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Abstract 
 

Noroviruses are considered the leading cause of non-bacterial gastroenteritis in humans 

worldwide, and have been linked to a significant disease burden in both developed and 

developing countries. This has focused attention towards prevention strategies, 

especially the development of a norovirus vaccine.  However, there first needs to be a 

clear understanding of the molecular epidemiology of noroviruses, and how they evolve 

to escape herd immunity.  This thesis examines these two key issues. 

 

The molecular epidemiology of noroviruses is complex, with new epidemic variants 

usually emerging every 2 to 4 years.  This thesis shows that the delay from the first 

detection of an epidemic variant to the first peak in incidence caused by that variant 

ranged from 2 to 7 months.  The implication of this finding is that once norovirus 

vaccines are introduced, the delay period would be the time that pharmaceutical 

companies would have to formulate, produce and distribute a revised norovirus vaccine.   

 

In this thesis, an examination of the incidence and prevalence of norovirus genotypes 

revealed that while GII.4 norovirus is the predominant genotype seen in all settings, it 

had a much lower incidence in community-based outbreaks and sporadic cases (70%) 

than in outbreaks occurring in healthcare settings (94%).  On account of the limited 

cross-over protection against genotypes not included in the vaccine formula, the 

implication of this finding is that a vaccine targeted against only GII.4 norovirus would 

leave the vaccinated population vulnerable to a large portion of genotypes, especially in 

community settings.  The finding that GII.b/GII.3 norovirus is particularly prevalent in 

young children further highlights the importance of documenting demographics 

associated with particular virus genotypes, so that vaccines can be tailored to specific 

target groups. 

 

In this thesis, an analysis of the evolution of different norovirus strains revealed that not 

all strains evolve in the same manner.  Some strains displayed a temporal progression, 

while others circulated concurrently.  However, one singular finding emerged; changes 

occur in both structural and non-structural regions of the genome accompanying a major 

shift in norovirus prevalence.  This has never been explicitly stated before for the 

noroviruses, as many studies focus on the structural portion of the genome.  From the 

study of the emergence of the current epidemic strain GII.e/GII.4_2012, the apparent 
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order of change appears to be: first a change in the structural region, then a change in 

the non-structural regions.  Change occurring in both parts of the norovirus genome 

may prove valuable in predicting the emergence of new epidemic variant/strains of 

norovirus. 

 

The findings of this thesis indicated that the molecular epidemiology of norovirus is 

complex and dynamic, providing a challenge in the development of an effective 

norovirus vaccine.  It is important to gain sufficient and continual understanding of the 

molecular epidemiology and evolution of noroviruses so that effective vaccines can be 

developed and maintained despite the rapid evolution the virus can undergo. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



The epidemiology and evolution of norovirus in Australia 

 

viii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



The epidemiology and evolution of norovirus in Australia 

 

1 

Introduction 
 

Norovirus is a gastroenteritis causing viral pathogen originally discovered from an 

outbreak of gastroenteritis that occurred in an elementary school in 1968 in Norwalk, 

Ohio USA.  Acute gastroenteritis was seen in 50% of the students and teachers of the 

school, with the majority of the cases developing over a 24 hr period and symptoms 

persisting for 12 – 48 hr [Adler and Zickl 1969].  The initial report on this outbreak 

[Adler and Zickl 1969] described it as being an example of “non-bacterial 

gastroenteritis”, as extensive testing was unable to identify a bacterial pathogen.  

Samples from this outbreak were stored, and in 1972, Kapikian and collegues were able 

to show, by immune electron microscopy, that faecal filtrates contained a 27nm virus-

like particle, which was proposed to be the causative agent of the Norwalk 

gastroenteritis outbreak [Kapikian et al 1972].  Norwalk agent became the prototype 

strain for the “Norwalk-like viruses” [Green 2013], which were renamed “norovirus” in 

2002 by the International Committee on Taxonomy of Viruses [Mayo 2002].  Currently, 

noroviruses are recognized as the most important cause of outbreaks and sporadic viral 

gastroenteritis, with a worldwide distribution and affecting people of all ages [Ahmed et 

al 2014; Green 2013; Patel et al 2009; Tan and Jiang 2014].  After the success of the 

rotavirus vaccine introduced several years ago, the development of a norovirus vaccine 

has become a high priority to prevent viral gastroenteritis [Tan and Jiang 2014].  It has 

been estimated that the successful implementation of a norovirus vaccine could result in 

economic savings of over $2 billion, and prevention of 1.0 – 2.2 million cases (48 000 

hospitalizations) annually in the USA alone [Bartsch et al 2012].  

 

Norovirus taxonomy 

Noroviruses are a non-enveloped viruses with a single stranded RNA genome, currently 

classified into the genus Norovirus within the family Caliciviridae [Clarke et al 2012; 

Green 2013].  The Caliciviridae family contains five designated genera [Clarke et al 

2012], as well as an as yet ‘unclassified’ group [Green 2013].  The genera within the 

family Caliciviridae are outlined in Table 1. 
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Table 1: Genera of the Caliciviridae family.  The 6 strains of norovirus currently 

defined are listed, as well as common strains for each of the other genera.  The table is 

adapted from Green [2013]. 

Genus Strain Host Clinical Disease 

Norovirus Human norovirus Human Gastroenteritis 

Swine norovirus Pig Not established 

Jena virus Cattle Gastroenteritis 

Pistoia virus Lion Hemorrhagic enteritis 

Murine norovirus Mouse None (in healthy mice) 

Canine norovirus Dog Gastroenteritis 

Sapovirus Sapporo virus Human Gastroenteritis 

Lagovirus Rabbit hemorrhagic disease Rabbit Organ dysfunction & 

pulmonary hemorrhage 

Nebovirus Bovine enteric calicivirus Cattle Gastroenteritis 

Vesivirus Feline calicivirus Cat Stomatis & pneumonia 

Canine calicivirus Dog Gastroenteritis 

Unclassified Tulane virus Monkey Gastroenteritis 

 

 

The norovirus genome and virus structure 

The human norovirus genome is a single molecule of positive-stranded single stranded 

RNA approximately 7.3 – 8.5 kilobases in length, and is packaged into a capsid of 

27 - 40 nm in diameter [Clarke et al 2012; Green 2013].  The genome contains three 

open reading frames (ORFs 1 to 3) (Figure 1A) with ORF2 encoding the major capsid 

protein and ORF3 a minor structural protein [Clarke et al 2012; Green 2013; Thorne 

and Goodfellow 2014].  ORF1 encodes a long polypeptide that is proteolytically 

cleaved to produce 6 mature products; the N terminus protein of unknown function, a 

NTPase, a second protein of unknown function, VPg (a protein found covalently linked 

to genomic RNA to assist in replication), a proteinase and a RNA-dependent RNA 

polymerase [Clarke et al 2012; Green 2013; Thorne and Goodfellow 2014].   

 

The norovirus virion has icosahedral symmetry, with a triangulation number of T=3, 

meaning that all the capsid subunits are identical [Harrison 2007].  The capsid is formed 

by the major capsid protein (VP1), which is arranged as 90 dimers (180 copies) [Choi et 

al 2008; Green 2013; Robilotti et al 2015].  The VP1 protein has two domains, the shell 
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(S) and the protruding (P) domains [Choi et al 2008; Green 2013] (Figure 1).  The 

S domain of VP1 is 225 amino acids in length and forms the inner (non-surface 

exposed) part of the capsid, while the P domain of 305 amino acids forms the outer 

(surface exposed) part of the capsid [Choi et al 2008; Green 2013].  The P domain is 

further divided into the P1 and P2 subdomains, with the P2 subdomain forming the 

outermost part of the capsid (Figure 1B) [Choi et al 2008; Green 2013].  The S domain 

is relatively conserved between noroviruses, while the P domain is more variable 

[Green 2013].   

 

ORF3 encodes a minor structural viral protein (VP2) that is only present in one or two 

copies per virion and appears to increase capsid stability [Green 2013; Lin et al 2014].   

 

 

A 

B 

 
Fig. 1.  Norovirus genome configuration (A) and capsid structure (B) showing a VP1 dimer (box) divided 

into the S subdomain (blue) and the P1 (red) and P2 (yellow) subdomains.  Image adapted from Green 

[2013] and Choi et al [2008]. 
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Norovirus genogroups and genotypes 

Noroviruses are currently classified into six genogroups designated GI – GVI and 

genogroup definition is based on VP1 (ORF2) nucleotide sequence differences [Green 

2013; Robilotti et al 2015].  Only GI, GII and GIV are known to infect humans, with the 

majority of infections in humans being from GII [Glass et al 2009; Green 2013; 

Robilotti et al 2015].  Each genogroup can be further subdivided into genotypes, 

designated by numerals after the genogroup, with the GII.4 noroviruses causing 

approximately 70-80% of all human norovirus associated gastroenteritis worldwide 

since the mid-1990s [de Graaf et al 2015].  A phylogenetic tree illustrating all of the 

current described norovirus genotypes (based on VP1 relatedness) is given in Figure 2.  

Noroviruses can also be sequence typed based on their ORF1 sequence.  However, as 

recombination between virus types frequently occurs at the junction of ORF1 and 

ORF2, genotyping using only one of these ORFs may not give a true reflection of virus 

type [Kroneman et al 2013].  Consequently, the characterization of a particular 

norovirus should ideally be performed using a duel typing system (i.e. include both 

ORF1 and ORF2 data) [Kroneman et al 2013]. 
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Fig. 2.  A phylogenetic tree of all described norovirus genotypes, from the 6 norovirus genogroups (GI-

GVI), based on VP1 relatedness.  The tree was constructed utilizing 300 bp of the capsid sequence from 

each of 39 reference strains listed by Green [2013].  Shaded in blue are the nine genotypes of GI, all of 

which infects humans.  In light red are the 22 genotypes of GII, 19 of which infect humans and 3 infect 

pigs.  In purple are the three genotypes of GIII, two of which infect cattle and one infects sheep.  In 

orange are the two genotypes of GIV, one infecting humans and the other lions.  In green is the single 

genotype of GV that infects mice.  In yellow are the two genotypes of GVI, both infecting dogs. 

 

The current norovirus molecular genotyping system reflects a number of progressive 

improvements that have occurred over the last 12 years.  Vinje and colleagues [2004] 

provided the first comprehensive list of 100 strains that were typed using complete VP1 

(ORF2) sequences. While this publication focused on human noroviruses (genogroups 

GI, GII and GIV), a subsequent study by Zheng et al., [2006] expanded this to 164 

strains from the five then recognized genogroups (GI-GV).  At the same time, an 

alternate classification system was also developed by Kageyama and colleagues [2004] 
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who proposed an alternate designation of 31 norovirus genotypes across GI and GII, 

after performing a detailed study on norovirus outbreaks from Japan over 6 years.  

However, in 2011 Kroneman and colleagues [2011] launched the “norovirus genotyping 

tool”, a freely accessible online resource where norovirus typing was based essentially 

on the Vinje/Zheng system.  The introduction of the online genotyping tool has allowed 

much faster analysis of norovirus sequences, as it has eliminated the need to construct 

time consuming phylogenetic trees and perform amino acid pairwise analysis for the 

purpose of comparing sequences to known reference strains to determine a genotype.  

The Vinje/Zheng system has now become the standard system, as recommended and 

described in the authoritative publication Fields Virology [Green 2013].  In 2013, 

further progress was made when Kroneman and colleagues [2013] published further 

work with the suggestion of how to name genotypes and avoid confusion.  They 

proposed that ideally both ORF1 (polymerase) and ORF2 (VP1) should be used to 

determine a norovirus genotype, and that a “P” be included in the ORF1 designations to 

clearly show where a sequence is polymerase.  For example, “GII.P4” would indicate an 

ORF1 genotype designation, whereas “GII.4” would indicate an ORF2 genotype 

designation.    

 

An adaptable virus: Mutations, recombination and evolution 

The noroviruses are highly adaptable and can escape herd immunity to continue to 

infect the community in three main ways.  Firstly, the norovirus RNA-dependent RNA 

polymerase is highly error prone compared to DNA polymerases, mainly due to the lack 

of proofreading enzymes, resulting in large numbers of random mutations occurring as 

the virus replicates [Holland et al 1982; Karst and Baric 2015; Pringle et al 2015].  The 

norovirus RNA-dependent RNA polymerase fidelity has been reported to be between 

1x10-4 and 1x10-5 nucleotide substitutions per site [Bull et al 2010a].  This can result in 

the production of a large pool of viruses with minor genetic differences, some that will 

have decreased fitness, but some that will have increased fitness (i.e. increased 

virulence).   

 

Secondly, norovirus is known to periodically undergo recombination events, as 

evidenced by viruses with sequences that originate from two distinct genotypes.  

Recombination occurs most frequently at the junction of ORF1 and ORF2, often close 

to or within the overlap region of the two ORFs [Bull et al 2005; Bull et al 2007; Tan 

and Jiang 2010].  Recombination leads to new novel virus strains that have non-
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structural components linked to different capsid components.  This in turn can offer 

potential survival advantages, and is an important mechanism for the virus to generate 

diversity and facilitate immune evasion [Bull et al 2005; Kroneman et al 2013; Tan and 

Jiang 2010].  

 

Thirdly, immune selection rapidly selects escape mutants that can evade herd immunity 

and continue to cause global epidemics.  The GII.4 genotype is the best-known 

example, where periods of stasis are followed by rapid bursts of evolution and the 

production of new phenotypes [Donaldson et al 2008; Karst and Baric 2015; Pringle et 

al 2015].  In this regard, a study by Bok and colleagues [2009] has shown that the 

capsid of the GII.4 cluster has evolved at an average rate of approximately 10-3 

substitutions per site per year, for at least 34 years, allowing the virus to generate 

replacement clusters and constantly evade the immune response while remaining within 

the same genotype. Pandemics of norovirus occurred in 1996, 2002, 2004, 2006, 2009 

and 2012, all caused by the emergence of new GII.4 variants [Karst and Baric 2015; 

Kroneman et al 2013].  A phylogenetic tree of partial capsid sequence of the main GII.4 

norovirus pandemic variants is shown in Figure 3.  It is also been speculated that other 

established genotypes (such as GI.3, GII.2 and GII.3) will evolve in a similar way to 

GII.4 to exhibit distinct variants in the future [Kroneman et al 2013]. 

 

In addition to the above documented evidence of changes in ORF2, a number of studies 

have also shown that non-surface exposed (ORF2 S-domain) and non-structural regions 

(ORF1) of the GII.4 genome are altered in newly emerged epidemic variants [Bruggink 

and Marshall 2008; Bruggink and Marshall 2009a; Lopman et al 2004; Siebenga et al 

2010].  The significance of changes in non-structural regions of the genome on viral 

evolution is unclear, but this shows that the whole genome evolves, not just the surface 

exposed regions.   
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Fig. 3.  DNA (distance matrix) Kimura phylogenetic tree based on the first 1000nt of the capsid gene of 

the main GII.4 norovirus variants that caused pandemics in 1996, 2002, 2004, 2006 (two variants 2006a 

and 2006b), 2009 and 2012.  The variants are usually named according to the year and geographical 

location of the first full-length capsid sequence described, except for some of the earlier variants where 

the variant name commonly quoted in the literature was not the first sequence described.  In these cases 

the variant name is preserved for clarity while the actual first complete sequence is used as the reference 

and may have a differing name [Kroneman et al 2013].  The GenBank number of the strains used is given 

in brackets, and were selected based on the criteria of Kroneman et al [2013] where they were the first 

complete capsid sequence of that strain entered into GenBank. The scale marker represents substitutions 

per site.   

 

An important question relating to the evolution of noroviruses is which situations 

optimize the process.  One suggestion is the presence of norovirus chronically in 

immunocompromised patients, with it’s potential to rapidly evolve in these individuals, 

possibly creating escape mutants or even new epidemic strains [Bull et al 2012; 

Hoffmann et al 2012].  A number of studies have shown that the norovirus genome can 

change quite significantly over relatively short time periods in chronic carriers of 

norovirus [Hoffmann et al 2012; Mai et al 2015; Miyoshi et al 2015; Schorn et al 2010], 

creating a diverse viral population with the co-circulation of many (>50) minor variants 

[Bull et al 2012].  In contrast, one study by this laboratory [Bruggink et al 2015a] has 

shown that a chronic norovirus infection in an immunocompromised individual did not 

result in any significant changes in the norovirus strain over the duration of the infection 

(241 days).  Thus, an immunocompromised state alone may not be sufficient to drive 

evolution of the virus.  It is thought that norovirus evolution (at the within-host level) 
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does not readily occur in healthy individuals with a normal immune system, but can 

occur in individuals with an intermediate level of immunity, where the immune system 

supplies selective pressure to the virus, but it is not robust enough to clear the virus 

efficiently [Karst and Baric 2015].  However, if the immune system is severely depleted 

then there will be no immune driven selective pressure on the virus and minimal viral 

evolution [Karst and Baric 2015]. 

 

Norovirus epidemiology 

Norovirus incidence has been shown to occur all year round, with most locations, 

including the USA and Europe, presenting with a winter peak [Debbink et al 2014; Hall 

et al 2013; Lopman et al 2004; Mounts et al 2000; Phillips et al 2010], although in 

Australia and New Zealand there is a tendency to have a spring/summer peak [Bruggink 

and Marshall 2010; Bruggink et al 2011b; Greening et al 2012].  Additionally, the years 

where a new pandemic strain has emerged have been shown to have a larger peak than 

non-pandemic years [Hall et al 2013].   

 

The factors that control norovirus incidence appear to be complex.  It has been 

suggested that there are two factors controlling norovirus epidemics, one obviously 

being genetic as there are large peaks of norovirus incidence when a new epidemic 

strain emerges, the other being environmental to explain why there are seasonal peaks 

when no new strain has arisen [Bruggink and Marshall 2009b].  A potential 

environmental factor is rainfall, where one study has shown a link between yearly 

periods of high rainfall and the yearly peak in norovirus outbreaks [Bruggink and 

Marshall 2010].   

 

Noroviruses are considered the most important cause of non-bacterial gastroenteritis 

worldwide [Arias et al 2013], with norovirus infection occurring in all age groups, and 

associated with virtually any setting where people are in close contact [Bruggink and 

Marshall 2011; DiCaprio et al 2013; Green 2013; Robilotti et al 2015].  The commonly 

reported settings for outbreaks to occur include healthcare institutions (including aged 

care), restaurants (or other food related settings), childcare centers, schools and cruise 

ships [Bruggink and Marshall 2011; DiCaprio et al 2013; Green 2013; Pringle et al 

2015; Robilotti et al 2015; Vega et al 2013].  Public health concerns often focus on 

healthcare institutions, as these settings can provide a larger disease burden (cost), with 

outbreaks frequently associated with the elderly, who are more likely to require medical 
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intervention for serious illness [Bruggink and Marshall 2011; Bruggink et al 2015c; 

DiCaprio et al 2013; Green 2013; Kambhampati et al 2015; Vega et al 2013].   

 

Norovirus incidence can also occur in a sporadic manner within the community, as 

opposed to outbreaks as outlined above.  These are important for public health, but are 

little studied, probably due to difficulty in obtaining specimens when the incident is 

unrelated to a hospital admission or large-scale outbreak investigation.  In this regard, 

Shioda et al., [2016] estimated that there are approximately 2.8 – 3.3 million community 

cases of norovirus every year in Kenya.  A study from the UK [Tam et al 2012] shows a 

similar finding, with an estimate of 3 million cases of sporadic norovirus a year.  It has 

been suggested that sporadic incidence of norovirus should be more systematically 

monitored, as epidemic strains of GII.4 norovirus were detected up to 18 years earlier 

than their recognition as epidemic strains when sporadic specimens were analysed 

retrospectively [Allen et al 2016].   

 

Norovirus genotype definition is largely an epidemiological tool [Pang and Lee 2015], 

and is valuable in determining the dominant types and how they circulate and change.  

From such studies the GII.4 genotype has been recognized as being the predominant 

genotype worldwide [Bok et al 2009; de Graaf et al 2015; Green 2013], and undergoes 

periodic genetic drift, resulting in new epidemic strains every 2 – 4 years that can 

circulate worldwide [Bok et al 2009; Bruggink and Marshall 2008; Bruggink and 

Marshall 2009a; Bull et al 2006; Bull et al 2010b; DiCaprio et al 2013; Green 2013; 

Karst and Baric 2015].  It is also notable that some genotypes can occur more 

commonly in institutional settings opposed to in community-based settings, and vice 

versa [Bruggink and Marshall 2011; Bruggink et al 2015d; Franck et al 2015; Vega et al 

2013], and that some genotypes even show a tendency to occur more commonly in 

children than adults [Bruggink et al 2015d; Chan et al 2015; Lindell et al 2005].  The 

reasons for different norovirus genotypes occurring more commonly in different age 

groups is unclear and further work is required to monitor this and determine why this is 

the case.  

 

Norovirus replication and pathogenesis of infection 

To date there is no established method for growing human norovirus in cell culture, 

however a recent study using human B cells and a confluent epithelial barrier in the 

presence of commensal bacteria [Jones et al 2015] shows promise.  Consequently, 
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descriptions of general infection and replication strategies of norovirus are based upon 

general findings from other cultivatable caliciviruses [Green 2013; Guix et al 2007]. 

 

The replication cycle of a calicivirus consists of a series of stages including cell entry, 

uncoating, translation, RNA replication, maturation and release [Green 2013; Guix et al 

2007].  For norovirus, only the method of cell entry has been elucidated to any extent.  

It involves the interaction of capsid protein VP1 (in particular the P domain) with Histo-

Blood Group Antigens (HBGA) [Green 2013; Guix et al 2007] present on the surfaces 

of gut, respiratory epithelial and red blood cells, and in secretions such as saliva 

[Donaldson et al 2008; Schroten et al 2016].  It is not yet certain whether these antigens 

exclusively serve as attachment ligands, or whether they somehow mediate cell entry of 

the virus [Green 2013]. 

 

The site of replication of human norovirus has not yet been determined, but is proposed 

to be in the upper intestinal tract [Green 2013].  However, due to high levels of virus 

detectable in vomit [Atmar et al 2014], as well as the detection of virus in the saliva of 

individuals with the absence of vomiting [Kirby et al 2010], it is conceivable that 

norovirus replication could occur even before the small intestine.   

 

Examination of biopsies from norovirus infected individuals have shown that during 

infection there is a broadening and blunting of the villi in the small intestine, although 

the mucosa remains intact [Agus et al 1973; Green 2013; Schreiber et al 1974].  The 

cause of the symptoms of norovirus infection is not well understood [Newman and Leon 

2015], however, it is suggested that norovirus induced diarrhoea could be a result of 

changes to the epithelial barrier [Green 2013; Troeger et al 2009].   

 

Clinical features and disease burden of norovirus infection 

The main clinical symptoms associated with norovirus infection in humans are 

diarrhoea and vomiting, although other symptoms such as abdominal cramps, nausea, 

fever, malaise and headache may be present [Green 2013; Kaplan et al 1982; Patel et al 

2009; Robilotti et al 2015].  Vomiting appears to be the predominant symptom in 

children, while diarrhoea appears more common in adults [Kaplan et al 1982].  Illness is 

usually acute with a short incubation time of approximately 12 – 48 hrs followed by 

symptoms that, while incapacitating, usually last only 24 – 72 hrs [Green 2013; Patel et 
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al 2009].  However, in some severe cases the illness can result in life threatening 

dehydration [Green 2013]. 

 

Norovirus has now been recognized as the main cause of viral gastroenteritis in all age 

groups, as it has taken over from rotavirus as the main cause of viral gastroenteritis in 

children in countries where the rotavirus vaccine has been introduced, such as 

Nicaragua [Bucardo et al 2014], Finland [Hemming et al 2013], USA [Koo et al 2013; 

Payne et al 2013] and the European Union [Kowalzik et al 2015].  The estimated 

disease burden and economic cost of norovirus illness has recently received a high level 

of attention in the literature to highlight the need for a norovirus vaccine.  In the USA it 

has been estimated that norovirus causes 570 to 800 deaths, 56,000 to 71,000 

hospitalizations, 400,000 emergency department visits and a total of 19 to 21 million 

illnesses per year [Hall et al 2013].  In Canada, it has been estimated that norovirus 

causes 4000-11000 hospitalizations annually, and the cost of these hospitalizations is 

approximately CAN$21 million [Morton et al 2015].  The cost of outbreaks in Spain 

was monitored and it was found that the average cost of an outbreak in an institutional 

setting was €4888.79, and an outbreak in a community setting was slightly less at 

€3521.04 [Navas et al 2015].  However, a single large hospital outbreak in the USA has 

been shown to cost the institute US$657,644 [Johnston et al 2007].   

 

Although norovirus can infect people of all ages, the two main age groups that appear to 

be the most at risk of serious illness following norovirus infection are the elderly 

(>65yrs) and young children (<5yrs) [Aliabadi et al 2015; Bartsch et al 2012; Chan et al 

2015; DiCaprio et al 2013; Hall et al 2013; Morton et al 2015].  The main complication 

of norovirus infection, dehydration, is most prominent at both ends of the age spectrum 

[Green 2013].  It has been estimated that norovirus causes up to 200,000 deaths in 

children <5 years old in developing countries each year [Patel et al 2008], and in the 

USA alone, the treatment cost of norovirus illness in this age group is estimated at 

US$273 million each year [Payne et al 2013].  Alternatively, it has been shown that the 

elderly have a higher risk of severe outcomes, with the number of hospitalizations being 

higher, and longer in duration, resulting in greater cost, than for the <5yrs age group 

[Lindsay et al 2015].  The disease burden in these two demographics alone highlights 

the need for a norovirus vaccine.  
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Infectious dose of norovirus 

The dose of norovirus required to induce infection has been estimated to be as low as 18 

particles [Teunis et al 2008].  Peak viral shedding in faeces occurs at approximately 1 to 

4 days after infection [Atmar et al 2008; DiCaprio et al 2013], and billions of genome 

copies per gram of faeces can be detected at the peak time [Atmar et al 2008; Atmar et 

al 2014].  A study performed by Atmar et al [2014] also showed that the greater the 

dose received, the shorter the incubation time and the higher the virus shedding.  The 

low infectious dose, high rate of shedding, and feacal-oral spread makes the virus highly 

transmissible and management of outbreaks difficult.   

 

Viral shedding 

A complicating factor in the management of norovirus outbreaks is that virus shedding 

doesn’t just occur during the symptomatic phase of infection.  Viral shedding can occur 

asymptomatically [Garcia et al 2006; Okabayashi et al 2008; Parashar et al 1998; 

Phillips et al 2010], before symptoms appear (incubation period) [Atmar et al 2008; 

Goller et al 2004a], and after symptoms have resolved [Atmar et al 2008; Goller et al 

2004a and 2004b; Marshall et al 2001; Parashar et al 1998; Tu et al 2008].  Chronic 

infection can also develop in certain patients, such as the immunocompromised 

[Angarone and Ison 2012; Atmar et al 2013; Bruggink et al 2015a; Echenique et al 

2015; Green et al 2014; Mai et al 2015; Schorn et al 2010].  Various studies have also 

shown that viral shedding can occur for extended periods after symptoms cease, even in 

otherwise healthy people (Table 2).  Extended viral shedding after symptoms cease can 

make outbreak management difficult, as it is standard practice to exclude workers with 

gastroenteritis from work for only 48 to 72 hrs after symptoms cease [Goller et al 

2004b; Parashar et al 1998; Robilotti et al 2015], and while these people may be lower 

risk than symptomatic people, they could still be excreting virus and facilitating further 

spread. 

 

Table 2: Period of viral shedding after symptoms have ceased in various studies. 

Study Period of viral shedding after symptoms have ceased 

Atmar et al [2008] 13-56 days 

Atmar et al [2014] 6-55 days 

Goller et al [2004a] 2-15 days 

Parashar et al [1998] 10 days 

Tu et al [2008] approximately 28 days 
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Transmission of norovirus 

The main transmission pathway of norovirus is faecal-oral with infection routes being 

person-to-person, consumption of contaminated food/water, or contact with a 

contaminated surface [Bernard et al 2014; Green 2013; Kaplan et al 1982; Manula et al 

2009; Nygard et al 2003; Patel et al 2009; Robilotti et al 2015; Westrell et al 2010].  

Another pathway of transmission is via aerosols, which is usually associated with 

vomiting [Green 2013; Marks et al 2000; Marks et al 2003].  In addition, environmental 

and zoonotic reservoirs of norovirus are proposed, but are yet to be confirmed.   

 

Although the main faecal-oral infection route of norovirus has been shown to be person-

to-person [Green 2013], infection by consumption of contaminated food/water occurs 

sufficiently often that there are reports that norovirus is the leading cause of foodborne 

illness (58%) in the USA [DiCaprio et al 2013; Scallan et al 2011].  Outside of the 

USA, the presence of contaminated food/water has also been linked to a number of 

large gastroenteritis outbreaks that can be widespread across multiple states or 

countries.  In 2001, a large outbreak of norovirus gastroenteritis (over 200 people 

affected) occurred at an activity camp in Sweden, and was linked to contaminated water 

[Nygard et al 2003].  In 2006, a gastroenteritis outbreak (218 cases) at a popular ski 

resort in New Zealand was linked to contaminated drinking water [Hewitt et al 2007].  

In 2009, a norovirus gastroenteritis outbreak occurred in Finland and affected about 200 

people, and was linked to frozen raspberries [Maunula et al 2009].  In 2010, there were 

65 clusters of norovirus gastroenteritis (a total of 334 cases) that occurred across five 

European countries, all linked to oyster consumption [Westrell et al 2010].  The largest 

recorded foodborne outbreak in Germany occurred in 2012, involving nearly 11000 

cases, and was linked to norovirus detected in frozen strawberries imported from China 

[Bernard et al 2014].  In Australia in 2013, 525 cases of norovirus gastroenteritis, across 

four states, were shown to be linked to the consumption of a single batch of oysters 

distributed nationally [Lodo et al 2014].  In 2014, a gastroenteritis outbreak occurred at 

a school in China, affected hundreds of students, and was directly linked to a 

contaminated drinking water supply [Zhou et al 2016]. 

 

Norovirus related foodborne disease is often associated with foods that require little or 

no preparation, such as fresh produce and raw shellfish [DiCaprio et al 2013; Robilotti 

et al 2015].  An investigation of how fruit and vegetables could be contaminated by 
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norovirus showed that when strawberry plants are grown in soil contaminated by 

norovirus, the fruit could internalize the virus [DiCaprio et al 2015a].  The same group 

also showed that norovirus could be taken up and internalized by lettuce and onions 

[DiCaprio et al 2015b], thereby showing that just washing of fresh produce grown in 

contaminated soil is ineffective for removal of norovirus.  In addition, norovirus has 

been shown to remain infective on ready-to-eat foods stored at 4°C for at least 10 days 

[Lamhoujeb et al 2008]. 

 

A number of studies provide evidence that norovirus transmission can occur via 

aerosols [Bonifait et al 2015; Marks et al 2000; Marks et al 2003].  It is suggested that 

infection occurs when aerosolized particles of norovirus are breathed into the mouth and 

esophagus and then swallowed [Bonifait et al 2015].  The low dosage requirement for 

norovirus infection, as well as the estimation that 1ml of vomit can contain up to 9000 

infectious doses [Atmar et al 2014], makes this infection pathway feasible.  One study 

[Bonifait et al 2015] examined if norovirus remained aerosolized and could facilitate 

transmission during an outbreak of norovirus at an aged care facility.  These authors 

showed that norovirus was not only detectable in air samples of a patients room, but 

also in hallways and at nurses stations [Bonifait et al 2015].  The air in a patient’s room 

could contain up to 2000 genomes/m3, showing that a healthcare worker or visitor could 

inhale enough genome copies during a short stay in the room to potentially become 

infected [Bonifait et al 2015].  This may, in part, explain the difficulty of controlling 

norovirus outbreaks in healthcare facilities [Bonifait et al 2015].  Further evidence of 

aerosol transmission instigating a gastroenteritis outbreak was shown by examination of 

an outbreak of gastroenteritis following a meal at a restaurant where one patron vomited 

[Marks et al 2000].  Analysis of attack rates were performed based upon seating 

arrangements, showing an inverse relationship with the distance from the vomit site, 

and these findings were consistent with the proposed airborne spread of norovirus 

[Marks et al 2000].  The same group also studied an outbreak of norovirus at a school in 

2001 [Marks et al 2003].  Analysis showed that students were more likely to become ill 

if there was an episode of vomiting in their classroom, and that the time from exposure 

to illness was consistent with spread via aerosolized viral particles after a vomiting 

incident [Marks et al 2003].   

 

Human norovirus of various genotypes are often detected in environmental water 

samples [Blanco Fernandez et al 2011; Blanco Fernandez et al 2012; Inoue et al 2015; 
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Kitajima et al 2010; Pusch et al 2005].  However, as yet no environmental reservoir for 

norovirus has been determined beyond water, and in these cases water is often thought 

to be contaminated by sewage [Nygard et al 2003; Robilotti et al 2015], rather than 

being a true environmental source.   

 

Zoonotic reservoirs of norovirus have also been theorized, and they do look possible as 

there are animal norovirus strains, but no actual evidence has been presented to support 

cross infection from animal to humans as yet [Karst and Baric 2015].  However, there is 

some evidence that the reverse is true, as pet dogs in the UK have been shown to have 

serum antibodies against human norovirus strains (both GI and GII noroviruses) [Caddy 

et al 2015]. 

 

Methods of detection 

Since the discovery of norovirus by immune electron microscopy [Kapikian et al 1972], 

there have been many advances in methods for norovirus detection.  None are perfect, 

and this is mainly due to the highly diverse nature of the noroviruses, but each method 

has advantages and disadvantages [DiCaprio et al 2013; Pang and Lee 2015].  

Currently, the molecular based methods are considered the gold standard for norovirus 

detection; namely reverse transcription polymerase chain reaction (RT-PCR) and real-

time RT-PCR (RT-qPCR) [Kageyama et al 2003; Miura et al 2013; Pang and Lee 2015; 

Robilotti et al 2015; Rolfe et al 2007; Vainio & Myrmel 2006; Vinje et al 2003].  They 

can be highly sensitive, specific and also enable high throughput [Vinje 2015].  Other 

methods include those based on immunological techniques such as enzyme-linked 

immunosorbent assays (EIA) and immunochromatography [Pang and Lee 2015; Vinje 

2015].  Electron microscopy (EM) remains useful but is less common than the 

molecular and immunological methods [Pang and Lee 2015].  Each of these techniques 

will be described further below, and a summary of the advantages and disadvantages of 

each procedure is given at the end of the section in Table 3 (page 23). 

 

In addition to the commonly used methods outlined above, there are a number of less 

widely used methods, such as reverse transcription loop-mediated isothermal 

amplification (RT-LAMP) and microarray methods.  A brief outline of these methods is 

given here, but as they are not common norovirus diagnostic methods, they will not be 

discussed further.  The method of RT-LAMP was originally developed in 2000 [Notomi 

et al 2000] and was presented as being comparable to PCR methods, but technically 
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simpler as it only required a single temperature incubation.  However, a later study 

showed that the method was not as sensitive when compared to RT-PCR or RT-qPCR 

[Hanaki et al 2014]. Recently, there are two commercially available microarray panels 

that include norovirus and have been evaluated in the literature: the FilmArray 

gastrointestinal panel and the Luminex xTag gastrointestinal pathogen panel.  While 

both these panels have been shown to be highly sensitive, and a valuable tool for 

screening for multiple pathogens at once [Buss et al 2015; Khare et al 2014; Rand et al 

2015; Spina et al 2015], the high cost of the equipment, high cost reagents and complex 

nature has so far kept them from common laboratory use. 

 

The usual specimen for any laboratory testing of norovirus is raw faeces, as it can 

contain high levels of virus, and can be used with all of the methods outlined here [Pang 

and Lee 2015; Robilotti et al 2015; Vinje 2015].  Rectal swabs are occasionally 

presented for testing, and while enough material may be present for the more sensitive 

molecular methods, there is often not enough material for EM, EIA or 

immunochromatography [Pang and Lee 2015; Vinje 2015].  Norovirus can also be 

detected in vomit and mouth swabs by molecular methods [Atmar et al 2014; Kirby et al 

2010; Pang and Lee 2015; Vinje 2015]. 

 

Electron microscopy (EM) 

Conventional negative staining EM is a fairly straightforward and simple procedure to 

detect and visualize norovirus in clinical specimens.  Negative staining EM is 

performed by applying a virus suspension to a support grid and then staining with a 

heavy metal salt solution such as sodium phosphotungstate or uranyl acetate [Hayat and 

Miller 1990] and examining the grid for virus particles under a transmission electron 

microscope at 30,000x to 65,000x [Marshall 2005].  If all the required reagents are pre-

prepared, negative staining EM is a quick method that takes only 15 – 30mins to 

perform.   

 

A typical cluster of norovirus particles as visualized by negative staining EM is shown 

in Figure 4.  The granular appearance of the particles and size (approximately 35 nm in 

diameter) is distinctive and can be used for diagnostic purposes [Marshall 2005].  As 

evident in Figure 4, there are sometimes particles that appear empty where the stain has 

penetrated, and others where the stain has not penetrated.   
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Fig. 4. Negative-stain EM of norovirus particles from a human faecal specimen.  Scale bar represents 

100 nm.  Image taken by Dr. J. Marshall from the Victorian Infectious Diseases Reference Laboratory.   

 

The main advantage of negative staining EM over other detection methods is that no 

norovirus specific reagents are required to carry out the test [Marshall and Bruggink 

2006]. Further, the non-specific nature of the method allows for the detection of 

pathogens other than norovirus [Pang and Lee 2015; Vinje 2015], as well as unusual 

noroviruses that molecular and immunological methods may have difficulty detecting 

[DiCaprio et al 2013].  The disadvantages of negative staining EM for norovirus 

detection is the relatively low sensitivity of the method compared to molecular 

techniques, the requirement of a very expensive piece of equipment (the electron 

microscope), and the need for an experienced operator to not only use the instrument 

but to also distinguish norovirus from other particles that may be present in faeces 

[DiCaprio et al 2013; Marshall and Bruggink 2006; Pang and Lee 2015].  EM has 

become a very specialized technique and is no longer widely used outside of reference 

laboratories [Pang and Lee 2015; Vinje 2015]. 

 

Enzyme-linked immunosorbent assay (EIA) 

The commonly used sandwich EIA method relies on antigen capture using capsid-

specific antibodies bound to the microplate, followed by detection using a second 

antibody most commonly conjugated to horseradish peroxidase so that a colour reaction 

can be visualized [Burton-MacLeod et al 2004].  Read-out of the colour change can be 

performed visually or using a photometric plate reader [Dimitriadis et al 2006].   

 

Studies have been performed on commercially available EIA kits for norovirus 

detection.  Such studies have shown highly variable sensitivities from 57% to 90% 
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[Dimitriadis and Marshall 2005; Dimitriadis et al 2006; Vinje 2015].  The EIA method 

commonly takes 60 – 90 mins to perform [Vinje 2015].   

 

An advantage of the EIA method is the high throughput capability using 96-microwell 

plates, so enabling the simultaneous testing of many samples [Vinje 2015].  With the 

use of antibodies this method tends to be highly specific [Vinje 2015], but due to the 

highly diverse nature of the noroviruses, may lack broad specificity and hence have 

lowered sensitivity [DiCaprio et al 2013; Pang and Lee 2015].  The EIA method can be 

useful for fairly rapid high throughput testing of samples, but due to the lower 

sensitivity, the method is only recommended for testing multiple specimens from a 

single outbreak, and not individual sporadic cases [DiCaprio et al 2013; Dimitriadis et 

al 2006; Vinje 2015].   

 

Immunochromatography 

“Point-of-care” testing is an emerging field in medical diagnosis, where rapid detection 

of pathogens can be carried out on-site at a facility without the use of sophisticated 

equipment [Bruggink et al 2011a; Bruggink et al 2015b; DiCaprio et al 2013; Vinje 

2015].  A common method gaining widespread use today is membrane-based 

immunochromatography, which is usually inexpensive and simple to perform [DiCaprio 

et al 2013; Pang and Lee 2015].  Immunochromatography relies upon the formation of 

antigen-antibody immune complexes that migrate up the reaction membrane, binding to 

the “test line” and causing a colour change reaction [Bruggink et al 2015b].  Unbound 

antibodies bind at the “control line” and cause a colour reaction there [Bruggink et al 

2015b].  A photograph of a positive and negative result on an immunochromatography 

assay is shown in Figure 5. 
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Fig. 5.  An example of an immunochromatography kit test.  The left cassette shows a positive test result 

with both the control (C) line and the test (T) line visible.  The right cassette shows a negative test result 

with only the control (C) line visible.  The image is of the updated RIDA®QUICK 

immunochromatography kit. 

 

A number of immunochromatography kits are available commercially, and depending 

on the kit, a faecal specimen can take from 15-20min to achieve a result [Ambert-Balay 

& Pothier 2013; Bruggink et al 2011a; Bruggink et al 2013; Bruggink et al 2015b; Vinje 

2015].  However, this technology often has limited sensitivity due the highly diverse 

nature of human noroviruses and the inability to produce anti-norovirus antibodies for 

these assays that will bind all genotypes [DiCaprio et al 2013; Pang and Lee 2015].  

Bruggink et al [2011a] found the commercially available RIDA®QUICK 

immunochromatography kit to have a sensitivity of 83% and a specificity of 100%, 

while the updated version of this kit (marketed under the same name) had a sensitivity 

of 87% and a specificity of 97% [Bruggink et al 2015b].  An alternative commercially 

available kit, the Bioline SD immunochromatography kit, was found to have a 

sensitivity of 62% and a specificity of 98.6% [Bruggink et al 2013].  A study by Vyas et 

al [2015] compared five commercially available kits in the UK, and found that their 

sensitivities ranged from 23% to 59%, and the specificities from 75% to 100%.  A 

similar study done in France [Ambert-Balay & Pothier 2013] compared four 

commercially available kits and found that their sensitivities for GI norovirus ranged 
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from 17% to 52%, sensitivities for GII norovirus ranged from 39% to 64%, and their 

sensitivities for GII.4 noroviruses ranged from 59% to 78%, but all had specificities of 

100%. 

 

Immunochromatography is fast and easy to perform, allowing for the rapid 

implementation of control measures at the outbreak site.  However, care needs to be 

taken as these kits are often moderately insensitive and a follow-up confirmatory test 

should be performed (particularly for negative results) by a more sensitive method such 

as RT-PCR [Ambert-Balay & Pothier 2013; Bruggink et al 2013; Bruggink et al 2015b; 

DiCaprio et al 2013; Vinje 2015].   

 

Reverse transcription polymerase chain reaction (RT-PCR) 

Tests based on the use of RT-PCR for norovirus detection have become particularly 

important in the accurate diagnosis of norovirus infections, mainly due to the method’s 

high sensitivity when compared to non-molecular techniques [Pang and Lee 2015; Vinje 

2015].  RT-PCR involves the reverse transcription of virus RNA into cDNA, then a 

number of amplification cycles that progressively magnifies the target cDNA [Pang and 

Lee 2015], so that even a sample with an initial low genome copy number can be 

amplified to levels where it is easily detectable.  The PCR-amplified virus cDNA is 

usually visualized by size fractionation using agarose gel electrophoresis [Pang and Lee 

2015].  There are two critical steps that can seriously affect the test results: the initial 

nucleic acid extraction from the patient sample, and the design of primers that target 

optimal genome regions for amplification. These two steps will be considered in detail 

below. 

 

It is important that the initial processing of the sample efficiently extracts virus RNA 

and also remove inhibitory substances such as cellular protein, carbohydrates and lipids 

that may interfere with the DNA amplification processes [Green 2013; Pang and Lee 

2015].  The extraction process generally involves specimens first being lysed using a 

lysate buffer, and then exposing them to specific buffering conditions to selectively bind 

nucleic acids to a column membrane.  Contaminants are washed through with a number 

of wash steps, and finally, nucleic acids are eluted in a buffer.  Extraction methods can 

be manual or automated, and although automated methods require robotics that can be 

expensive, they can extract many more samples at once with significantly less labor 

[Witlox et al 2008].  Automated methods of sample extraction commonly have similar 
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chemistry to manual methods (e.g. the Qiagen QIAamp viral RNA mini kit for manual 

extraction and the Qiagen QIAamp viral RNA mini QIAcube kit for use with the 

QIAcube HT robotic platform), with the robotic platform performing the pipetting and 

incubation steps, and sample transfers performed with the aid of vacuum suction as 

opposed to centrifugation. 

 

The second critical step is the amplification of the target cDNA by specific primer sets 

directed to a small part of the genome [Green 2013; Medici et al 2005; Vinje 2015].  

Primers can be developed to target anywhere in the norovirus genome, but there are 4 

common positions that are targeted as they are in the more conserved regions [Vinje et 

al 2004].  Originally, most PCR’s were developed to target the polymerase gene at the 

end of ORF1, as this was a well-described and highly conserved gene.  This target was 

designated “Region A” (Figure 6) [Vinje et al 2004].  Additionally, there are two more 

commonly used conserved targets that have been shown to efficiently detect norovirus, 

one at the 3’ end of the polymerase gene (ORF1) and the other at the 5’ end of the 

capsid gene (ORF2).  These are referred to as “Region B” and “Region C”, respectively 

(Figure 6) [Vinje et al 2004].  Finally, a region less conserved, but proving to be of 

high interest due to it being within the P domain of the capsid is referred to as “Region 

D” (Figure 6) [Vinje et al 2004].   

 

 
Fig. 6.  Common areas of the norovirus genome for targeting by primers for RT-PCR.  Image adapted 

from Vinje et al [2004]. 

 

The ORF1-ORF2 junction region (consisting of “Region B” and “Region C”) of the 

norovirus genome is considered to be highly conserved, and the majority of primers for 

RT-PCR are designed to amplify a genome fragment in this region [Pang and Lee 2015; 

Vinje 2015].  However, although highly conserved compared to the rest of the genome, 

the genetic variability of the noroviruses can still result in false negatives, as no primer 
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set is able to bind to all noroviruses [DiCaprio et al 2013; Medici et al 2005; Pang and 

Lee 2015].  To increase the sensitivity and specificity of this method, a multiplex 

approach can be taken, using multiple primers and even two rounds of amplification, 

but this can also increase the risk of contamination (and subsequent false positives) due 

to increased handling [DiCaprio et al 2013; Marshall and Bruggink 2006; Medici et al 

2005]. 

 

A disadvantage of the conventional RT-PCR method is that it can take 5-6 hrs to 

complete [Vinje 2015], in addition to the nucleic acid extraction that takes a further 1.5 

– 2.5 hrs (depending on the method and number of samples) [Witlox et al 2008], giving 

a total time of approximately 8 hrs. 

 

Real-time reverse transcription polymerase chain reaction (RT-qPCR) 

The method of real time RT-PCR (RT-qPCR) is similar to that of conventional RT-

PCR, except that a RT-qPCR monitors the production of amplified target DNA in real-

time, producing a graphical output of each cycle of amplification.  Detection and 

quantitation of amplified DNA is measured by fluorescence, either by the use of non-

specific DNA-intercalating dyes or by target specific probes carrying fluorescent dyes 

[Pang and Lee 2015].  Like conventional RT-PCR, RT-qPCR requires nucleic acid 

extraction and suitable primer design, so that it is subject to the same limitations as 

conventional RT-PCR.  But the main advantage of RT-qPCR, compared to conventional 

RT-PCR it takes significantly less time to perform (approximately 1 – 3 hrs after 

extraction [Dunbar et al 2014; Vinje 2015]), and there is no additional visualization step 

required as the results are displayed on a computer screen as the amplification is 

proceeding.   

 

A number of RT-qPCR kits have become commercially available and they provide all 

the reagents required for a laboratory to perform the assay, with some kits also 

including an internal control to check for inhibition [Dunbar et al 2014; Vinje 2015].  A 

study in this laboratory [Dunbar et al 2014] has shown that one commercial kit available 

in Australia for norovirus detection was both highly sensitive (98%) and specific (98%) 

in relation to a panel of conventional in-house RT-PCR’s, making it an attractive option 

for diagnostic laboratory use. 
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The reduced specimen handling that results from RT-qPCR reduces the chance of 

contamination over conventional RT-PCR [Vinje 2015].  A further advantage is that this 

method can be semi-quantitative, giving the operator the ability to approximate the viral 

load for a patient.  The clinical significance of this for norovirus studies is unclear 

[Vinje 2015].  However, the fragment size utilized by the RT-qPCR is relatively small 

(usually <100 bp), making many primers designed for conventional RT-PCR unsuitable 

for RT-qPCR [Marshall and Bruggink 2006; Pang and Lee 2015].  Additionally, the 

small fragment size is of very limited use for genotyping studies.



The epidemiology and evolution of norovirus in Australia 

 

25 

Table 3: A summary, for comparison purposes, of the advantages and disadvantages of 

the five norovirus detection methods outlined above.   

Detection Method Advantages Disadvantages 

Negative staining EM  No norovirus specific 

reagents required 

 Ability to also detect other 

pathogens & noroviruses 

that other methods have 

difficulty with 

 Quick to perform if all 

reagents pre-prepared (15-

30 min) 

 Low sensitivity 

 Experienced operator 

required 

 Expensive equipment 

required 

EIA  High throughput 

 Relatively quick to perform 

(60-90 min) 

 Low sensitivity 

 Confirmatory testing 

required 

Immunochromatography  “Point-of-care” test 

 Quick to perform (15-20 

min) 

 Inexpensive 

 Low sensitivity 

 Confirmatory testing 

required 

RT-PCR  Highly sensitive and 

specific 

 High throughput 

 Can be followed up with 

genotyping 

 Complex process requiring 

trained laboratory staff 

 Requires nucleic acid 

extraction 

 Long time for completion 

(total approx. 8hr) 

RT-qPCR  Highly sensitive and 

specific 

 High throughput 

 Can be semi-quantitative 

 Complex process requiring 

trained laboratory staff 

 Requires nucleic acid 

extraction 

 Moderate time for 

completion (total approx. 4-

5hr) 
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Norovirus survival and disinfection 

The ability to perform in vitro infectivity assays for human norovirus is hampered by 

the inability to grow it in cell culture [Knight et al 2013; Newman and Leon 2015].  

Human norovirus can be used in contamination studies and volunteer infectivity studies, 

but surrogate viruses are required for in vitro infectivity assays, as when norovirus is 

detected by molecular methods it is unknown whether these would be viable infective 

viral particles or just non-infective genomic RNA [Bae and Schwab 2008; Knight et al 

2013].  An appropriate surrogate virus should be easily grown in culture, and have the 

ability to determine the presence of infective material [Bae and Schwab 2008; DiCaprio 

et al 2013]. A good surrogate virus would also be closely related to human norovirus in 

terms of genetics, viral particle size, receptor binding, pathogenicity and environmental 

stability [DiCaprio et al 2013], so that conclusions drawn are likely to be applicable to 

human norovirus.  A summary of the advantages and disadvantages of three commonly 

used surrogate viruses for norovirus are given in Table 4. 

 

Norovirus is very resilient, partly due to it being a non-enveloped virus [Bae and 

Schwab 2008; Green 2013].  Human norovirus has been shown to remain infectious 

after exposure to temperatures of 60°C in a volunteer study [Dolin et al 1972], and 

another study [Seitz et al 2011] revealed that human norovirus RNA could remain 

detectable in water without significant reduction for 427 days, and was still detectable 

after 3 years.  Studies have also been performed to determine survival of norovirus on 

surfaces.  For example, a study using the surrogate murine norovirus has demonstrated 

survival on stainless steel, plastic, glass, rubber, ceramic and wood for at least 28 days 

[Kim et al 2014]. 

 

Many studies have been performed to determine suitable disinfection methods against 

norovirus.  Some of the chemicals found to be ineffectual in decontaminating human 

norovirus include alcohol and alcohol-based hand rubs [Tuladhar et al 2015], 

peroxyacetic acid [Kingsley et al 2014] and hydrogen peroxide [Kingsley et al 2014].  

Some of the chemicals found to be ineffectual in decontaminating surrogate viruses 

include alcohol and alcohol-based hand rubs [Doultree et al 1999; Duizer et al 2004; 

Tuladhar et al 2015] and ammonium [Doultree et al 1999].  Human norovirus is also 

resistant to low pH, as it remained infective after treatment with acid at pH2.7 for 3 

hours, which presumably allows it to survive as it passes through the digestive system 

[Dolin et al 1972].  The one chemical that displays consistent results in its ability to 
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decontaminate norovirus (human and surrogate) is chlorine, usually in the form of 

sodium hypochlorite made into a solution [Chiu et al 2015; Duizer et al 2004; Keswick 

et al 1985; Kingsley et al 2014], but only at concentrations of approximately 10 mg/L or 

higher.  Keswick et al [1985] demonstrated that chlorine at a concentration of 

3.75 mg/L (an approximate concentration of chlorine in pool water) was ineffectual in 

decontaminating water for human norovirus, but that 10 mg/L (a simulation of a post-

contamination treatment of water) was sufficient to inactivate human norovirus.  Human 

norovirus is more resistant to chlorine than poliovirus and rotavirus [Keswick et al 

1985].  Additionally, iodine has been shown to effectively decontaminate surfaces for 

surrogate virus (Feline calicivirus) [Doultree et al 1999]. 
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Table 4: A summary of the advantages and disadvantages of three surrogate viruses for 

human norovirus infectivity studies. 

Surrogate 

virus 

Advantages Disadvantages 

Murine 

norovirus 

 

 Can be grown in cell culture 

[Green 2013] 

 Fairly resistant to environment 

measures such as low pH and 

temperature (up to 65°C) 

[Hirneisen and Kniel 2013] 

 Similar RNA polymerase to 

human norovirus [Bull et al 2010a] 

 Part of the Norovirus genus within 

the Caliciviridae family [Clarke et 

al 2012; Green 2013] 

 Extra ORF (ORF4) of currently 

unknown function [Thackray et al 

2007] 

 Does not induce gastrointestinal 

disease in wild type mice [Bui et al 

2013; DiCaprio et al 2013; Karst et 

al 2014; Robilotti et al 2015] 

 Can be grown in macrophages and 

dendritic cells, while human 

norovirus cannot [Lay et al 2010] 

Feline 

calicivirus 

 Can be grown in cell culture [Bae 

and Schwab 2008] 

 Part of the Caliciviridae family 

[Clarke et al 2012; Green 2013] 

 More susceptible to environment 

measures such as low pH and high 

temperature [Bae and Schwab 

2008; Lambhoujeb et al 2008] 

 Respiratory virus [Bae and 

Schwab 2008] 

 Not part of the Norovirus genus 

[Clarke et al 2012; Green 2013] 

Tulane virus  Can be grown in cell culture 

[Hirneisen and Kniel 2013] 

 Fairly resistant to environment 

measures such as temperature (up 

to 65°C) [Hirneisen and Kniel 

2013] 

 Part of the Caliciviridae family 

[Clarke et al 2012; Green 2013] 

 Causes gastroenteritis in animals 

[DiCaprio et al 2013] 

 Recognizes HBG carbohydrates 

[DiCaprio et al 2013; Hirneisen 

and Kniel 2013] 

 More susceptible to environment 

measures such as pH [Hirneisen 

and Kniel 2013] 

 Not part of the Norovirus genus 

[Clarke et al 2012; Green 2013] 
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Animal models 

As human norovirus cannot currently be grown effectively in culture, scientists look for 

a small animal model to study pathogenicity and immunity [DiCaprio et al 2013; Green 

2013].  At present there are three animal models used, but none is completely 

satisfactory [Green 2013; Karst et al 2014; Newman and Leon 2015; Robilotti et al 

2015].  Animal models are important for study of the disease, and in particular for 

testing of vaccines and anti-viral drugs on a living system [Karst et al 2014]. A 

summary of the advantages and disadvantages of three animal models for norovirus are 

given in Table 5. 

 

The use of mice infected with murine norovirus as an animal model has several 

advantages, as mice are inexpensive to purchase and maintain, as well as the fact that 

murine norovirus is also the only norovirus that can be readily grown in cell culture 

[Bailey et al 2008; Green 2013; Robilotti et al 2015].  However, as an animal model it 

has similar limitations as described above as a surrogate virus (Table 4). 

 

Non-human primates have been used as an animal model of human norovirus as they 

are genetically similar to humans.  However, they are extremely expensive research 

animals and infection is performed by intravenous injection of human norovirus, which 

does not mimic the natural disease pathway, and infection does not result in 

gastroenteritis illness [Bok et al 2011; Bui et al 2013; Karst et al 2014].  A non-human 

primate as a norovirus animal model also has ethical constraints, and they have now 

actually been banned for use in the USA [Tan and Jiang 2014].   

 

The gnotobiotic pig model, while more complicated and expensive to maintain than 

mice, appears to be a promising animal model as pigs have similar physiology and 

immunology as humans, as well as expressing HBG carbohydrates, and they can be 

infected with human norovirus orally [Bui et al 2013; Tan and Jiang 2010; Tan and 

Jiang 2014].   Gnotobiotic pigs also present with gastroenteritis symptoms upon 

infection with human norovirus, including faecal viral shedding and mild diarrhoea [Bui 

et al 2013; Karst et al 2014]. The gnotobiotic pig is proving to be a valuable model for 

evaluation of vaccines and anti-virals against human norovirus [Tan and Jiang 2014]. 
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Table 5: A summary of the advantages and disadvantages of three animal models for 

human norovirus pathogenesis and immunity studies.  

Animal Model Advantages Disadvantages 

Mice 

 

 Cost effective as an animal 

model [Bailey et al 2008] 

 Ability to genetically 

manipulate the virus in vitro 

[Karst et al 2014] 

 Does not induce gastrointestinal 

disease in wild type mice [Bui et 

al 2013; DiCaprio et al 2013; 

Karst et al 2014; Robilotti et al 

2015] 

 Infected with murine norovirus, 

not human norovirus 

Non-human 

primates 

(chimpanzees, 

macaques) 

 Genetically similar to humans 

[Karst et al 2014] 

 Infected with human norovirus 

[Bok et al 2011; Bui et al 2013; 

Karst et al 2014] 

 Ethical issues [Tan and Jiang 

2014] 

 Does not induce gastrointestinal 

disease [Bok et al 2011; Bui et 

al 2013; Karst et al 2014] 

 Infection intravenously [Bok et 

al 2011; Bui et al 2013; Karst et 

al 2014] 

 Not natural host 

Gnotobiotic pigs  Significant similarities with 

human physiology & 

immunology [Bui et al 2013; 

Tan and Jiang 2010; Tan and 

Jiang 2014] 

 Express HBG carbohydrates 

[Bui et al 2013; Tan and Jiang 

2010; Tan and Jiang 2014] 

 Infected with human norovirus 

[Bui et al 2013; Karst et al 

2014] 

 Gastroenteritis symptoms 

including faecal viral shedding 

& mild diarrhoea [Bui et al 

2013; Karst et al 2014] 

 Infection orally [Bui et al 2013; 

Karst et al 2014] 

 Higher cost involved than a 

smaller animal model 
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Immune response & host susceptibility 

Challenge studies have suggested that there are three potential outcomes an individual 

may demonstrate when challenged with norovirus: complete resistance to infection, 

development of protective immunity after infection, or no immunity development and 

continued susceptibility [Lindesmith et al 2010].  It is thought that these responses are 

related to genetic features of the host and immunological susceptibility due to previous 

exposure to norovirus strains, although the precise role of each of these factors is not 

well understood [Green 2013; Newman and Leon 2015]. 

 

Challenge studies with human volunteers have shown norovirus infection can elicit a 

cell-mediated reaction, characteristic of a T-helper cell response to promote virus 

clearance [Green 2013; Lindesmith et al 2005; Lindesmith et al 2010].  In addition, 

challenge studies have shown long-term immunity can occur in the form of a serum 

antibody response [Atmar et al 2011; Johnson et al 1990; Lindesmith et al 2003; 

Lindesmith et al 2005; Lindesmith et al 2010; Lindesmith et al 2015; Parrino et al 

1977].  However, some reports show that this antibody response does not always 

correlate with protection from infection, and often shows only limited cross-reactivity 

against norovirus genotypes other than the original challenge strain [Johnson et al 1990; 

Lindesmith et al 2003; Lindesmith et al 2005; Malm et al 2015].   

 

At least 9 different HBGAs are known to bind to human noroviruses [Singh et al 2016].  

The HBGA binding sites on the human norovirus capsid fall in a multipurpose binding 

‘pocket’ [Schroten et al 2016], and interaction with HBGAs is considered important for 

virus infection [Schroten et al 2016; Singh et al 2016].  However, certain norovirus 

genotypes are known to bind strongly to HBGAs, while others have reduced or no 

interaction with HBGAs but can still cause infection [Huang et al 2005; Schroten et al 

2016].  The dominant GII.4 norovirus is known to bind numerous HBGAs [Cao et al 

2007; Singh et al 2015], while the rarely detected GII.10 and GII.12 strains also bind 

numerous HBGAs in a similar manner to GII.4 noroviruses [Hansman et al 2011], 

suggesting prevalence is independent of HBGA binding ability.  With norovirus strains 

that are known to bind HBGAs, blocking assays can be performed that measure the 

HBGA-blocking activity of serum antibodies [Green 2013].  Higher levels of HBGA-

blocking serum antibodies often correlate with lower frequency of infection, or milder 

illness [Atmar et al 2015; Robilotti et al 2015].  These types of assays can be used as an 
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indicator of the efficacy of potential norovirus vaccines [Atmar et al 2011; Atmar et al 

2015; Green 2013; Reeck et al 2010]. 

 

One well documented HBGA involved in the development of an immune response after 

norovirus infection appears to be related to the human FUT2 gene, which encodes an 

enzyme that is responsible for the synthesis of the H antigen of the HBGA [Larsson et 

al 2006].  Protection has been shown to occur when individuals do not express specific 

HBGAs due to a recessive allele of the FUT2 gene, and these individuals are referred to 

as “non-secretors” [Hutson et al 2005; Kambhampati et al 2016; Larsson et al 2006; 

Lindesmith et al 2003; Thorven et al 2005].  However, contrasting results have also 

been found where some individuals properly expressing the HBGAs (“secretors”) still 

showed resistance to infection, suggesting an immune response, probably from a 

previous infection, can provide protection [Lindesmith et al 2003].  Further studies have 

shown that the non-secretor status provides no protection from infection by certain 

norovirus strains [Lindesmith et al 2005; Yoda et al 2015], possibly indicating that 

different norovirus strains behave in different ways when infecting the host.  

 

In summary, the role of HBGAs in human norovirus infection is still unclear, providing 

a complex picture of norovirus immunity and host susceptibility that has complicated 

and delayed the process of vaccine development. 

 

Norovirus prevention and treatment 

Management of norovirus outbreaks currently relies mainly on prevention and control 

measures.  Patient treatment focuses on simply alleviating the symptoms, and specific 

treatment against norovirus infections are lacking [Pang and Lee 2015; Robilotti et al 

2015].  In recent years, after the success of the rotavirus vaccine, norovirus has now 

been recognized as the main cause of viral gastroenteritis in all age groups, as it has 

taken over from rotavirus as the main cause of viral gastroenteritis in children in 

countries where the rotavirus vaccine has been introduced [Bucardo et al 2014; 

Hemming et al 2013; Koo et al 2013; Kowalzik et al 2015; Payne et al 2013].  It is 

apparent from estimates of norovirus disease burden (pages 11 above) that the 

introduction of an effective norovirus vaccine would have substantial health and 

economic value [Bartsch et al 2012; Debbink et al 2012; Desai et al 2012; Karst and 

Baric 2015; Pang and Lee 2015]. 
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Currently, there are two types of norovirus vaccine being trialled, both based on non-

infectious genetically engineered proteins.  One uses virus-like particles (VLPs), and the 

other uses ‘P’ particles (Figure 7) [Kocher and Yuan 2015; Tan and Jiang 2014].  The 

major norovirus capsid protein (VP1) once purified will self-assemble into VLPs, and 

these VLPs are non-infective and can elicit an immune response [Atmar and Estes 2012; 

Green 2013; Kocher and Yuan 2015].  ‘P’ particles are small partial proteins that 

represent the surface exposed parts (P1 and P2 domains) of VP1 that contain the HBGA 

binding motifs [Kocher and Yuan 2015; Tan and Jiang 2014].  The use of ‘P’ particles 

rather than VLPs has been gaining interest, as they are cheaper to produce and still 

provoke a strong immune response [Tan and Jiang 2014].  In addition, the production of 

VLPs in vitro is expensive and time consuming, with a single immunisation requiring a 

high dosage of VLPs since they will not replicate in vivo [DiCaprio et al 2013].  

Furthermore, dual or multivalent vaccines against norovirus and other pathogens can be 

produced using chimeric ‘P’ particles that have foreign pathogen epitopes inserted into 

some of the surface loops of the P2 domain, maintaining their immunogenicity against 

norovirus as well as introducing additional pathogen responses [Tan and Jiang 2014].   

 

 
Fig. 7. Cryo-electron microscopy of a norovirus VLP and norovirus P particle.  The VLP is composed of 

90 dimers (180 copies) of the capsid protein (VP1) with the P2 subdomain on the outer most surface.  

Expression of the P domain of the capsid protein in E.coli results in formation of P particle complexes 

that are composed of 12 dimers (24 copies), also with the P2 subdomain on the outer most surface.  There 

are 3 surface loops on the end of each P domain (6 per dimer), and insertion of a foreign pathogen epitope 

into one of the loops can result in dual or multivalent vaccines.  Image taken from Tan and Jiang 2014. 
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Some vaccines have reached pre-clinical trials and are showing promise, while one 

study has passed phase one and two trials and reached the proof of concept phase 

[Atmar and Estes 2012; Atmar et al 2011; Debbink et al 2014; Riddle and Walker 

2016].  However, most trials have so far focused on healthy adults and this will not be 

the main target age group [Aliabadi et al 2015].  Current thinking is that the primary 

target groups for norovirus vaccination would be young children and the elderly, as 

these age groups have the greatest disease burden [Aliabadi et al 2015; Bartsch et al 

2012; Debbink et al 2014; DiCaprio et al 2013; Lindesmith et al 2015]. A child cohort 

study performed by Saito et al [2014] showed that young children undergo up to 8 

norovirus infections by the time they are 2 years old, and that multiple infections of the 

same genogroup occur, suggesting that only genotype-specific immunity is occurring 

with minimal cross-protection.  There has also been a study performed [Shioda et al 

2015] to determine what would be the best age to immunise children.  Shioda et al., 

[2015] found that if you immunised a child at 6-months old it should prevent 

approximately 85% of paediatric norovirus infections, but if immunisation was left until 

12-months, it would only protect against approximately 50% of infections.  It is also 

notable that the other primary target age group, the elderly, suffer infection by a broad 

range of norovirus genotypes, indicating a broadly reactive vaccine would still be 

required for this age group [Bruggink et al 2015c].  A vaccine could also benefit 

travellers, military and healthcare workers [Aliabadi et al 2015; Bartsch et al 2012; 

Debbink et al 2014; DiCaprio et al 2013], as one study has shown a protective immune 

response occurs fairly rapidly (within 7 days) without the need of a second dose for 

healthy adults [Treanor et al 2014].   

 

As there seems to be limited cross-reactivity to norovirus genotypes other than the 

original challenge strain(s) [Huo et al 2016; Johnson et al 1990; Lindesmith et al 2003; 

Lindesmith et al 2005; Malm et al 2015], there appears to be a consensus that a 

norovirus vaccine would need to be multivalent (directed at multiple 

genogroups/genotypes), with most studies agreeing that a minimum of two strains 

representing GI and GII norovirus would be required [Atmar and Estes 2012; Atmar et 

al 2011; Debbink et al 2012; Debbink et al 2014; Lindesmith et al 2015; Robilotti et al 

2015].  There is also a possibility that multiple doses would be required, particularly in 

children [Lopman and Kang 2014], and the vaccine would most likely need to be 

reformulated periodically to cover for new epidemic strains [Atmar and Estes 2012; 

Atmar et al 2011; Debbink et al 2014; Karst and Baric 2015; Karst et al 2014; Robilotti 
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et al 2015].  In addition, there is a need for a better understanding of how a vaccine will 

perform in the target groups (mainly young children and elderly), as opposed to healthy 

adults [Atmar and Estes 2012; Debbink et al 2014; Lindesmith et al 2015; Lopman and 

Kang 2014; Pringle et al 2015]. 

 

It is currently controversial whether one potential vaccine target group, the 

immunocompromised (e.g. transplant recipients), would benefit from a norovirus 

vaccine.  If a person’s immune system were already depleted, they would not be able to 

initiate a robust immune response to a vaccine and would receive minimal benefit 

[Green 2014].  However, if a person is scheduled to undergo immune therapy and could 

have a panel of vaccines prior to the therapy, the inclusion of a norovirus vaccine could 

be of great benefit [Green 2014].  The immunocompromised may benefit more from the 

production of a norovirus antiviral drug.  Several broadly reactive antiviral drugs (e.g. 

metallic nanoparticles, Rutin, Ribavirin) have been shown to have some effect on 

norovirus infection [Broglie et al 2015; Cheron et al 2015; Julian et al 2015; Kim et al 

2015; Kocher and Yuan 2015; Nice et al 2015; Woodward et al 2015], but as yet there 

are no norovirus specific drugs [Karst et al 2014; Kim et al 2015; Kocher and Yuen 

2015].  Another approach is the development of human norovirus antibodies within an 

animal model and using those antibodies as an immune-prophylaxis treatment for 

human norovirus infection [Garaicoechea et al 2015; Karst et al 2014]. 

 

The importance of surveillance for vaccine development 

It is important to monitor the genotypic diversity in both outbreaks and sporadic 

norovirus-associated gastroenteritis to help develop an effective vaccine and to predict 

how a vaccine will perform [Pang and Lee 2015; Pringle et al 2015].  It is also 

important to monitor for new potential epidemic strains, and to understand how certain 

genotypes evolve to persist over time, which could assist in identifying strains that need 

to be added to reformulated vaccines [Bok et al 2009; Debbink et al 2012; Debbink et al 

2014].  In the event of a norovirus vaccine program being introduced, continued 

surveillance would be critical to determine the efficacy of the vaccine and to identify 

escape mutants that may emerge, and to monitor those strains that are not protected 

against to ensure that they do not lead to epidemics. 
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Preface 
 

Norovirus is considered the leading cause of non-bacterial gastroenteritis in humans 

worldwide.  Since the discovery of norovirus over 40 years ago, there have been many 

advances in the understanding of genome organization and virus structure, its 

epidemiology, transmission routes and clinical features.  Methods of norovirus detection 

have evolved from simple visual detection techniques to more sophisticated molecular 

methods such as PCR.  PCR in particular has lead to new advances in molecular 

epidemiology of norovirus genotypes.  While much knowledge has been gained, there 

are still many topics that are not well understood about the virus.  Studies on norovirus 

replication, pathogenesis and the human immune response to norovirus infection are 

hampered by a lack of a cell culture system and fully appropriate animal model.  This in 

turn impedes the easy development of prevention and treatment strategies, such as a 

norovirus vaccine and anti-virals.  In order to establish prevention strategies, it is first 

important to understand how norovirus circulates in the community.  In addition, it is 

vital to gain a better understanding of how the virus evolves to form new variants that 

cause norovirus pandemics, and eventually let scientists be able to predict which strains 

will do this. 

 

The work presented here examines how norovirus circulates in both outbreaks and in 

sporadic community incidents, as well as examining the evolution of particular 

norovirus strains.  All specimens used were obtained from gastroenteritis outbreaks or 

sporadic incidents that occurred in the state of Victoria, Australia, and testing was 

performed at the Victorian Infectious Diseases Reference Laboratory in Melbourne, 

Victoria.  The results of these studies will lead to a better understanding of how 

individual norovirus genotypes circulate in the community and whether different 

genotypes behave in similar ways as they evolve.  

 

This thesis has been divided into two key topics.  The first section (Chapters 1 and 2) 

examines the general molecular epidemiology of norovirus and provides insights into 

how the virus circulates in the community.  The second section (Chapters 3, 4 and 5) 

examines the molecular evolution of a number of norovirus strains. 

 

Chapter 1 examines the correlation between changes in the GII.4 genotypic variant and 

norovirus outbreak epidemics [Bruggink and Marshall 2010].  This work demonstrates 
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that the molecular epidemiology of norovirus outbreaks is complex, relating to the 

emergence of new variants and their link to major epidemics.  This is likely due to the 

highly variable nature of the norovirus genome, and the rapid way in which it can 

evolve.  This study establishes the time delay between the first detection of a new 

epidemic variant and the first epidemic caused by it. 

 

Chapter 2 is a detailed examination of the molecular epidemiology of sporadic 

norovirus and its comparison with outbreaks of norovirus.  The first publication for this 

chapter [Bruggink et al 2010] covers sporadic incidents and outbreaks of norovirus over 

the period 2002-2007, and the second follow-up paper [Bruggink et al 2015] covers the 

period 2008-2012.  The comparison of outbreaks to sporadic incidents of norovirus 

shows a difference in the prevalence of norovirus genotypes in disparate settings.  This 

work is among the first to bring out the relationship between norovirus incident setting 

and genotype. 

 

Chapter 3 examines the evolution of the epidemic norovirus strain, GII.e/GII.4_Sydney 

2012 [Bruggink et al. 2014].  This work demonstrates that the evolution of norovirus 

strains requires changes in both the ORF1 (non-structural) and the ORF2 (structural) 

portions of the genome, with changes in the structural region occurring first and the 

non-structural region second.  This has never been explicitly stated before for the 

noroviruses. 

 

Chapter 4 focuses on changes in the genome of a less common polymerase genotype, 

GII.b, and how these changes have impacted on the prevalence of its different 

recombinant forms.  There are two relevant publications for this chapter. The first 

publication [Bruggink and Marshall 2009] is an initial study and the second [Bruggink 

et al 2013] a more detailed follow-up.  Norovirus GII.b is an obligatory recombinant 

with a unique non-structural region of the genome that pairs with a number of known 

structural regions.  The two studies for this chapter reveal a distinct difference in the 

prevalence of the circulating recombinant forms over two time periods, with one form 

in particular apparently becoming more virulent.  Upon examination of the norovirus 

GII.b genome, it becomes apparent that changes in both the structural (ORF2) and non-

structural (ORF1) region of the genome have occurred.  This finding supports the 

findings of Chapter 3, and establishes the generality of this result for noroviruses as a 

whole, and not just the epidemic strains. 
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Chapter 5 examines the less understood genogroup I noroviruses, and how they have 

changed over a nine-year period [Bruggink et al 2012].  It is observed that while GII 

norovirus was predominant in all setting types, GI norovirus outbreaks were more 

commonly found in non-healthcare/community-based settings than in healthcare 

settings, displaying a difference in the way the two genogroups circulate.  An 

examination of the evolution of different norovirus GI strains reveals that not all strains 

evolved in the same manner.  This is important in demonstrating the different 

evolutionary pathways a norovirus strain can follow. 

 

The thesis concludes with a general discussion of the findings from Chapters 1 – 5 (7 

publications) as well as how the findings relate to more recent work.  The findings are 

also reviewed in the context of the development of prevention strategies.  Subsequent to 

this will be an outline of conclusions drawn from these findings and possible future 

directions for norovirus study. 
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Aims 
 

Norovirus is considered the leading cause of non-bacterial gastroenteritis in humans 

worldwide, and has been linked to a significant disease burden in both developed and 

developing countries. This recognition has focused attention on prevention strategies, 

especially the development of a norovirus vaccine.  Efforts to develop a vaccine have 

emphasized the need for a detailed understanding of the molecular epidemiology of 

noroviruses, and how they evolve.  This thesis examines these two key issues – the 

molecular epidemiology of norovirus in outbreaks (Chapters 1, 4 and 5) and sporadic 

incidents (Chapter 2), as well as the evolution of specific strains of norovirus (Chapters 

3, 4 and 5).   

 

There are three key ideas that can be hypothesized when examining the collection of 

publications presented here as a whole: 

1. Generally, sporadic norovirus incidence and community-based outbreaks of 

norovirus will behave in a similar manner, but together they will behave 

differently to institutional outbreaks of norovirus. 

2. Individual norovirus genotypes will behave differently in regards to their 

molecular epidemiology – specifically in their yearly periodicity, incident 

settings and ages of individuals affected. 

3. When different norovirus genotypes change over time to evolve into more 

virulent forms they have an underlying pattern to the changes that occur. 

 

Studies of norovirus molecular epidemiology are important to maintain an awareness of 

circulating genotypes (hypothesis 1 and 2), and the continued study of the evolution of 

norovirus strains will hopefully lead to a better understanding of how new epidemic 

strains of norovirus emerge and aid in their prediction (hypothesis 3).  Taken together, 

the findings presented here should have implications for the development of norovirus 

vaccines and future vaccine strategies.  
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and Infection 144: 1212-1219. 
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CHAPTER 1: Molecular changes in GII.4 norovirus 

associated with altered patterns of outbreak epidemics 
 

This chapter consists of one publication that was published by the Journal of Clinical 

Microbiology, and is presented in the published format for the journal. 

 

Bruggink, L. D. and Marshall, J. A. (2010) Molecular Changes Associated with 

Altered Patterns of Norovirus Outbreak Epidemics in Victoria, Australia, in 2006 

to 2007.  Journal of Clinical Microbiology 48: 857-861. 

Contributions: LDB and JAM both were involved in the initial design of the study, LDB 

performed the laboratory work and data analysis, JAM and LDB were both involved in 

the writing of the paper. 

 

Norovirus GII.4 is the most common norovirus genotype observed worldwide, and it 

periodically undergoes genetic changes to form new variants and escape herd immunity.  

This paper documents molecular changes in the norovirus genome that correspond to 

the rise of two new GII.4 variant forms and the occurrence of two epidemics in a single 

year, one for each of the new variants.  This paper also documents the patterns of 

norovirus outbreaks that occurred 2002-2007 in Victoria, Australia, and the 

predominant GII.4 variant for each of the yearly epidemics. 
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CHAPTER 2: Norovirus genotype diversity in community-

based sporadic gastroenteritis incidents 
 

This chapter consists of two publications; the first was published by the journal 

Intervirology, and the second by the Journal of Medical Virology.  Both are presented in 

the published format for the respective journals. 

 

Bruggink, L. D., Sameer, R. and Marshall, J. A. (2010) Molecular and 

Epidemiological Characteristics of Norovirus Associated with Community-Based 

Sporadic Gastroenteritis Incidents and Norovirus Outbreaks in Victoria, 

Australia, 2002-2007.  Intervirology 53: 167-172. 

Contributions: LDB and JAM both were involved in the initial design of the study, LDB 

performed majority of the laboratory work, SR assisted with laboratory work, LDB 

performed data analysis, JAM and LDB were both involved in the writing of the paper. 

 

Bruggink, L. D., Dunbar, N. L. and Marshall, J. A. (2015) Norovirus Genotype 

Diversity in Community-Based Sporadic Gastroenteritis Incidents: A Five-Year 

Study.  Journal of Medical Virology 87: 961-969. 

Contributions: LDB and JAM both were involved in the initial design of the study, LDB 

performed majority of the laboratory work, NLD assisted with laboratory work, LDB 

performed data analysis, JAM and LDB were both involved in the writing of the paper. 

 

Norovirus associated sporadic gastroenteritis presents a serious community disease 

burden.  It has been shown that sporadic gastroenteritis often involves children, causing 

many hospitalizations in industrialized countries, and up to 200 000 deaths per year in 

developing countries [Patel et al 2008].  It has also been shown that community-based 

infections show a broader range of norovirus genotypes than hospital-acquired 

infections [Franck et al 2015].  This chapter examines the molecular epidemiology of 

sporadic norovirus in Victoria, Australia, over two time periods.  The results are 

compared and contrasted to the findings for norovirus outbreaks, with particular focus 

on norovirus genotypes. 
Patel, M. M., Widdowson, M-A., Glass, R. I., Akazawa, K., Vinje, J. and Parashar, U. D. (2008) Systematic Literature Review of 

Role of Norovirus in Sporadic Gastroenteritis.  Emerging Infectious Diseases 14: 1224-1231. 

Franck, K. T., Nielsen, R. T., Holzknecht, B. J., Ersbell, A. K., Fischer, T. K. and Bottiger, B. (2015) Norovirus Genotypes in 

Hospital Settings: Differences Between Nosocomial and Community-Acquired Infections.  The Journal of Infectious Diseases 212: 

881-888. 
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CHAPTER 3: Emergence of GII.e as a major ORF1 

norovirus genotype and its associated ORF2 GII.4 variant 

forms 
 

This chapter consists of one publication that was published by Infection, Genetics and 

Evolution, and is presented in the published format for the journal. 

 

Bruggink, L. D., Dunbar, N. L. and Marshall, J. A. (2014) Emergence of GII.e as a 

major ORF 1 norovirus genotype and its associated ORF 2 variant forms.  

Infection, Genetics and Evolution 22: 157-163. 

Contributions: LDB and JAM both were involved in the initial design of the study, LDB 

performed majority of the laboratory work, NLD assisted with laboratory work, LDB 

performed the data analysis, JAM and LDB were both involved in the writing of the 

paper. 

 

The emergent recombinant GII.e/GII.4 norovirus became the predominant genotype 

seen in 2012.  This paper documents the evolution of the GII.e/GII.4 norovirus 

genotype in Victoria, Australia, from a precursor strain in 2008, to an intermediate 

strain in 2010, and the epidemic strain in 2012.  It is shown that changes occurred in the 

structural (ORF2) portion of the genome initially, but the strain did not present at 

epidemic levels until the non-structural (ORF1) portion of the genome had altered also.   
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CHAPTER 4: Molecular and epidemiological features of 

norovirus GII.b recombinant forms in gastroenteritis 

outbreaks 
 

This chapter consists of two publications, both of which were published by the Journal 

of Medical Virology, and are presented in the published format for the journal. 

 

Bruggink, L. D. and Marshall, J. A. (2009) Molecular and Epidemiological 

Features of GIIb Norovirus Outbreaks in Victoria, Australia, 2002-2005.  Journal 

of Medical Virology 81: 1652-1660. 

Contributions: LDB and JAM both were involved in the initial design of the study, LDB 

performed the laboratory work and data analysis, JAM and LDB were both involved in 

the writing of the paper. 

Bruggink, L. D. and Marshall, J. A. (2013) Altered Patterns of Norovirus GII.b 

Recombinant Forms in Gastroenteritis Outbreaks in Victoria, Australia, 2002-

2005 Compared to 2006-2011.  Journal of Medical Virology 85: 1433-1443. 

Contributions: LDB and JAM both were involved in the initial design of the study, LDB 

performed the laboratory work and data analysis, JAM and LDB were both involved in 

the writing of the paper. 

 

The norovirus polymerase GII.b genotype is the second most common norovirus 

genotype seen worldwide after GII.4 [Bull et al 2007].  Norovirus GII.b has been 

responsible for foodborne and waterborne outbreaks [Lin et al 2015; Nygard et al 2003], 

as well as showing a high prevalence in children [Lindell et al 2005].  These two papers 

examine the molecular epidemiology of the GII.b norovirus genotype from Victoria, 

Australia, over two time periods, 2002-2005 and 2006-2011.  The second paper 

specifically examines the molecular changes in the GII.b/GII.3 recombinant form to 

elucidate the reason for an increase in the prevalence of this genotype combination in 

the second time period. 
Bull, R. A., Tanaka, M. M. and White, P. A. (2007) Norovirus recombination.  Journal of General Virology 88: 3347-3359. 

Lin, Y-C., Hipfl, E., Lederer, I., Allerberger, F. and Schmid, D. (2015) A norovirus GII.P21 outbreak in a boarding school, Austria 

2014.  International Journal of Infectious Disease 37: 25-29. 

Lindell. A. T., Grillner, L., Svensson, L. and Wirgart, B. Z. (2005) Molecular Epidemiology of Norovirus Infections in Stockholm, 

Sweden, during the Years 2000 to 2003: Association of the GGIIb Genetic Cluster with Infections in Children.  Journal of Clinical 

Microbiology 43: 1086-1092. 

Nygard, K., Torven, M., Ancker, C., Knauth, S. B., Hedlund, K-O., Giesecke, J., Andersson, Y. and Svensson, L. (2003) Emerging 

Genotype (GGIIb) of Norovirus in Drinking Water, Sweden.  Emerging Infectious Diseases 9: 1548-1552. 
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CHAPTER 5: Molecular and epidemiological features of 

gastroenteritis outbreaks involving genogroup I norovirus 
 

 

This chapter consists of one publication that was published by the Journal of Medical 

Virology, and is presented in the published format for the journal. 

 

Bruggink, L. D., Oluwatoyin, O., Sameer, R., Witlox, K. J. and Marshall, J. A. 

(2012) Molecular and Epidemiological Features of Gastroenteritis Outbreaks 

Involving Genogroup I Norovirus in Victoria, Australia, 2002-2010.  Journal of 

Medical Virology 84: 1437-1448. 

Contributions: LDB and JAM both were involved in the initial design of the study, LDB 

performed the majority of the laboratory work, OO, RS and KJW assisted with 

laboratory work, LDB performed the data analysis, JAM and LDB were both involved 

in the writing of the paper. 

 

Genogroup I noroviruses (GI) are relatively rare compared to GII noroviruses, and as a 

result, detailed studies of GI norovirus are lacking.  This paper examines the molecular 

epidemiology of GI norovirus from gastroenteritis outbreaks in Victoria, Australia, over 

a 9-year period (2002-2010).  The prevalence of particular genotypes in relation to 

setting was examined, and differences were found.  In addition, the evolutionary 

patterns of the more common GI strains were observed, and it is noted that there were 

differences between the strains.   
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Discussion 
 

The noroviruses are a genetically diverse group of viruses with a complex 

epidemiology.  This thesis explores two key topics within this general theme.  Firstly, it 

is known that human noroviruses comprise a diverse group of genotypes, but the precise 

way in which these genotypes circulate in a population is not well understood.  This 

body of work provides novel data in this area by examining in detail the periodicity of 

norovirus incidence in Victoria, Australia, as well as identifying the precise genotypes 

circulating in various incident settings and examining potential links between norovirus 

genotypes and patient age (Chapters 1, 2, 4 and 5).  Secondly, it is now established that 

noroviruses undergo continual change and this is a critical factor in the occurrence of 

global epidemics, typically every 2 – 4 years.  In this area, this body of work examines 

how some selected norovirus genotypes have undergone progressive changes and how 

in some cases this has led to more virulent forms (Chapters 3, 4 and 5). 

 

As a whole, this body of work provides a more detailed understanding of norovirus 

molecular epidemiology and how strains evolve.  In this section, the findings will be 

considered together and discussed in detail, as well as reviewing how the findings flow 

into more recent advances by this laboratory. 

 

The main possible limitation of this body of work is that it uses data from Victorian 

gastroenteritis incidents (outbreak and sporadic) only.  However, Victoria is the second 

most populous state in Australia, and as such should receive a fairly representative 

portion of norovirus incidence and genotype distribution.  Victoria also has a well-

organised active Health Department that handles outbreak investigation and 

management.  But, conversely, Australia is a large county with a varying climate and it 

is possible that northern latitudes with a tropical climate may have different patterns of 

norovirus epidemiology to the temperate climate of Victoria.  Unfortunately there is no 

data available to support or refute this possibility.  A recent study compared norovirus 

results from New South Wales, Western Australia and New Zealand [Lim et al 2016], 

and this study showed a similar pattern of norovirus incidence and genotype distribution 

at all three sites to that found in Victoria.
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Norovirus epidemiology – periodicity and predicting epidemics 

Although norovirus can be detected throughout the year (Chapters 1 and 2) norovirus 

incidence tends to peak typically once a year.  This is true for both outbreaks (Chapter 

1) and sporadic cases (Chapter 2).  This periodicity is clearly evident in Figure 8 which 

summarises norovirus outbreaks in Victoria for the period 2002-2015 [Bruggink et al 

2011; Bruggink et al 2015a; Bruggink et al 2016c; Chapter 3].  Each year there was a 

single major peak of outbreaks, with the exception of 2006 when there were two major 

peaks.  This was related to the fact that in 2006 there was an almost simultaneous 

emergence of two new epidemic norovirus strains (Chapter 1).   
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Fig.8.  Monthly norovirus outbreaks from 2002 to 2015 (based on ORF1 RT-PCR data).  It is notable that most years an epidemic peak occurs in the latter half of the year.  Black 

arrows indicate the first detection of a new epidemic GII.4 variant (Farmington_Hills_2002, Hunter_2004, Yerseke_2006a, Den Haag_2006b, NewOrleans_2009 and Sydney_2012).  

Red arrows indicate the first epidemic peak caused by a new epidemic GII.4 variant.  Data for variants Farmington_Hills_2002, Hunter_2004, Yerseke_2006a and Den Haag_2006b 

is presented in Chapter 1.  Data for the Sydney_2012 variant is presented in Chapter 3.  Data for the NewOrleans_2009 variant is unpublished.  
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Norovirus epidemics are generally linked to the GII.4 genotype and a new variant 

typically emerges every 2 – 4 years.  In addition to the GII.4 “Farmington_Hills_2002”, 

“Hunter_2004”, “Yerseke_2006a” and “Den Haag_2006b” variants mentioned in 

Chapter 1, there were new GII.4 pandemic variants that emerged in 2009 and 2012 

[Eden et al 2013].  The “NewOrleans_2009” variant emerged in Victoria, Australia, in 

2009 and was the predominant strain for that year as well as 2010 and 2011 

[unpublished].  The “Sydney_2012” variant emerged in May 2012 (Chapter 3) and 

caused the epidemic late that year (October – December), and into early 2013, so that 

the peak of norovirus outbreak incidence for 2013 occurred in January [Bruggink et al 

2015a].  The data for 2014 and 2015 [Bruggink et al 2016c] shows that the peak 3 

months of norovirus outbreak incidence occurred in October – December for 2014 and 

in July – September for 2015. 

 

Although peaks of norovirus incidence occur each year, the emergence of new epidemic 

variants (Chapter 1) results in peaks of norovirus outbreaks that are predominantly the 

new genotype variant, usually for the year that it emerges and a number of subsequent 

years, until the next new variant emerges.  The exception to this was the Yerseke_2006a 

variant that only caused the first peak in 2006 and was immediately replaced as the 

predominant variant by the Den Haag_2006b variant.  In the case of 2006 (Chapter 1), 

where there was the emergence of two new variant strains in quick succession, an out of 

season peak occurred mid year, followed by a large peak in the usual season in the latter 

part of the year.  Upon examination of the emergence of the two variants for 2006 and 

the previous two variants, Farmington_Hills_2002 and Hunter_2004, there appeared to 

be a delay of 2 – 6 months from the first detection of the new variant to the first 

epidemic caused by that variant (Chapter 1).  After the emergence of the 

NewOrleans_2009 and Sydney_2012 variants, it was noted that the NewOrleans_2009 

variant was first detected in January 2009 and caused its first epidemic peak in August – 

October 2009.  The Sydney_2012 variant was first detected in May 2012 and caused its 

first epidemic peak in October – December 2012.  These 2 variants showed a delay of 7 

and 5 months, respectively, from the first detection to the first epidemic peak.  Taken 

together, the data from all 6 variants that emerged during the period 2002 to 2015 show 

that a delay of 2 – 7 months occurred from the first detection of a new variant to the first 

epidemic peak (Figure 8 and Table 6).   
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Table 6: Norovirus GII.4 variants that have emerged during the period 2002-2015, the 

month they were first detected, the first epidemic peak that they caused and the time 

delay from first detection to the beginning of the first epidemic peak. 

Norovirus GII.4 

variant 

Month and year 

of first detection 

First epidemic peak^ Delay 

(months) 

Farmington_Hills_2002 July 2002 September-November 2002 2 

Hunter_2004 February 2004 August-October 2004 6 

Yerseke_2006a December 2005 May-July 2006 5 

Den Haag_2006b June 2006 October-December 2006 4 

NewOrleans_2009 January 2009 August-October 2009 7 

Sydney_2012 May 2012 October-December 2012 5 

^ For consistency from Chapter 1, the “peak” is considered the 3 consecutive months of 

highest norovirus outbreaks for a calendar year. 

 

The rapid identification of newly emerging epidemic strains is vital for vaccine 

development, as it is predicted that a vaccine would need to be reformulated to include 

new strains as they emerge [Atmar & Estes 2012; Atmar et al 2011; Debbink et al 2014; 

Karst & Baric 2015; Karst et al 2014; Robilotti et al 2015].  The timeframe from 

identification of a new variant to vaccine reformulation and release would be critical in 

preventing the major global epidemics that occur after the emergence of a new variant.  

The data from Chapter 1 combined with the data from 2009 and 2012 (Table 6) 

suggests that upon first detection of a new epidemic variant, it will be approximately 2 – 

7 months before the start of a major epidemic from that variant. Therefore, even if an 

epidemic strain could be identified as such upon its first detection, a very limited time 

frame would be available to prepare for an epidemic.  Once a vaccine program is in 

place, whether this would be enough time to reformulate, test and distribute a new 

vaccine is uncertain. 

 

The possible future production of norovirus vaccines can be compared to influenza 

vaccine production.  In this regard, the World Health Organization (WHO) convenes 

twice a year (February and September) to recommend viruses for inclusion into the next 

seasonal (winter) influenza vaccine for the northern and southern hemispheres, 

respectively [WHO 2017].  Best-case scenario, it takes approximately five to six months 

for new vaccines to become available once a new strain of influenza is identified [WHO 

2009].  The first one to two months are taken up by preparation and verification of the 
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new vaccine strain by WHO collaborating laboratories before the strain is handed over 

to manufacturers [WHO 2009].  The vaccine manufacturers then need to optimize 

growth conditions before proceeding to bulk manufacture of the vaccine in 

approximately the third month [WHO 2009].  Bulk manufacture is performed in 

combination with quality control before vaccine release finally can occur in 

approximately the fifth month [WHO 2009].  Additionally, some countries require 

clinical trials to be performed before full public release of the vaccine, which can take at 

least a further four weeks [WHO 2009].  Therefore, when looking at potential new 

norovirus epidemic strains, and a typical time period of 2 to 7 months from first 

detection to epidemic, there would not be enough time for vaccine preparation at the 

short end of the time period, but could potentially just be long enough for the more 

delayed variants.   

 

Studies on the epidemiology (Chapter 1) and emergence (Chapter 3) of epidemic strains 

are required to determine the indicators of new strain emergence and to develop the 

ability to recognize them as early as possible.  As of July 2016, no new pandemic strain 

has emerged since the GII.4 Sydney_2012 variant [de Graaf et al 2015], which has been 

the predominant strain in Victoria since its emergence in 2012 (Table 7).  However, 

total yearly norovirus incidence (Figure 8 and Table 7) has been decreasing since 2012, 

indicating that the majority of the general population has acquired immunity to this 

strain.  In particular, the decline in the GII.e/GII.4 combination (Table 7) between 2014 

(74.4%) and 2015 (57.5%) is statistically significant (p<0.025 χ2 test).  It is not yet clear 

whether the current GII.4 Sydney_2012 variant will remain prevalent for 2016 and 

beyond, or be replaced by a new variant, or variants, in the near future, as one would 

predict. 
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Table 7: Total yearly norovirus outbreaks (Victoria, Australia) since the emergence of 

the current GII.4 epidemic strain Sydney_2012, and the proportion that are the epidemic 

strain combination GII.e/GII.4 (ORF1/ORF2). 

Year Number of norovirus 

outbreaks 

Percentage of yearly 

total that are 

GII.e/GII.4  

Reference 

2012 209 71.7% Chapter 3 

2013 170 79.0% Bruggink et al 2015a 

2014 153 74.4% Bruggink et al 2016c 

2015 105 57.5% Bruggink et al 2016c 

 

A possible replacement is the norovirus strain GII.17, which emerged in Asia (China 

and Japan) and became the predominant strain in period late 2014-2015 [Chan et al 

2015; Fu et al 2015; Lu et al 2015; Matsushima et al 2015], but this genotype so far has 

failed to cause epidemics elsewhere in the world, including Australia [de Graaf et al 

2015].  This laboratory (VIDRL) detected the GII.17 genotype as the cause of two 

outbreaks of norovirus in 2014 and five outbreaks in 2015, with the first detection in 

June 2014, but overall it remained a minor genotype for both years (1.2% in 2014 and 

4.1% in 2015) [Bruggink et al 2016c].  Thus, GII.17 had only a minor presence in 

Australia in 2014 and 2015, and given the usual delay found for previous epidemic 

genotypes (2 – 7 months), it would have been expected to become epidemic by now if it 

possessed the appropriate characteristics.  While publications have shown detection of 

the GII.17 strain in patients in Italy [Medici et al 2015], the USA [Parra & Green 2015] 

and in contaminated river water in Africa [Kiulia et al 2014], the GII.17 norovirus strain 

has not yet caused epidemics anywhere outside of Asia.   

 

Another new potential epidemic variant, or precursor of a new epidemic variant, is the 

GII.4 inter-variant recombinant of GII.4 NewOrleans_2009 (ORF1) with GII.4 

Sydney_2012 (ORF2).  This recombinant had a minor presence (3 outbreaks) in late 

2015, with its first detection in August 2015 [Bruggink et al 2016c], and may prove to 

be one to watch as 2016 progresses. 

 

There is evidence that the emergence of new global epidemic variants is generally rapid 

and that they are detected almost simultaneously worldwide [Eden et al 2014; Siebenga 

et al 2009].  This could be due to the high level of global travel, as there are 
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documented instances of isolated communities that have differing genotype prevalence 

patterns to the main population centers [Aragao et al 2013; Schnagl et al 2000].  

However, there is evidence that parts of Asia have a different pool of genotypes 

circulating in their communities compared to the rest of the world, even though they are 

not isolated.  An example of this is the GII.4 variant Asia_2003 that only had a minor 

presence outside of Asia, and recently, the strain GII.17 [de Graaf et al 2015; Siebenga 

et al 2009].  The reason for this difference in strain prevalence is unknown, but two 

possibilities have been proposed.  Firstly, that there may be a difference of immunity in 

the population due to previously important local strains having similar binding epitopes 

to the global strains, which would give a population pre-existing immunity to similar 

global strains.  But this is unlikely, as a Siebenga et al [2009] state that the although the 

Asia_2003 GII.4 variant shared many similarities to the Yerseke_2006a GII.4 variant, 

which only had a minor presence in Asia, it also shared similar motifs to the 

Hunter_2004 and Den Haag_2006b variants which were geographically unrestricted. 

The second possibility is that the Asian population has differing expression of norovirus 

binding receptors that make it more susceptible to strains such as the GII.4 Asia_2003 

variant and GII.17, but not susceptible to some otherwise worldwide strains [Siebenga 

et al 2009].  Upon examination of known binding epitopes, there was no obvious 

difference between the GII.4 Asia_2003 variant and other GII.4 variants, but this area of 

norovirus pathogenesis is largely unknown [Siebenga et al 2009].  Clearly, further 

studies on the binding of norovirus, and host susceptibility are needed, as more data in 

this area would aid vaccine development and the ability to predict the performance of a 

norovirus vaccine in various populations. 

 

The fact that a peak in norovirus incidence occurs each year (Chapter 1 and Figure 8), 

with or without the emergence of a new strain, indicates that there must be 

environmental factor(s) involved.  This laboratory has previously found a link between 

peaks in norovirus outbreaks and peak rainfall in a calendar year, with peak rainfall 

occurring approximately 3 months prior to an epidemic [Bruggink & Marshall 2010].  

This would make sense in that the rainfall may assist in disseminating norovirus, even 

without norovirus having a true environmental source.  But the question arises as to 

why does Australia have a peak seasonality of mainly spring/summer (later in the year 

as shown in Figure 8), while the rest of the world shows mainly peak winter 

seasonality?  Possibly Australia has a different rainfall pattern than other parts of the 

world, with high levels of rain in early spring, while other countries often have their 



The epidemiology and evolution of norovirus in Australia 
 

 

141 

wettest periods in autumn/winter.  However, rainfall varies enormously all over the 

world from year-to-year, therefore there are probably other environmental factors at 

play as well as rainfall.  Temperature is clearly not a factor as Australian peak incidence 

is usually in the warmer parts of the year while internationally incidence often peaks in 

the cooler parts of the year.  Further studies are required on environmental patterns, 

including comparisons of countries, to further determine what the environmental forces 

acting on norovirus incidence are.   

 

Norovirus epidemiology – settings and patient age 

The molecular epidemiologies of several norovirus genotypes can be seen to vary 

regarding setting, and also patient age (Chapters 2, 4 and 5).  Outbreak settings can 

generally be split into the broad categories of healthcare and non-healthcare (Chapter 5) 

or institutional and community-based (Chapters 2 and 4).  Despite the difference in 

names, these two divisions are very similar with healthcare generally comprising 

“institutional” settings and non-healthcare generally comprising “community-based” 

settings.  The analysis of norovirus genotypes in sporadic cases and community-based 

outbreaks as opposed to institutional outbreaks of norovirus (Chapter 2) revealed some 

significant differences (p<0.001 χ2 test).  Although GII.4 norovirus was the most 

common genotype in both sporadic cases and outbreaks of norovirus, the proportions 

were significantly different; sporadic norovirus and community-based outbreaks of 

norovirus both had GII.4 occur at approximately 70%, while in institutional outbreaks 

of norovirus GII.4 occurred at approximately 94%.  The incidence of the GII.b genotype 

varied in the opposite way, with a higher frequency observed in sporadic cases and 

community-based outbreaks (15%) compared to institutional outbreaks (3%).  The 

proportion of GI norovirus was similar to that of the GII.b genotype, with sporadic 

norovirus and community-based outbreaks of norovirus both having GI occur at 

approximately 13%, while institutional outbreaks of norovirus had GI occur at only 

approximately 3%.  This pattern of the GI noroviruses differing in their epidemiology to 

GII norovirus is confirmed in the 9 year study of GI noroviruses (Chapter 5), where it 

was shown that approximately one third of all GI outbreaks were from non-healthcare 

settings, but that only approximately one tenth of all GII outbreaks are from non-

healthcare settings.  This difference in proportions was statistically significant, showing 

that GI outbreaks are more common in the community than in healthcare/institutional 

settings.  The differences in genotype circulation observed in different settings are not 

easily explained, as there is no universal pattern.  The observance that some genotypes 
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are higher in institutional settings, while others show the opposite pattern means that the 

reason is probably multifactorial.  If the reason were purely about transmission rates, 

you would assume that there would always be higher levels of any genotype in the 

institutional settings, but as this is not the case further investigation would be required 

to determine the actual reasons. 

 

A further study performed by this laboratory [Bruggink et al 2015b] specifically 

examined the relationship between norovirus genotypes and outbreaks at aged care 

facilities.  Over a one-year period this study found that GI norovirus genotypes only 

occurred in 9.2% of norovirus outbreaks.  This value is approximately 3-times higher 

than the average incidence of GI cases observed in institutional settings (3%), but the 

higher rate probably reflects the short time period of this study.  Although above 

average, this result still highlights that GI occurs at modest frequencies when compared 

to GII norovirus in aged care facilities.  In fact, GII.4 norovirus was seen as the 

predominant genotype at 75.2% (¾) of the genotypes seen.  The remaining ¼ of 

genotypes were non-GII.4, showing that a vaccine made only against GII.4 norovirus 

could still leave a large portion of genotypes available to cause norovirus infections in 

the aged.   

 

Furthermore, after a norovirus vaccine is in place, non-vaccination strains may 

opportunistically increase in prevalence, as has been documented for rotavirus.  In the 

early years of rotavirus vaccine, while the vaccine was predicted to have a significant 

impact of the levels of rotavirus gastroenteritis worldwide, it was also predicted that by 

reducing the vaccination strain it would alter the balances that drive rotavirus evolution 

and novel/rare strains may increase in prevalence [Pitzer et al 2011; Kirkwood 2010].  

Some instances of this occurring have been recorded.  Bucardo et al., [2015] showed 

that rotavirus detection in a vaccinated population went from 8% in 2011 to 29% in 

2012, and was associated with a non-vaccine strain of rotavirus.  Similarly, Kim et al., 

[2014] showed that there has been an increase of a non-vaccination strain of rotavirus in 

Korea after the introduction of the vaccine.  It is not unrealistic to expect a similar 

situation to occur after the introduction of a norovirus vaccine. 

 

Thus, a norovirus vaccine would be required to encompass multiple genotypes to 

maximize its effectiveness at preventing norovirus infection across all settings.  The 

observed patterns of genotypes occurring at different frequencies essentially in the 
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generally community, as opposed to within healthcare/institutional settings, can be used 

to inform vaccine manufacturers of the best strains to use in vaccine formulation.  

Additionally, the data can assist in the possible formulation of vaccine combinations 

best suited to specific age groups. 

 

In regards to age, the study of sporadic norovirus incidence (Chapter 2) revealed that the 

genotype GI.3 was significantly more common in children than in adults, which was not 

seen for the other main genotypes of the period (GII.2, GII.4 and GII.6).  From the 

findings on GII.b norovirus (Chapter 4), it was seen that the genotype GII.b/GII.3 was 

strongly linked to infections in children, with all outbreaks at children’s settings having 

the GII.b/GII.3 combination.  This is supported by other studies which confirm that 

GII.3 (ORF2) norovirus is common in children [Ayouni et al 2015; Boon et al 2011; 

Mahar et al 2013], and may even be a suitable target for a paediatric specific vaccine 

[Mahar et al 2014].  This example highlights the importance of documenting the ages 

associated with particular virus genotypes, so that vaccines can be tailored to specific 

target groups. 

 

Norovirus evolution 

The detailed study of the evolution of the current epidemic strain GII.e/GII.4 

Sydney_2012 (Chapter 3) shows that changes occur in both the structural (ORF2) part 

of the genome and in the non-structural (ORF1) part of the genome during the 

progressive evolution of an emerging strain. This theory is supported by the study of the 

less common GII.b genotype (Chapter 4), where, although it is not an epidemic strain, 

changes were observed in both the ORF1 and ORF2 of the genome of a single 

recombinant type (GII.b/GII.3) thereby allowing it to become the predominant GII.b 

strain circulating. The occurrence of norovirus strains with differences in their ORF1 

correlating with differences in ORF2 has also been noted in two new studies by this 

laboratory.  The strains GII.7/GII.7 (ORF1/ORF2) and GII.7/GII.6 (ORF1/ORF2) both 

have an ORF1 of the same genotype, but analysis reveals that their ORF2 sequences are 

quite different [Bruggink et al 2016b].  Another obligatory recombinant similar to GII.b 

norovirus (Chapter 4) is the GII.g (ORF1) norovirus, which showed a similar effect 

with different ORF2 genotypes being reflected by their ORF1 counterparts [Bruggink et 

al 2016a].  From the detailed study of the GII.e/GII.4 Syndey_2012 epidemic strain 

(Chapter 3), it appears that the order of these changes is that variations in ORF2 occur 
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first, followed by variations in ORF1, whereby the strain is then able to increase in 

prevalence to become predominant.   

 

The study of the evolution of epidemic strains, and norovirus in general, could be 

improved by performing analysis of the protruding (P) zone of the capsid sequence to 

determine if there are changes occurring at the antigen binding sites.  A study of this 

nature that compliments that presented in Chapter 3 has been performed by this 

laboratory [as yet unpublished], showing the progressive changes that occur at the P2 

domain (the outermost protruding zone) in the current epidemic strain GII.e/GII.4, from 

its precursor stage in 2008 – 2009, to the intermediate stage in 2010, through to the 

changes resulting in the epidemic Sydney_2012 strain in 2012, and its most recent 

manifestation in 2015.  The data from this unpublished study is considered next in 

detail. 

 

An alignment of amino acid sequences containing the P2 (outermost protruding) zone of 

the norovirus capsid from GII.e/GII.4 strains from the period 2008 – 2015 is shown in 

Figure 9.  Five hypervariable epitopes that are predicted antibody-binding sites 

[Lindesmith et al 2012] are shown on the alignment.  It can be seen that epitopes A, B 

and E changed between the precursor stage and the intermediate stage, while epitopes C 

and D had unique amino acids during this stage.  This complements the study in 

Chapter 3, which shows that changes in ORF2 had mostly already occurred by the 

intermediate stage, while changes in the ORF1 component had not yet appeared.  From 

the epidemic strain’s emergence in 2012 to the more recent 2015 form of this variant, 

no apparent consistent change has occurred at the known hypervariable sites.  However 

two sites, marked with an ‘X’ and ‘Y’ (Figure 9), appear to be changing.  In particular, 

site ‘Y’ falls adjacent to epitope E, making the ‘Y’ site probably just an extension of 

epitope E, and the amino acid changes from a histidine to a proline.  This is quite a 

major change as it changes from a positive charged amino acid usually involved in 

enzyme-catalyzed reactions, to a polar uncharged amino acid with a rigid ring structure 

that reduces structural flexibility [Nelson and Cox 2000].  Site ‘X’ is not in close 

proximity to any of the five documented predicted antibody-binding epitopes, and the 

amino acid changes from an asparagine to a serine.  This is fairly minor change as both 

amino acids are polar and uncharged [Nelson and Cox 2000].  Protein modeling of the 

‘X’ and ‘Y’ sites (Figure 10) shows the positioning of these sites regarding the 

structure of the P2 zone of the capsid.  It can be seen that neither ‘X’ or ‘Y’ are in the 
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uppermost protruding “crown” region, but further down in the “neck” region of the P2 

zone.  The positioning of the two sites, and particularly the amino acid change in site 

‘Y’, suggests an enhanced structural integrity of the capsid.  These two sites undergoing 

change may be enough for the GII.4 Sydney_2012 variant to continue to maintain its 

foothold in the population, but it remains to be seen if they will lead to a new epidemic 

variant form. 

 

Groups in South Korea, China and India have performed similar studies on GII.4 

norovirus strains.  Kim et al., [2014] examined capsid sequences of GII.4 noroviruses 

detected in South Korea for the period 2006-2012.  These authors found that changes 

occurred at hypervariable eiptopes A, D and E.  Xue et al., [2016] examined capsid 

sequences from GII.4 Sydney_2012 noroviruses detected in China and compared them 

to previous GII.4 variants.  These authors found changes in hypervariable epitopes A 

and E.  Kulkarni et al., [2016] examined capsid sequences of GII.4 noroviruses detected 

in India for the period 2005-2013 and compared GII.4 Sydney_2012 to the previous 

epidemic variant GII.4 NewOrleans_2009.  These authors found that changes occurred 

in hypervariable epitope A between the two strains.  It is notable that all three of these 

international groups noted changes in hypervariable site A, which was found to occur at 

the initial stages of evolution (precursor to intermediate) by the study outlined above 

(Figure 9). This suggests that changes in hypervariable epitope A are important in the 

development of new GII.4 variants.  This is consistent with the understanding that 

epitope A is involved with antibody binding and the ability of the virus to escape herd 

immunity [Debbink et al 2011; Debbink et al 2013; Lindesmith et al 2012; Lindesmith 

et al 2013]. 
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Fig. 9.  Alignment of a 166 amino acid sequence from the capsid region of the norovirus genome, containing the P2 zone (the outermost protruding zone).  Sequences are of the 

GII.e/GII.4 norovirus strain in its precursor stage (2008-2009), intermediate stage (2010), and epidemic stage (2012-2015).  Documented hypervariable epitope sites are shown in 

coloured boxes [Lindesmith et al 2012].  Two sites that appear to be changing in the epidemic strain are marked with ‘X’ and ‘Y’. 
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  SIDE VIEW     TOP VIEW 

A   

B   
Fig. 10.  (A) Side and top views of computer models of the norovirus capsid (VP1) dimer of 

GII.4_Sydney 2012, with the position of the 166 amino acid fragment containing the P2 domain shown in 

red (chain A) and blue (chain B).  (B) Side and top views of the dimer of the 166 amino acid fragment 

with site ‘X’ shown in purple and site ‘Y’ shown in cyan. 
 

 

Additional to the study performed on the epidemic variant GII.e/GII.4, examination of 

the evolution of the most common GI norovirus genotypes reveals different patterns of 

evolution for different genotypes (Chapter 5).  For three of the four most common GI 

genotypes, GI.2/GI.2, GI.2/GI.6 and GI.4/GI.4 (ORF1/ORF2), variants of each 

genotype seemed to circulate for a limited time to then be replaced by a new variant 

after a temporal period.  In contrast, one of the four most common GI genotypes, 

GI.3b/GI.3 (ORF1/ORF2), variants appeared to circulate simultaneously with no 

obvious temporal patterning.   
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As noted above, some GII recombinants with the same ORF1 genotype can have 

distinct clustering in ORF1 that reflects the different ORF2 genotypes seen.  These 

findings suggest a closer examination of the GI genotypes presented in Chapter 5 that 

have the same ORF1 genotype with differing ORF2 genotypes (GI.2/GI.2 and 

GI.2/GI.6) would be worthwhile.  The data shows that the ORF1 sequences which are 

GI.2 in both cases (Chapter 5, Figure 2A on page 125) displayed distinct differences 

depending on their ORF2 counterpart, with those with a GI.2 genotype in ORF2 

clustering in a distinct cluster with the reference strain, while those with a GI.6 

genotype in ORF2 clustering in a distinct separate cluster.   

 

As for GII genotypes, GI genotypes can show a correlation between changes in ORF1 

and ORF2 sequences with an increase in incidence.  For example, the GI.2/GI.6 

genotype was more prevalent at the end of the study (2009-2010) than at the start of the 

study (2002-2003), with a temporal gap between where the genotype was not detected 

(2004-2008) (Chapter 5, Table 5 page 130).  This is reflected in the phylogenetic tree, 

with the 2009-2010 sequences generally falling separate from the 2002-2003 sequences 

in both ORF1 and ORF2 (Chapter 5, Figure 2 on page 125).  This is comparable to the 

GII.b study (Chapter 4) where a change in both the ORF1 and ORF2 sequences resulted 

in a more successful strain of the genotype.  Thus, this appears to be a consistent finding 

across norovirus genotypes. 

 

From the study of the emergence and evolution of the GII.e/GII.4 Sydney_2012 variant 

(Chapter 3), and other supporting studies (Chapters 4 and 5), it is apparent that for 

evolution of a strain to occur to a point where it can escape herd immunity and re-infect 

the population, changes need to occur in both ORF1 and ORF2, and the probable order 

for these changes is ORF2 first, then ORF1.  This is an interesting point, as it would be 

considered plausible that only changes in the ORF2 (VP1) are important for the virus to 

escape herd immunity, as this is the part of the genome that produces the capsid for 

presentation to the host immune system.  The inclusion of ORF1 in the evolutionary 

process of an emerging norovirus strain is an important point to investigate, and may 

help identify and understand the selective forces acting to create new epidemic strains, 

and to aid in the eventual prediction of their emergence. 
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Conclusions 
 

Specific Contributions 

This body of work highlights that the molecular epidemiology of noroviruses is 

complex and dynamic.  The broad epidemiological picture from 14 years (2002-2015) 

of study is that there is an annual peak incidence of norovirus, usually in 

Spring/Summer.  An exception to this pattern occurred in 2006, where a double-peak 

resulted from the emergence of two new epidemic variants in close succession (6 

months from each other), whereas new variants usually emerge only every 2 – 3 years.  

The delay from the first detection of an epidemic variant, to the first peak cause by that 

variant, ranged from 2 – 7 months.  Once norovirus vaccines are in use, the implication 

of this finding is that even if a new epidemic causing variant could be identified as such 

upon its first detection, the delay period would be the time that pharmaceutical 

companies would have to formulate, produce and distribute a new norovirus vaccine.  

Whether a 2 – 7 month interval would be sufficient time for this is uncertain, especially 

as this time frame is based on the first detection of an epidemic variant.  Further studies 

need to be performed focusing on how to confidently identify potential epidemic 

variants/strains before they cause an epidemic.  

 

The epidemiology of norovirus genotypes and their relationship with settings revealed 

some useful insights that could be of practical significance.  While GII.4 norovirus was 

shown to be the predominant genotype in healthcare/institutional outbreaks, non-

healthcare/community-based outbreaks, and in sporadic incidence of norovirus, the 

proportion of GII.4 norovirus is much lower in community-based outbreaks and 

sporadic incidence of norovirus than in healthcare outbreaks.  The implications of this 

finding on vaccine development is that if a vaccine is made only against GII.4 

norovirus, then it will not provide broad enough coverage as it is not likely to elicit 

cross-protective immunity to other genotypes.  This would equate to approximately a 

quarter of norovirus incidence in the community (outbreaks and sporadic) that the 

vaccinated population would remain susceptible to.  There is then a potential that these 

non-vaccination strains would opportunistically increase in prevalence, reducing the 

effectiveness of the vaccine further.  Further studies need to be done to monitor 

norovirus incidence and to provide data for vaccine developers. 
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Upon examination of norovirus genotypes and age of individuals infected, patterns can 

be perceived.  The most prominent of these is the association of GII.b/GII.3 norovirus 

with young children.  This finding provides data that would give credence to the idea of 

different vaccines for different age groups, namely a paediatric vaccine that specifically 

protects against GII.3 norovirus in addition to the decided upon generic vaccine strains.  

This would also allow for a separate multi-dose vaccine to be produced for children; 

something that studies have suggested might be necessary.  Further studies could be 

performed to establish if additional norovirus strains show higher prevalence in children 

or other age groups, for example, the second main target group for a norovirus vaccine, 

the elderly.   

 

An examination of the evolution of different norovirus strains revealed that not all 

strains evolve in the same manner.  However, one consistent pattern has emerged; that 

changes occur in both ORF2 (structural) and ORF1 (non-structural) portions of the 

genome.  This has never been explicitly stated before for the noroviruses, as most 

studies have focused on the structural portion of the genome, and in particular the 

hyper-variable zone of the capsid responsible for receptor binding.  From the study of 

the emergence of the current epidemic strain GII.e/GII.4 Sydney_2012, the probable 

order of changes appears to be first in ORF2 then in ORF1.  Changes in ORF2 are 

understandable as this is the part of the genome that produces the capsid protein and 

changes would help the virus evade the host immune system.  Changes in ORF1 are less 

comprehensible, as this part on the genome produces non-structural proteins that when 

changed could alter virulence of the virus (e.g. by increase production), but there is no 

apparent direct selective pressure applied to them to facilitate such changes.  Changes 

occurring in both parts of the norovirus genome, not just the structural portions, are an 

important observation that may help identify the imminent emergence of potential new 

epidemic variant/strains of norovirus. 

 

Altogether this leads to a very complex picture of norovirus evolution and 

epidemiology, which provides challenges to the development of an effective vaccine 

and treatment strategies.  The limitation of this study using data only from Victoria to 

represent Australia is considered to have negligible implications on the conclusions 

drawn. 
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Future directions 

There are a number of potential future studies that could be performed, based upon the 

content of this thesis.  Firstly, the continual monitoring of genotypes present in viral 

gastroenteritis incidents (both outbreak and sporadic) is required to maintain an up-to-

date awareness of what is occurring in the norovirus genotype pool and to identifying 

both currently circulating and newly emerging strains.  From this, studies should be 

performed on newly emerging strains to further develop an understanding of how 

noroviruses evolve to escape herd immunity.  Additionally, an attempt should be made 

to distinguish specific identifiers of emerging epidemic strains to assist with vaccine 

reformulation schedules when a norovirus vaccine is operational.  Detailed studies on 

norovirus incidence in specific settings and age groups should be performed to identify 

genotypes that circulate differently to in the general population.  This would provide 

data to vaccine developers for potential age specific vaccines. 

 

Further directions alluded to from the work presented here are also possible.  The 

examination of environmental patterns (both in Australia and internationally) would be 

beneficial to determine what is contributing to yearly epidemics when there is no newly 

emerged variant/strain.  Also, further studies are required on the binding of norovirus to 

host cells and how this ties into host susceptibility, to identify why some norovirus 

strains have higher prevalence in certain populations. 

 

To calculate changes that result in epidemic norovirus variants, further detailed capsid 

modeling projects need to be performed.  Documentation of changes in past epidemic 

variants as they evolved and a comparison to changes that may occur in non-epidemic 

strains would potentially allow for specific changes to be established that are unique to 

epidemic variants.  This is turn would hopefully allow for the prediction of future 

epidemic variants if strains are monitored in a relatively real-time manner. 

 

Two potential future studies that rely on the release of a norovirus vaccine and/or 

antiviral treatment are also available.  Firstly, in the instance of a norovirus vaccine 

becoming available, genotype prevalence and also changes in the genome of specific 

genotypes should continue to be monitored to document which strains are missed by the 

vaccine, or which genotypes may genetically alter to evade the vaccine.  Further to this, 

host immune responses could be monitored to observe antibody responses to the 

vaccine and to natural infections.  Secondly, if a norovirus treatment (e.g. antivirals) 
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becomes available, an attempt should be made to obtain data on which genotypes 

patients are infected with, and the efficacy of the treatment, to see if certain genotypes 

respond differently. 

 

More generally, norovirus surveillance of outbreaks and sporadic incidence is an 

important area of study to gain valuable insights into the molecular epidemiology of 

specific norovirus strains and how they circulate.  Similarly, extending surveillance to 

study the evolution of norovirus strains, particularly epidemic variants, could provide 

valuable information for future vaccine strategies.  The ongoing surveillance of 

norovirus is imperative for both the development of a vaccine and the future 

implementation strategies.  Australian norovirus surveillance is currently performed 

state-by-state, as there is currently no federally funded norovirus surveillance program 

in Australia.  Victoria has no official norovirus surveillance program that produces 

regular reports at the bequest of the state government.  Unofficially, the viral 

gastroenteritis laboratory at VIDRL performs this norovirus surveillance role for 

Victoria.  This contrasts to other countries (such as New Zealand, the UK, the USA, and 

Germany) that maintain an active norovirus surveillance program with regular reports 

issued.  A more structured, federally funded surveillance network in Australia would be 

of great benefit for future norovirus outbreak management and vaccine implementation. 

 

In summary, it is important to gain sufficient and continual understanding of the 

molecular epidemiology and evolution of norovirus so that effective vaccines and 

treatments can be developed and maintained despite the rapid evolution of new virus 

types. 
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