of virus genome copy number does not 

correlate with infectivity because viral RNA is both more persistent and resistant to most 

inactivation treatments. In short, the degree of norovirus inactivation based on RT-qPCR 

alone is almost always underestimated relative to the actual impact of the treatment on virus 

infectivity. In an effort to resolve this issue, various modifications or additions to RT-qPCR 

have been investigated, usually categorized as methods to assess either genome or capsid 

integrity/functionality (Knight et al., 2013). One of the more popular capsid functionality 

methods is to precede RT-qPCR with virus capture to putative receptor molecules, based on 

the hypothesis that only intact (undamaged) particles will bind, excluding damaged (non-

infectious) particles from the amplification reaction. The most commonly used ligands for 
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virus capture are histo-blood group antigens (HBGAs), the putative norovirus host cell 

receptor/co-factor. Porcine gastric mucin (PGM), which contains some HBGAs, has been 

used as an inexpensive alternative to purified synthetic HBGAs.  

While most studies have focused on linking HBGA binding (through use of magnetic 

beads) to RT-qPCR, plate-based HBGA binding assays are also used to evaluate human 

norovirus capsid functionality. Specifically, Hirneisen and Kniel (2012) compared a plate-

based PGM binding assay to plaque assay for murine norovirus, a cultivable surrogate. They 

found that reduction in PGM binding signal corresponded to plaque assay results for virus 

treated with heat. Further, plate-based HBGA binding assays in tandem with the RNase 

protection assay (i.e., RT-qPCR with and without RNase pretreatment), electron microscopy, 

and SDS-PAGE have been used to gather a body of evidence supporting both mechanism and 

efficacy of human norovirus inactivation, as has been done by Lou et al. (2012) and Dancho 

et al. (2012) for high pressure processing, and Manuel et al. (2015) for copper. 

Unfortunately, HBGA binding assays are time-consuming, especially given the need for 

overnight incubations and lengthy binding steps. The purpose of this study was to streamline 

a plate-based human norovirus receptor binding assay to less than half of a day in duration 

while maintaining accuracy and high throughput. The assay was then validated for its use in 

evaluating loss of human norovirus capsid functionality as a consequence of VLP exposure 

to heat and copper. 
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Materials and Methods 

Histo-Blood Group Antigens, Monoclonal Antibodies, and Virus-Like Particles (VLPs) 

Biotinylated synthetic histo-blood group antigen H (#01-019) was obtained in lyophilized 

form from GlycoTech (Gaithersburg, MD), rehydrated in phosphate-buffered saline (PBS, 

pH 7.2), aliquoted into minimal use volumes, and stored at -20
o
C until use. Purified virus-

like particles (VLPs) consisting of the assembled human norovirus capsid without a genome, 

as well as purified broadly reactive monoclonal antibody NS14 (Kitamoto et al., 2002), were 

provided courtesy of R. Atmar (Baylor College of Medicine, Houston, TX). The VLPs 

contained the major capsid protein of the most recent pandemic human norovirus strain, 

GII.4 Sydney (SYV). 

 

Long Duration, Established HBGA Binding Assay 

This previously reported ELISA-type sandwich assay consisting of the sequential 

steps of VLP immobilization, binding of biotinylated HBGA, followed by detection using 

streptavidin-linked enzyme and substrate, was developed in our lab based on previous 

methods with slight modification (Manuel et al., 2015; Rogers et al., 2013). Briefly, 100 µl of 

VLP solution (with or without inactivation treatment as described below) at 2 µg protein/ml 

was applied to Costar 3591 medium binding polystyrene 96-well plates (Fisher, Pittsburgh, 

PA) and incubated at 4
o
C overnight with gentle orbital rotation. All other steps were done at 

room temperature separated by 2-3 washes with 200 µl PBS- 0.05% Tween 20 (PBST). 

Plates were blocked with 200 µl of 2.5% skim milk suspended in PBST for 2 h, followed by 
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addition of 100 µl of 10 µg/ml biotinylated blood type H HBGA diluted in 0.25% skim milk-

PBST for 1 h. One hundred microliters of a 1/5,000 dilution of streptavidin-horse radish 

peroxidase (HRP) conjugate (1 mg/ml in PBS; Invitrogen, Carlsbad, CA) was added for 15 

min. Color development was done by addition of 3,3',5,5'-Tetramethylbenzidine substrate 

(TMB; KPL Inc., Gaithersburg, MD; #50-76-00) for 3-8 min before stopping the reaction 

with TMB stop solution (KPL). Results were read at 450 nm using a microplate reader 

(Tecan Group Ltd., Mannedorf, Switzerland). 

 

Streamlined HBGA Binding Assay 

A new HBGA capture assay was developed based upon previously reported HBGA 

binding and ELISA assays (Bok et al., 2009; Harrington et al., 2002; Huang et al., 2005; 

Hutson et al., 2003; Lindesmith et al., 2008; Manuel et al., 2015). This capture assay was 

designed with the sequential steps of biotinylated HBGA immobilization, binding of VLPs, 

followed by indirect detection using primary and enzyme-labeled secondary antibodies. 

Initial studies were conducted to identify appropriate buffers, and optimize reagent 

concentrations as well as blocking and washing conditions. In the final assay design, all 

incubations were done at room temperature and plates were washed three times in PBST 

preceding each binding step. One hundred microliters of biotinylated blood type H HBGA 

(10 µg/ml in PBS; GlycoTech, #01-019) was added to Pierce NeutrAvidin coated plates 

(Thermo Fisher,Waltham, MA,  #15127), and incubated for 15 min with gentle rotation. This 

was followed by addition of 100 µl of treated or untreated VLP solution (2 µg protein/ml) 

with 30 min incubation. One hundred microliters of antibody NS14 (1.37 mg/ml diluted 
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1/5,000 in 5% bovine serum albumin-PBST) was added for 30 min, followed by 100 µl 

secondary anti-mouse IgG antibody conjugated with horse radish peroxidase (HRP, diluted 

1/5,000 in 5% BSA-PBST; Life Technologies, Carlsbad, CA; #62-5520) for 30 min. Plates 

were developed as described in section 2.2.  

 

Plate Data Analysis 

Raw absorbance from the plates was analyzed in two different ways. For initial 

optimization tests, absorbance for wells containing VLPs was divided by that for 

corresponding wells that did not contain VLPs, thus giving a Positive/Negative (VLP/No 

VLP) ratio. Conditions yielding the highest ratio were then used for evaluating inactivation 

of VLPs by heat or exposure to copper. For inactivation studies, the absorbance of the 

negative control wells (no VLP) was subtracted from all of the other wells containing VLPs, 

producing normalized absorbance readings. The normalized absorbance of treated VLP wells 

were then divided by the normalized mean absorbance of untreated positive control wells and 

multiplied by 100, thus providing the results for each treatment as a percentage of the 

positive control signal. At least two wells for each inactivation treatment and three 

experimental replicates were performed. One-way ANOVA was performed on produced 

values to infer statistical differences using JMP Pro 12 (SAS, Cary, NC). 

 

VLP Treatments for Assay Validation 

For evaluation of the optimized, streamlined capture assay, SYV VLPs were 

subjected to one physical (heat) and one chemical (copper surface) inactivation treatment.  
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For heat treatment, VLPs were diluted in PBS to a concentration of 50 µg/ml and placed into 

small volume aliquots in 0.2 ml Eppendorf tubes. Solutions were then placed on a preheated 

Bio-Rad T100 thermal cycler (at 60
o
C, 65

o
C, 70

o
C, 75

o
C, and 80

o
C) for one min and then 

immediately transferred to another thermal cycler running at 4
o
C for at least 5 min. Treated 

VLP solutions were then diluted to 2 µg protein/ml in PBS and used in binding assay 

described above.  

 The copper surface treatments were performed as previously described (Manuel et al., 

2015). VLPs were diluted to 0.2 µg protein/µl and 1 µl applied to previously degreased and 

sterilized pure (100%) copper or stainless steel for 0-15 min. VLPs were eluted with 20 µl of 

20 mM EDTA in PBS by pipetting up and down 25 times. The eluted VLPs were added to 

179 µl of PBS-EDTA solution and placed on ice until addition to plates for analysis. 

 

Results 

Optimization of Streamlined HBGA Capture Assay 

Optimization studies focused on assay buffer composition, and concentrations of 

antibodies and VLPs. A dilution of both antibodies at 1/5,000 in 5% BSA-PBST produced 

the highest positive to negative signal ratio (Figure 3.1), with higher concentrations of 

antibodies producing higher background signal. VLP concentrations of 2 µg/ml produced the 

highest average signal ratios (25.3 ± 4.9) (Figure 3.2), but there was no statistically 

significant difference (p > 0.05) when compared to 3 µg/ml or 1 µg/ml. This suggests that 

there is flexibility in the concentration of VLP used to a certain point of saturation. The final 
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optimized capture assay could be performed in less than 2.5 h without the need for a blocking 

step or overnight incubation (data not shown). 

 

Comparison of Long Duration and Streamlined HBGA Capture Assays for VLPs Exposed to 

Heat 

Previously reported data for heat-treated SYV VLP binding to HBGAs (Chapter 5) 

was compared to data generated using the streamlined capture assay for the exact same time-

temperature treatments. For all but one treatment temperature, the streamlined assay 

performed equivalently to the long duration assay, with no statistically significant difference 

(p > 0.05) (Figure 3.3). A statistical difference (p = 0.015) between the assays was observed 

with treatment at 65
o
C for one min, as the two assays differed by about 13.7% of signal. At 

this treatment, the large majority of signal was still maintained, however. Nearly all (>94%) 

binding signal was lost after treatment for 1 min at 75
o
C using both assays. 

 

Comparison of Long Duration and Streamlined HBGA Capture Assays for VLPs Exposed to 

Copper Surfaces 

Destruction of HBGA binding of VLPs applied to copper and stainless steel surfaces 

was analyzed by both assays. For either surface type, there were no statistically significant 

differences (p > 0.05) at any exposure time when comparing the long duration and 

streamlined HBGA binding results (Figure 3.4). Slight to nearly negligible reduction in 

binding signal was observed when VLPs were placed on stainless steel, as less than 10% of 

signal was lost after 15 min. On the other hand, rapid destruction of VLPs was observed with 
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copper, as over 70% of binding signal was lost after 9 min, and nearly all signal (>95%) was 

lost after 15 min.   

 

Discussion 

In this study a streamlined synthetic HBGA capture assay was developed for potential 

use in evaluating loss of human norovirus capsid functionality. This loss in the capsid‘s 

ability to bind the putative virus receptors/co-factors has been shown to serve as the best 

available in vitro proxy for estimating the number of infectious human norovirus particles 

when evaluating candidate inactivation methods (Cannon and Vinjé, 2008; Dancho et al., 

2012; Hirneisen and Kniel, 2012; Kingsley et al., 2014; Li and Chen, 2015; Tian et al., 2012, 

2010, 2008; Wang and Tian, 2014; Wang et al., 2014). The streamlined assay improves the 

time-to-result from potentially >12 hours to <2.5 hours, predominantly by eliminating the 

need for an overnight incubation and shortening other incubation periods. The assay 

produces strong positive and low background signals for 1-3 µg/ml VLP concentrations, 

producing VLP/No VLP ratios over 20, which are high, as a ratio of above 2 is considered 

positive (Hirneisen and Kniel, 2012; Tian et al., 2007). The use of a plate-based format 

allows for a large number of treatments or agents to be analyzed simultaneously. 

The assay reported here is designed for use with VLPs, having a limit of detection of 

about 0.1 µg/ml capsid protein.  As such, it may not be useful for studies using infectious 

virus because human clinical samples rarely have virus concentrations approaching those of 

VLP suspensions.  However, HBGA binding studies themselves are useful for discerning 
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effects of various inactivation strategies on viral capsid receptor/co-factor binding. In the 

food and environmental virology sector, the method might be best used in conjunction with 

other techniques (e.g., electron microscopy, SDS-PAGE) to ascertain mechanism of action 

for disinfectants and processes, much as has been previously done (Lou et al., 2012; Manuel 

et al., 2015). 

For heat inactivation, the streamlined capture assay produced results virtually 

identical to that of the longer duration method. These results confirm the findings of previous 

studies showing a relatively high degree of resistance of human norovirus to heat. They 

likewise confirm that GII.4 Houston is more susceptible to heat than the Sydney strain, as 

supported by molecular dynamics simulations and discussed in Chapters 5 and 6. Similarly, 

these results also confirm the sensitivity of human norovirus to copper. Again, there were 

strain-to-strain differences, as HBGA binding of SYV VLPs was completely abolished after 

15 min, longer than the 8 min observed by Manuel et al. (2015) for GII.4 Houston (HOV). 

This is likely related to virus capsid structure.  Specifically, HOV shows considerably more 

changes in secondary structure within the HBGA binding subdomain compared to SYV, and 

more surface-exposed protein area. With higher dynamacy in conformation and a lower 

number of hydrogen bonds to bolster structure, oxidative damages caused by copper would 

be likely to damage HOV more quickly than SYV. The observations here suggest that in 

silico analysis as described in Chapter 6 may also provide insight into the dynamics of 

chemical inactivation of norovirus.  

In summary, we present a rapid norovirus HBGA capture assay capable of assessing 

loss of human norovirus capsid functionality in under 2.5 hours with strong positive signal 
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and little background.  The assay is also capable of analyzing a large number of samples 

simultaneously and produced similar results to a previously established assay for both 

physical and chemical inactivation strategies, but in a fraction of the time. Using the method, 

it was possible to determine strain-based differences of two distinct GII.4 viruses with 

respect to susceptibility to heat and copper. This assay will be a valuable tool to aid in the 

study of human norovirus inactivation and control.  
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Figure 3.1 Optimization of antibody buffer and concentration for the streamlined HBGA 

binding assay. Various dilutions of monoclonal antibody NS14 (stock concentration 1.37 

mg/ml) and secondary antibody anti-mouse IgG-horseradish peroxidase (stock concentration 

1.0 mg/ml) were used in binding buffers supplemented with either 5% bovine serum albumn 

(BSA)-PBST or 0.5% skim milk-PBST in the streamlined HBGA binding assay. Data 

represent absorbance ratios of wells containing GII.4 Sydney VLPs to No VLPs 

(Positive/Negative). 
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.  

Figure 3.2 Streamlined HBGA capture assay performance with different concentrations of 

SYV VLPs. Optimized HBGA capture assay antibody and buffer conditions were used and 

the concentration of purified SYV VLPs varied. Data represent absorbance ratios of wells 

containing VLPs to no VLP wells (positive signal/negative signal).
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Figure 3.3 Comparison of long duration and streamlined HBGA binding assays as applied to 

heat treated SYV VLPs. SYV VLPs were treated at different temperatures for one min and 

immediately cooled at 4
o
C. Treated solutions were diluted and used in the streamlined 

HBGA capture assay. Previously reported data using SYV VLPs subjected to the same 

treatments but evaluated using the long duration HBGA binding are provided for comparison 

purposes (Chapter 5). Values are given as percentage of positive control absorbance. 
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Figure 3.4 Comparison of long duration and streamlined HBGA binding assays as applied to 

SYV VLPs on stainless steel and copper surfaces. SYV VLPs were applied to stainless steel 

or copper coupons and eluted after various exposure times. Treated solutions were diluted 

and HBGA binding was assessed in parallel using the long duration and streamlined capture 

assays. Values are given as percentage of positive control absorbance.
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Abstract 

Human noroviruses (NoV) are the leading cause of acute viral gastroenteritis 

worldwide.  Significant antigenic diversity of NoV strains has limited the availability of 

broadly reactive ligands for design of detection assays.  The purpose of this work was to 

produce and characterize single stranded (ss)DNA aptamers with binding specificity to 

human NoV using an easily produced NoV target—the P domain protein. Aptamer selection 

was done using SELEX (Systematic Evolution of Ligands by EXponential enrichment) 

directed against an Escherichia coli-expressed and purified epidemic NoV GII.4 strain P 

domain. Two of six unique aptamers (designated M1 and M6-2) were chosen for 

characterization. Inclusivity testing using an enzyme- linked aptamer sorbent assay (ELASA) 

against a panel of 14 virus-like particles (VLPs) showed these aptamers had broad reactivity 

and exhibited strong binding to GI.7, GII.2, two GII.4 strains, and GII.7 VLPs. Aptamer M6-

2 exhibited at least low to moderate binding to all VLPs tested. Aptamers significantly 

(p<0.05) bound virus in partially purified GII.4 New Orleans outbreak stool specimens as 

demonstrated by ELASA and Aptamer Magnetic Capture (AMC) followed by RT-qPCR. 

This is the first demonstration of human NoV P domain protein as a functional target for the 
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selection of nucleic acid aptamers that specifically bind and broadly recognize diverse human 

NoV strains. 

 

Introduction 

Human noroviruses (NoV) are the most common cause of acute viral gastroenteritis 

worldwide (Glass, Parashar, and Estes, 2009) and the leading cause of foodborne illness in 

the United States (Scallan et al., 2011). Despite their public health significance, the 

availability of routine detection methods for these viruses is limited, in part due to the 

absence of an in vitro cultivation method. While molecular amplification (specifically reverse 

transcriptase quantitative PCR or RT-qPCR) is usually used for NoV detection and genome 

quantification by the public health sector, it is not commonly used in clinical diagnostics. 

Because of sample complexity (fecal matrix) and the need to remove PCR inhibitors, ligand-

based detection methods are more appealing for clinical diagnostics.   

Unfortunately, human NoV are genetically and antigenically diverse, complicating 

the identification of broadly reactive ligands (e.g. antibodies) that can be used for virus 

capture and/or detection.  The lack of broad reactivity by antibodies to human NoV strains 

has been well documented (Burton-MacLeod et al., 2004; Shiota et al., 2007), and for this 

reason, enzyme immunoassays display poor sensitivity (Costantini et al., 2010; Kele et al., 

2011). Other candidate NoV ligands have been explored, such as putative NoV infection co-

factors known as histo-blood group antigens (HBGAs) (Cannon and Vinjé, 2008; Harrington 

et al., 2004) and porcine gastric mucin, which contains some HBGAs (Pan et al., 2012; Tian 

et al., 2008); peptides (Rogers et al., 2013); and single chain antibodies (Huang et al., 2014). 
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While some of these react with multiple human NoV strains or VLPs, no completely 

inclusive human NoV ligand has been reported.  

  For both pathogen capture and purification, nucleic acid aptamers are a promising 

alternative ligand. Aptamers are short (20-80mer) single-stranded DNA or RNA sequences 

that interact (bind) with their target through their three-dimensional structures. They offer 

advantages over antibody-based affinity molecules in their ease of production, purification, 

modification, physical stability, and lower cost (Brody and Gold, 2000; Murphy, 2003; 

Tombelli et al., 2007). Nucleic acid aptamers are selected in vitro based on affinity for a 

target molecule, protein, virus, or cell using a molecular-based iterative enrichment method 

called SELEX (Systematic Evolution of Ligands by EXponential enrichment).  

In the absence of a robust in vitro cultivation method, the only source of whole 

viruses for ligand selection is stool samples from infected individuals. As infectious virus in 

stool is a difficult sample to obtain and work with, virus-like particles (VLPs) are frequently 

used instead for many types of studies, from disinfection to immune response 

characterization (Cheetham et al., 2007; Lou et al., 2012; Nilsson et al., 2009; Souza et al., 

2007; Vongpunsawad et al., 2013). VLPs demonstrate similar binding behavior to HBGAs as 

human NoV particles (Huang et al., 2003; White et al., 1996); however, their production and 

purification can be costly, time consuming, and variable (Koho et al., 2012). An alternative is 

to focus selection on a portion of the human NoV major capsid protein or VP1. Unlike VLPs 

for which the entire capsid [all 180 copies of the major capsid protein (VP1)] assembles as 

nucleic-acid free ―ghosts,‖ ―P domain proteins‖ consist of proteins containing the outermost 

domain of the NoV VP1 capsid protein. Like VLPs and human NoVs, these proteins retain 
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their antigenicity, can still bind to histo-blood group antigens and have been used for 

structural, binding, and vaccination studies (Cao et al., 2007; Koho et al., 2012; Tan et al., 

2011). P domain proteins can easily be produced in a bacterial system (Tan and Jiang, 2005) 

and expressed and purified at low cost and with high yield, making them an attractive target 

for ligand selection. In this study, we describe the production of single stranded (ss)DNA 

aptamers with binding affinity to a representative human NoV strain by SELEX using a P 

domain protein. Once isolated and characterized, promising aptamer candidates were further 

tested for their degree of reactivity with a broad panel of human NoV VLPs. They were then 

used to develop prototype methods to capture and/or detect GII.4 human NoV in outbreak-

associated fecal specimens. 

 

Materials and Methods 

Viruses, Virus-Free Fecal Specimens and Virus-Like Particles 

A GII.4 outbreak-derived human clinical (fecal) sample [sequence-confirmed to be 

the ―2006b‖ cluster of GII.4 epidemic strains (Tsai et al., 2014; Yang et al., 2010)] was 

obtained courtesy of S.R. Greene (North Carolina Department of Health and Human 

Services, Raleigh, NC) and suspended 20% in phosphate-buffered saline (PBS). Human 

NoV-negative stool samples derived pre-exposure from individuals participating in a human 

challenge study were kindly provided by C.L. Moe (Emory University, Atlanta, GA).  In 

some instances, stool suspensions were used without further processing.  In other cases, the 

suspensions were partially purified by chloroform extraction (Shin and Sobsey, 2008).  All 

suspensions were stored at -80°C until use in experiments. Virus-like particles (VLPs), which 
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consisted of purified virus capsid without the viral genome, were provided courtesy of R. 

Atmar (Baylor College of Medicine, Houston, TX). The following VLPs were available for 

this study: GI.1, GI.4, GI.6, GI.7, GI.8, GII.1, GII.2, GII.3, GII.4 (2 strains), GII.6, GII.7, 

GII.12, and GII.17. 

 

Preparation of P-domain protein  

The clinical outbreak stool specimen used for creation of the P domain was confirmed 

to belong to the 2006b GII.4 cluster by RT-PCR amplification and sequencing (data not 

shown). Primers specific to the P domain region (nt 5744-6704), which included flanking 

BamHI and NotI restriction enzyme sites, were designed using the GII.4 2006b sequence 

[Accession Number: JN400603; (Tsai et al., 2014)] based on the locations of previously 

reported primers without a hinge (Tan and Jiang, 2005; and Table 1). These were used to 

produce cDNA using the RETROscript kit (Ambion/Applied Biosystems) and amplified in 

PCR with the designed primers [GII.4 P Domain Forward/Reverse, Table 1] and the 

Platinum Taq system (Invitrogen). The products were cleaned with the QIAquick PCR 

purification kit (Qiagen) and restriction digested with BamHI and NotI (New England 

BioLabs, Ipswtich, MA). This was ligated into a similarly digested pGEX-4T-1 plasmid (GE 

Healthcare, Piscataway, NJ) containing an N-terminal glutathione-S-transferase (GST) tag 

with a 2:1 insert: vector ratio. The vector was then electroporated into electrocompetent 

Escherichia coli BL21(DE3) cells [E. cloni EXPRESS; Lucigen, Middleton, WI]. Successful 

transformants were screened by colony PCR and confirmed by sequencing (Genewiz, Inc.). 
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P domain-GST fusion protein and GST-only cultures were grown overnight in 2X yeast 

extract tryptone ampicillin (YTA) broth incubated at 37
o
C.  Thereafter, the bacteria were 

pelleted, reconstituted in 2X YTA, and used to seed a larger 2X YTA culture that was grown 

at 37
o
C to an OD600 of 0.6-0.9. The cultures were then induced with 1.0 mM isopropyl β-D-

1-thiogalactopyranoside (IPTG) and left overnight at 25
o
C with gentle shaking. Cells were 

purified by centrifugation and lysed with 106 µm acid-washed beads (Sigma) and a mini 

bead beater (Biospec Products Inc., Bartlesville, OK).For further purification, the lysate was 

incubated 1:1 (v/v) in 50% glutathione sepharose 4B agarose bead solution (GE Healthcare, 

Little Chalfont, United Kingdom) for 30-45 min at 22
o
C , followed by centrifugation and 

washing of the bead-protein complexes. Elution from the fusion protein was done using 50 

mM Tris-HCl/10 mM reduced glutathione buffer (pH 8.0) mixed 1:1 with the bead volume 

and incubated for 15-20 min at 22
o
C followed by centrifugation. Presence of the P domain 

protein in the lysate and eluate was confirmed by Western blotting on nitrocellulose 

membranes using anti-GST primary antibody (Thermo Fisher Scientific, Waltham, MA) and 

anti-GII.4 primary antibody (ab80024, Abcam, Cambridge, England).  

 

Aptamer Selection (SELEX) and Characterization 

An 81-base combinatorial DNA library having a 40 nt variable region was obtained 

from Integrated DNA Technologies (IDT, Coralville, IA). The library was prepared for 

SELEX by producing an 81 bp double-stranded (ds)DNA molecule that was unlabeled at the 

5‘ end and labeled at 3‘ end with biotin by PCR using a Forward Constant Region primer and 

a biotinylated Reverse Constant Region primer (Table 1), as described previously by 
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Dwivedi et al. (2010). For separating the biotinylated DNA strand from its complementary 

strand, the labeled dsDNA was coupled with Streptavidin MagneSphere
® 

Paramagnetic 

particles (Promega) and captured by magnet (MPC-M magnetic particle concentrator, Dynal 

A.S. Oslo, Norway).  The captured dsDNA was denatured by treatment with 0.15 M sodium 

hydroxide and after three washes with Tris-EDTA (TE), the immobilized biotinylated strand 

was released by incubating beads in 28% ammonium hydroxide at 85
o
C for 10 min. Removal 

of residual ammonium hydroxide was achieved using Vivaspin 500 filters (10,000 molecular 

weight cut-off, Sartorius Stedim Biotech, Cedex, France) with two washes of nuclease-free 

water. The purified ssDNA was stored in -80
o
C until use.  

 

Selection of aptamers using GII.4 human NoV P domain protein. 

 SELEX and counter-SELEX were performed using the P domain-GST fusion protein 

and the GST tag with NoV-negative human stool and bead matrix as targets, respectively. 

Briefly, 300-500 pmol of the library was pre-heated at 90
o
C for 10 min and cooled on ice for 

10 min. For counter-SELEX, the library was exposed to a 125 microliter (µl) bed volume of 

the GST beads for 1 h at 22
o
C with end-over-end mixing. The mixture was centrifuged at 500 

x g for 5 min and the supernatant reserved. DNA was purified by phenol:chloroform:isoamyl 

alcohol (25:24:1) extraction and ethanol precipitation [10% (v/v) 3 M sodium acetate, 200% 

(v/v) 100% ethanol, and 50 µg/ml Ambion GlycoBlue (Life Technologies, Grand Island, 

NY)] with reconstitution of the pellet in 25 µl DEPC-treated water. The DNA concentration 

was adjusted to 20-40 ng/µl and amplified by PCR using 2 µl of the template and primers 

described in Table 1. The reactions of 50 µl contained 1X Go Taq
®
 Buffer (Promega), 500 
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nM of Conserved Forward Primer, 500nM biotinylated Conserved Reverse Primer, 0.2 mM 

Promega
 
PCR Nucleotide mix (Promega), 0.5 µg single-stranded DNA binding protein 

(Promega), and 2 U Go Taq
®
 DNA polymerase (Promega). A Bio-Rad T100 Thermal Cycler 

was used for the PCR (Bio-Rad Laboratories, Hercules, CA) with an initial 95ºC step for 2 

min followed by 30 cycles of 95ºC for 30 sec,  50-65ºC for 30 sec (see below), and 72ºC for 

15 sec; and a final extension at 72ºC for 5 min. After every round of SELEX and counter-

SELEX, an initial annealing gradient (from 50-65
o
C) using the cycling conditions above was 

used to determine the optimal annealing temperature prior to the larger regeneration of the 

remaining pool. This temperature optimization was required to reduce concatamers and 

primer dimers. The amplified pool was then made into biotin-labeled ssDNA as described 

above.   

The initial counter-SELEX was followed by seven rounds of positive selection which 

were performed in the same manner as the counter-SELEX described above except that the P 

domain-GST fusion protein lysate was used instead of the GST lysate; unbound sequences 

were removed by washing; and the protein-aptamer complexes were eluted from the beads 

using a glutathione elution buffer [50 mM Tris-HCl/10 mM reduced glutathione buffer (pH 

8.0)] followed by phenol-chloroform extraction and ethanol precipitation. Prior to 

sequencing, another counter-SELEX round was performed using GST lysate and human 

NoV-negative human stool. The amplified pool was then resolved on a 2% agarose gel and 

purified with the QIAquick Gel Extraction Kit (Qiagen). The purified pool was cloned via 

electroporation using the TOPO® TA Cloning Kit (Invitrogen). Colonies were selected, 
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grown, plasmid-extracted, and screened by PCR. Selected colony plasmids were then 

sequenced (Genewiz, Inc.).  

 

Analysis of Aptamer Sequences, Structural Folding, and Stability. 

 Usable aptamer sequences obtained were grouped into identical/similar sequences, 

and the proportion of each sequence in the pool determined. Structural folding analysis and 

∆G prediction of the candidate aptamer sequences was performed using the DNA Mfold 

online server (http://mfold.rna.albany.edu/) using 0.5 mM magnesium, 1 mM sodium, and 

23
o
C as input parameters (Zucker, 2003). Candidate sequences from the pool were selected 

on the basis of how many times they repeated in the pool, low ∆G value (stability), and 

uniqueness and formation of loops in the secondary structure. Motif analysis was done for 

aptamers M1, M5, and M6-2 using the MEME  Suite 4.10.0 online server 

(http://meme.nbcr.net/meme/tools/meme) with the criteria of a minimum motif length of 6 

bases having no more than two base mismatches (Bailey and Elkan, 1994; Bailey et al., 

2009).  

 

Binding Analysis Using Enzyme-Linked Aptamer Sorbent Assay (ELASA) 

Binding affinity assays were done using the candidate aptamers (M1 and M6-2) and a 

panel of virus-like particles (VLPs) corresponding to genogroup I [GI.1 (Norwalk virus), 

GI.2, GI.4, GI.6, GI.7 and GI.8)] and genogroup II [GII.1, GII.2 (SMV), GII.3, GII.4 

(Houston and Grimsby), GII.6, GII.7, GII.12 and GII.17) human NoV, and also for 

chloroform extracted 20% stool suspensions derived from a patient confirmed to have GII.4 
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New Orleans infection. This was done using a previously reported ELISA-like method 

(Escudero-Abarca et al., 2014; Moe et al., 2004; Rogers et al., 2013) that we refer to as 

Enzyme-Linked Aptamer Sorbent Assay (ELASA). Briefly, VLP suspensions (1.3 – 4.3 

mg/ml) were adjusted to a concentration of 3 µg/ml in PBS; in the case of whole virus, 10-

fold serial dilutions of chloroform extracted 20% GII.4 New Orleans stool solutions were 

made.  One hundred µl aliquots of VLP or diluted stool were placed on flat-bottom 

polystyrene 96 well plates (Costar 3591, Fisher, Pittsburg, PA) and incubated overnight at 

4°C. After removal of the fluid, the wells were blocked with 200 µl of 5% skim milk in PBS-

Tween 20 (0.05%) (PBST) with a 10 nM mix of unrelated DNA oligonucleotides [Listeria 

monocytogenes primers hlyQF/R and L23SQF/R (Rodríguez-Lázaro et al., 2004)] for 2 h at 

22
o
C with gentle shaking. Blocking solution was discarded and three washes of 200 µl PBST 

per well were performed. Next, 100 µl of biotinylated aptamer (1 µM) was added to each 

well, and the plate was incubated for 1 h at 22
o
C with gentle shaking. After removal of the 

liquid, the plates were washed 4 times with PBST. One hundred µl of ELISA-grade 

Streptavidin-Horseradish Peroxidase (1 mg/ml, 1:5000, Invitrogen, Carlsbad, CA) was added 

per well with incubation for 15 min at 22
o
C with shaking. After removing the unbound 

enzyme and rewashing with PBST, 100 µl of 3,3‘,5,5‘-Tetramethylbenzidine (TMB) 

microwell peroxidase substrate system [solution A:B (1:1), KPL, Gaithersburg, MD] was 

added for color development, and absorbance at 450 nm was recorded using a microplate 

reader (Tecan Infinite M200pro, Tecan Group Ltd., Männedorf, Switzerland).  
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All ELASAs were replicated on three separate occasions with at least three wells per 

replicate. Results were expressed as the ratio between the absorbance values for test samples 

divided by those for the negative control (no VLP). As per convention (Ebel et al., 2002; 

Escudero-Abarca et al., 2014; Hirneisen and Kniel, 2012), a VLP/No VLP ratio of less than 

2.0 was considered low to no binding (-); 2.0 to 5.0 was considered low binding (+/-); 5.0 to 

10.0 was considered medium binding (+); and >10.0 was considered strong binding (++). 

Means and standard deviations for ratios associated with replicate experiments were 

calculated using Microsoft Excel. Additionally, for plates containing positive and negative 

chloroform-extracted stool, statistical comparison was performed using a one-way analysis of 

variance (ANOVA) with Tukey‘s multiple comparison using GraphPad Prism version 5.0d 

(San Diego, CA).  

 

Aptamer Magnetic Capture (AMC)-RT-qPCR for Detection 

As proof-of-concept, biotinylated aptamers were used to concentrate human NoV 

from stool samples. Thirty µg of Dynabeads® MyOne Streptavidin C1 magnetic beads 

(Invitrogen-Dynal AS, Oslo, Norway) were diluted in 1 ml PBS + 0.05% PBST, mixed, and 

recaptured using the Dynal MPC-M magnetic particle concentrator (Invitrogen-Dynal). The 

beads were resuspended in 1 ml of 5% skim milk and blocked overnight at 4
o
C with rotation. 

The beads were then twice washed with 500 µl PBST, resuspended in 50 µl PBST, and 

stored at 4
o
C until use. These beads will hereafter be referred to as ―blocked beads.‖  
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Aptamer capture of human NoV from stool was performed based on the protocol of Cannon 

et al. (2008) with substitution of aptamers for purified histo-blood group antigens (HBGAs). 

Ten-fold serial dilutions of a previously aliquoted 20% GII.4 stool suspension were prepared 

in PBS and 100 µl of each dilution was placed into a dedicated tube containing 900 µl PBST 

and 15 µl of biotinylated aptamer (100 µM, ~5.9 ng total). The contents were mixed by end-

over-end rotation for 1 h at 22
o
C. Fifty µl of the blocked beads were then added, and the 

tubes incubated for another hour with flipping at 22
o
C. Beads were magnetically recovered 

and washed once with 500 µl PBST followed by one wash with 500 µl PBS. Beads were 

resuspended in 100 µl PBS and stored at -80
o
C until RNA extraction. Negative controls 

consisted of tubes containing 450 µl PBST, 450 µl Superblock T20 (Thermo Fisher 

Scientific, Waltham, MA), 100 µl of diluted sample, and 50 µl of blocked beads. RNA 

extraction was done using the NucliSENS® easyMAG system (bioMerieux SA, Marcy 

l‘Etoile, France) according to the manufacturer‘s instructions with a 40 µl final elution 

volume. The eluted RNA was immediately stored at -80
o
C until use in RT-qPCR (below).  

 

Quantification of virus recovery by RT-qPCR 

RNA was amplified by one step RT-qPCR using the Superscript III Platinum One-

Step kit (Invitrogen). Reactions of 25 µl were made containing 12.5 µl 2x Reaction Mix, 0.5 

µl SuperScript III Reverse Transcriptase/Platinum Taq mix, 200 nM JJV2F primer, 200 nM 

COG2R primer, 200 nM Ring2P probe (Jothikumar et al., 2005), 5.5 µl nuclease-free water, 

and 5 µl template. Reverse transcription was done at 50
o
C for 15 min followed by enzyme 

inactivation at 95
o
C for 2 min.  Amplification was done for 45 cycles of 95

o
C for 15 sec, 
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54
o
C for 30 sec, and 72

o
C for 30 sec. Quantification of genomic copies was based upon a 

standard curve using an in vitro transcribed GII.4 New Orleans amplicon covering a 460 nt 

range of the genome containing the JJV2F-COG2R primer target region. The amplicon was 

quantified using a Nano Photometer
TM

 Pearl (Denville Scientific, Inc., South Plainfield, NJ), 

serially diluted, and used to construct a standard curve to estimate genomic copies. 

Amplifiable RT-qPCR units were estimated based on a standard curve of Ct values from 

serial 100 µl dilutions of the 20% GII.4 New Orleans stool isolate used for the AMC assay 

that had their genomic RNA extracted and amplified using RT-qPCR as described above.  

 

Results 

Aptamer Candidates 

 After seven rounds of SELEX and two rounds of counter-SELEX, aptamer pools 

were sequenced as in section 2.3.2. Eleven sequences were identified, six of which were 

unique (Table 2). Candidates M1 and M6-2 were selected for further characterization based 

on the number of times the sequence occurred in the pool of sequences [3/11 and 1/11, 

respectively], low ∆G values [∆G= -7.11 and ∆G= -8.33 for M1 and M6-2, respectively] 

(Table 3), and similarities in secondary structure (Figure 1). MEME analysis of the aptamers 

showed multiple overlapping motifs and multiple motifs involved in loop regions or the 

formation of loop regions. More specifically, when comparing M1 and M6-2, three potential 

motifs of at least 6 bases were shared between the two aptamers. Motif 1 contained the 

sequence TAAA[C,T]G[T,C]A, where base mismatches are in brackets in respective order of 
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aptamer M1 and M-2; for example, aptamer M1 contains motif 1 as TAAACGTA and M6-2 

has TAAATGCA. Motif 1 was involved in the stem-loop regions for the major loop of both 

aptamers (Figure 1). Motif 2 was shared between aptamers M1 and M6-2, and contained the 

sequence TGGG[G,A]A. Motif 3 (sequence TC[G,C][T,G]GTA) occurred in the major loops 

of both aptamers. Motifs 4-6 (not shown) on M1 or M6-2 were shared with aptamer M5. 

Some of these motifs overlap motifs shared between M1 and M6-2, and are also involved in 

stem-loops. 

 

Aptamer binding inclusivity  

Both aptamer candidates exhibited relatively stronger binding to VLPs representing 

GII human NoV genotypes over GI genotypes. Strong binding (++) for both aptamers was 

observed by ELASA for GII.2 and GII.4 VLPs. Ratios indicating higher binding under the 

―medium‖ binding category for both aptamers were observed for GI.7, GII.4 Grimsby (M1 

only) and GII.7.  Based on an absorbance ratio cutoff of 2.0, aptamer M6-2 exhibited broader 

recognition compared to M1, with some degree of binding to all of the VLPs tested. Positive 

signals were quite low for GI.6 and GII.3 VLPs. On the other hand, aptamer M1 did not 

appear to bind to GI.6, and had relatively low signals for GI.8, GII.3, and GII.6 VLPs. 

Overall, M6-2 had higher VLP/No VLP ratios compared to M1. As expected, assays using 

GII.4 VLPs provided some of the highest signal ratios. Interestingly, both aptamers also had 

GII.2 ratios about as high as the GII.4 (highest) VLPs.  
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Aptamers bind to partially purified human stool samples obtained from infected individuals 

Both the M1 and M6-2 aptamers exhibited binding to serially diluted partially 

purified 20% stool specimens obtained from infected individuals (Figure 2).  Binding was 

statistically significant (p< 0.05) relative to human NoV negative stool when the samples 

were diluted 10
-2

 or 10
-3

.  These differences were not statistically significant for the 10
-1

 

dilutions of stool, likely due to matrix-associated non-specific binding. When stool samples 

were diluted 10
-4

 or more, signal was lost, presumably because of dilution-associated 

depletion of virus, approaching the assay limit of detection. 

 

Aptamer magnetic capture (AMC) coupled to RT-qPCR applied to outbreak stool specimens 

Selected aptamers were used to concentrate HuNoV from diluted GII.4 New Orleans 

clinical stool isolates using magnetic nanoparticles. Concentrated viruses were then 

quantified by RT-qPCR. Both aptamers concentrated significantly (p<0.05) more virus than 

no aptamer controls at concentrations of 6.79 and 5.86 log10 human NoV genomic copies per 

ml of stool (Figure 3).  

 

Discussion 

In this study, the P domain cloned and expressed from the genome of a 2007 GII.4 

human NoV clinical stool isolate was used as the target in SELEX for production of ssDNA 

aptamers. A GII.4 strain was considered relevant because it belongs to the epidemic genotype 
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that has been causing the largest numbers of cases over the last two decades (Bok et al., 

2009; Noel et al., 1999). Furthermore, the P2 subdomain of the P domain is thought to be 

involved in host cell binding, is hypervariable, and likely responsible for antigenic drift of 

GII.4 strains (Lindesmith et al., 2008). Given these features, it is not surprising that the 

aptamers produced in this study did not strongly bind to all human NoV VLPs screened. 

However, they did exhibit binding to a majority of the VLPs tested, with generally better 

binding demonstrated for GII versus GI VLPs. A notable difference between aptamers M1 

and M6-2 was observed for GI.8, GII.6, and GII.17 VLPs (Table 3). Different binding 

patterns for these two aptamers suggest that they may bind to different regions of the P 

domain.  It could be hypothesized that aptamer M1 binds a less conserved region of the P 

domain because it was not as broadly reactive as M6-2, and overall showed lower signal 

intensity. As expected, both aptamers bound well to the GII.4 VLPs, as the aptamer target 

was a GII.4 2006b strain. Also as expected, both aptamers displayed stronger binding to the 

more recent and sequentially similar GII.4 Houston strain (2001) compared to the older and 

less sequentially similar GII.4 Grimsby (1996) strain (Glass et al. 2009; Shanker et al. 2011). 

Interestingly, M6-2 showed some degree of binding to all of the VLPs tested, suggesting that 

it likely binds a part of the P1 subdomain of NoV, where other fairly broadly reactive 

antibodies have been found to bind (Kitamoto et al., 2002; Parker et al., 2005; Shiota et al., 

2007). 

Multiple common sequence motifs within the variable region of aptamers M-1 and 

M6-2 were identified. Many of these motifs are involved in hairpin-loop or loop structures 

(Figure 1) and may be implicated in aptamer binding to human NoV, as loop and stem-loop 
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structures are often involved in binding (Kato et al., 2000; Kaur and Yung, 2012). Such motif 

analysis can inform future studies. For example, characterization of the nature of the aptamer 

binding domain(s) could be further investigated using nucleotide substitution. Further, 

identification of common motifs in aptamers M1 and M6-2, in addition to other aptamers 

might allow the production of truncated aptamers that could be combined into a chimeric 

aptamer (Kanwar et al., 2011) to create an even more effective broadly reactive ligand.  

Recently, three studies have reported the development of DNA aptamers having 

binding affinity to NoV. Giamberardino et al. (2013) produced aptamers targeting the murine 

norovirus (MNV) surrogate using whole virus SELEX, finding that one also bound GII.3 

NoV VLPs. This aptamer was used as a recognition element in a voltammetry-based 

biosensor. Beier et al. (2014) created DNA aptamers using an unspecified GII.4 strain‘s 

entire major capsid protein (VP1) by a different SELEX process than ours. However, the 

work focused primarily on innovations in bioinformatic analysis and protein-aptamer 

modeling rather than the functional binding characterization reported here. Interestingly, the 

aptamers produced by Giamberardino et al. (2013) and Beier et al. (2014) had ∆G values 

similar to M1 and M6-2, but the sequences and secondary structures differed from ours. In 

both papers, the aptamers produced were never applied for capture or detection of human 

NoV in outbreak-derived stool specimens, and aptamer binding to the intact capsid of only 

one genotype of human NoV was confirmed for any of the reported aptamers. 

In a study similar to this one, Escudero-Abarca et al. (2014) created aptamers using 

partially purified infectious GII.2 Snow Mountain virus from stool (whole virus SELEX), as 
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juxtaposed to the GII.4 P domain target in this work. The aptamers described in that study 

and those reported in this paper exhibited similar broad reactivity and high signal-to-noise 

ratios, despite the differences in target. The aptamers also had similar ∆G values and motifs 

that occurred in hairpin-loops. Likewise, similar binding signals were observed using 

partially-purified GII.4 stool isolate in the ELASA assay. Aptamers M1 and M6-2 exhibited 

lower capture efficiencies in AMC-RT-qPCR compared to aptamer 25 reported by Escudero-

Abarca et al. (2014). This may be a function of differences in the counter-selection process, 

as Escudero-Abarca et al (2014) performed more counter-SELEX rounds against a greater 

number of targets, which likely reduced nonspecific aptamer binding to magnetic particles 

and stool components. Nonetheless, the aptamers M1 and M6-2 displayed a reasonably good 

capture efficiency at a range of 4.88-6.79 log10 input genomic copies of virus. Because of the 

similar performance of the M1, M6-2, and the Escudero-Abarca et al. (2014) aptamers by 

ELASA and AMC-RT-qPCR, it is possible that they all bind to a conserved NoV region, but 

further analysis would be necessary to support this hypothesis. The limit of detection of the 

AMC-RT-qPCR assay was 4.88 log10 input genomic copies, which corresponded to about 2-3 

log10 RT-qPCR amplifiable units in the input stool sample.  

Unlike any of the previous reports of aptamers generated against NoV, this paper is 

the first report of aptamers developed with a biotin label during the selection process. Label 

modifications made after the development of aptamers have the potential to alter the three-

dimensional structure resulting in reduced aptamer binding affinity (Jiang et al., 2004; Wang 

et al., 2005); thus selection using a functional biotin label allows for many downstream 

diagnostic and detection applications with less risk of losing aptamer functionality. For 
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example, the colorimetric ELASA assay presented here could be further optimized and its 

sensitivity increased with a chemiluminescent or fluorescent assay; both of which are 

compatible for use with biotinylated ligands and the proper streptavidin/avidin conjugates 

(Lewkowich et al., 2001; Yu et al., 2011). 

Not only were aptamers M1 and M6-2 able to bind to multiple human NoV VLPs, 

they also bound to stool samples previously confirmed as positive for human NoV as 

evaluated by both the ELASA and AMC assay. It was, however, necessary to purify and 

dilute the stool specimens in order to achieve reliable detection signals, suggesting that 

matrix-associated interference with ligand binding occurred when samples were too ―dirty.‖ 

This may be due to a degree of non-specific binding and/or association of the aptamers with 

the extracted stool matrix. This phenomenon has been observed in similar types of assays 

done by other investigators for both aptamers (Escudero-Abarca et al., 2014) and other 

ligands (Burton-MacLeod et al., 2004; Huang et al., 2014; Li et al., 2012). Interestingly, the 

dilution of the chloroform-extracted stool to about 0.2% original stool content for GII.4 New 

Orleans used here is similar to the optimal 1% stool dilution reported by Huang et al. (2014) 

when detecting NoV GII.4 in ELISA using phages displaying single-chain antibodies. When 

it comes to AMC, non-specific binding to the paramagnetic beads is commonly observed, as 

has been reported by others for bacteria (Rijpens et al., 1999; Tomoyasu, 1998) and NoV 

(Escudero-Abarca et al., 2014; Gilpatrick et al., 2000). All told, regardless of the ligand or 

assay design, non-specific binding virtually always impacts analytical sensitivity and this 

remains a recalcitrant issue for development of rapid, reliable, and sensitive human NoV 

detection methods.  



 

109 

The human NoV capsid protein is under constant selective pressure, especially GII.4 

strains, and strain emergence occurs every few years (Bull et al., 2010; Debbink et al., 2012). 

With respect to development of advanced detection and vaccination strategies that can cover 

emerging strains, it is important to have a readily available target for product development 

purposes. A functional human NoV P domain can be easily cloned, expressed and purified in 

E. coli with only capsid sequence information needed, thus resulting in the production of 

high concentrations of protein at low cost with relative ease. In short, the method described 

here can provide a cost-effective, rapid, and easily implemented means to create large 

quantities of ligands with high affinity to emerging human NoV strains. As rapid, 

microfluidic SELEX processes emerge, this may become an even simpler and faster means 

by which to select ligands with binding specificity to protein targets (Huang et al., 2010; Lou 

et al., 2009).  

In summary, we isolated and characterized ssDNA aptamers with binding specificity 

to a broad range of human NoV VLPs and outbreak strains using an E. coli-expressed viral 

capsid protein, and demonstrated that they could be used as capture ligands in both ELISA-

type and aptamer-mediated magnetic capture-RT-qPCR assays. The aptamers reported here 

are among the broadest reacting ligands to human NoV identified to date (Escudero-Abarca 

et al., 2014; Hardy et al., 1996; Huang et al., 2014; Kitamoto et al., 2002; Kou et al., 2014; Li 

et al., 2010; Shiota et al., 2007; Yoda et al., 2003, 2001). With further development, the 

aptamers may be useful in novel detection platforms such as biosensors (reviewed in Torres-

Chavolla and Alocilja 2009). For example, the flexibility of chemical modification and 

stability of the presented aptamers makes them ideal candidates for use in combination with 
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previously reported broadly reactive aptamers for detection of human NoV in complex 

samples using Luminex xMAP technology (Bergervoet et al., 2008; Porschewski et al. 2006). 

The presented aptamers may also have utility in antiviral or therapeutic applications (Jeon et 

al., 2004; Khati et al., 2003; Yoon et al., 2010). This is the first report to demonstrate that 

broadly reactive aptamers binding human NoV can be easily and cost-effectively produced 

using SELEX directed against P domain of these viruses. 
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Table 4.1 Oligonucleotides used in the selection and characterization of aptamers with binding affinity to human NoV 

 

 

 

 

 

 

 

 

a
Underlined sequences are restriction enzyme recognition sites 

 

 

Name Sequence 5"-3" 

DNA aptamer library  AGTATACGTATTACCTGCAGC-N40-CGATATCTCGGAGATCTTGC 

Biotin-Reverse constant Biotin-GCAAGATCTCCGAGATATCG 

Forward constant  AGTATACGTATTACCTGCAGC 

Reverse constant  GCAAGATCTCCGAGATATCG 

GII.4 P Domain Forward
a 

GCACGGATCCTCAAGAACTAAACCATTTACTGTC 

GII.4 P Domain Reverse GGACGCGGCCGCTTATAAAGCACGTCTACGCCC 

JJV2F CAAGAGTCAATGTTTAGGTGGATGAG 

G2SKR CCRCCNGCATRHCCRTTRTACAT 

COG2R TCGACGCCATCTTTCACA 

Ring 2P Probe 56-FAM TGGGAGGGCGATCGCAATCT-3BHQ 1 

T7GII.4F TAATACGACTCAACTATAGCAAGAGTCAATGTTTAGGTGGATGAG 

GII.4R2 GTTGGGAAATTCGGTGGGACTG 
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Table 4.2 Aptamer Sequences Obtained After SELEX Against NoV GII.4 P Domain 

Name ∆G Variable Region Sequencea Occurrence 
in Pool 

M1b -7.11 TGTTTATGGGGATAAACGTATCTAATTCGTGTACTAATCA 3/11 
M9-2 -4.12 TGTTAAGGGGAATTAATAATGATAATCCGTCTACTAATCA 2/11 
M12-
2 

-3.95 TGTTAGGGGGAATTAATAATGGATAATCCGTCTACTAATCA 1/11 

M13-
2 

-8.13 TGGGGGGTGGTGCGGTGTGTGGCAGGGGAGCATAGCCGGGGGCCC
CCT 

1/11 

M6-
2b 

-8.33 TGGGAAGAGGTCCGGTAAATGCAGGGTCAGCCCGGAGAG 1/11 

M5b -6.43 TGGGGGGTGGTGCGGTGTGTGACAAGGGAGCATAGCCGGGGGCCCC
CT 

3/11 

a
Bolded sequences were two candidates chosen for further characterization 

b
Sequences chosen for motif analysis using MEME 
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Table 4.3 Binding affinity of selected aptamers (M1 and M6-2) to a broad panel of VLPs 

based on ELASA 

VLP 

 

Aptamer  

Mean VLP/No VLP Ratio (Ratio Standard Deviation)
a
 

 M1 M6-2 

GI.1 Norwalk 3.40 (0.67) (+/-)
b
 4.28 (0.52) (+/-) 

GI.4 3.17 (0.43) (+/-) 3.36 (0.24) (+/-) 

GI.6 1.98 (0.38) (-) 2.75 (0.45) (+/-) 

GI.7 7.32 (2.41) (+) 7.56 (2.45) (+) 

GI.8 2.61 (0.26) (+/-) 4.55 (0.81) (+/-) 

GII.1 3.59 (1.55) (+/-) 4.52 (0.44) (+/-) 

GII.2 Snow Mountain 10.68 (0.70) (++) 12.00 (1.10) (++) 

GII.3 2.94 (1.90) (+/-) 3.16 (0.72) (+/-) 

GII.4 Grimsby 7.59 (0.46) (+) 11.54 (1.70) (++) 

GII.4 Houston 10.41 (1.23) (++) 12.98 (1.76) (++) 

GII.6 2.38 (0.78) (+/-) 4.40 (0.85) (+) 

GII.7 7.47 (1.15) (+) 8.02 (1.99) (+) 

GII.12 4.47 (0.54) (+/-) 5.55 (0.10) (+) 

GII.17 3.94 (1.03) (+/-) 5.24 (0.75) (+) 

a
Values indicate the ratio between absorbance readings for test VLP sample versus negative 

control (VLP wells absorbance/No VLP wells absorbance) for each aptamer. Values obtained 

for the negative control were in the range of 0.1-0.4.  

b
Results less than 2.0 are considered negative per convention (-); 2.0-5.0 low binding (+/-); 

5.0-10.0 medium binding (+); and >10.0 strong binding (++).
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Figure 4.1 Predicted secondary structures of the M1 and M6-2 ssDNA aptamers generated 

against the GII.4 P domain with common aptamer pool motifs circled. Secondary structures 

of two aptamers generated against the human NoV P domain were selected for further 

characterization and their secondary structures predicted with the Mfold server (Zuker, 

2003). Additionally, common sequence motifs among all aptamer sequences obtained in the 

pool were identified with the MEME suite (Bailey and Elkan, 1994; Bailey et al., 2009). 

These commonly occurring motif sequences found in the aptamer pool are circled.
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.  

Figure 4.2 Binding ratios of partially purified, serially diluted 20% GII.4 and human NoV-

negative stool samples to selected aptamers by ELASA. Data are presented as ratio of 

absorbance for test samples (serially diluted stool) vs. the PBS negative control wells. The 

asterisk indicates a statistically significant difference (p<0.05) between GII.4 positive stool 

and stool confirmed negative for human NoV. Error bars represent one standard deviation 

above/below the mean. X axis is labeled by aptamer designation and dilution of stool.
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Figure 4.3 Capture of GII.4 New Orleans in stool using aptamer magnetic capture (AMC). 

Biotinylated aptamers were incubated with serially diluted 20% suspensions of GII.4 New 

Orleans containing stool. Aptamer-virus conjugates were then captured with streptavidin-

coated magnetic nanoparticles and quantified by RT-qPCR. AMC using blocked beads 

without aptamers served as negative control. Statistically significant differences between 

aptamer and control samples (p<0.05) are designated by an asterisk. 
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Abstract 

The absence of a simple in vitro cultivation method prevents discrimination of 

infectious from non-infectious human norovirus. Histo-blood group antigen (HBGA) binding 

assays serve as a proxy for estimation of infectious particles but alternative binding 

molecules may serve the same purpose. The objective of this study was to determine if a 

ssDNA aptamer could be used for estimation of human norovirus infectivity status. Virus-

like particles (VLPs) of norovirus GII.4 Sydney were subjected to various heat treatments 

and binding of aptamer M6-2, HBGA, and antibody NS14 was assessed by plate-based assay. 

Transmission electron microscopy and dynamic light scattering were conducted for 

confirmation. For all time-temperature combinations, aptamer M6-2 binding to treated VLPs 

was more similar to HBGA than NS14. M6-2 and HBGA both displayed little target 

sequence-dependent binding (2.0 ± 1.3% and 0.5 ± 1.2% signal, respectively) compared to 

NS14 (26.4 ± 3.9%), suggesting that M6-2 binding, like HBGAs, is highly dependent on 

higher order capsid structure. Molecular docking revealed M6-2 binding interactions in the 

capsid N-terminal P1/P2 subdomains in residues close to those of HBGA binding, whereas 
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NS14 bound the C-terminal P1 subdomain. Nucleic acid aptamers show promise in 

discrimination of infectious viral particles, a novel application for these increasingly 

important ligands.  

 

Introduction 

Human norovirus is the leading cause of acute viral gastroenteritis, responsible for 

about 125 million cases and a disease burden of 2.5 million disability-adjusted life years 

(DALYs) lost annually globally (Havelaar et al., 2015; Torgerson et al., 2015). Despite 

decades of effort, an efficient in vitro cultivation system for human norovirus has yet to be 

reported. In its absence, a number of cultivable surrogate viruses have been used to estimate 

the behavior of human norovirus relative to environmental stresses or inactivation methods. 

However, none of these surrogates is ideal (Richards, 2012). Reverse transcription 

quantitative polymerase chain reaction (RT-qPCR) remains the most common method of 

detecting and quantifying noroviruses, but because it relies on amplifying a small segment of 

the viral genome, it cannot estimate the number of infectious particles. This is because 

amplification results will include: (i) intact genomes from infectious particles; (ii) partially 

degraded or fatally mutated genomes from intact and degraded particles; (iii) free norovirus 

RNA not associated with a capsid; and (iv) genomes from defected/damaged viral particles. 

Therefore, RT-qPCR frequently overestimates viral infectivity. This is problematic, as 

overestimation of infectivity confounds inactivation data, resulting in inaccurate estimates 

that may suggest a method performs poorly when in fact it is quite efficacious.  
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Multiple upstream in vitro methods have been developed to facilitate discrimination 

of virus infectivity status. Generally, approaches to do this focus on assessing viral genome 

integrity and/or capsid integrity/functionality (Knight et al., 2013). One method that is widely 

used is viral receptor binding, most commonly done using histo-blood group antigens 

(HBGAs). HBGA [or porcine gastric mucin (PGM), which contains some HBGAs] binding 

has performed well in comparison to plaque assay when murine norovirus and Tulane virus 

surrogates were subjected to a variety of physical and chemical stresses (Hirneisen and Kniel, 

2012; Li and Chen, 2015; Wang et al., 2014). In the most compelling work yet, GI.1 Norwalk 

virus inactivation estimated using a combined PGM- binding-RT-qPCR method compared 

favourably to results from a parallel human challenge study evaluating the efficacy of high 

pressure processing on norovirus in oysters (Dancho et al., 2012; Leon et al., 2011).  

However, purified HBGAs are not ideal human norovirus binding ligands. These 

carbohydrate receptors are fairly costly, may require purification from animals, and cannot be 

easily functionally modified with chemical groups or synthesized. Because human norovirus 

binding is strain-specific, no HBGA broadly reacts with all human norovirus strains, and 

some human noroviruses do not bind any HBGAs (Huang et al., 2005; Murakami et al., 

2013). Although cheaper than synthetic HBGAs, PGM is is not easily chemically modified, 

has potential additional components that can confound assay results, is derived from animals, 

may vary in HBGA quality/proportion, and is also not broadly reactive to human 

noroviruses. Antibodies also may have potential application for infectivity discrimination, 

but with several of the same limitations (Kitamoto et al., 2002; Oliver et al., 2006; Shiota et 

al., 2007). We hypothesized that nucleic acid aptamers may be an alternative ligand for use in 
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infectivity discrimination. They offer the advantages of low cost; ease of synthesis, 

purification, and functional modification; and high stability. Multiple aptamers have been 

generated for human norovirus binding, some of which are broadly reactive (Beier et al., 

2014; Escudero-Abarca et al., 2014; Giamberardino et al., 2013; Moore et al., 2015). 

Evidence has been presented that aptamers tend to bind their targets with multiple different 

discriminatory interactions in unique ways (Hermann and Patel, 2000), and as a consequence, 

instances have been reported in which aptamers did not bind denatured target proteins 

(Conrad and Ellington, 1996; Murphy et al., 2003; Rhie et al., 2003). The purpose of this 

study was to determine the utility of aptamers for use as alternative ligands in estimating the 

capsid functionality of heat-treated human norovirus in comparison with HBGAs and 

antibodies. 

 

Materials and Methods 

Virus-like Particles (VLPs) and Nucleic Acid Aptamers  

VLPs consisting of the assembled recombinant norovirus capsid proteins of the most 

recent epidemic GII.4 strain (GII.4 Sydney; SYV) were generously provided in purified form 

by R. Atmar (Baylor College of Medicine, Houston, TX). VLPs were stored in buffer at 3.3 

mg/ml concentration and 4
o
C until use. A biotinylated ssDNA aptamer previously reported to 

be broadly reactive to human norovirus strains, aptamer M6-2 (5‘- 

/5Biosg/AGTATACGTATTACCTGCAGCTGGGAAGAGGTCCGGTAAATGCAGGGTC

AGCCCGGAGAGCGATATCTCGGAGATCTTGC -3‘) (Moore et al., 2015), was selected 

for use in the study. It was generated against the P domain of a GII.4 2006b norovirus strain 
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expressed in Escherichia coli (Moore et al., 2015). The aptamer was obtained in HPLC-

purified form from Integrated DNA Technologies (IDT, Coralville, IA).  

 

Heat Treatment of VLPs 

Heat treatment experiments were performed with VLPs diluted to 50 g/ml in 1x 

phosphate-buffered saline (PBS; pH 7.2) [for plate assays and dynamic light scattering 

(DLS)] or 10 mM HEPES (pH 7.4) [for transmission electron microscopy (TEM)]. Samples 

were placed in 13.5 l aliquots in 0.2 ml Eppendorf tubes and heated using a T100 Thermal 

Cycler (Bio-Rad, Hercules, CA) at different temperatures [60
o
C, 65

o
C, 70

o
C, 75

o
C, 80

o
C] for 

1 min and at selected temperatures [65
o
C and 68

o
C] for 2.5-100 min. VLPs were treated at 

80
o
C for 5 min (completely denatured) or left untreated for use as negative and positive 

controls, respectively. A no VLP PBS negative control was also included for comparison to 

the completely denatured negative control. Immediately after heat treatment, samples were 

placed in a DNA Engine (PTC-200) Peltier Thermal Cycler (MJ Research, Hercules, CA) 

running at 4
o
C for 5 min to cool. For all plate assays, VLP aliquots were briefly centrifuged 

and diluted in 1x PBS to 3 g/ml. One hundred microliters of the VLP suspensions were then 

applied to Costar 3591 medium-binding polystyrene 96-well plates (Fisher, Pittsburgh, PA) 

overnight at 4
o
C with light shaking using an orbital shaker prior to assay.  
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Enzyme-linked Aptamer Sorbent Assay (ELASA)  

Aptamer binding to treated VLPs was probed using a previously established assay 

(Escudero-Abarca et al., 2014; Rogers et al., 2013). Briefly, the wells containing the VLPs or 

PBS (negative control) were blocked with 200 l of 5% skim milk in PBS-Tween 20 (0.05% 

v/v; PBST) with a 10 nM mix of unrelated PCR primers [Listeria monocytogenes primers 

hlyQF/R and L23SQF/R] (Rodríguez-Lázaro et al., 2004) for 2 h at room temperature with 

shaking. The plates were washed thrice with 200 l of PBST and then incubated with 100 l 

-2 aptamer for 1 h. Plates were washed four times with PBST and 

incubated with 100 l/well of a 1 mg/ml streptavidin-horseradish peroxidase solution diluted 

1:5,000 (v/v; Invitrogen, Carlsbad, CA) in PBS for 15 min. Residual conjugate was removed 

with three wash steps of PBST and plate signal developed with 100 l/well of the 3,3‘,5,5‘-

Tetramethylbenzidine (TMB) microwell peroxidase substrate system (KPL, Gaithersburg, 

MD) per manufacturer‘s instructions. Signal was allowed to develop for 2-7 min before 

reactions were stopped with the addition of TMB stop solution (KPL). The absorbance at 450 

nm was then recorded using a Tecan Infinite M200pro microplate reader (Tecan Group Ltd., 

Männedorf, Switzerland).  

 

ELISA-Like Histo-Blood Group Antigen (HBGA) Binding Assay 

Binding of treated VLPs to HBGAs was simultaneously observed on the same 96-

well polystyrene plate as used for aptamers. The HBGA binding assay has been previously 
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reported (Manuel et al. 2015) and resembles the ELASA with minor modifications. 

Specifically, the wells were washed twice with PBST after blocking, and incubated with 30 

g/ml biotinylated blood type A HBGA (#01-032, GlycoTech, Gaithersburg, MD) in 100 l 

blocking buffer for 1 h. Signal was developed for 10-20 min before stopping and reading at 

450 nm.  

 

Enzyme-Linked Immuno-Sorbent Assay (ELISA) 

This method was also performed as previously reported (Hansman et al., 2012; Koho 

et al., 2012) with slight modification to make it similar to the ELASA and HBGA binding 

assays. Blocked wells were incubated with 100 l of 0.137 g NS14 antibody (kindly 

provided by R. Atmar, Baylor College of Medicine, Houston, TX) (Kitamoto et al., 2002) in 

0.1% skim milk-PBST for 1 h. After washing, the wells were incubated with 0.1 g goat 

anti-mouse-horseradish peroxidase antibody (#62-6520, Invitrogen) in 100 l of 0.1% skim 

milk for 1 h. Wells were washed thrice with PBST and signal developed as above with the 

TMB substrate system for 1-5 min before reactions were stopped and absorbance read.  

 

Data Analysis 

For plate data analysis, absorbances of negative control wells for each ligand seeded 

with completely heat denatured VLPs (80
o
C, 5 min) were subtracted from sample well 

absorbances to account for nonspecific and target primary sequence-based ligand interaction. 
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Negative-adjusted absorbances of the heat-treated samples were then taken as a percentage of 

the negative-adjusted absorbances of untreated positive control VLPs. At least two wells per 

temperature-time point were analyzed per assay, and each experiment was replicated three 

times. Exponential decay rates were calculated with the following equation using the 

WYSIWYG 2D plotting tool Grace (http://plasma-gate.weizmann.ac.il/Grace/): 

y = a * b
x
 ; where y denotes ―Percentage of Positive Control Signal (%)―, 

x
 denotes ―time of 

treatment‖ and b is the rate of decay 

To estimate the apparent percentage of signal attributable to VLP protein sequence-

dependent versus conformation-dependent binding for all three ligands, absorbance values of 

VLPs (untreated and heat-treated) were adjusted by subtraction of the no VLP well 

(accounting for signal due to the plate apparatus itself). The percent of signal attributable to 

completely denatured capsid (sequence-dependent binding) was then calculated as the ratio 

of heat-treated absorbance to positive control wells multiplied by 100. The apparent 

percentage of ligand binding to completely denatured capsid for each replicate plate were 

then averaged and their standard deviations determined using Microsoft Excel 2013 

(Microsoft, Redmond, WA). Statistical analysis for differences between values derived from 

plate data was performed using a one-way ANOVA with JMP Pro 12 software (SAS, Cary, 

NC) and values of p<0.05 were considered statistically significant. 

 

 



 

131 

Dynamic Light Scattering 

For temperature dependence data, VLPs that were heat-treated for 1 min at 50 µg/ml 

were rapidly cooled and diluted to 5 µg/ml in 1x PBS, and loaded into small volume cuvettes 

(40-70 µl) at room temperature. Each sample was run in triplicate using a Zetasizer Nano 

ZSP (Malvern Instruments, Worcestershire, UK) equipped with a 10 mW HeNe laser at 633 

nm and a photodiode located 173° from the incident laser beam. Zetasizer software 

calculated a Z-average particle diameter using a cumulants fit for each sample from light 

scattering intensity data. The average of three measurements for each of two samples at each 

temperature was recorded. For kinetics data, VLPs at 5 µg/ml in 1x PBS were degassed for 

10 sec in a tabletop centrifuge to prevent bubble formation during measurements and then 

loaded into a quartz cuvette. After the Zetasizer Nano ZSP reached 68°C, the cuvette was 

placed inside the sample chamber and allowed to equilibrate for 10 sec prior to starting the 

first measurement. Zetasizer software calculated the diameters of multiple distinct particle 

sizes using a distribution fit for each sample, and the intensity distribution size data was 

reported for each of three replicate samples. 

 

Transmission Electron Microscopy (TEM)  

TEM was used to confirm VLP degradation and observe morphological changes. 

VLPs at a concentration of 50 g/ml suspended in 10 mM HEPES (pH 7.4) were heat treated 

and cooled as described above, and then applied to carbon-coated nickel grids (Ladd 

Research, Williston, VT) for 10 min. Samples were stained with 2% uranyl acetate (SPI 
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Supplies, West Chester, PA) for 45 sec, dried in a desiccator, and viewed using a JEOL 1210 

transmission electron microscope (JEOL-USA Inc., Peabody, MA) at 80 kV and 50,000x.  

 

Aptamer Structure Construction  

The secondary structure of aptamer M6-2 and subsequent motif analysis previously 

reported (Moore et al., 2015) using the MFold online server with 0.5 mM magnesium, 1 mM 

sodium, and 23
o
C as input parameters (Zuker, 2003) were consulted to inform constraints 

used in the subsequent docking and structure construction. The M6-2 sequence was 

converted into RNA and the MC-Fold and MC-Sym webserver 

(http://www.major.iric.ca/MC-Fold/) was used to model a three-dimensional structure in 

PDB format. Structural constraints (loops and base pairing) identified by the MFold 

webserver were used to build a relevant PDB file for the above sequence. The final 3D RNA-

generated PDB was manually converted to DNA format. This was then subjected to 

molecular dynamics for equilibration as described below.  

 

Sydney VP1 PDB construction 

MODELLER v10.1 (Eswar et al., 2006) was used to construct a model of the SYV 

VP1 using the crystal structure analysis of Norwalk virus capsid as the template (PDB entry: 

1IHM; Figure 5.6) (Prasad et al., 1999). During the model building process, we employed an 

optimization method involving conjugate gradients and molecular dynamics to minimize 
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violations of the spatial restraints. Five-hundred models were generated between an 

alignment of SYV VP1 and 1IHM (Figure 5.6) and scored by the internal MODELLER 

scoring method DOPE, Discrete Optimized Protein Energy (Shen and Sali, 2006). DOPE is a 

statistical potential used to assess homology models in protein structure prediction. DOPE is 

based on an improved reference state that corresponds to non-interacting atoms in a 

homogeneous sphere with the radius dependent on a sample native structure; it thus accounts 

for the finite and spherical shape of the native structures. The structure with the lowest DOPE 

score was subsequently run through PROCHECK and WHATCHECK (stereochemical 

quality of a protein structure) for quality (Hooft et al., 1996; Laskowski et al., 1996). We 

scored the best DOPE for this study.  

 

Molecular dynamics (MD) simulation 

MD simulations were performed to provide a better representation of the DNA 

aptamer‘s conformational flexibility and to more accurately characterize the aptamer‘s 

solution structure for future molecular docking experiments. MD simulations were performed 

with the GROMACS 4.4.5 software package using the AMBER 99sb-ildn force field and the 

flexible SPC water model (Pronk et al., 2013). The initial structures were immersed in a 

periodic water box of dodecahedron shape and neutralized with counterions. Electrostatic 

energy was calculated using the particle mesh Ewald method. Cutoff distances for the 

calculation of the Coulomb and van der Waals interaction were 1.0 nm. After energy 

minimization using a steepest descent method, the system was subject to equilibration at 
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300 K and normal pressure for 100 ps under the conditions of position restraints for heavy 

atoms and LINCS constraints for all bonds. The system was coupled to the external bath by 

the Parrinello–Rahman pressure and temperature coupling. The final MD calculations were 

performed under the same conditions except that the position restraints were removed and the 

simulation was run for 100 ns. MD simulations were performed on the DNA aptamer as well 

as the MODELLER-constructed PDB of the SYV VP1. A final PDB of each 10 ns step in the 

100 ns simulation was constructed and further used in HADDOCK molecular docking with 

VLPs. All images were produced with PyMOL (The PyMOL Molecular Graphics System, 

Version 1.7.4 Schrödinger, LLC.). 

 

SYV VP1:aptamer modeling with HADDOCK  

Default HADDOCK (high ambiguity driven docking) parameters were used 

throughout all docking procedures (de Vries et al., 2007; Dominguez et al., 2003). The 

docking procedure consisted of monomer SYV VP1 model PDB constructed as stated above. 

Active residues (residues directly involved in the interaction) within SYV VP1 were defined 

as those with solvent accessibility >50% (calculated by NACCESS) (Hubbard and Thornton, 

1993). No residues within the S-domain were defined as active as the aptamer was generated 

against only the P domain, and none of the residues within the dimerization interface within 

the P1/P2 domain were defined as active residues. No protein passive residues (those 

residues indirectly involved in the interaction) were defined. Active bases within the DNA 

aptamer were defined as bases 14-45 while passive residues were defined as 1-13 and 46-81. 
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One thousand structures were generated within the first rigid docking iteration, the lowest 

HADDOCK scored 20% were then further refined in a semi-flexible in vaccuo environment, 

and all structures from the semi-flexible iteration were further water refined in the final 

iteration. Each docking attempt was performed 10 times, and the solution with the lowest 

HADDOCK score was retained. The root-mean-square deviation (r.m.s.d.) values of the 

complexes were calculated using the McLachlan algorithm (McLachlan, 1982) as 

implemented in ProFit (Martin, A.C.R., http://www.bioinf.org.uk/software/profit/). A cluster 

analysis was performed on the final docking solutions using a minimum cluster size of five. 

The cutoff for clustering was manually determined for each docking run. The r.m.s.d. matrix 

was calculated over the backbone atoms (C, N, HN, Cα, and P atoms) of the interfacing 

residues. All images were produced with PyMOL. 

 

Results 

Plate Binding and Morphological Data  

The structure-dependent binding behavior of broadly reactive human norovirus 

aptamer M6-2 and a biotinylated synthetic HBGA was investigated using VLPs of the most 

recent pandemic norovirus strain—GII.4 Sydney. Additionally, the behavior of a broadly 

reactive GII antibody, NS14 (Kitamoto et al., 2002), was included to compare the behavior of 

more traditional ligands with HBGAs and aptamer. Overall, aptamer binding more closely 

correlated with HBGA binding than it did with antibody NS14. However, at each 

corresponding temperature for one min, HBGA binding signal was lower than aptamer M6-2 
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signal (Figure 5.1). Using the HBGA results as the ‗gold standard,‘ aptamer M6-2 binding 

slightly overestimated capsid functionality. Comparatively speaking, at each temperature, 

antibody binding signal was the highest observed, indicating a higher degree of 

overestimation of capsid functionality compared to HBGA. Unlike aptamer M6-2, the NS14 

binding signal trend did not generally correspond with that of the HBGA signal. The greatest 

degree of difference between the three ligand signals was seen at 75
o
C, where HBGA 

binding signal was observed at 1.9 ± 1.6% signal, and aptamer and antibody signals were 

observed at 20.1 ± 10.1% and 75.3 ± 9.7%, respectively. Complete loss of binding signal 

after treatment at 80
o
C for one min was observed for HBGA and aptamer M6-2, but NS14 

signal remained significantly higher (p < 0.05) at 36.1 ± 11.8%. TEM images of SYV VLPs 

at the different temperatures corresponded with observed signal loss, with some 

morphological changes in the capsids visible at higher temperatures (Figure 5.5).  

Longer time points at temperatures of 65
o
C and 68

o
C were chosen to further 

investigate trends observed with the initial one min exposure experiments. At 65
o
C, near 

complete conformation-dependent signal loss was observed for all three ligands after 100 

min (Figure 5.1). Interestingly, aptamer and antibody ligands overestimated VLP binding 

signal relative to HBGA from 0-37.5 min, then a notable separation of signal was observed 

between all three ligands. At these later times, the aptamer signal loss trend generally 

mimicked that of the HBGA, whereas antibody NS14 was again notably different. This is 

supported by the calculated binding signal exponential decay rates at 65
o
C, as aptamer (-2.5 

± 0.2% signal/min) and HBGA (-2.5 ± 0.7% signal/min) signal decay rates were not 

significantly different (p>0.05), but NS14 decay rate (-1.4 ± 0.3% signal/min) was 
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significantly different (p<0.01) from HBGA. Similar results were observed for VLPs treated 

at 68
o
C, for which the exponential decay rates were not statistically different for M6-2 and 

HBGA (p>0.05), but NS14 was significantly different (p<0.001) (Table S1). Morphological 

changes in the capsids at 68
o
C observed using TEM were first seen after 15 min, as capsids 

became opaque and deformed, and began to aggregate. However, even after receptor-binding 

signal was lost, a few intact capsids still remained.   

To estimate the degree of sequence-dependent binding, the signal observed for 

completely denatured SYV VLPs as a percentage of untreated SYV VLPs was determined 

(Figure 5.2). Aptamer M6-2 (2.0 ± 1.3%) and HBGA (0.5 ± 1.2%) displayed a very small 

proportion of binding to completely denatured SYV VLP that were not statistically different 

(p>0.05). However, antibody NS14 displayed a significantly higher (p<0.05) degree of 

binding to completely denatured SYV VLPs (26.4 ± 3.9%). This would imply that both 

aptamer M6-2 and HBGA binding to SYV VLPs strongly depends on maintenance of capsid 

secondary, tertiary, and quaternary structure, and further supports the above observations of 

similar aptamer and HBGA binding behavior to heat treated SYV VLPs. 

 

Dynamic Light Scattering (DLS) Observations  

DLS data supported observed binding results, as a major shift in aggregation occurred 

when comparing the 70
o
C and 75

o
C treatments after one min (Figure 5.3). This very closely 

corresponds to the ~80% drop in binding signal observed with aptamer M6-2 and HBGA 

(Figure 5.1). Thermal quenching after one min treatments did not result in a breakdown of 
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aggregates, indicating irreversible aggregation. At 68
o
C, aggregation occurred after 10 min, 

with a large increase in diameter by 15 min (Figure 5.3). The Zetasizer software 

distinguished the formation of super aggregates at about 15 min, indicating that significant 

changes in capsid protein morphology have occurred to allow the formation of aggregates. 

These results generally corresponded to observed loss of binding, but occurred slightly after a 

large degree of HBGA binding had been lost (~40%), which also supports the hypothesis that 

slight changes in higher order protein structure can notably reduce HBGA binding before 

morphological changes are observed. Interestingly, due to the slightly lower sensitivity to 

changes in capsid structure due to heat, aptamer M6-2 binding results closely match those 

observed with DLS, as hardly any signal was lost after 5 min at 68
o
C, but ~80% of signal 

was lost after 15 min, when super aggregation began to occur and aggregation increased 

notably (Figure 5.3). 

 

Aptamer Structural Prediction and Molecular Docking to SYV Capsid Protein 

M6-2 aptamer PDB construction showed secondary structure similar to that of the 

MFold prediction and this secondary structure was retained throughout the full 100 ns MD 

simulation (colour coded for visualization in Figure 5.4). The SYV dimeric VP1 capsid 

structure was successfully generated resulting in good bond and angle geometries and with 

over 95% of residues in generously allowed or better Ramachandran Phi/Psi dihedral space. 

The resulting model of SYV overlaid with a Cα r.m.s.d of 3.69 Å to the template structure 
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(PDB code: 1IHM; Figure 5.6) (Prasad et al., 1999) with the largest variation in r.m.s.d 

owned by the P2 domain.  

The HADDOCK molecular docking approach was employed to develop a structural 

model of the interaction between M6-2 and SYV VP1. This was approached as a blind 

docking study between the two entities with the following caveats: (i) active residues 

(residues directly involved in the interaction) within SYV VP1 were defined as residues with 

solvent accessibility >50% (calculated by NACCESS) (Hubbard and Thornton, 1993); (ii) no 

residues within the S-domain of SYV VP1 were defined as active, as the aptamer is known 

not to bind to the S-domain; (iii) no residues within the dimerization interface of SYV VP1 

within the P1/P2 domain were defined as active residues as it is unlikely that the M6-2 

aptamer disrupts this large dimerization interface; and (iv) active bases within the DNA 

aptamer were defined as bases 14-45, while passive residues were defined as 1-13 and 46-81 

(Figure 5.4). 

The molecular docking between M6-2 and SYV VP1 resulted in four clusters of 

docked structures based on a maximum Cα and P (backbone phosphate) r.m.s.d. of 7.5 Å and 

a minimum of five structures per cluster. Clusters 1 and 2 resulted in 8 and 6, respectively, 

clustered structures in an orientation that provided maximum buried surface area while 

positioned in orientations that would not be sterically hindered in an assembled capsid 

(significant contact with the S-domain) (Figure 5.4 and Figure 5.7). Clusters 3 and 4 resulted 

in an aptamer orientation that would be sterically hindered in an assembled capsid (contact 

with the S-domain and potential inaccessibility due to surrounding dimers of VP1 in an 
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assembled capsid) (Figure 5.7). The Cα r.m.s.d. between unbound SYV VP1 and the lowest 

energy structure from cluster 1 of bound SYV VP1 was approximately 1.6 Å over residues 

within the P1 and P2 domain. This suggests that SYV VP1 undergoes a minor 

conformational change when it binds to M6-2, which has been previously observed with 

other aptamers (Hermann and Patel, 2000). The interface between M6-2 and SYV VP1 

revealed an extended network of hydrogen bonds and van der Waals interactions. On 

average, cluster 1 had 21 hydrogen bonds and 20 van der Waals interactions, while cluster 2 

had 8 hydrogen bonds and 20 van der Waals interactions per structure. Both clusters resulted 

in similar buried surface areas of ~2800 Å
2
. These interactions are highlighted in Figure 5.4 

as orange spheres. 

 

Discussion  

In the absence of a simplified and practical mammalian cell culture or animal model, 

ligand binding has served as a popular proxy for discrimination of infectious from non-

infectious norovirus particles. Four studies specifically utilizing ligand binding have shown 

mostly favourable results when compared to infectivity assay for human norovirus and its 

cultivable surrogates. For example, Hirneisen & Kniel (2012) found PGM binding to 

correlate well with plaque assay for murine norovirus exposed to different heat treatments. 

Another study utilizing PGM binding for Tulane virus exposed to ethanol, chlorine, and heat 

showed reductions similar to those observed by TCID50 (Wang et al., 2014). When PGM was 

used to evaluate inactivation of GI.1 Norwalk virus by high pressure processing, reductions 
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corresponded with those observed in a human feeding study with the same virus (Dancho et 

al., 2012; Leon et al., 2011). On the other hand, Li and Chen (2015) found that their PGM 

binding assay correlated to infectivity assay for Tulane virus and murine norovirus treated 

with high pressure at 2 log10 reduction or less, but infectious virus titer was overestimated at 

higher degrees of inactivation. Another recent report found that PGM binding was more 

conservative compared to other in vitro infectivity assays for Tulane virus (Shan et al., 2016).  

Based on the body of evidence supporting the use of HBGA-based binding assays as 

a potential way to exclude non-infectious particles prior to amplification by RT-qPCR, this 

study focused on comparing the binding behavior of ssDNA aptamers to HBGA and 

antibody. All three binding assays (HBGA, antibody, and aptamer) were derived from one 

another (Escudero-Abarca et al., 2014; Manuel et al., 2015). All three also utilized 

horseradish peroxidase as a reporter and were developed with the same substrate system. All 

signals were endpoint readings presented as negative-control (denatured VLPs) adjusted 

percentages of positive controls, greatly minimizing the likelihood of assay artifacts causing 

the observed differences in ligand performance. Although NS14 displayed the highest signal 

for denatured or partially denatured capsids, the only major difference between ELISA and 

ELASA/HBGA binding assays was the use of a streptavidin-HRP conjugate versus a 

secondary antibody-HRP. If anything, this would result in a reduced signal, as the antibody-

antigen interaction is much weaker than the biotin-streptavidin one. Based on the assay 

similarities, we are confident that the results presented here are directly comparable. 

However, it must be noted that although these assays allow for relative comparisons, absolute 
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quantification (i.e., log10 reductions) was not possible due to the generally low protein 

concentrations used and their absolute relationship to assembled human norovirus VLPs.  

While aptamer M6-2 appeared to slightly overestimate capsid functionality when 

compared to HBGA, its curve generally mimicked the shape and apparent exponential decay 

rate of capsid conformational loss shown for HBGA. This was not the case for antibody 

NS14, which overestimated capsid functionality relative to the findings for HBGA and 

underestimated decay rate (Table S1). Differences between M6-2 and HBGA are likely due 

to the fact that the different ligands bind to close but different epitopes on the norovirus 

capsid, and these epitopes maintain their conformations under slightly different temperature 

stringencies. NS14 binds a completely different subdomain of the capsid and displays a 

reasonable degree of target conformation-dependent binding, but has a considerable portion 

of target sequence-dependent binding. As seen in Figure 5.2, M6-2 and HBGA display very 

little target sequence-dependent binding as indicated by apparent percentage of signal (<5%) 

due to binding completely denatured capsid compared to NS14 (26%). A high degree of 

conformational dependence has been demonstrated using heat denatured Norwalk Virus 

VLPs and synthetic HBGA (Harrington et al., 2002) and has been observed for other 

treatments (Manuel et al. 2015), as HBGAs and receptor binding have been found to 

approximate capsid functionality and infectivity for heat and high pressure treated virus 

(Dancho et al., 2012; Hirneisen and Kniel, 2012). Similar observations of aptamer 

dependence on non-denatured target protein have been observed (Hermann and Patel, 2000), 

and several studies have shown that aptamer binding to proteins is highly dependent on 

specific presentation of multiple distant residues of the target protein, e.g., for the well-
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studied thrombin aptamer (Padmanabhan and Tulinsky, 1996; Padmanabhan et al., 1993; 

Pagano et al., 2008; Tsiang et al., 1995). Ligand docking data predict such multiple 

interacting residues for M6-2 binding to the SYV capsid protein (Figure 5.4). These factors 

would explain the observed sensitivity of aptamer M6-2 binding in a manner similar to 

HBGAs in heat-treated VLPs. The contribution of length of the aptamer and size of the target 

has not been evaluated; but one may speculate that the relatively longer sequence of aptamer 

M6-2 (80 nt), and the larger size of its protein target (human NoV P domain; 58 kDa) favor 

such a degree of conformation-dependent binding. This is because the larger size of both 

aptamer and target allows for multiple distant contacts to occur between the two; which can 

be especially critical for binding due to the limited diversity of pairing interactions that can 

occur with a nucleic acid as opposed to the larger diversity of protein properties (i.e. 

hydrophobic and positively charged residues). Although generally thought of as a limitation, 

this lack of diversity may function to limit the number of possible binding residues of M6-2, 

and account for the high dependence on target conformation, as interacting residues need to 

be orientated in a specific way. On the other hand, the residues interacting with M6-2 are not 

the same as those of HBGA, possibly explaining the slight overestimation of intact capsid 

observed for M6-2.   

In this study, TEM images of capsid integrity roughly correlated with loss of HBGA 

binding when varying temperature at a given time, but capsids appeared to retain structure 

after loss of receptor binding when varying time at a given temperature. This is consistent 

with the observations of other studies (Lou et al., 2012; Manuel et al., 2015) and is somewhat 

expected given the highly conformation-dependent nature of HBGA binding discussed 
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above. This phenomenon would suggest that evaluating aptamer or HBGA binding as a 

measure of infectivity would be more conservative than other methods used to discriminate 

infectious from non-infectious virus, i.e., the RNase protection assay. Specifically, pre-

treatment of samples with RNase prior to RT-qPCR is not likely to account for particles that 

remain intact but have lost HBGA or aptamer binding functionality. It has generally been 

observed that RNase pretreatment underestimates reductions observed by plaque assay (Baert 

et al., 2008; de Abreu Corrêa et al., 2012). Specifically, one study that directly compared a 

receptor (cell binding) based assay to RNase pretreatment for murine norovirus subjected to 

heat found that cell binding more closely predicted viral reduction than did RNase treatment 

prior to RT-qPCR (Li et al., 2012). Similarly, another study observing high pressure 

inactivation for murine norovirus found reductions when using RNase pretreatment did not 

correlate with cell culture (Diez-Valcarce et al., 2011). Other more promising results have 

been reported for such methods with feline calicivirus when modeling was applied (Topping 

et al., 2009); however, feline calicivirus is a Vesivirus and not as closely related to human 

noroviruses as murine norovirus. 

DLS data agreed with binding observations, as VLPs began to aggregate as they 

denatured. Capsid proteins denature over an initial time period and form small aggregates 

that are labelled ―basic aggregates‖. At a time point characteristic to the protein, temperature, 

and protein concentration, these basic aggregates begin to combine to form larger clusters 

that are labelled ―super aggregates‖ (Panyukov et al., 2007). Heat-induced aggregation 

occurs as a result of the exposure of hydrophobic residues upon protein unfolding, so the 

time at which super aggregate formation begins indicates that significant conformational 
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changes to the capsid protein have taken place. Our results indicate this super-aggregation 

occurred as HBGA and aptamer binding signals were lost. This observation suggests that 

HBGA and aptamer binding are very sensitive to even slight degrees of protein denaturation. 

To further understand the binding interactions of aptamer M6-2 relative to those 

observed for HBGA and antibody (NS14) for SYV VP1 (Parker et al., 2005; Singh et al., 

2015), a molecular docking simulation was conducted. Previous molecular docking 

simulations between norovirus capsids and aptamers simply used RNA webservers for the 

creation of the ssDNA aptamer prior to molecular docking simulations (Beier et al., 2014). In 

this paper, we employed a method in which, after ssDNA aptamer PDB construction, a long 

(over 100ns) MD simulation (with molecular water and counter ions) was performed.  This 

allowed us to obtain ssDNA aptamer conformations that more accurately described the 

aptamer‘s conformation in solution. Furthermore, we extracted representative PDBs of the 

aptamer each 10 ns of the simulation after equilibration was reached (as monitored by r.m.s.d 

and radius of gyration) and uploaded these as an ensemble of conformations for molecular 

docking simulations. Previously performed motif analysis was also used to identify a general 

interacting region of the ssDNA aptamer (Figure 5.4) (Moore et al., 2015). An earlier study 

reported docking between an ssDNA aptamer and the structure of the entire norovirus VP1 

protein (Beier et al., 2014). This approach resulted in models that would not likely occur with 

an intact capsid as the interactions are dominated with S-domain residues that are 

inaccessible in the context of the capsid in its native conformation. However, we limited our 

study to only residues that would be accessible in an assembled capsid. The molecular 

docking simulations revealed a potential unique interaction surface with the ssDNA aptamer 
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M6-2 when compared to HBGA and antibody (NS14) (Parker et al., 2005; Singh et al., 2015) 

(Figure 5.4 orange spheres versus magenta and cyan, respectively). This suggests a novel 

interaction motif between noroviruses and the ssDNA aptamer that takes advantage of both 

N-terminal P1 and P2 domain residues, as compared to single C-terminal P1 or P2 

subdomain residues as NS14 and HBGA, respectively, are known to use. Nonetheless, M6-2 

did bind some residues that were close to HBGA interaction residues, and bound in N-

terminal P1 and P2 domains as opposed to the more distant C-terminal P1 subdomain that 

NS14 binds (Parker et al., 2005). This closer binding proximity may also explain why 

aptamer M6-2 behaves more closely to HBGA than NS14. Despite binding the parts of the 

P2 subdomain, which is hypervariable, aptamer M6-2 has been shown to be broadly reactive 

to multiple human norovirus strains, further supporting its use as a favourable alternative for 

infectivity discrimination. 

To the authors‘ knowledge, this is the first report to evaluate nucleic acid aptamers as 

indicators of virus capsid integrity/functionality. The assays and analyses used are easily 

adaptable to other targets, as aptamers have been successfully used for detection of infectious 

virus from stool (Escudero-Abarca et al., 2014; Moore et al., 2015), with minimal 

modification. Future work could be conducted evaluating different norovirus aptamers, 

which may well bind to different capsid domains.  Also, direct comparison of HBGA, 

antibody, and/or aptamer binding to cultivable viruses would provide direct correlations 

between virus infectivity and receptor binding assay results. For instance, a murine norovirus 

aptamer has been reported (Giamberardino et al., 2013), so binding to aptamer and 

carbohydrate receptor could be compared to plaque assay. Additionally, the suitability of 
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aptamers for estimation of infectious norovirus particles subjected to other inactivation 

treatments (e.g., exposure to free chlorine or alcohols; high pressure; pulsed light) would be 

an appropriate next step. Its broad reactivity, high degree of stability, simplicity of chemical 

synthesis and modification, and a potential novel interaction interface make aptamer M6-2 a 

promising ligand for detection and study of human noroviruses, particularly in those 

instances in which confirmation of virus infectivity loss is necessary. 
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Table 5.1 Exponential decay rates of SYV calculated using different ligands. 

 Exponential Decay Rate (% signal/min) 

Temperature 65
o
C 68

o
C 

Ligand   

HBGA -2.50 ± 0.24
a 

-13.30 ± 1.15d 

M6-2 -2.47 ± 0.66
ac

 -13.18 ± 0.47d 

NS14 -1.36 ± 0.27
c 

-9.19 ± 2.06e 
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Figure 5.1 Conformation-dependent binding behavior of three different ligands to SYV VLPs 

treated at select time-temperature combinations. a.) Aptamer M6-2, HBGA Type A, and 

antibody NS14 binding signals to SYV VLPs treated at varying temperatures for one min 

reported as a percentage of untreated VLPs. b.) TEM images of SYV VLPs treated at 68
o
C 

for selected time points.  c. and d.) Aptamer M6-2, HBGA Type A, and antibody NS14 

binding signals to SYV VLPs treated at 68
o
C (c.) and 65

o
C (d.) for varying times, reported as 

a percentage of untreated SYV VLPs.
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.  

Figure 5.2 Apparent percentage of sequence-dependent binding of three human norovirus 

ligands. Normalized binding signal of aptamer M6-2, HBGA Type A, and antibody NS14 to 

completely denatured SYV VLPs (treated at 80
o
C for 5 min) as a percentage of untreated 

SYV VLPs
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Figure 5.3 Dynamic light scattering results for heat-treated GII.4 Sydney VLPs. a.) 

Hydrodynamic diameter of SYV VLPs treated at different temperatures for one min.  Error 

bars represent the standard error for three measurements taken for each of two samples at 

each temperature. b.) Kinetics of SYV VLP aggregation for three samples subjected to 

treatment at 68
o
C for various exposure times. 
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Figure 5.4 Molecular docking of M6-2 to SYV VP1. M6-2 secondary and tertiary structures 

used in the molecular docking process are shown in panel A with different motifs colored 

accordingly. The color scheme between the secondary and tertiary structures is consistent. 

Finally, the structural ensemble for the M6-2 ssDNA aptamer is shown in cartoon format 

with the average structure highlight in darker colors with the full ensemble used in the 

molecular docking faded in the background to visually provide a sense of the conformational 

flexibility of the ssDNA aptamer. Panel B conveys the potential novel interaction surface of 

M6-2 (orange spheres), HBGA (magenta spheres), and NS-14 antibody (cyan spheres). 

Panels C and D show the HADDOCK-docked M6-2 ssDNA aptamer clusters to SYV VP1. 

The dimeric partner of SYV VP1 is shown in faded cartoon format to highlight the 

dimerization interface. Each individual domain of the SYV VP1 is colored differently; grey, 

yellow and red for the S-domain, P1-domain, and P2-domain, respectively.
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Figure 5.5 Electron microscopy of SYV VLPs treated at different temperatures for one 

minute. SYV VLPs were treated for one minute at varying temperatures and immediately 

cooled to 4
o
C. From left to right: 65

o
C, 70

o
C, 75

o
C, and 80

o
C. The cooled solutions were 

then applied to grids, stained, and viewed in a JEOL transmission electron microscope at 80 

kV and 50,000x. 
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Figure 5.6 Sequence alignment of 1lHM and SYV capsid sequences. The amino acid 

sequences of 1IHM (template structure used for SYV VP1 model creation) and SYV VP1 

with secondary structure elements of SYV VP1 presented on top (helices with squiggles, β-

strands with arrows). Sequence identity is shown by boxing residues in black boxes, similar 

identity is shown by boxing residues in grey boxes, and gaps are denoted with  ―.‖
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Figure 5.7 Cluster analysis of M6-2 and SYV VP1 binding. VP1 dimers are shown in cartoon 

format. The S-domain is colored grey, P1-domain is colored yellow and P2-domain is 

colored red. Panel A, cluster 1; B, cluster 2; C, cluster3; D, cluster 4.  Clustering of the 

structures is based on r.m.s.d of the position of the Cα and P atoms. Panels C and D denote 

unrealistic binding modes as the S-domain further interacts with other S-domain dimers to 

form the capsid. These depict orientations in which the aptamer would interfere with capsid 

formation. Panels A and B represent possible modes of interactions of Sydney and a DNA 

aptamer.
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Abstract 

Norovirus, a large genus within the Caliciviridae family, causes the majority of cases of 

acute viral gastroenteritis worldwide.  Although there is some evidence of genogroup and 

genotype-based differences in norovirus susceptibility to physical stresses, differences within 

the rapidly evolving pandemic genotype GII.4 have not been examined. The purpose of this 

study was to utilize ligand docking and molecular dynamics simulations to predict strain-

based differences in norovirus susceptibility to heat. These predictions were validated using a 

battery of laboratory-based tests.  There were  considerable differences between GII.4 

Houston (HOV) and two other strains (GII.4 Sydney and GII.2 Snow Mountain) as predicted 

using the in silico methods.The simulations found that HOV had a lower number of P-to-P 

hydrogen bonds, more solvent-exposed residue surface area, and a higher degree of 

secondary structure change in the P2 subdomain compared to SYV and SMV. In receptor and 

aptamer binding assays, HOV was found to have a significantly (p < 0.05) lower melting 

temperature (68.9 ± 1.1
o
C) than SYV (73.1 ± 0.4

o
C) or SMV (75.0 ± 0.8

o
C). Dynamic light 
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scattering and transmission electron microscopy data revealed aggregation associated with 

capsid degradation and morphological changes that corresponded to binding assays and 

simulation predictions. Overall, strain-to-strain differences in the susceptibility of pandemic 

GII.4 human norovirus variants to heat was successfully predicted using in silico methods. 

This approach can aid in predicting norovirus behavior and also provide mechanistic insights 

into the drivers of that behavior. 

 

Introduction 

Human norovirus poses a serious global health burden, and is predicted to cause 

about 685 million illnesses worldwide, with a disease burden of over 15 million disability-

adjusted life years (Torgerson et al., 2015). Norovirus is also a leading cause of foodborne 

illness globally (Havelaar et al., 2015; Torgerson et al., 2015), and may be transmitted 

through the fecal-oral route, fomites, and inhalation and swallowing of airborne vomitus 

droplets. Control of human norovirus has been impeded by its general hardiness to 

commonly used sanitizers, disinfectants, and physical and biological processes (Hirneisen et 

al., 2010; Knight et al., 2016). Additionally, study of the efficacy of these treatments has 

been challenging due to the lack of a simplified, repeatable in vitro cultivation method. 

Consequently, cultivable surrogate viruses related to norovirus have been used for 

inactivation studies; however, these surrogates sometimes behave differently from human 

strains and therefore extrapolation of results to human norovirus is challenging (Knight et al., 

2016; Richards, 2012). Human feeding studies have been used in a few cases (Atmar et al., 
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2013; Leon et al., 2011; Liu et al., 2013), but expense and regulatory approval limit their 

widespread use.  

For these reasons, reverse transcription quantitative polymerase chain reaction (RT-

qPCR) is the most commonly used method for detection and enumeration of human 

norovirus. RT-qPCR frequently overestimates the number of infectious particles due to the 

fact that it will amplify free genomic material, injured or mutated genetic material, and 

genomic material from damaged particles. Molecular amplification protocols have been 

modified in an effort to address this issue, with the two most commonly used approaches 

being enzymatic (RNase) pretreatment of the particles prior to amplification, and preceding 

RT-qPCR with a receptor binding step [usually using histo-blood group antigens (HBGA), a 

putative norovirus receptor]. Both of these approaches are intended to exclude non-

encapsidated RNA and damaged virus particles, and hence aid in infectious particle 

discrimination by determining capsid integrity/functionality (Knight et al., 2013; Moore et 

al., 2015b). In the case of the latter, porcine gastric mucin (which contains a few HBGAs) or 

synthetic HBGAs are used. 

Unfortunately, different human norovirus strains bind different HBGAs, and some 

strains do not bind HBGAs at all (Donaldson et al., 2010a; Shirato, 2011). This is due to the 

vast sequence diversity within this virus genus, as strains within genogroups I and II (GI and 

GII) may differ in amino acid sequence of the major capsid protein (VP1) by as much as 

61%. Two different strains of the same genotype may have as much as 14% difference 

(Zheng et al., 2006). This is especially important in the case of GII.4, the genotype that 

causes the vast majority of cases (Vega et al., 2014), and one that displays rapid evolution 
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such that new pandemic strains emerge every few years (Bok et al., 2009). Reports have 

noted differences in susceptibility to inactivation between genogroups and genotypes 

(Cromeans et al., 2014; Tung et al., 2013). However, strain-based differences in response to 

various inactivation methods are not well documented, nor are there structural information 

about why such differences might occur.   

Recently, a broadly reactive human norovirus ssDNA aptamer (M6-2) was shown to 

perform equivalently to a similar HBGA binding assay (Chapter 5). In that work, aptamers 

displayed a dependence on target structure similar to HBGAs, and were predicted, using an 

in silico method, to bind human norovirus residues in the same subdomain as HBGAs. The 

purpose of this study was to utilize ligand docking and molecular dynamics (MD) 

simulations to predict and explain strain-based heat susceptibility differences for epidemic 

(GII.4) human norovirus strains. These predictions were then validated using HBGA and 

aptamer binding assays, dynamic light scattering (DLS), and transmission electron 

microscopy (TEM).  

 

Materials and Methods 

Virus-Like Particles (VLPs) and Nucleic Acid Aptamers 

Virus-like particles (VLPs), which consisted of purified, assembled virus major 

capsid protein (VP1) without the viral genome, were provided courtesy of R. Atmar (Baylor 

College of Medicine, Houston, TX). VLPs of an epidemic strain of GII.4 from 2002 

(Houston; HOV; ABY27560) (Larsson et al., 2006) and a GII.2 strain (Snow Mountain; 

SMV; AAB61685) (Lochridge and Hardy, 2003) were obtained for comparison to previously 
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reported data of the most recent epidemic strain (GII.4 Sydney; SYV; JX459908; Chapter 5). 

VLPs were obtained in purified form and stored at concentrations of 1.0 to 4.6 mg/ml in 

buffer at 4
o
C until use. A biotinylated ssDNA aptamer previously generated (Moore et al., 

2015a) against a GII.4 2006b strain (Tsai et al., 2014) (5‘-/5Biosg/ 

AGTATACGTATTACCTGCAGCTGGGAAGAGGTCCGGTAAATGCAGGGTCAGCCC

GGAGAGCGATATCTCGGAGATCTTGC -3‘) was obtained in HPLC-purified form 

(Integrated DNA Technologies, Coralville, IA).  

 

Human Norovirus VP1 Construction 

PDB model construction of HOV and SMV were conducted as previously described 

for SYV (Chapter 5). Briefly the crystal structure analysis of Norwalk virus capsid was used 

as the template for PDB model building for both HOV and SMV (PDB entry: 1IHM) (Prasad 

et al., 1999). The structures with the lowest DOPE score was subsequently run through 

PROCHECK and WHATCHECK (stereochemical quality of a protein structure) for quality 

(Hooft et al., 1996; Laskowski et al., 1996). 

 MD simulations were performed to provide a better representation of the proteins‘ 

conformational flexibility and to more accurately characterize the proteins‘ solution structure 

for future molecular docking experiments as previously described (Chapter 5). MD 

simulations were done using the GROMACS 4.4.5 software package using the AMBER 

99sb-ildn force field and the flexible SPC water model (Pronk et al., 2013). The final MD 

calculations were executed under the same conditions as the temperature and pressure 
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equilibration except that the position restraints were removed and the simulation was run for 

100 nanoseconds; ns). MD simulations were performed on the MODELLER constructed 

PDB of the HOV and SMV VP1 proteins (SYV had previously been performed). A final 

PDB of each 10 ns step in the 100 ns simulation was constructed and further used in 

molecular docking with VLPs. All images were produced with PyMOL (The PyMOL 

Molecular Graphics System, Version 1.7.4 Schrödinger, LLC.). 

 

 Aptamer M6-2 Structure Construction 

The secondary structure of aptamer M6-2 and subsequent motif analysis previously 

reported (Moore et al., 2015a) using the MFold online server were consulted to inform 

constraints used in the docking and structure construction described here. The M6-2 

sequence was converted into RNA and the MC-Fold and MC-Sym webserver 

(http://www.major.iric.ca/MC-Fold/) was used to model a three-dimensional structure in 

PDB format. The final 3D RNA generated PDB was than manually converted to DNA 

format.  

 As previously described, MD simulations of the DNA aptamer were performed to 

provide a better representation of the aptamer‘s conformational flexibility and to more 

accurately characterize its solution structure for future molecular docking experiments 

(Chapter 5). Briefly, MD simulations were done using the GROMACS 4.4.5 software 

package with the AMBER 99sb-ildn force field and the flexible SPC water model (Moore et 

al., 2015a; Pronk et al., 2013). The final MD calculations were performed under the same 
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conditions as the temperature and pressure equilibration, except that the position restraints 

were removed and the simulation was run for 100 ns. A final PDB of each 10 ns step in the 

100 ns simulation was constructed and further used in molecular docking with VLPs. All 

images were produced with PyMOL. 

 

Aptamer docking to VP1 proteins 

Molecular docking between the DNA aptamer and VP1 proteins were done as 

previously described (Chapter 5). Briefly, default HADDOCK (high ambiguity driven 

docking) parameters were used (de Vries et al., 2007; Dominguez et al., 2003) and the 

docking procedure consisted of monomer HOV and SMV VP1 protein model PDBs 

constructed as stated above. One thousand structures were generated within the first rigid 

docking iteration, the lowest HADDOCK scored 20% were then further refined in a semi-

flexible in vaccuo environment, and all structures from the semi-flexible iteration were 

further water refined in the final iteration. The root-mean-square deviation (r.m.s.d.) values 

of the complexes were calculated using the McLachlan algorithm (McLachlan, 1982) as 

implemented in ProFit (Martin, A.C.R., http://www.bioinf.org.uk/software/profit/). A cluster 

solutions using a minimum cluster size of five. All images were produced with PyMOL. 
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Heat Treatment of VLPs 

VLPs were diluted to 50 µg/ml in 1x phosphate-buffered saline (PBS; 7.2) for plate 

assays and dynamic light scattering (DLS) or in 10 mM HEPES (pH 7.4) for transmission 

electron microscopy (TEM). Samples were aliquoted to 13.5 µl and treated at selected 

temperatures in a pre-heated T100 thermal cycler (Bio-Rad, Hercules, CA) for a selected 

time. After treatment, samples were immediately transferred to another thermal cycler pre-set 

to 4
o
C for 5 min.  

 

Ligand Binding Analysis Using Plate Assays 

Plate assays were conducted as has been previously reported for both aptamer M6-2 

(Escudero-Abarca et al., 2014; Moore et al., 2015a) and HBGA (Manuel et al., 2015). Heat-

treated and cooled VLPs were diluted to 3 µg/ml in PBS and 100 µl/well applied to 96-well 

medium-binding polystyrene plates (Costar 3591; Fisher, Pittsburgh, PA) overnight at 4
o
C 

with gentle shaking. Plates were then blocked for 2 h at room temperature (RT) with gentle 

shaking using 200 µl/well 5% skim milk in PBS with 0.05% Tween 20 (PBST) and a 10 nM 

mix of unrelated DNA oligonucleotides (hlyQF/R and L23SQF/R) (Rodríguez-lázaro et al., 

2004) to enhance blocking. Plates were washed thrice with 200 µl PBST. Next, either 100 µl 

of 1 µM biotinylated aptamer M6-2 in nuclease-free water or 30 µg/ml biotinylated HBGA 

blood type A (#01-032, GlycoTech, Gaithersburg, MD) in blocking buffer was added 

followed by incubation for one h at RT with gentle shaking. Wells were washed 4 times for 

M6-2 and 3 times for HBGA with PBST, and 100 µl/well of 0.2 µg/ml streptavidin-
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horseradish peroxidase conjugate (Invitrogen, Carlsbad, CA) in PBS applied for 15 min at 

RT. Plates were washed thrice with PBST and signal developed  using the 3,3',5,5'-

Tetramethylbenzidine (TMB) microwell peroxidase substrate system per manufacturer‘s 

instructions (KPL, Gaithersburg, MD). Reactions were stopped after 3-15 min TMB stop 

solution (KPL) and the absorbance at 450 nm read using a Tecan Infinite M200pro 

microplate reader (Tecan Group Ltd., Männedorf, Switzerland).  

 The absorbances of the negative control wells for each ligand were subtracted from 

treated sample well absorbances to remove non-specific and primary sequence-based 

binding. These normalized absorbances were then used to generate a percentage of observed 

signal by dividing the normalized absorbance of the treated sample of interest by the 

normalized untreated sample absorbance and multiplying by 100. These percentages were 

then used to calculate melting temperatures and exponential decay rates. Rates were 

calculated as exponential decays with the following equation through the use of the 

WYSIWYG 2D plotting tool Grace: 

y = a * b
x
 ; where y denotes ―Percentage of Positive Control Signal (%)―, x denotes ―time of 

treatment‖ and b is the rate of decay 

 

Transmission Electron Microscopy 

Morphological changes and aggregation in VLPs at selected heat treatments were 

observed using TEM. The heated and cooled VLP solutions described above were directly 
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applied to carbon-coated nickel grids (Ladd Research, Williston, VT) for 10 min at RT. Grids 

were stained with 2% uranyl acetate (SPI Supplies, West Chester, PA) for 45 sec and dried in 

a desiccator overnight prior to visualization with a JEOL 1210 transmission electron 

microscope (JEOL-USA Inc., Peabody, MA) at 80 kV and 50,000x.  

 

Dynamic Light Scattering 

Dynamic light scattering was performed as described previously (Chapter 5). Briefly, 

treated VLPs treated at different temperatures were rapidly cooled as described above and 

then diluted to 5 µg/ml in PBS, loaded into small volume cuvettes (40-70 µl) at room 

temperature. Each sample was run in triplicate with the Zetasizer Nano ZSP (Malvern 

Instruments, Worcestershire, UK) equipped with a 10 mW HeNe laser at 633 nm and a 

photodiode located 173° from the incident laser beam. Zetasizer software calculated a Z-

average particle diameter using a cumulants fit for each sample from light scattering intensity 

data. For VLPs at specific temperatures over a long time, VLPs at 5 µg/ml in PBS were 

degassed, loaded into heat-stable cuvettes and placed in the Zetasizer pre-heated to the 

desired temperature. Zetasizer software then used a distribution fit when calculating the 

diameters of multiple particle sizes in solution for each sample. The intensity distribution size 

data is reported for each replicate. 
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Results 

Construction of Capsid Proteins and Molecular Docking 

As previously reported, the aptamer M6-2 predicted structure was in agreement with 

secondary structure predictions using MFold, and this structure was consistently maintained 

throughout the MD simulation used for its equilibration (Chapters 4 and 5). Both the dimeric 

VP1 constructions for HOV and SMV resulted in greater than 95% of residues in allowed 

Ramachandran Phi/Psi dihedral space. Both the HOV and SMV models overlaid with Cα 

r.m.s.d‘s of 3.31 and 3.23 Å to the template structure, respectively.  As expected, the P2 

subdomain was the region with the most r.m.s.d due to it being the most variable region of 

the human norovirus VP1 protein (Donaldson et al., 2010b). These results are largely in 

agreement with those previously reported for SYV (Chapter 5). To further confirm that 

aptamer M6-2 docked to the HOV and SMV VP1 proteins in a similar manner to that 

reported for SYV, docking simulations using HADDOCK were employed (Chapter 5). 

Docking of M6-2 to HOV resulted in 10 clusters based on a 7.5Å r.m.s.d and a 

minimum of five structures per defined cluster. Clusters 2 and 4 resulted in 8 and 6, 

respectively, clustered structures in an orientation that provided maximum buried surface 

area while not being sterically hindered in an assembled capsid (significant contact with the 

S-domain or interaction with the dimerization interface) (Figure 6.1). Clusters 1 and 3 were 

predicted to have an aptamer orientation that would be sterically hindered in an assembled 

capsid (contact with the S-domain and potential inaccessibility due to surrounding dimers of 

VP1 in an assembled capsid). The Cα r.m.s.d. between unbound HOV VP1 and the lowest 
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energy structure from cluster 2 of bound HOV VP1 was approximately 3.12 Å over residues 

within the P1 and P2 domain. This suggests that HOV VP1 undergoes a minor 

conformational change when it binds to M6-2. The interface between M6-2 and HOV VP1 

revealed an extended network of hydrogen bonds and van der Waals interactions. On 

average, cluster 2 had 21 hydrogen bonds and 35 van der Waals interactions while cluster 4 

had 19 hydrogen bonds and 45 van der Waals interactions per structure. Both clusters 

showed similar buried surface areas of ~3000 Å
2
. These interactions are highlighted in Figure 

6.2A as orange spheres. 

In comparison, docking of M6-2 to SMV resulted in 10 clusters based on a 7.5Å 

r.m.s.d and a minimum of five structures per defined cluster. Clusters 1-4 showed 39, 23, 18 

and 16 structures, respectively, chosen clustered structures were in an orientation that 

provided maximum buried surface area while orientations that would not be sterically 

hindered in an assembled capsid (significant contact with the S-domain or interaction with 

the dimerization interface) (Figure 6.1). The Cα r.m.s.d. between unbound SMV VP1 and the 

lowest energy structure from cluster 1 of bound SMV VP1 was approximately 1.3 Å over 

residues within the P1 and P2 domain. This suggests that SMV VP1 undergoes a minor 

conformational change when it binds to M6-2. The interface between M6-2 and SMV VP1 

revealed an extended network of hydrogen bonds and van der Waals interactions. On average 

cluster 1 had 24 hydrogen bonds and 36 van der Waals interactions. All clusters resulted in 

similar buried surface areas of ~2800 Å
2
. These interactions are highlighted in Figure 6.2B as 

orange spheres. 
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Aptamer M6-2 binding to HOV and SMV VP1 occurred in the same regions and 

residues as reported for SYV (Figures 6.1-6.3). This is to be expected given the same 

aptamer sequence, and its generally broad reactivity with most human norovirus genotypes, 

especially strains in genogroup II (Moore et al., 2015a). Aptamer M6-2 was previously 

reported to perform similarly to an HBGA and superior to broadly reactive antibody NS14 

relative to its ability to predict virus capsid functionality (Chapter 5). To determine if the 

location of interacting residues was more similar when comparing aptamer M6-2 and 

HBGAs versus M6-2 and antibody NS14, interacting residues from the docking simulation 

and previously reported residues for all three ligands were mapped onto VP1 proteins from 

all three GII.4 strains (Figure 6.2 – M6-2 interaction surface colored as orange spheres; 

HBGA interaction surface colored as magenta spheres; and NS14 interaction surface colored 

as cyan spheres). Accordingly, M6-2 appears to bind residues in the N-terminal P1 and P2 

subdomains that are much closer to those reported to bind for HBGAs (Singh et al., 2015a), 

whereas NS14 binds a more distant set of residues in the C-terminal P1 domain (Parker et al., 

2005).  

 

Molecular Dynamics Simulations of VP1 Proteins 

To determine if strain-based differences in heat susceptibility of the viruses could be 

predicted given the simulated ligand binding behavior described above, MD simulations were 

carried out for the HOV, SMV, and SYV VP1 proteins. These simulations revealed a much 

higher degree of dynamics in secondary structure for HOV compared to SMV and SYV 
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(Figure 6.4). Such a higher degree of secondary structure change indicates a less stable 

structure, meaning that HOV has potential to be much more vulnerable to inactivation. 

Further supporting this notation of dynamics, HOV was predicted to have both a lower 

number of P-to-P domain hydrogen bonds than SMV or SYV, and more solvent exposed area 

(Figure 6.8). One of the largest regions of difference between the strains is that of the P2 

subdomain, highlighted in Figure 6.4 as the boxed region on structures and MD secondary 

structure plots. In this region, HOV has a markedly higher degree of secondary structure 

change than SMV and SYV. Because this is the region where receptor binding is occurring 

(Singh et al., 2015b) this may have implications for viral infectivity and/or capsid 

functionality, and given the docking simulation results, such differences would be anticipated 

to be observed using aptamer M6-2 as well.  

 

HBGA and Aptamer Binding Assays for Different GII.4 Human Norovirus Strains 

To validate the ligand docking and molecular dynamics predictions, ligand binding 

assays utilizing the putative co-receptors, HBGAs, and a recently reported proxy for 

estimating viral infectivity, aptamer M6-2, were conducted. Binding assays with both 

aptamer M6-2 and HBGA indicated that HOV was much more susceptible to heat than SYV 

or SMV (Figure 6.5). As can be seen, at 70
o
C for one min, over 60% of M6-2 binding signal 

was lost for HOV, whereas almost none was lost for SYV or SMV. HBGA binding signal 

showed a similar, even more marked pattern, as nearly all signal was lost for HOV at this 

time-temperature combination, while SYV lost a little over 20%. To further explore these 
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heat stability differences, the different strains were treated at specific temperatures over a 

range of times; this facilitated calculation of the melting point and exponential decay rates of 

each strain/ligand. As predicted with docking and MD, HOV had a significantly (p<0.01) 

lower melting temperature based on M6-2 binding (68.9 ± 1.1
o
C) than SYV (73.1 ± 0.4

o
C) or 

SMV (75.0 ± 0.8
o
C). For HBGA binding, slightly lower melting temperatures were observed, 

but the trend was still maintained, as HOV (67.7 ± 0.3
o
C) was significantly lower (p<0.01) 

than SYV (71.7 ± 0.5
o
C). As was observed for SYV (Chapter 5), exponential decay rates 

were not statistically significantly different (p >0.05) when comparing aptamer M6-2 and 

HBGA for HOV (Table 6.1). At 65
o
C, the exponential decay rates for HOV were 

significantly (p < 0.001) lower than SYV using both ligands (Table 6.1). This further 

confirms the predictions from the ligand docking and MD simulations. 

 

Changes in Capsid morphology, Degradation, and Aggregation Observed with DLS and 

TEM 

Overall, TEM images and DLS data generally corresponded with plate binding 

observations and simulation predictions. With TEM of SMV and HOV treated at different 

temperatures for one min, morphological changes in capsid structure were observed after 

most signal was lost (Figure 6.9) (B I Escudero-Abarca et al., 2014). Only large aggregates 

of denatured protein were visible for all strains after 80
o
C treatment for one min, however 

such aggregates were also observed at 75
o
C for one min with HOV. Some degree of 

morphological changes were observed at lower temperatures over longer times (Figure 6.6, 
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Figure 6.9), however particles generally appeared to be intact even when most ligand binding 

signal was lost. For instance, only some morphologically altered particles were observed 

after treatment of SMV at 72
o
C for 20 min, a time-temperature combination that resulted in 

over 80% of ligand binding signal loss (Figure 6.6). This was previously observed for SYV 

(Chapter 5) as well as HOV (Figure 6.9). This supports the MD prediction that the P2 

subdomain as more dynamic and prone to secondary structure change compared to the rest of 

the protein (P1 and S domains), and thus amplified strain-based differences in HBGA 

binding.  

DLS data also supported MD simulation predictions and plate observations (Figure 

6.7), as distinct shifts in hydrodynamic radius above 100 nm occurred as ligand binding 

signal dropped.  When subjected to elevated temperatures for one min, SMV and SYV VLPs 

behaved similarly, with aggregation occurring at 75°C and higher.  HOV VLPs demonstrated 

higher susceptibility to heat treatments with aggregation occurring at as low as 60°C (Figure 

6.7).  These data support the plate binding data shown in Figure 6.5, where loss of signal 

occurred for SMV and SYV VLPs at 75°C and for HOV VLPs at 65°C.  The kinetics of heat-

induced aggregation shown in Figure 6.7 is marked by the appearance of ―super aggregates‖ 

after capsid proteins have denatured to the extent that they begin to bind strongly to one 

another. The time at which these super aggregates begin to form is characteristic of the 

protein, temperature, and concentration (Panyukov et al., 2007). We qualitatively observe 

that at 65°C (Figure 6.7), super aggregate formation begins earliest for HOV, but much later 

for SMV and SYV. The rate of increase in particle size of the super aggregates following 

their initial formation is indicative of the behavior of the denatured proteins and does not 
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reflect the stability of the initial intact capsid proteins. We have therefore used the time at 

initial super aggregate formation to compare the heat stability of the different norovirus 

strains. The kinetics of heat-induced aggregation (Figure 6.7) reveal that prolonged exposure 

to 65°C induces aggregation first for HOV VLPs, followed by SMV and SYV VLPs. 

 

Discussion  

One of the major outputs of this work was demonstration of the use of ligand docking 

and MD simulations to confirm aptamer binding in the P2 subdomain of human norovirus, 

and utilization of these simulations to predict differences in strain susceptibility to heat. 

Multiple challenges exist in predicting ssDNA aptamer docking to human norovirus, as 

robust 3D ssDNA structural prediction software is not yet available. A previous report for 

docking ssDNA aptamer to human norovirus GII.4 VP1 protein first converted the ssDNA 

into RNA and utilized a 3D RNA predictive software, as was done here. However, in that 

work the RNA was immediately converted back to ssDNA and the structure used (Beier et 

al., 2014). In our method, predicted ssDNA secondary structure constraints were utilized, 

along with equilibration using 100 ns MD of the reconverted ssDNA structure and sampling 

of structure every 10 ns. Beier et al. (2014) docked their ssDNA aptamer directly to the VP1 

protein, resulting in a docked structure that was unlikely to occur on an assembled capsid. In 

our simulation, a human norovirus crystal structure was utilized with our constructed VP1 

proteins to restrict aptamer docking to only residues that would be accessible in an assembled 

capsid, excluding those residues in the dimerization interface of the P domains as well as the 
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largely inaccessible S-domain. This method demonstrated for SYV (Chapter 5) as well as for 

SMV and HOV, that potential M6-2 binding residues were located in the N-terminal P1 and 

P2 subdomain near purported HBGA interaction residues (Figure 6.2). This suggests that 

aptamer M6-2 might be used in place of HBGAs in binding assays for viruses not having 

documented HBGA binding affinity, as is likely the case for SMV (Harrington et al. 2004; 

Harrington et al., 2002; Huang et al., 2005; Lochridge and Hardy, 2003). In short, docking 

simulations appear to be useful in identifying aptamer binding regions and in so doing, could 

be used to predict if one specific aptamer might display reactivity with multiple human 

norovirus strains, in addition to determining the apatmer‘s ability to estimate capsid 

functionality. Our ligand docking method also has potential for designing and improving 

aptamer binding and reactivity against human norovirus strains.   

Once binding of M6-2 was predicted to be in the N-terminal P1 and P2 subdomains, 

the MD simulation analysis allowed for prediction of potential differences in VP1 stability. 

Specifically, HOV was predicted to be significantly more susceptible to heat treatment than 

SMV or SYV, and a considerable difference between these strains was observed in both 

HBGA and aptamer binding assays. For example, nearly all (>95%) HBGA binding signal 

for HOV was lost after treatment at 70
o
C for one minute, whereas SYV only lost about 21% 

of signal with the identical treatment (Figure 6.5). The same was true for aptamer binding, 

and this was confirmed in the melting temperatures and exponential decay rates calculated 

for both aptamers and HBGAs (Table 6.1). For SMV, a previous report found no degradation 

of the disaggregated purified virus after heat treatment at 72
o
C for 15 minutes using a 

propidium monoazide-RT-qPCR detection method (Escudero-Abarca et al., 2014).  On the 
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other hand, we found that the majority of aptamer binding signal (84%) was lost after 

treatment of VLPs at 72
o
C for 15 minutes, which was confirmed using TEM and DLS. The 

inconsistency between the heat inactivation data presented here compared to that of 

Escudero-Abarca et al. (2014) may be a function of different detection/enumeration methods; 

the protective effect of organic matrix; and/or differential behaviors of infectious virus versus 

VLPs (Kampf et al., 2005; Lou et al., 2012; Mormann et al., 2010; Nowak et al., 2011). 

 Relative to GII.4 strains, Li et al. (2012) reported that VA387--a GII.4 strain from 

1998-- maintained most of its HBGA binding signal (~85%) after treatment at 70
o
C for 2 

minutes, and nearly all signal was lost after 10 minutes. This is significantly different from 

the HOV heat susceptibility reported here, as nearly all HBGA signal was lost after treatment 

at 70
o
C for one minute (Figure 6.5). VA387 results are more similar to what was observed 

for SYV but with some difference (Chapter 5) (Figure 6.5). However, direct comparison of 

results from the two studies may be confounded by differences in methodologies. 

Interestingly, HOV was isolated in 2002, and was the epidemic strain that circulated right 

after the VA387 strain. Taken together, it appears that there are large differences in heat 

susceptibility when comparing even closely related human norovirus strains, which has 

considerable consequences for its control.  

The strain variation observed between these three GII.4 strains can potentially be 

explained by the fact that VP1, specifically the P2 subdomain involved in receptor binding, is 

under intense selective pressure to alter antigenicity and receptor binding profile. The rapidly 

changing P2 subdomain is not directly under selective pressure to withstand heat treatment, 
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and this subdomain was the region most responsible for the differences in heat susceptibility 

predicted by MD simulation. Thus, the considerable changes in capsid sequence relative to 

altering antigenicity and HBGA binding profile of the GII.4 strains could result in markedly 

different inactivation resistance profiles. Interestingly, the most recent strain, SYV, was 

found to be much hardier than HOV; thus, the possibility of some degree of artificial 

selection in the past decade due to increased awareness and control measures against human 

noroviruses cannot be dismissed. However, further study is needed to compare GII.4 strains 

and see if a trend exists. Such studies using the in silico methods presented here are 

underway as only sequence information and software programs are required for such 

prediction. 

 In addition to aptamer and HBGA binding assay, DLS and TEM were used to 

confirm the differences in heat susceptibility predicted by ligand docking and MD 

simulations. DLS data further demonstrated protein denaturation occurred much earlier for 

HOV than SMV or SYV (Figure 6.7). TEM data also broadly corresponded to plate binding 

observations for different temperature treatments for one minute (Figure 6.9), as 

morphological changes in the capsids were visible with increasing temperature, and 

completely denatured particles observed after treatment at 80
o
C for one minute. When more 

subtle heat treatments at different temperatures over longer time points were applied, ligand 

binding was lost and denaturation observed well before considerable morphological changes 

occurred. This is in agreement with observations in Chapter 5, and further suggests that 

subtle changes in capsid tertiary and secondary structure likely disrupt most of HBGA and 

aptamer binding. Such changes can occur while the capsid is still assembled, as the S domain 
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of the VP1 protein forms the icosahedral shell of the virus and the P domain has only been 

suggested to provide some further stability (Baclayon et al., 2011). The significance of these 

minute structural changes as they impact virus infectivity is as yet unknown.  However, 

RNase pretreatment prior to RT-qPCR, another means by which to discriminate non-

infectious from infectious virus, has been found to overestimate the latter (Baert et al., 2008; 

Li et al., 2012), and this may be due to changes in tertiary and secondary structure observed 

in the P domain prior to disruption of the shell. Consistent with this observation, inactivation 

of MNV by high pressure resulted in reduction in viral titer due to loss of receptor binding 

although the capsids remained intact (Tang et al., 2010). 

Only susceptibility to heat inactivation was studied here, and the in silico methods 

may not be predictive for all inactivation strategies. However, most control strategies act first 

on the viral capsid (Hirneisen et al., 2010; Tang et al., 2010). For instance, exposure to 

copper surfaces likely oxidizes the capsid, and such oxidation probably disrupts interactions 

involved in maintaining secondary and tertiary structure.  HBGA binding has been found to 

be dependent on these structures (Harrington et al., 2002) (Chapter 5). This is supported by 

the work of Manuel et al. (2015) who demonstrated very rapid destruction of HOV VLPs on 

copper surfaces using the same HBGA assay as reported here, with nearly all HBGA binding 

removed after 8 minutes. Destruction of SYV on copper surfaces was not as rapid, as signal 

was removed after 15 minutes (Chapter 3). Further study of the use of these in silico methods 

beyond the proof-of-concept data presented here is forthcoming, as are cell-culture based 

studies in comparison to a previously reported murine norovirus aptamer (Giamberardino et 

al., 2013). 
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In summary, we demonstrate the utility of ligand docking and molecular dynamics 

simulations to confirm the region to which a broadly reactive ssDNA aptamer bound to the 

human norovirus capsid and utilized this information to predict susceptibility of different 

strains to heat. Once binding of M6-2 was found to be in the N-terminal P1 and P2 

subdomains, subsequent MD simulation analysis was used to predict potential differences in 

VP1 stability, which was confirmed by heat inactivation studies using SYV, HOV, and SMV 

VLPs. These data matched those of parallel studies using HBGA and aptamer binding, 

methods reportedly able to discriminate infectious from non-infectious human norovirus 

(Dancho et al., 2012; Hirneisen and Kniel, 2012) (Chapter 5). These in silico predictive 

methods in conjunction with ssDNA aptamer M6-2 binding are useful in the absence of a cell 

culture model, and because HBGAs are expensive and not widely available. Finally, we 

predicted and demonstrated significant differences in heat susceptibility between different 

human norovirus strains, specifically in the GII.4 genotype, which is responsible for the 

majority of cases worldwide. The observations in this paper also provide insight into the 

underlying mechanisms of these differences which likely occur as a consequence of rapid 

human norovirus evolution. These results have implications for evaluation of candidate 

control strategies to reduce the disease burden of norovirus in the human population. 
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Table 6.1 Exponential decay rates and melting temperatures for HOV, SMV, and SYV. 

VLP Ligand Treatment Temperature 
(
o
C) 

Decay Rate (- %/minute) 

HOV HBGA 63 11.47 ± 0.69 

HOV M6-2 63 13.42 ± 0.92 

HOV HBGA 65 28.98 ± 6.75 

HOV M6-2 65 28.93 ± 4.24 

SYV HBGA 65 2.50 ± 0.24 

SYV M6-2 65 2.47 ± 0.66 
SYV HBGA 68 13.30 ± 1.15 

SYV M6-2 68 13.18 ± 0.47 

SMV M6-2 70 3.80 ± 0.11 

SMV M6-2 72 12.38 ± 0.52 
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Figure 6.1 Docked models of aptamer M6-2 to human norovirus major capsid proteins. VP1 

dimers are shown in cartoon format. The S-domain is colored grey, P1-domain is colored 

yellow and P2-domain is colored red. Panel A, Houston; B, Snow Mountain; C, Sydney.  The 

most realistic binding mode is defined in two manners: (i) the binding of the aptamer cannot 

interfere with the dimerization interface and (ii) the binding of the aptamer must be oriented 

in a manner away from the S-domain as the S-domain further interacts with other S-domains 

to form the capsid. SYV data is taken from Chapter 5. 
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. 

 

Figure 6.2 M6-2, HBGA, and NS14 interaction interface with HOV, SMV, and SYV VP1. 

The VP1 structures of HOV, SMV, and SYV are shown in cartoon format and are colored 

grey. This figure conveys the potential novel interaction surface of M6-2 (orange spheres), 

HBGA (magenta spheres), and NS-14 antibody (cyan spheres). The dimerization interface 

and domains S, P1, and P2 are labeled for clarity.
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Figure 6.3 Most populated docking interactions between the VP1 domain and aptamer M6-2. 

Sequence alignment of the VP1 domains used in this study: HOV = Houston, SYV = Sydney, 

and SMV = Snow Mountain. The S-, P1- and P2- domains are labeled in boxes below the 

protein sequences. * denote major interaction seen in the dock structures (red = SYV, blue = 

SMV, and green = HOV). Average secondary structure is shown on top of the sequences. 

SYV data was taken from a previously reported docking simulation (Chapter 5). 
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Figure 6.4 Secondary structure of the residue over the length of the simulation. The dotted 

line box highlights an area of difference between Houston vs Snow and Sydney. This is done 

to highlight the area of (in)stability of a protein over the length of a simulation and then it is 

mapped onto the structure to highlight the location. To the right are: panel A, Houston; B, 

Snow Mountain; C, Sydney. D: The rate of change of secondary structure over the length of 

the simulation is shown in two formats: (i) the thicker the cartoon and (ii) the number of 

interactions are shown in color format: red to yellow to green, no change of secondary 

structure to a high change of secondary structure over the length of the simulation, Houston, 

Snow Mountain and Sydney are pictured from top to bottom.
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Figure 6.5 Comparison of heat stability of different human norovirus strains using different 

ligands. Three different human norovirus VLP strains—SYV, HOV, and SMV—were 

subjected to heat treatment at different temperatures for one minute. Binding of different 

ligands to the treated VLPs was then performed with ELISA-like assays. The signal of VLPs 

at each treatment was measured as a percentage of the signal of untreated VLPs. Any signal 

due to completely denatured VLPs was subtracted from the displayed data. a.) Loss of signal 

using aptamer M6-2 for the three VLP strains. b.) Loss of signal using biotinylated HBGAs 

for two VLP strains. SMV did not display binding to any of the HBGAs tested. SYV results 

are taken from Chapter 5. 

. 
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Figure 6.6 Apparent structure-dependent binding behavior of aptamer M6-2 and HBGA Type 

A to HOV and SMV VLPs given different heat treatments. a.) Degradation of SMV capsid as 

measured by aptamer M6-2 at 70
o
C (solid line) and 72

o
C (dotted line), with corresponding 

TEM images for the 72
o
C treatment pictured. Line represents 100 nm. b.) Signal of HOV 

VLPs at 65
o
C for different times as a percentage of untreated HOV VLPs. c.) Signal of HOV 

VLPs at 63
o
C for different times as a percentage of untreated HOV VLPs. Percentages have 

absorbance of completely denatured VLPs subtracted.
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a.)         b.) 

  
 

c.)  d.) 

   
 

Figure 6.7 Comparison of the heat susceptibility of three human norovirus strains using 

dynamic light scattering. a.) HOV, SMV, and SYV VLPs were subjected to elevated 

temperatures for one minute, then quenched. Observed particle size concurrent with VLP 

denaturation are displayed for HOV, SMV, and SYV VLPs. Error bars represent the standard 

error of two replicate samples. b.) HOV, c.) SMV, and d.) SYV VLPs were also subjected to 

prolonged treatment at 65°C, and hydrodynamic diameter was measured in real time.  
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Figure 6.8 Analysis of MD simulations. Panel A highlights the number of hydrogen bonds 

over the length of the simulations. The P- to P-domain hydrogen bonds show that over the 

length of the simulation that there are more hydrogen bonds in SMV and SYV. While the 

analysis of the S- to S-domain and P- to S-domain (S- to P-domain) number of hydrogen 

bonds.
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a.) 

        

b.) 

    
c.) 

                        
 

Figure 6.9 TEM images of SMV and HOV at selected heat treatments. a.) TEM images of 

SMV VLPs treated for one minute at 23
o
C, 70

o
C, 75

o
C, and 80

o
C from left to right, 

previously reported by (Escudero-Abarca et al., 2014). b.) TEM images taken of HOV VLPs 

treated for one minute at 23
o
C, 70

o
C, 75

o
C, and 80

o
C from left to right. c.) TEM images of 

HOV VLPs treated at 65
o
C for 4, 5, and 7 minutes. Bars for b.) and c.) represent 100 nm. 
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Figure 6.10 DLS data for SMV and HOV subjected to different heat treatments. a.) HOV 

VLPs treated at 63
o
C for different lengths of time. b.) SMV VLPs treated at 70

o
C and 72

o
C 

for different lengths of time. Hydrodynamic diameter was measured in real time. Data 

represents three replicates. 
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CONCLUSIONS 

Although there are multiple challenges to detection, study, and control of the ―nearly 

perfect‖ pathogen, the findings of the studies developed here suggest that emerging novel 

molecular and biotechnological innovations provide promising solutions to these challenges. 

Most of the studies utilized in this dissertation are proof-of-concept, but provide foundational 

work to build upon for rapid detection and study of human NoV. Specifically, in the realm of 

traditional genome amplification, the RT-RPA method developed here is the first of its kind 

for human NoV, and can solve a serious issue in point-of-care testing to improve sanitation 

regimes by identifying sick workers in food production/service sites and sick patients in 

clinical settings. This can have considerable impact, as the majority of human NoV 

transmission is from person-to-person, and the large majority of foodborne human NoV is 

transmitted from food handlers, as humans are the primary reservoir for human NoV. The 

finding that diluted patient stool can be directly boiled and used as template for RT-RPA 

further promotes the in-field and point-of-care accessibility of this technology. No studies 

have yet analyzed RT-RPA‘s performance against stool matrices, and our study suggests that 

it has more potential for samples with high inhibition loads than traditional RT-qPCR. 

Although the limit of detection of the assay was about 1 log10 genomic copy higher than that 

of RT-qPCR, it would still be able to identify asymptomatic shedders, as levels of about 10
6 
– 

10
8
 log genomic copies/gram have been identified two weeks after infection. Such ability to 

identify asymptomatic shedders (who have been reported to be as many as 30% of those 

infected) as well as sick patients, workers, and/or food handlers can allow for immediate 

action to control viral transmission. This is especially important in long term care facilities 
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and hospitals, as the majority of NoV deaths in the U.S. are the elderly, 

immunocompromised, and children. Future work can provide further optimization and 

development of our proof-of-concept work to potentially improve upon the limit of detection 

to levels reported for some other viruses, thus allowing detection in complex environmental 

and food samples. A good amount of research has been done on miniaturization of RPA 

technology, and the developed primers from our study show promise to be used in such 

devices for even more ease and portability.  

In addition to improving upon genomic amplification-based methods to detect human 

NoV, we sought to address and evaluate emerging ligand technologies for detection and 

study of human norovirus. HBGA binding to human NoV has long been thought to be 

involved in the human NoV infection process. Use of similar carbohydrates (sialic acid) for 

infection in related caliciviruses has been demonstrated for feline calicivirus, murine 

norovirus, and Tulane virus, which also utilizes HBGAs in infection. Most strains of human 

NoV have been reported to specifically bind HBGAs, and genetic analysis of human NoV 

capsid protein changes further implicates areas that bind HBGAs. However, some evidence 

exists of lack of correlation of HBGA status to infection for some strains and some strains do 

not bind HBGAs, suggesting other potential co-receptors. Additionally, a recent report of a 

cell culture model for human NoV implicates enteric bacteria in infection, as human NoV are 

reported to bind HBGA-like moieties on the bacteria which aid in infection. Regardless, the 

weight of the evidence suggests that binding of the human NoV P2 subdomain to HBGA or 

similar carbohydrates is involved in the infection process. Such binding has been used to 

serve as a proxy to determine if human NoV capsids are functional and therefore remove 
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non-infectious particles. This is one of the commonly used methods to discriminate 

infectious from non-infectious particles. It further can inform study of human NoV 

inactivation in concert with multiple other methods, to determine the effects of an 

inactivating agent on the viral capsid. This is valuable due to the lack of a simple human 

NoV cell culture method. Therefore, we specifically focused on this step and sought to 

improve upon the methods used to determine HBGA binding assays in plate format. Our 

assay drastically improves the time needed to assess the effects of an inactivating agent on 

human NoV HBGA binding with little to no trade off in terms of positive/negative signal 

ratio. This assay has application for screening of inactivating agent conditions, hurdle 

treatment strategies, and therapeutics targeting ablation of human NoV-HBGA binding due 

to its high throughput and rapid plate format. For instance, the developed P domain aptamers 

reported in this paper can be screened for their ability to block human NoV-HBGA binding 

and their ideal concentrations determined in a matter of days with this assay. This is a logical 

future step, especially given the finding that M6-2 binds the P2 subdomain in the ligand 

docking simulations discussed below. 

HBGA binding has also been utilized to concentrate human NoV for detection. 

However, human NoV bind HBGAs in strain- and genotype-specific manners, and thus none 

are broadly reactive. This creates a challenge for the purposes of detection. Further, HBGAs 

or porcine gastric mucin (PGM; which contains HBGAs) is not easily produced, purified, or 

modified. Recently, novel alternative ligands known as nucleic acid aptamers were 

developed. In our work, we demonstrated that aptamers targeting a human NoV target (the 

capsid P domain) expressed in E. coli could generate aptamers that rival the most broadly 
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reactive norovirus ligands produced. However, cloning, expression, and purification of this P 

domain protein is easier and cheaper than producing VLPs or obtaining and purifying 

infectious virus from stool. Because the P domain can be conjugated with a tag, it improves 

purification. The fact that the target production medium does not potentially contain elements 

from human stool reduces the likelihood of background binding in clinical specimens for 

detection. Due to its ease of production, multiple P domains of different strains can be 

expressed and used in the SELEX process along with tailored counter-SELEX methods to 

generate highly favorable ligands with an endpoint testing in mind. This is especially useful 

for concentration and detection of virus from complex matrices such as foods or clinical 

specimens. In our proof-of-concept work, the developed aptamers were able to concentrate 

and detect human NoV from stool. Further optimization of the selection process with P 

domains is possible and likely, given the potential abundance of the target to be used. 

Although the aptamers show the potential as aptamers as alternative ligands to 

HBGAs for concentration and detection, aptamers have not been investigated for their ability 

to discriminate functional from non-functional capsids in a manner similar to HBGAs. As we 

explore and demonstrate in this dissertation, aptamer M6-2 performs similarly to HBGAs in 

estimating loss of capsid functionality and likely interacts with multiple residues in the P2 

subdomain discussed above. Use of an aptamer for this purpose improves upon all of the 

pitfalls of HBGAs, such as: it binds the P2 subdomain of the capsid yet is one of the most 

broadly reactive human NoV ligands to date; it is easily chemically synthesized, purified, and 

modified; it is more stable; and it is cheaper. Aptamers have been shown to engage in 

complex interactions and some have been shown to have a high degree of target 
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conformation-specific binding. Because M6-2 was generated with the P domain of human 

NoV, multiple aptamers in the future can be generated to specifically only bind intact P 

domain by utilizing denatured P domain in the counter-SELEX process. Further mutational 

work using the P domain is much easier, and generating aptamers that target the specific 

residues that HBGAs target is also made more achievable by utilizing the P domain as the 

target instead of VLPs. Our work is the first to utilize the target conformation-dependent 

behavior of aptamers to evaluate capsid functionality status, and this likely has applicability 

to other viruses of interest for which cell culture models have not yet been obtained. 

Although aptamers represent very useful, cheap, readily available reagents for the 

detection and study of human NoV. Our work also demonstrate methods for potentially 

identifying differences in susceptibility to inactivation without the initial need for reagents. 

Our work is the first to utilize molecular dynamics simulations informed by ligand docking 

and previous knowledge of HBGA binding to capsid proteins to predict strain-based 

differences in susceptibility to inactivation. We utilized the aptamers developed in this 

dissertation and HBGA binding models to compare the susceptibility of the strains‘ capsids 

to heat as well as copper inactivation. In both cases, one GII.4 strain was markedly more 

susceptible than the most recent strain. This has considerable implications for control of 

human NoV given the fact that GII.4 account for over 70% of human NoV cases in the U.S. 

and the GII.4 capsid rapidly evolves in the face of host antigenic and receptor binding 

pressures. The developed in silico methods that we utilize, along with the rapid HBGA 

binding assay and aptamer binding assays can be used to confirm predictions. These in silico 

methods have utility in predicting susceptibility of any future or different strains compared to 
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the data we have generated in this study. For instance, the performance on general melting 

temperatures generated with aptamer M6-2 can directly be linked to the number of P-to-P 

hydrogen bonds and total exposed residue area found in the simulations, specifically with 

residues in the P2 subdomain. From this reference, we could compare such values of any 

other human NoV strain with only the requirement of the major capsid protein sequence. 

This method transcends the need for costly VLP generation in at least the screening stage to 

evaluate and identify especially hardy strains. The use of aptamer M6-2 ensures that bench 

confirmation for predictions can be performed, as some HBGA binding signal is not strong 

enough to provide enough resolution in inactivation studies, whereas M6-2 has shown at least 

moderate binding to most human NoV strains tested. Future work to further develop and 

validate this predictive method will utilize cultivable surrogates, as major capsid sequences 

are available and inactivation studies can be performed. Further, an aptamer generated 

against murine norovirus can be evaluated for its ability to estimate infectivity and confirm 

these in silico predictions to compare the susceptibility of the murine norovirus capsid to that 

of human NoV.  

In summary, the studies presented in this dissertation focused on the development of 

methods that improve the ability to detect and study human norovirus. We present an 

improved, portable genome amplification method that shows great promise for point-of-care 

and in-field testing, producing the quickest time-to-result of any norovirus genome 

amplification method to date. A large portion of the work centered on the identification 

and/or use of binding ligands to aid in discrimination of human norovirus capsid 

functionality. The development of a streamlined HBGA binding assay resulted in a method 
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that can be used to rapidly gain mechanistic insight into inactivation of human norovirus. 

Single stranded DNA aptamers that bind to the human norovirus P domain were produced, 

ligands that can be used for virus purification and detection. The conformation-dependent 

nature of the aptamer-capsid interaction was modeled in docking simulations, and the utility 

of these ligands to serve as a proxy for loss of human norovirus capsid functionality was 

demonstrated. Finally, this dissertation provides the first report in which the differences of 

susceptibility to inactivation of GII.4 norovirus strains was predicted using an in 

silico method, and subsequently proven using a combination of laboratory-based methods. 

Taken together, these studies increase our ability to detect and study human noroviruses, 

particularly in light of their difficulty to propagate them in vitro.  

 

 

 

 

 

 


