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Abstract
Noroviruses are the most common cause of gastroenteritis. Human noroviruses
are classified into more than 26 genotypes based on sequence of the capsid or
RNA-dependent RNA polymerase (RdRp) gene. Genotype II.4 is the most
commonly identified norovirus genotype in adults, however, genotype distribution
in children is variable. This dissertation aimed to conduct a molecular
epidemiological study of norovirus strains causing paediatric gastroenteritis, while
investigating the evolutionary mechanisms employed by paediatric-associated
strains, and identifying antibody-binding epitopes on the capsid protein.

Stool samples were collected from 272 Australian children hospitalised with
gastroenteritis during 2006 to 2008. Using RT-PCR, norovirus was detected in
35% of samples, with GII.4 (49%) and GII.3 recombinant strains (46%) identified
as the most prevalent genotypes.

Due to the high incidence of recombination and paediatric association of GII.3
strains, the evolutionary mechanisms were investigated. The capsid gene of 6
GII.3 norovirus paediatric strains were sequenced and aligned with 66 GII.3
capsid sequences from GenBank. Phylogenetic analysis predicted the GII.3
capsid gene to have evolved via five genetic lineages and the clustering of GII.3
capsid sequences was associated with intergenic recombination. Rate analyses
suggested that the switching of RdRp genes may aid in increased evolution rate
and adaptability.

Six antibody-binding epitopes were identified on the GII.3 capsid using
immunoprecipitation, mass spectrometry and Mimotopes. The epitopes were
highly conserved, except for two within the P2 domain that were in close
association with human attachment factor binding sites. There were several sites
within these two epitopes that varied according to lineage, suggesting a possible
role of immune pressure in GII.3 evolution. Interestingly, GII.3 noroviruses
exhibited broad intergenotype cross-reactivity.

This study highlighted the importance of GII.3 norovirus as a cause of paediatric
disease. Furthermore, this study characterised major evolutionary mechanisms
and immunogenic regions important to the persistence and spread of this virus.
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Chapter 1: Introduction To Noroviruses
1.1 Preface
Norovirus is a highly infectious positive-strand RNA virus that is the single most
important cause of acute gastroenteritis in humans worldwide. Discovered in the
early 1970s, norovirus was the first viral agent identified to be associated with
gastroenteritis, but the severe medical and economic impact of this virus has only
been realised in the past decade (1-5). This chapter will provide a comprehensive
review of human noroviruses; covering norovirus disease burden, clinical
manifestations, disease mechanisms, classification, structural organisation,
epidemiology, replication, evolution, immunology and vaccination. Following this,
paediatric norovirus illness will be discussed in greater detail, as this dissertation
focuses on norovirus strains infecting children (defined as ages 0 – 18 years).
The importance of norovirus disease in children will be discussed along with
norovirus childhood epidemiology, and requirements of a paediatric-targeted
norovirus vaccine.

1

1.2 The importance of norovirus
1.2.1 The burden of gastroenteritis
Acute gastroenteritis causes significant morbidity in people of all ages and is
associated with substantial mortality in developing countries. Diarrhoea accounts
for approximately 1.8 million deaths each year in children under the age of 5
years, making it the second major cause of death in children, following
pneumonia (5, 6). The majority of mortalities occur in developing countries,
however gastroenteritis is a major cause of morbidity and economic loss in
developed countries. In developed countries diarrheal illness is second only to
the common cold as the most common infectious illness (7).

In the U.S.A there is an estimated 179 million episodes of gastroenteritis each
year, leading to more than 1 million outpatient visits, 152,000 emergency
department visits, more than 470,000 hospitalisations and 5,000 deaths (8, 9). In
Canada, 8 million cases of domestically acquired gastrointestinal illnesses occur
each year, whilst in Australia there are approximately 17.2 million annual cases,
leading to 41,000 hospitalisations, and 217 deaths (10, 11). A large number of
cases of acute gastroenteritis are also observed in Europe with an annual
estimate of 9.4 million cases in England, 21 million cases in France, 4.5 million
cases in the Netherlands, and 5.4 million cases in Norway (12-16).

1.2.1.1

Financial burden of gastroenteritis

The financial burden of gastroenteritis is heavy, with estimated annual total
(direct and indirect) costs of gastroenteritis in Australia and Canada amounting to
more than $341 million (prior to rotavirus vaccination), and $3.7 billion,
respectively (17, 18). The annual cost of foodborne gastroenteritis alone is
estimated at $55 million in New Zealand, £1.9 billion in the U.K, and $152 billion
in the U.S.A (19-21). In England, nosocomial gastroenteritis outbreaks are
estimated to cost the English National Health Service £115 million each year
(22). Taken together, these studies illustrate the substantial medical and financial
impact of gastrointestinal disease.
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1.2.2 Importance of norovirus as an infectious cause of gastroenteritis

1.2.2.1

Infectious agents causing acute gastroenteritis

There are a number of infectious agents that are associated with gastroenteritis,
including bacteria, viruses and parasites. Some examples of bacterial species
implicated include: Campylobacter spp., Clostridium perfringens, Escherichia coli
(E. coli), Salmonella spp., Shigella spp. and Staphylococcus spp. toxins (10, 23,
24). Some parasites associated with gastroenteritis include: Giardia lamblia,
Cryptosporidium parvum and Toxoplasma gondii (10, 23, 24). Viruses are the
most common cause of infectious gastroenteritis and some of the major viral
agents implicated include: rotavirus, norovirus and astrovirus (10, 23-25).

1.2.2.2

Prevalence of norovirus as a cause of gastroenteritis

Norovirus is the most common cause of infectious gastroenteritis in people of all
ages, and increased surveillance and improved detection methods in recent
years have established the true significance of norovirus disease (5, 10, 23-27).
Norovirus is a democratic disease, prevalent in all countries regardless of
socioeconomic status, and infecting people of all ages (5, 28). It is estimated that
norovirus is responsible for an average of 11% (3 – 31%) of severe
gastroenteritis cases, and 12% (5 – 36%) of moderate community or clinic cases,
more than any other infectious agent (5). Studies published since these estimates
report a consistent, or perhaps higher, prevalence of norovirus causing severe
and moderate gastroenteritis in the U.S.A, Germany, Austria, the U.K, and Qatar
(8, 29-36). Furthermore, norovirus is the most common cause of gastroenteritis
outbreaks, causing around 50% of all gastroenteritis outbreaks globally (37). It is
also the dominant cause of nosocomial outbreaks (38) and outbreaks in long
term care facilities (34, 39, 40). Norovirus outbreaks tend to be larger than those
caused by other pathogens, resulting in a higher number of gastroenteritis
outbreak-associated illnesses (34, 39, 40). Norovirus is also the most common
cause of foodborne illness (11, 23). Although norovirus illness is usually selflimiting, it may lead to death in vulnerable persons and its prevalence means that
it has also been reported as the most common cause of gastroenteritis related
deaths in the U.S.A, and the most common cause of gastroenteritis-related
deaths in long term care facilities in Australia (34, 39, 40).
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1.2.2.3

The burden of norovirus-associated gastroenteritis

Each year in the U.S.A norovirus is estimated to cause 21 – 23 million cases of
acute gastroenteritis, leading to 50,000 hospitalisations, 400,000 emergency
department visits, 1.7 million doctors office visits and 800 deaths (8, 23-25). This
includes 5.5 million annual cases of foodborne illness, which leads to 149 deaths
(23). Investigation into the burden of norovirus in other countries has been less
thoroughly explored, however, reports show that there are more than 3 million
cases of norovirus gastroenteritis in Canada, and 1.8 million cases in Australia
each year (10, 11). In England norovirus infection leads to an annual 2 million
cases of gastroenteritis and 260,000 visits to general practitioners, while in the
Netherlands, 627,000 cases of norovirus illness occurs annually in a population
of 16.5 million (41, 42).

Norovirus is also associated with a large economic burden, with an annual total
medical and associated cost of $3.5 million (NZ dollar) reported for New Zealand,
and $2 billion reported for the U.S.A, $284 million of which constitutes direct
costs (8, 19, 43). Furthermore, a single outbreak caused by a norovirus
contaminated water source in Sweden, was associated with approximately
€870,000 in costs (44), illustrating the potential economic burden of each
norovirus outbreak.
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1.3 Clinical manifestations, diagnosis and treatment
1.3.1 Norovirus clinical disease manifestation
The major clinical manifestations of norovirus disease are diarrhoea in 59 – 87%
of patients and vomiting in 39 – 74% of patients (28, 32). Diarrhoea is
comparatively more common in children less than 1 year of age (95% of these
children vs. 82% in those >1 year), and vomiting more common in those above
the age of 1 year (82% of cases vs. 59% in children <1 year) (28). Other common
symptoms of norovirus infection include abdominal pain/cramps, malaise,
nausea, fever and fatigue (28, 32, 45, 46).

1.3.2 Duration of illness and disease severity
Clinical disease has been reported to last for an average of 32 hours (range, 24 –
72 hours), following a mean incubation period of 32 hours (range, 11 – 72 hours)
(45, 47, 48). It is likely that incubation time is dependent on the viral dose
received (47). The duration of illness generally decreases with age, with a
median duration of 6 days, 5 days, 4 days, and 3 days reported in the <1 year, 1
– 4 year, 5 – 11 year, and ≥12 year age groups, respectively; whilst symptoms in
adults have a median duration of just 1 day (28, 46, 49). Symptoms can persist
for more than 1 year in immunocompromised individuals (50). Diarrhoea usually
persists for the duration of the illness, but vomiting, nausea and fever are
generally only experienced during the first day of illness and abdominal pain and
cramping for the first 2 days (28).

The median gastroenteritis symptom severity score (Vesikari scale) for norovirus
illness across all age groups is 6, (range 0 – 12), but disease severity is
dependent on age (28, 49). Disease is more severe in younger children; with a
paediatric study reporting a median severity score of 9, and lower scores were
reported for those under the age of 2 years (49).

1.3.3 Diagnosis
Initially, electron microscopy (EM) of stool samples was the only available
method for norovirus detection (1, 51-54). This method lacked sensitivity and
required EM expertise and facilities and is no longer in common use (26, 54-56).
5

From the late 1970s onwards, various immunoassays were developed and
quickly replaced EM as the standard norovirus detection tool, due to their
accessibility and practicality (54, 57-61). Several commercial enzyme-linked
immune-sorbent assays (ELISA) have now been developed that take as little as 1
– 2 hours to screen faecal extracts for norovirus particles (62, 63). These
commercial ELISAs, however, lack sensitivity and specificity, and whilst they may
be useful for quick screening of faecal samples, results should be confirmed by
reverse transcriptase polymerase chain reaction (RT-PCR) (31, 62, 63). RT-PCR
is currently the gold standard for norovirus diagnosis, and includes conventional
endpoint RT-PCR or real-time RT-PCR, which may also be used to quantify viral
load (42, 62-68). The development of broadly reactive primers has resulted in
RT-PCR being more sensitive and specific than ELISA and EM (26, 60, 62, 69).
Several other detection methods have been employed in recent years, including
immunochromatography, transcription-reverse transcription concerted reaction
test, Luminex multiplex PCR, mass spectrometry, and microarray, however their
usefulness is yet to be determined (70-74).

1.3.4 Treatment and prevention
Norovirus is a self-limiting disease, resolving without medical attention in most
healthy

adults

(28,

75).

However,

in

high-risk

groups

such

as

immunocompromised hosts, young children, and the elderly, disease is often
more severe, and these cases may require hospitalisation, rehydration and
electrolyte therapy (76-79). Additionally, those in high-risk groups and in
developing countries will often suffer long-term morbidity and mortality, due to a
lack of more effective treatments (76, 78-82). Several groups have endeavoured
to produce effective antiviral agents to treat norovirus infection, however these
drugs are still in developmental stages (83-88). An anti-protozoal drug
(Nitazoxanide) has been shown to reduce the duration of norovirus infection in
immunosuppressed patients, but large-scale studies have not been conducted
and the drug is not in routine use (89, 90).

Administration of breast milk or immunoglobulin (Ig) to immune-suppressed
patients has been trialled, and produced mixed outcomes (50, 91, 92). Recent
studies reported the development of chicken IgY and chimpanzee IgG
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monoclonal antibodies (MAb) as potential prophylactic or immune-therapeutic
treatments (93, 94). These MAbs have not yet been tested in humans, but the
chimpanzee MAbs have been shown to neutralise norovirus infections in
chimpanzees, and thus represent a promising therapy (93, 94).

Whilst antibodies and antivirals show great potential for the treatment of
individuals who cannot clear the virus, prevention is the most promising approach
to reduce norovirus illness. Currently there are no commercially available
norovirus vaccines; however there is a growing body of research behind potential
norovirus vaccines, and clinical trials are underway (95-97). Vaccines under
development will be discussed in further detail in section 1.7.3.
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1.4 Norovirus disease mechanisms
1.4.1 Norovirus transmission, infectivity and stability

1.4.1.1

Norovirus transmission

Due to its infectious nature and environmental stability, norovirus is highly
contagious and easily transmitted (98-100). Transmission occurs most commonly
via the faecal oral route, through person-to-person contact (34, 101, 102). The
virus is also transmitted through ingestion of contaminated food or water, contact
with fomites and aerosolised particles (34, 103-110). Due to the high
transmissibility of this virus, norovirus outbreaks are common (5). Outbreaks
generally exhibit winter seasonality, with more than 70% of outbreaks occurring in
cooler months (8, 34, 111-114). Norovirus outbreaks are difficult to contain, and
are common in semi-closed environments such as cruise ships, schools,
universities, military compounds, restaurants, day care centres, and health care
facilities (34, 38, 108, 110, 112, 115-128). Outbreaks in health care facilities are
particularly devastating due to the existing vulnerable population. Norovirus are
the most common cause of gastroenteritis-associated nosocomial outbreaks, and
are frequently responsible for hospital ward closures in many locations (22, 38,
127, 129).

1.4.1.2

Norovirus infectivity and environmental stability

Laboratory studies have shown that exposure to a single viral particle carries a
50% chance of infection. Increasing the viral dose has led to an increased
chance of illness, with 18 to 1,000 viral particles thought to constitute the
infectious dose (98). Additionally, passage through a human host does not
decrease infectivity (47, 98).

Noroviruses exhibit substantial environmental stability and strong resistance to
commonly used disinfectants and hand sanitisers (130). In groundwater,
norovirus remains infectious for at least 61 days and is detectable for more than 3
years (131). Norovirus is able to persist on surfaces for at least 4 weeks, at 4 °C,
room temperature, or 37 °C (132). On surfaces, norovirus cannot be inactivated
using ≤75% ethanol, ethoxylated alcohols, ≤200 parts per million (ppm) chlorine
dioxide, <160 ppm sodium hypochlorite, or quaternary ammonium compounds
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(0.14% benzalkonium chloride or 0.07% decyl isononyl dimethyl ammonium
chloride) (130, 133, 134). Ethanol-based hand sanitisers are also ineffective
(134). Removing norovirus from food is difficult since temperatures of nearly 80
°C are required to destroy the virus, which is higher than standard pasteurisation
temperatures (135). Furthermore, noroviruses are unaffected by repeated freeze
thawing and long term freezing (136).

1.4.1.3

Faecal shedding

Another factor that increases transmissibility is that norovirus is shed in the stool
of infected individuals. Virus excretion generally continues once symptoms have
subsided, and asymptomatic infected volunteers have been shown to shed the
virus for up to 6 days (28, 45, 46, 49, 137-139). A review study calculated a
median shedding duration of 13 days for “regular” healthy people, and 47 – 80
days for “long shedders,” which included immunocompromised people and
infants below the age of 12 months (137). Viral shedding has been detected as
early as 15 hours post inoculation (45) and has been shown to precede illness in
up to 45% of cases (46). Following cessation of symptoms, shedding can occur
for up to 8 weeks in otherwise healthy persons (46, 139) and can be extended
beyond 1 – 2 years in immunocompromised individuals or young infants (50, 82,
138, 140). Long term norovirus shedding is not associated with increased
disease severity or prolonged duration of illness, however extended shedding
time is associated with higher viral loads and infection in children (28, 49, 141).

The concentration of norovirus particles being shed in faeces generally peaks
between 1 – 4 days after infection, which corresponds with 0 – 3 days following
illness onset (45, 46, 48). In almost 70% of cases, viral concentrations in faeces
peak after the resolution of symptoms (46). The median concentration of shed
virus is between 107 and 1011 norovirus genome copies per gram of faeces (46,
142, 143) and genogroup II noroviruses are usually shed in higher concentrations
than genogroup I noroviruses (see section 1.5.2.1 for genogroup classifications)
(142, 143).
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1.4.2 Viral pathogenesis
Studies indicate that norovirus infection mainly occurs in the epithelial cells of the
jejunum, with some infection evident in the ileum and duodenum, but not in the
caecum, colon, or caecal lymph node (144, 145). Histological examination of
proximal intestinal biopsies from symptomatic norovirus challenge volunteers
reveals intestinal lesions and abnormal intestinal histology. Abnormal mucosal
histology is discernible a few hours before clinical illness and persists for at least
4 days following cessation of symptoms (146-148). Abnormalities include intact
inflamed intestinal mucosa with crypt cell hyperplasia and hypertrophy, and
increased epithelial cell mitoses (147-149). Intestinal villi exhibit broadening and
blunting, and microvilli are shortened and distorted (146, 150). Intestinal epithelial
cells remain intact, but display pale, enlarged mitochondria with indistinct
membranes, dilation of the endoplasmic reticulum, intercellular oedema, and in
some cases, increased intracytoplasmic vacuolisation (146, 148, 150). Mixed
inflammatory cell infiltrate in the lamina propria has also been observed in several
studies (144, 148-152) and an increase in intraepithelial cytotoxic T cells has also
been reported in the duodenum (147). Mucosal lesions are completely healed by
2 to 8 weeks after illness (146-148).

A series of events have been observed during norovirus infection that can be
associated with symptoms. Sealing tight junction protein expression is reduced,
the duodenal epithelial apoptotic ratio is doubled and active anion secretion is
increased, indicating that norovirus diarrhoea is driven by both leak flux and
secretory mechanisms (147). Impaired absorptive function and enzymatic
alterations are also evident during norovirus illness, associated with a decreased
activity of brush-border enzymes on enterocytes, and a transient malabsorption
of xylose, lactose and fat (146, 148, 151). Norovirus infection is also associated
with a delay in gastric emptying, which is thought to induce the nausea and
vomiting usually accompanying norovirus illness (153).
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1.5 Norovirus characterisation, structure and classification
1.5.1 Norovirus structure, genome organisation and protein products

1.5.1.1

Viral particle structure and genome organisation

The human norovirus constitutes a non-enveloped, icosahedral viral particle, 27 –
35 nm in diameter, containing a positive sense, single-stranded, polyadenylated
RNA genome (Fig. 1.1) (1, 154-157). The 7.5 – 7.7 kilobase (kb) genome is
linked to a viral protein (VPg) at the 5’ end, and is organised into three open
reading frames (ORF) (158-166). Genome length and open reading frame
location varies between human noroviruses as demonstrated in Table 1.1. ORF 1
(~5,060 – 5,370 base pairs [bp]) encodes the polyprotein precursor to the
non-structural proteins, whilst ORF 2 (~1,590 – 1,670 bp) and ORF 3 (~590 –
810 bp) encode the structural proteins, viral protein 1 (VP1), and viral protein 2
(VP2), respectively (Fig. 1.1A) (157, 159-161). ORF 1 and ORF 2 overlap by 17
or 20 nucleotides depending on genogroup, with both overlaps creating a +1
frameshift. ORF 2 and ORF 3 overlap by a single nucleotide producing a -1
frameshift (159, 166, 167). ORF 2 and ORF 3 are expressed from a subgenomic
RNA, and the genomic and subgenomic RNAs contain identical sequences of
about 30 nucleotides at their 5’ termini (159, 161, 163, 164).
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A.

B.

C.

D.

E.

Fig. 1.1 Structure of the norovirus genome and the norovirus viral particle.
A.) A schematic of the norovirus genome as organised into three ORFs. The ORF is
indicated above the schematic and the proteins encoded by each ORF are labelled
below. The six mature non-structural proteins resulting from cleavage of the ORF 1 nonstructural polyprotein are also indicated within the schematic of ORF 1. ORF 2 is
coloured according to the three structural domains that make up the capsid protein, the
shell (S) domain (yellow), and two protruding (P) domains, P1 (blue) and P2 (red). B.)
The tertiary structure of the capsid protein, VP1, is shown with the S, P1 and P2 domains
coloured as in part A. C.) Two VP1 proteins (monomers/protomers) form a dimer as
shown. The S, P1 and P2 domains are coloured as for A, and one monomer is shaded
darker than the other to allow distinction of the two monomers. D.) 90 dimers form the
capsid structure with T=3 icosahedral symmetry, as shown in this structural schematic. A
single dimer within the capsid structure is highlighted by the colouring of the S, P1 and
P2 domains, as for part A. The P2 domain protrudes from the viral particle, whilst the P1
domain and S domain are slightly and almost completely obscured, respectively. E.) An
EM photo of norovirus icosahedral viral particles is shown where particles are 27 –
30 nm in diameter. Figure was adapted from Donaldson et al., 2010 (168). The EM photo
was obtained from Glass et al., 2009 (169).
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Table 1.1. Putative genome ORF locations in a range of norovirus
genotypes
Accession

Strain

Genotype

M87661

Norwalk

L07418

a

b

c

d

Length (nt)

ORF 1

ORF 2

ORF 3

Ref

GI.1

7654

5 – 5374

5358 – 6950

6950 – 7588

(160, 170)

Southampton

GI.2

7708

5 – 5371

5355 – 6995

6995 – 7630

(161, 167)

AF093797

BS5

GI.6

7598

5 – 5359

5343 – 6965

6965 – 7594

(171)

AB042808

Chiba

GI.4

7697

5 – 5362

5346 – 6980

6980 – 7606

(164)

AB039774

SzUG1

GI.Pc_GI.5

7700

5 – 5368

5352 – 6983

6983 – 7621

(158)

AB081723

WUG1

GI.Pb_GI.6

7688

5 – 5371

5355 – 6974

6974 – 7564

(158)

U07611

Hawaii

GII.1

7513

5 – 5104

5085 – 6692

6692 – 7471

(165)

AY134748

Snow Mountain

GII.Pc_GII.2

7537

5 – 5104

5085 – 6713

6713 – 7492

(162)

AB039781

Saitama U18

GII.3

7541

5 – 5113

5094 – 6740

6740 – 7504

(158)

EU921389

PC52

GII.Pb(21)_GII.3

7547

5 – 5104

5085 – 6731

6731 – 7495

(172)

AY032605

MD145-12

GII.4

7556

5 – 5104

5085 – 6704

6704 – 7510

(173)

X86557

Lordsdale

GII.4

7555

5 – 5104

5085 – 6704

6704 – 7510

(159)

EU921344

PC15

GII.4

7559

5 – 5104

5085 – 6707

6707 – 7513

(172)

AB039778

Saitama U16

GII.6

7546

5 – 5098

5079 – 6722

6722 – 7498

(158)

AB039776

Saitama U3

GII.P7_GII.6

7564

5 – 5098

5079 – 6731

6731 – 7510

(158)

AB039780

Saitama U25

GII.8

7524

5 – 5104

5085 – 6698

6698 – 7471

(158)

AB039775

Saitama U1

GII.12

7521

5 – 5104

5085 – 6692

6692 – 7471

(158)

JQ613567.1

Lake Macquarie

GIV.1

7527

5 – 5068

5049 – 6719

6719 – 7447

(166)

a, Genotypes determined using the Norovirus genotyping tool v1.0 (May 2013), see section
1.5.2.2 (174)
b, Length of entire genome in nucleotides (nt)
c, Nucleotide location of open reading frame (ORF)
d, Ref = reference for that sequence
Table adapted from Katayama et al., 2002 (158)
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1.5.1.2

ORF 1 protein products

The non-structural polyprotein encoded by ORF 1 is between 1700 – 1790 amino
acids (aa) in length with a molecular weight of approximately 200 kilodaltons
(kDa). It is processed by the viral encoded 3C-like protease (3CLpro), resulting in
the mature non-structural proteins necessary for replication and generation of
progeny virus (162, 175-177). From the N terminal to C terminal, the nonstructural proteins cleaved from the polyprotein include an N-terminal protein (Nterm, 37 – 48 kDa); a 2C-like nucleoside triphosphatase (NTPase, 40 – 41 kDa),
a 3A-like protein (20 – 24 kDa), a genome-linked viral protein (VPg, 15 – 20 kDa),
a 3C-like proteinase (3CLpro, 19 kDa), and a 3D-like RNA-dependant RNA
polymerase (RdRp, 57 – 59 kDa) (Fig. 1.1A) (160, 162, 178-181). Research into
the functions of human norovirus non-structural proteins has been inhibited by
the lack of a human norovirus cell culture system, however, replication studies of
other viruses of the same family have allowed a level of function prediction, and
the development of an in vitro cell culture system allowing the cultivation of
murine norovirus has been particularly valuable (182, 183). The use of replicon
and reverse genetics systems has also contributed to function prediction (184186). The reported properties and predicted functions of the mature nonstructural proteins are listed in Table 1.2.
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Table 1.2. Properties and predicted functions of human norovirus nonstructural proteins involved in replication (listed in order from N-terminal to
C-terminal of the polyprotein precursor)
Protein

Predicted functions

N-terminal

 May serve as scaffolding for replication complex assembly by utilising

(N-term)

the vesicle localisation properties of the cellular SNARE -binding

Alternate names:

protein VAP-A to anchor membrane bound replication complexes

a

NS1-2 , p48, p37

b

c

(positive-strand RNA virus replication occurs anchored to cellular
membranes) (187).
 May play a role in intracellular membrane recruitment and
rearrangement associated with replication of positive-strand RNA
viruses (188, 189).
 Co-localises to the Golgi apparatus and peri-Golgi vesicles, leading to
disassembly of the Golgi complex (187, 188).
 Increases human norovirus RdRp activity (190).
d

2C-like

 Binds to and hydrolyses NTP (191).

nucleoside

 Contains a helicase domain, but displays no detectable helicase

triphosphatase

activity (191).

(NTPase)
Alternate names:
NS3, p41, Helicase
3A-like protein

 May be involved in cellular membrane recruitment, enabling formation

Alternate names:

of the replication complex (189, 192).

NS4, p22, p20, p18

 Induces epithelial barrier dysfunction via inhibition of lesion restitution

e

(MNV )

through impairment of actin cytoskeleton redistribution. This may
contribute to the diarrheal symptoms (193).

Genome-linked

 Covalently linked to the genome at the 5’ end (181) and this linkage is

viral protein (VPg)

essential for infectivity (linkage thought to occur during genome

Alternate names:

replication) (194).

NS5

 Thought to act as a protein-primer (once nucleotidylylated) to enable
RdRp to initiate genome replication (178, 190, 195).
 May play a role in translation initiation complex recruitment by
interacting with host translation initiation factors (196, 197).
f

 May also inhibit host cell mRNA translation (196).
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3C-like proteinase
(3CL

pro

)

Alternate names:
NS6, Pro

 Cleaves the polyprotein precursor to produce the six mature nonstructural proteins: N-term, NTPase, p20, VPg, 3C
stable
3CD

intermediate

ProPol

precursors

p20VPg3CD

ProPol

,

Pro

, RdRp, and

p20VPg

and

(163, 176, 198-200).

 May regulate relative levels of norovirus non-structural proteins and
precursors (200).
 May inhibit host mRNA translation through cleavage of the poly(A)
binding protein, reducing competition for cellular translation machinery
(201).
 May be involved in the viral replicase complex (202).
3D-like

 Replicates polyadenylated genomic/subgenomic RNA in a VPg-

RNA-dependent

protein-primed manner from the 3’ terminus of the genome (178, 190).

RNA polymerase

 Replicates antigenomic/antisubgenomic RNA in a primer-independent

(RdRp)

manner (de novo) from the 3’ terminus on a poly(C) stretch (178, 203).

Alternate names:

 Uridylylates and elongates VPg in the presence of poly(A) RNA,

NS7, Pol, 3D-like,

enabling VPg to act as a primer (178, 195).

3D

Pol

 Adds a poly(C) stretch at the 3’ terminus of the replication product,
upon which de novo initiation of replication can occur (178, 203).

a, NS: non-structural
b, SNARE: Soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein receptor
c, VAP-A: Vesicle-associated membrane protein-associated protein A
d, NTP: nucleoside triphosphates
e, MNV: Murine norovirus nomenclature
f, mRNA: messenger RNA
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1.5.1.3

ORF 2 protein product, VP1

ORF 2 and ORF 3 are expressed from a subgenomic RNA approximately 2.3 kb
in length (160, 186). ORF 2 encodes VP1, the major capsid protein, which is 530
– 560 aa in length and has a molecular weight of 56 – 62 kDa (159, 160, 162,
204, 205). Trypsin cleavage of VP1 results in an antigenic soluble protein of
~30 – 32 kDa (204, 206). The capsid structure is made up of 180 copies (90
dimers) of VP1, and exhibits T=3 icosahedral symmetry (Fig. 1.1D), with a
buoyant density of 1.33 – 1.41 g cm3 in CsCl (154, 204, 205, 207, 208).

The capsid protein constitutes three domains, the shell (S) domain, and two
protruding (P) domains, P1 and P2 (Fig. 1.1B) (208). In the modular structure, the
S domain is involved in the icosahedral contacts, forming the smooth contiguous
surface of the shell. Connected to the S domain by a flexible hinge, the P
domains form the prominent protrusions radiating from the shell and are involved
in dimeric contacts (208). The P2 domain constitutes the most exposed region of
the capsid protein and has been shown to interact with established norovirus
attachment factors, human histo-blood group antigens (HBGA) (209-212).

The protein sequence of the P domain is highly variable, particularly the P2
domain, whilst the protein sequence of the S domain is quite conserved (158).
With regards to the primary amino acid sequence of the prototype norovirus
strain, Norwalk virus, the S domain is made up of the N-terminal 225 residues of
the VP1 protein, the P1 domain is formed by residues 226 – 278 and 406 – 520,
and the P2 domain constitutes residues 279 – 405 (208).

Expression of the VP1 protein in recombinant systems, such as insect,
mammalian or plant cells, results in automatic self-assembly of capsid proteins
into virus-like particles (VLP) (154, 213-218). These non-replicating, empty viral
particles are antigenically, immunogenically and morphologically identical to
native virus particles (215, 219, 220). Additionally, the VP1 P domain can be
expressed in Escherichia coli, resulting in the production of P particles (219).
These particles constitute 24 monomers (12 dimers) of capsid protein P domains
in octahedral symmetry, and contain major antigenic and host interacting
structures (219).

17

1.5.1.4

ORF 3 protein product, VP2

ORF 3 encodes VP2, a minor structural protein of ~200 – 270 aa in length, and
~22 – 31 kDa in weight (160, 162, 221, 222). Norovirus virions purified from
human stool samples following infection have been shown to contain VP2, and
although only estimated to be present in one to two copies, VP2 is believed to
play a role in viral assembly (221, 223). It has been demonstrated that VP2 is not
required for capsid assembly, however, VLPs lacking VP2 exhibit reduced size
homogeneity and stability (222, 224). Furthermore, VP1 expression in insect or
mammalian cells is enhanced by the presence of VP2 (222, 223) and VP1 has a
>50% increase in half-life when expressed in insect cells in the presence of VP2
(222). A recent publication by Vongpunsawad and colleagues (2013), determined
that VP2 associates with the shell domain of VP1 on the interior surface of the
viral particle (223). VP2 was shown to interact with an isoleucine residue at site
52 of VP1 in Genogroup I (48 in Genogroup II), which resides within a highly
conserved sequence motif, IDPWI (223). Since the interior surface of the capsid
structure is highly acidic, it is likely that the presence of the hydrophobic VP2
protein is essential for encapsidation of the viral RNA (223). The orientation of
VP2 within the norovirus capsid structure is still unknown and further research
regarding this protein is required.
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1.5.2 Norovirus classification
Human noroviruses were initially designated as “Norwalk agent” following the
association of a non-bacterial infectious agent with an outbreak of acute
gastroenteritis in Norwalk, Ohio, U.S.A, in 1968 (47). In 1972, human noroviruses
(Norwalk viruses) were discovered by EM in stool from volunteers challenged
with stool filtrates containing the Norwalk agent (1). The eventual cloning of the
Norwalk virus genome in 1990 enabled demonstration of its sequence similarity
with other Caliciviruses, and facilitated its recognition as a member of the family
Caliciviridae (155, 156, 160, 204). Noroviruses were known as “Norwalk viruses”,
“Norwalk-like viruses”, or “small-round structured viruses (SRSV)” before being
formally characterised under the genus “Norovirus” in 2002 (225). The
Caliciviridae family also includes the genera, Vesivirus, Sapovirus, Lagovirus,
and the recently added Nebovirus (225-227). Norovirus and Sapovirus are the
only genera of the Caliciviridae family that cause disease in humans, while the
Vesivirus, Lagovirus and Nebovirus genera contain viruses which affect animals,
such as the Feline Calicivirus (respiratory disease), Rabbit haemorrhagic disease
virus, and the Bovine Newbury-1 virus (diarrhoea) respectively (156, 227).
Norovirus and Sapovirus both cause gastroenteritis in humans, but whilst
Noroviruses are a common cause of gastroenteritis in people of all ages,
Sapoviruses are less prevalent and are primarily associated with paediatric
gastroenteritis (228-231).

1.5.2.1

Classification of norovirus strains into genogroups

The Norovirus genera can be genetically characterised into genogroups and
genotypes based on sequence analysis of regions of the RdRp or capsid proteinencoding genes (158, 232). Based on a classification system proposed by Zheng
and colleagues, the Norovirus genus is genetically characterised into five
genogroups, labelled GI – GV (Fig. 1.2), which differ by 45.0 – 61.4% based on
the capsid protein sequence (232). In 2010, a tentative additional sixth
genogroup (GVI) was proposed (233). Noroviruses in genogroups I, II, and IV
cause disease in humans, whilst genogroup III (234) and V noroviruses infect
bovine or ovine, and murine species, respectively (235-238). Genogroup II
noroviruses also infect porcine species, whilst GIV noroviruses have also been

19

detected in a lion cub and a dog (239-242). The tentative sixth genogroup
contains noroviruses targeting canine species (233).

1.5.2.2

Classification of norovirus strains into genotypes

The Norovirus genus can be classified into at least 29 genotypes based on the
capsid protein sequence. These are termed GI.1 – GI.8, GII.1 – GII.17, GIII.1 –
GIII.2, GIV.1 and GV.1 and exhibit genetic differences of 14.3 – 43.8% (Fig. 1.2)
(232). Furthermore, in the last decade, a number of unique RdRp genotypes with
no matching capsid have been detected as recombinant strains (strains produced
when two differing strains exchange genetic material), some of which have been
classified by Bull and colleagues as GII.a – GII.d (243). A new classification
system has more recently been established by an international norovirus working
group in an attempt to standardise classification and characterise recombinant
strains (244). The working group proposed a unified dual genotyping
nomenclature, including the capsid and RdRp genotypes, the capsid designation
remaining unchanged while the RdRp genotype is designated by an uppercase
P. For example, a strain with a GII.1 capsid and a GII.2 RdRp is termed
GII.P2_GII.1. Based on ORF 2 sequence, the norovirus working group classified
GI and GII noroviruses into 9 and 22 genotypes respectively, whilst based on
ORF 1, GII sequences clustered in 19 genotypes (244). Four RdRp genotypes
were classified as “orphan” genotypes with no matching capsid (GII.a, GII.c,
GII.e, GII.r), whereas GII.b and GII.d were re-classified as GII.21 and GII.22,
respectively as they were able to be associated with newly classified VP1
genotypes (244). The working group also developed an online genotyping tool to
aid in genotype characterisation (174). In the interest of consistency, the Zheng
et al., (2006) classification system (232) and the Bull et al., (2007) classification
system for recombinant RdRps (243) were used for genotyping throughout this
dissertation since the working group classification was introduced after the
commencement of these studies. Where a genotype had not been classified by
Zheng and colleagues or Bull and colleagues, such as GII.e, the working group
classification was employed.
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Fig. 1.2. Phylogenetic analysis of the complete capsid amino acid sequence of 141
norovirus strains.
Using the MrBayes program (245), 141 complete norovirus capsid protein sequences
were structurally aligned (column gaps removed) and phylogenetic analysis conducted.
Tree topology was evaluated on the base of 1,000,000 generations (posterior possibility,
1.00 equals 100% out of 1,000,000). Taxa names are represented as follows: Name–
Country code (reference strains); Name–Country code Year (two digits) (prototype
strains [in bold]). The numbers in the square boxes represent the genotype number
within the genogroup (G). Country codes are as follows: AUS, Australia; CAN, Canada;
DEU, Germany; FRA, France; HUN, Hungary; JPN, Japan; MLT, Malta; MEX, Mexico;
NLD, Netherlands; NZL, New Zealand; NOR, Norway; SWE, Sweden; GBR, the United
Kingdom; USA, the United States. This figure was taken directly from Zheng et al., 2006
(232), and the figure legend adapted minimally.
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1.5.3 Norovirus strain surveillance

1.5.3.1

Genogroup distribution

In humans, GII noroviruses are frequently detected in outbreaks and sporadic
disease, whilst GI viruses are less common and are generally associated with
food or waterborne outbreaks, environmental outbreaks and disease in nonhealthcare settings (102, 113, 246-248). GIV noroviruses are rarely detected,
however GIV incidence may be higher as primers enabling detection of this
genogroup are not routinely included in surveillance studies (113, 166, 248, 249).

1.5.3.2

Genotype distribution

GII.4 noroviruses are overwhelmingly the most common cause of norovirus
outbreaks worldwide and have caused frequent global epidemics since 1995
(102, 250-257). New GII.4 variants (named for the year and/or location of initial
emergence or isolation) have emerged to cause global epidemics in the years
1995/1996 (US1995/6 variant), 2002 (2002 variant/Farmington Hills), 2004 (2004
variant/Hunter),

2006

(2006a

variant/Laurens/Yerseke

and

2006b

variant/Minerva), 2008 (2008 variant/Cairo), 2009/2010 (2009/2010 variant/New
Orleans), and 2012 (2012 variant/Sydney) (27, 250, 251, 255, 257-271). GII.4
evolves quickly, with each new GII.4 norovirus variant forming a new cluster and
replacing the previously circulating GII.4 variant (252, 253, 271, 272).

Whilst GII.4 noroviruses predominate in a cyclic pattern of variant emergence,
there is still a high diversity of genotypes causing norovirus infections globally at
any given time (124). GII noroviruses such as GII.1 – 8, GII.12, and GII.14 are
frequently reported to circulate at lower levels causing sporadic disease and
isolated outbreaks (27, 65, 102, 142, 173, 247, 261, 267, 273-278). The
recombinant genotype GII.b (relabelled as GII.21 by the working group (244))
was highly prevalent, particularly in children, during the 2000s, and easily
represents the second most common RdRp genotype in circulation (248, 279281). A larger variation of genotypes is seen to infect the paediatric population,
particularly recombinant strains, and this will be discussed in further detail in
section 1.8.2 (124, 256, 277, 280, 282, 283).
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1.6 Norovirus infection, replication and evolution
1.6.1 Propagation in cell culture
Characterisation of human noroviruses has been severely hampered by the
inability to culture the virus. Straub and colleagues claimed to successfully use a
3-dimensional organoid model of human small intestinal epithelium to culture
human noroviruses, however no other group has been able to replicate these
results (284-287). Much of what is known or deduced about norovirus replication
and cell attachment has been learned through the culture of animal Caliciviruses,
human norovirus animal models, the use of biologically infectious clones cultured
in mammalian cell based systems and the expression of norovirus proteins (144,
182, 185-187, 201, 215, 237, 288-293).

1.6.2 Norovirus attachment factors and cell entry

1.6.2.1 Human blood group antigens as norovirus attachment factors
The process of norovirus attachment to host cells and internalisation is currently
unknown, however substantial evidence suggests that noroviruses use HBGAs
as initial attachment factors/binding ligands and putative receptors (293-297).
HBGAs are members of a family of complex glycans expressed on the surface of
most epithelial cells, including red blood cells, biological secretions and gut
epithelia (298). HBGA glycans attach to the glycoproteins and glycosphingolipids
present on cell surfaces, and a single human norovirus VLP has been shown to
adhere to between 6 and 12 surface carbohydrates (299-301). Specific geneencoded gylcosyltransferases catalyse the synthesis of HBGAs through the
addition of sugar units to precursor structures in a step-wise manner as shown in
Fig. 1.3 (298). Noroviruses have been shown to bind to the ABO, H and Lewis
blood group antigens (297, 300) whose expression in gastrointestinal tissue is
regulated by the fucosyltransferase genes, FUT2 (secretor) and FUT3 (Lewis)
and the ABO locus (298, 302). A functional FUT2 (secretor) gene is required for
the expression of H antigens through the addition of a “secretor” fucose sugar to
the glycoprotein/glycosphingolipid precursor. The H antigen is a precursor for the
A and B antigens and certain Lewis antigens (i.e. Leb, Ley) (Fig. 1.3) (298, 302).
Homozygosity for a nonsense mutation in the FUT2 (secretor) gene is present in
about 20% of the human population and yields a “non-secretor” phenotype, as
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these individuals do not express (or secrete) H and subsequently AB and certain
Lewis antigens on their gastrointestinal tissues (302). The FUT3 (Lewis) gene
product catalyses the synthesis of the Lewis antigens, through the addition of a
“Lewis” fucose sugar (Fig. 1.3) (298).

The relationship between HBGA and norovirus infection was established when it
was determined that non-secretors were resistant to Norwalk virus (GI.1) illness
(294, 295, 303-308). Further studies determined that different HBGA phenotypes
conferred vulnerability to different norovirus genotypes and that non-secretors
were sensitive to some norovirus genotypes, including other GI genotypes (309312).

Regardless of secretor status, specific blood types have been shown to confer
susceptibility to specific strains, and these susceptibilities tend to vary between
locations and over time. For example, in Burkina Faso, Africa during 2009 –
2010, Lewis negative children were infected with GII but not GI; GII.4 strains
preferentially infected blood group B, and secretor positive blood type O children
were infected with a broad range of genotypes (308); whereas in China at a
similar time, type O individuals appeared less susceptible and type A individuals
more susceptible in a GII.3 outbreak whilst no association with GII.4 and HBGA
phenotype was found (310). In an earlier study in Central America during 2005 –
2006, GII.4 strains infected individuals of all blood groups, except AB, and GI
strains only infected blood type O individuals (306).

Marionneau and colleagues experimentally supported the susceptibility studies
by demonstrating that Norwalk virus (GI.1) VLPs attached to the surface of
epithelial cells of the gastroduodenal junction of secretor positive individuals
using H antigens as ligands (293). This binding was abolished with
alpha1,2fucosidase degradation of HBGAs or by competition with anti-H
antibodies, effectively establishing that HBGAs served as host cell attachment
factors for Norwalk virus (293). In vitro VLP and HBGA binding studies have
further determined that norovirus HBGA binding properties are varied and may be
genotype or even strain specific (168, 297, 300, 304, 307, 313-315). Noroviruses
have been shown to bind a wide range of HBGA glycans including A, B, H type 1
(H1), H2, H3, Lewis a (Lea), Leb, Lex, Ley, and sialyl Lewis x (SLex) (168, 297,
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300, 304, 307, 313, 315, 316). Tan and colleagues proposed two norovirusHGBA binding profile types: (1) Those that bind A/B and or H epitopes, or (2)
those that bind Lewis and or H epitopes (297). Donaldson proposed a third group
for those that do not bind any available HBGA (168).
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Fig. 1.3. Pathway for the synthesis of type 1 ABH and Lewis human HBGAs.
Specific gene-encoded gylcosyltransferases catalyse the synthesis of HBGAs through
the addition of sugar units to precursor structures in a step-wise manner. Sugar units
attach to glycoproteins or glycosphingolipids present on cell surfaces, such as
lactotetraosylceramide (Lc4) as exemplified in this figure. Secretor positive individuals
(left pathway) express the fucosyltransferase 2 (FUT2) enzyme, which catalyses the
addition of a “secretor” fucose (fuc) sugar to the precursor resulting in expression of H
pentaglycosylceramide (H antigen). In the instance of the ABO locus encoding the
glycosyltransferase enzymes that catalyse the addition of the N-acetylgalactosamine
(GalNAc) or galactose (Gal) sugar to the H antigen, an A hexaglycosylceramide (A
antigen) or B hexaglycosylceramide (B antigen) is created, respectively. In the final step,
Lewis positive individuals express the FUT3 enzyme which catalyses the addition of a
“Lewis”

fucose

to

the

H,

A

or

B

antigen,

producing

b

respective

Lewis

b

b

hexaglycosylceramide (Le ), A Lewis b heptaglycosylceramide (ALe ), or B Lewis b
heptaglycosylceramide (BLeb) antigens. For secretor negative individuals (right
pathway), the H and subsequently, A, B or Leb antigens cannot be formed. However in
Lewis positive non-secretors, a Lewis fucose is added to the precursor, in this case Lc4,
creating the Lewis a pentaglycosylceramide (Lea) antigen. This figure illustrates an
example pathway that is followed for the type 1 precursor, producing type 1 H, A and B
antigens and Leb and Lea Lewis antigens. Different precursor types will result in different
antigens. For example, the type 2 precursor (also common in the gut) would produce
type 2 H, A and B antigens and Lex and Ley Lewis antigens. Abbreviations for sugar
moieties not mentioned: Glc, glucose; GlcNAc, N-acetylglucosamine. This figure was
taken from Rydell et al., 2013 and the figure legend adapted (301).
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1.6.2.2

Identification of HBGA binding sites on the norovirus capsid and mode of
binding

The differing HBGA binding properties exhibited by various norovirus strains is
likely due to the structure and amino acid makeup of the HBGA binding sites on
the norovirus capsid. Using X-ray crystallography, the HBGA binding sites have
been mapped for several genotypes including GI.1, GI.2, GII.4 (two variants),
GII.9, GII.10 and GII.12 in combination with various HBGA glycans (A, B, H, Leb,
Ley, SLex) (209-211, 317-319).
GII norovirus mode of attachment to HBGAs
Interestingly, all secretor HBGAs (A, B, H, Leb, Ley) display similar GII binding
modes, with the common terminal secretor fucose ring of these antigens playing
a key role in HBGA-norovirus GII interaction (209, 210, 319). The secretor fucose
ring of these HBGAs was shown to form extensive interactions with residues of
the GII capsid dimer, whilst central monosaccharides, AB specific terminal
sugars, or the Lewis fucose of certain HBGAs formed minor interactions (209,
210, 319). Among GII strains, the secretor HBGA-capsid binding site was
similarly located in the P2 domain near the dimeric interface, formed by residues
from both protomers of the dimer. Additionally, the core binding site residues
were highly conserved within GII strains (209, 210, 319, 320). An exception to the
secretor fucose-centred binding mode was the binding of Ley to a GII.9 strain that
only binds to Lewis HBGAs (211). The primary HBGA binding site on the GII.9
capsid was essentially the same as in all other GII structures, but the Lewis
fucose occupied the binding site while the secretor fucose made only one
interaction (211). The same Lewis fucose-centred mode of binding with the GII.9
capsid was demonstrated with the secretor-negative HBGA, SLex (211). Whilst
experimentally confirmed only for the GII.9 capsid structure, molecular dynamic
simulations suggest that the Lewis fucose of non-secretor HBGAs is likely to
occupy the secretor fucose binding site in other GII strains, allowing binding to
non-secretor HBGAs (321).
GI norovirus mode of attachment to HBGAs
HBGAs bind GI capsid structures in a different mode and location compared to
GII (318, 320). The HBGA binding site is located at the distal surface of the GI
capsid, and does not involve residues from both protomers of the dimer (except
for Lewis HBGA binding to GI.2) (317, 318). The A, Lea, Leb and H antigens
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essentially bind to the same site of the GI capsid structure, however, unlike GII,
their orientations and key interacting sugars differ depending on their terminal
sugars (317, 318). The main binding site appears highly conserved in GI strains,
although a loop structural difference between GI.1 and GI.2 strains provides an
additional Lewis fucose binding site on GI.2 strains that allows binding to nonsecretor HBGAs (i.e. Lea) (317). The absence of this loop in GI.1 strains accounts
for the resistance to Norwalk virus (GI.1) infection observed in non-secretors, and
the length of this loop structure is likely to determine non-secretor HBGA binding
capacities in other GI strains (317). The antigen-specific mode of binding to GI,
as opposed to the secretor fucose-centred mode of binding to GII, may restrict
the number of different HBGAs that GI noroviruses are capable of binding, which
may contribute to the lower prevalence of GI noroviruses (318).

1.6.2.3

Effect of alterations in residues within and surrounding HBGA binding
sites

Many studies have reported contrasting HBGA binding profiles for certain
norovirus genotypes and this is probably due to the continual evolution of
norovirus strains enabling new binding properties and subsequently new target
populations (168, 304, 310, 322). Although the HBGA binding sites themselves
are highly conserved, changes in adjacent amino acids may alter HBGA binding
capacities (212, 320, 323). The norovirus genotype GII.4 has demonstrated
altered binding patterns over time, which have been correlated with specific
amino acid substitutions adjacent to the HBGA binding sites and changes in
electrostatic potential (212, 319, 320, 322-324). Thus, constantly evolving HBGA
binding profiles for GII.4 strains may contribute to the global dominance of this
genotype (322).

1.6.2.4

Alternate norovirus attachment factors and/or receptors

Whilst a wealth of research suggests that HBGAs are norovirus attachment
factors/receptors, single studies have shown that norovirus VLPs are able to bind
caco-2 cells independent of HBGAs; and that overexpression of FUT2 in human
Huh-7 cells is not sufficient to establish viral infection in culture (194, 325). In
addition, some strains cannot bind to HBGAs (313). Thus, while HBGAs play an
important role in norovirus infection, it is unlikely that they are the only molecules
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involved in norovirus attachment and entry into human cells. A recent study
suggested that norovirus VLPs bind to galactosylceramides in a domain
dependent

manner

(326).

Galactosylceramides

are

one

of

the

major

glycosphingolipids present on the surface of human intestinal epithelial cells,
alongside type 1 chain fucosylated HBGAs, and these represent an alternative
attachment factor and/or receptor to HBGAs (326). Further research into these
and other host cell surface molecules that may act as human norovirus receptors
is required.

1.6.3 Norovirus replication
Currently, the norovirus replication cycle is poorly understood, however an
incomplete description can be inferred from several different studies.

1.6.3.1

Host cell attachment and entry

Norovirus is thought to infect the epithelial cells of the small intestine following
binding to HBGAs (attached to glycosphingolipids or glycoproteins) or other
ligands (288, 301). Little is known about the course of viral entry into host cells,
however a recent study demonstrated that upon binding to HBGAs incorporated
into vesicles, GII.4 VLPs were able to induce negative membrane curvature,
which may initiate cellular entry (301). Murine norovirus strain MNV-1 entry into
macrophage cells is non-clathrin-, non-caveolae-, dynamin- and cholesteroldependent, however the process of human norovirus internalization may not be
identical (327).

1.6.3.2

Genome translation

Upon host cell internalisation and uncoating, VPg likely facilitates translation of
the non-structural polyprotein directly from the norovirus positive sense genomic
RNA, using the host cell machinery (186, 196, 197, 328). VPg is covalently linked
to the 5’ end of the norovirus genome and may initiate translation by recruiting
the translation initiation complex to the viral RNA, as VPg exhibits direct and
indirect interaction with several eukaryotic translation initiation factors (i.e. eIF3,
eIF4E) (196, 197). The non-structural polyprotein precursor is co-translationally
proteolytically cleaved, in trans, by the viral encoded 3CLpro (176, 186, 199, 200,
329). Cleavage follows a specific order and certain precursor proteins such as
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p20VPg and 3CLProRdRp possibly serve a role in the replication cycle, before
cleavage into mature non-structural proteins (200). Thus, the 3CLpro may regulate
the levels of viral proteins and precursor products (329).

1.6.3.3

Formation of the replication complex

The mature non-structural proteins form a replication complex and studies of
MNV-1 replication strongly suggest that all non-structural proteins are implicated
and perform unique roles in complex formation (289). Generally, positive-strand
RNA virus replication occurs anchored to the cytoplasmic face of cellular
membranes and is associated with intracellular membrane rearrangement.
Evidence suggests that norovirus replication is consistent with this (187-189, 192,
289, 330, 331). The MNV-1 viral replication complex has been shown to be
associated with the membrane of vesicular clusters with perinuclear and
peri-Golgi localisation. These vesicular cluster membranes are recruited from late
compartments within the secretory pathway (i.e. trans-Golgi bodies and
endosomes) (289). Studies of both human norovirus non-structural proteins and
MNV-1 replication, suggest that the N-term and 3A-like proteins play a major role
in recruiting cellular membranes for the assembly of the replication complex (187189, 192). Human norovirus N-term and 3A-like proteins probably recruit
membranes from the Golgi and peri-Golgi vesicles, as these proteins localise to
and cause disassembly of these compartments (187, 188, 192). Additionally
studies indicate that these proteins may serve as scaffolding for the replication
complex assembly by inserting themselves into cellular membranes with the
majority of the protein oriented on the cytoplasmic face, allowing interaction with
other non-structural replication proteins (187).

1.6.3.4

Viral genome replication

Following initiation of the replication complex assembly, it is likely that VPg
serves as a primer to initiate replication of the norovirus positive sense RNA
genome (178, 195). The RdRp and/or 3CLproRdRp precursor is thought to
facilitate VPg uridylylation (178, 195). VPg-pU hybridisation to the 3’ terminal and
subsequent elongation leads to initiation of negative strand synthesis of genomic
and

subgenomic

RNA

by

the

RdRp

(178,

195,

332,

333).

The

negative/antigenomic RNA strand is then likely used as the template for
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replication, which is initiated de novo (178, 195). The de novo RdRp initiation of
replication of antigenomic RNA is postulated to occur on a poly(C) stretch, which
was added to the 3’ terminus of antigenomic RNA by the terminal transferase
activity of the RdRp (178, 195).

1.6.3.5

Structural protein expression and viral particle assembly

Subgenomic RNA is thought to be transcribed from replicated genomic RNA, for
the purpose of expressing the structural proteins, VP1 and VP2 (186). Translation
of VP1 from the subgenomic RNA is likely initiated in the same manner as for
genomic RNA, as subgenomic RNA is VPg linked (196, 197). The expression of
these proteins results in the spontaneous formation of viral particles consisting of
180 copies of VP1 and a few copies of VP2 (Fig. 1.1D) (215, 223). Replicated
viral genomes are presumably packaged into these particles as they assemble,
and VP2 is thought to play an important role in the encapsidation of the genome,
due to its hydrophobicity and location on the interior surface of the capsid
structure (186, 223). Evidence suggests that VP1 may bind to the RdRp and
regulate viral RNA synthesis in a concentration-dependent manner such that
when dissociated VP1 levels are low, due to virion assembly, RdRp activity
decreases and viral packaging becomes the focus (334).

1.6.4 Norovirus evolution
Due to its overwhelming global prevalence and the constant emergence of new
epidemic variants, many groups have investigated the evolutionary mechanisms
employed by GII.4 norovirus (322, 335-338). These studies have found that the
GII.4 norovirus capsid evolves rapidly at the nucleotide level (4.3 – 5.6 x 10-3
substitutions/site/year) and continually incorporates new amino acids at key sites,
which allow immune evasion and the broadening of host compatibility (335-338).
Several sites in the capsid (mainly S domain) have been shown to evolve under
positive selection, and antigenic drift is also thought to be an important
evolutionary mechanism, whilst recombination has been observed in some GII.4
variants (322, 335-337, 339). Furthermore, phylogenetic analysis has suggested
that GII.4 strains evolve via epochal evolution whereby emerging variants replace
previously circulating strains (322, 336).
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In contrast, evolutionary analyses into less common norovirus genotypes are
rare, with single studies published regarding GII.2, GII.3, and GI capsids (315,
340, 341). The GII.2 evolution study demonstrated that there are five evolutionary
informative sites within the capsid that segregate GII.2 strains into five temporally
evolving clusters (341). The GII.2 capsid has also been shown to evolve via
genetic drift (in non-recombinant strains) and positive selection, with one amino
acid site demonstrating cumulative change. GII.2 strains also evolve via
recombination, but recombinant strains demonstrate an entirely different method
of evolution than non-recombinants (341).

The GII.3 capsid gene has been shown to evolve at a similar rate to GII.4 (4.16 –
7.39 x 10-3 substitutions/site/year), thus suggesting that a higher prevalence of
GII.4 is not due to a faster evolution rate (315). GII.3 was shown to evolve under
selective pressures, with seven sites in the capsid shown to evolve under positive
selection. Converse to GII.4, GII.3 strains tend evolve in a cyclic pattern at the
protein level, where they incorporate previously used amino acids rather than
new amino acids (315).

A small analyses within a recent study demonstrated that the capsid gene of GI.3
and GI.1 noroviruses evolve at a slightly lower rate than GII viruses at 1.25 – 2.56
x 10-3 and 1.37 – 3.52 x 10-3 substitutions/site/year, respectively (340). This may
indicate a slower evolution rate for GI viruses, however these analyses were
done using small sequence numbers (340).

Recombination is a common evolutionary mechanism employed by noroviruses,
as recombinant strains are frequently detected during norovirus surveillance
(243, 274, 279, 342-348). Norovirus strains are defined as recombinants if two
different regions of the genome (i.e. the capsid and RdRp genes) cluster with two
distinct groups of norovirus strains following phylogenetic analysis (349).
Recombination in noroviruses usually occurs at the ORF 1/ORF 2 overlap region
(between the capsid and RdRp), which is highly conserved with complex
secondary structure; and homologous recombination has been experimentally
demonstrated at this region using the murine norovirus model (159, 165-167,
234, 349). Recombination at this site results in strains with differing capsid and
RdRp genes. Bull and colleagues have proposed a simple mechanism of
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recombination in noroviruses that follows the copy choice model of recombination
during a dual infection (349). They propose that during positive-strand synthesis,
the RdRp pauses during transcription of the stem loop at the ORF 1/ORF 2
overlap, loses processivity and switches templates to an available negative
subgenomic RNA or genomic RNA (349). Additionally, norovirus

PRO

RdRp

expressed in bacteria, has been shown to undergo template switching when
tested in RdRp assays (350). Whilst it is increasingly clear that natural
recombination is a common phenomenon in norovirus strains, the importance of
recombination in norovirus evolution has yet to be determined.
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1.7 Norovirus immunology and vaccination
1.7.1 Norovirus immunology

1.7.1.1

Duration of norovirus immunity

Human volunteer challenge studies have contributed substantially to our
understanding of norovirus immunology and protection against clinical disease.
Challenge studies demonstrate that short-term immunity of up to 6 months is
induced following norovirus challenge, although re-challenge more than a year
later with the same inoculum usually results in illness (351-353). However, a
recent study suggested that classical challenge studies used excessively large
challenge doses, and using various mathematical models of community norovirus
transmission, proposed that norovirus directed immunity is, in reality, more likely
to persist for 3.2 to 11.3 years (354). However, this extended immunity is yet to
be demonstrated experimentally, and duration of immunity against natural
norovirus infection is still unclear.

1.7.1.2

Norovirus serology and antibody response

Seroprevalence studies have shown that norovirus specific antibodies are
obtained early in life, reaching a prevalence of 80 – 100% in children between the
ages of 2 – 5 years (355-359). Following norovirus infection, norovirus-specific
serum antibody levels have been shown to remain elevated for up to 6 months,
but decline over time (351, 360, 361). However, norovirus specific antibodies
remain present at varying levels throughout a person’s life (216, 355, 362).
Elevation of norovirus specific serum IgG or IgA titres generally follows norovirus
gastroenteritis, but IgG or IgA rises are minimal or absent in challenged
volunteers who do not become ill (1, 351, 352, 361, 363, 364). Norovirus specific
IgM is elevated in all infected individuals regardless of clinical presentation (361).
Typically norovirus-specific IgG levels peak at ~3 weeks, whilst norovirus specific
IgA and IgM peak at ~10 days. Norovirus IgG levels tend to be higher and last
longer than IgM or IgA (364). Additionally, following primary infection antinorovirus serum IgG shows low avidity, whereas recurrent infections lead to high
avidity norovirus specific antibodies (358).
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Several volunteer challenge studies demonstrated that the presence of preexisting anti-norovirus serum antibody did not confer protection, but generally
suggested a susceptibility or predisposition to infection or illness (45, 139, 352,
363). Conversely, other studies indicated that high norovirus specific serum
antibody titres correlated with protection from disease when re-challenged or
surveyed within a year (351, 365, 366). A more recent study exploring antibodies
that

block

norovirus

binding

to

HBGAs

(blocking/blockade

antibodies)

demonstrated that volunteers with high titres of pre-existing HBGA blocking
antibodies were less likely to become ill than those with low or non-detectable
blocking antibody titres (360). In contrast, they found that the total pre-existing
anti-norovirus antibody titres (blocking antibodies and non-blocking antibodies
combined) were not significantly different between volunteers who became ill and
those who did not (360). Thus, anti-norovirus blocking antibodies do prevent reinfection and may represent a correlate of protection (358, 360).

1.7.1.3

Specificity of norovirus immunity

Challenge studies indicate that norovirus immunity is likely to be relatively
homotypic, since rechallenge with a heterologous norovirus strain 7 – 15 weeks
later generally resulted in illness, although some heterotypic protection was
demonstrated in less divergent strains (353). Several studies exploring the
homotypic and heterotypic antibody responses to noroviruses have demonstrated
varying degrees of antibody cross-reactivity between genetic clusters, genotypes
or genogroups, generating a complex picture of norovirus immunology (309, 367370). Many characterised MAbs are exclusively strain or cluster specific, often
targeting rapidly evolving epitopes (370-372).

Norovirus immunity appears to vary depending on infecting genotype. Numerous
studies report substantial cross-reactivity among GI noroviruses, and human
antibodies generated against several different GI noroviruses are able to crossblock the attachment of HBGAs to heterotypic GI strains (309, 369, 370, 373376). Cross-reactivity in GII noroviruses is comparatively limited, as this
genogroup exhibits greater genetic, antigenic and structural diversity (309, 369,
374, 375, 377). Notwithstanding, convalescent sera generated against various
GII noroviruses have been shown to cross-react with VLPs from other GII
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genotypes to varying degrees, including swine and bovine strains (367, 368, 374,
375, 377-382). Generally, the heterologous cross-reactive response for GII
directed antibodies is greatly reduced compared to the homologous response,
but in some cases a higher level of heterotypic reactivity has been reported (367,
368, 380). This may be a reflection of previous exposure to different noroviruses.
The complexity of pre-exposure presents an issue in norovirus cross-reactivity
studies since previous norovirus infections may not be defined or identified (380).

Interestingly some studies have reported polyclonal antisera and MAbs raised
against GI or GII norovirus VLPs that demonstrate broad intergenogroup crossreactivity (382-386). Generally, however, cross-reactive binding is vastly inferior
compared to binding to the homologous antigen or VLPs from the same
genogroup (368, 370, 385, 386). Infection or vaccination with several strains at
once leads to a cumulative antibody response that demonstrates greater crossreactivity to heterologous strains suggesting a high protective potential for
multivalent vaccines (369).

As discussed earlier, elevated total serum antibody does not necessarily
correlate with protection, thus the significance of levels of antibody crossreactivity is unknown (45, 139, 352, 363). However blocking antibody titres have
been associated with protection and recent studies have demonstrated crossblockade antibody reactivity (358, 360, 369, 387). For example anti-GII.3
convalescent phase serum was able to block attachment of GII.4 VLPs to a
HBGA carbohydrate, albeit to a lesser extent than the homologous convalescent
phase serum (387). Likewise, serum samples from people infected with GI.3 and
GI.4 noroviruses were able to completely block norovirus GI.1 ligand attachment
(369). Furthermore, multivalent inoculation leads to broader cross-blockade
reactivity, producing antibodies that blocked ligand binding of a heterologous
strain where monovalent inoculation did not (369). The existence of crossprotective blockade antibodies indicates that a norovirus vaccine with broad
protective potential is possible, and cross-reactive total serum antibody may be
indicative of cross-reactive protection.
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1.7.1.4

Cell-mediated immune response to norovirus infection

Several serum antibody studies suggested that factors other than the antibodymediated immune response are important in norovirus immunology (139, 295,
351). Jejunal biopsies from infected volunteers exhibit monocyte and neutrophil
infiltration of the lamina propria and epithelial cells (149, 150, 351). Inoculation of
mice with human norovirus VLP or P particles results in antigen presentation by
dendritic cells, which elicits further cell-mediated immune responses (388).
Symptomatic norovirus infection is associated with an inflammatory gut response.
The establishment of a T cell immune response, and subsequent secretion of
IFN-γ and IL-2, has been demonstrated both in mice and humans following
norovirus infection (352, 367, 388-390). Additionally, the norovirus capsid
contains robust T cell epitopes that display high cross-reactivity within a
genogroup (309, 367, 390). Although immune mechanisms may not be identical
in humans, a murine norovirus mouse model of infection indicates that both CD4+
and CD8+ T cells are required for efficient clearance of primary norovirus
infection, and systemic vaccination and the control of secondary infections is
dependent on T cells, along with antibody (391, 392). Although less thoroughly
studied, cell-mediated immunity to norovirus infection obviously plays an
important role.

1.7.2 Locating antibody-binding epitopes on the capsid protein

1.7.2.1

Epitope mapping approaches

Identification and characterisation of antibody-binding epitopes on the norovirus
capsid is essential for effective vaccine design, anti-viral drug development and
the establishment of broadly reactive diagnostic assays. Due to the lack of a
reliable cell culture system for human noroviruses, antibody-binding epitopes
cannot be mapped in the traditional way through generation of neutralizing
escape mutants. However, a variety of alternate techniques have been
successfully employed to locate linear and conformational antibody-binding
epitopes on the human norovirus capsid, with varying degrees of specificity.
These include bioinformatics; screening of MAb binding to expressed capsid
proteins or short peptides; phage display; targeted mutagenesis; chimeric VLPs;
and crystallography (288, 324, 372, 373, 375-378, 382, 384, 393-403). The
establishment of VLP-HBGA binding assays in recent years, together with
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mutagenesis, has also allowed the precise mapping of epitopes targeted by
antibodies that block VLP-HBGA interaction (blockade epitopes) (324).

1.7.2.2

Location of currently mapped epitopes

Epitopes are distributed across all domains of the norovirus capsid. Although not
extensively exposed to the host immune system, epitopes are commonly found in
the highly conserved regions of the shell domain and occluded regions of the P1
domain (216, 375, 376, 381, 382, 384, 394, 397, 400, 401). This indicates a high
level of conformational flexibility in the capsid protein and/or an immune response
to partially disassembled viral particles. These epitopes tend to be more
conserved than those found in the P2 domain and are often broadly crossreactive (376, 378, 381, 382, 384, 397, 400, 404). The highly exposed P2 domain
incorporates several epitopes, and blockade epitopes appear to be found
exclusively in this domain (94, 288, 324, 372, 394-396). Recent mutagenesisbased epitope mapping studies have defined multiple specific blockade epitopes
on the GII.4 capsid P2 domain (324, 372, 393-396, 403). These GII.4 epitopes
have been shown to change over time, suggesting that evolution of GII.4 viruses
is driven by herd immunity and that blockade epitopes are under substantial
immune pressure (252, 372, 396).

1.7.2.3

Norovirus genotypes with mapped epitopes and their cross-reactivity

Epitopes have been experimentally mapped for MAbs generated against several
different human norovirus strains, including GI.1, GII.2, GII.3, multiple GII.4
variants, and GII.10 (94, 216, 324, 373, 375, 376, 381, 382, 384, 393-398, 400,
401). Precise blockade epitopes have only been mapped for GI.1, GII.2 and GII.4
human noroviruses (324, 372, 393-396, 403). Common or overlapping epitopes
have been mapped on both homologous or heterologous norovirus capsids, and
several epitopes are highly conserved within or across genogroups (376, 378,
381, 382, 384, 397, 400, 404). For instance, overlapping epitopes
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QQNIIDPWIMN54 and

51

48

IDPWI52,

WIRNNF56 were mapped by three separate groups for

MAbs generated against the capsid of strains TV24 (GII.3), NV36 (GII.3) and
NVgz01 (GII.4), respectively (381, 382, 400). These epitopes are highly
conserved across genogroups, particularly epitope
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IDPWI52, which is

completely conserved across all genotypes of the Norovirus genus (381).
Regions of high immunogenicity and epitopes with high sequence conservation
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represent ideal targets for the development of cross-reactive antibodies for
prophylactic or immune-therapeutic treatment. Although several epitopes have
been mapped for various norovirus genotypes, further research is required so
that the range of epitopes present on the capsid of each norovirus genotype may
be identified. This would greatly support the development of norovirus vaccines,
immune-therapeutic agents and diagnostics.

1.7.3 Norovirus vaccination

1.7.3.1

Feasibility of a norovirus vaccine

No norovirus vaccines are currently commercially available, however, vaccination
represents the greatest promise to reduce the burden of norovirus illness
worldwide. Despite the poor understanding of the human immune response to
norovirus infection and disease, preliminary studies have indicated that
vaccination may be an effective preventative measure if appropriately designed
(95, 96, 292, 405). Whilst norovirus remains uncultivable to date, recombinant
norovirus

VLPs

represent

promising

vaccine

candidates,

as

they

are

immunogenic, unable to replicate, may be designed to imitate specific norovirus
strains, and can be produced efficiently in recombinant systems (96). The use of
VLP-based vaccines in humans is not unprecedented, with a small number of
commercially available VLP-based vaccines currently in use, targeting viruses
such as the human papillomavirus and hepatitis B virus (406).

1.7.3.2

VLP vaccine delivery options

Intranasal or oral administration of purified norovirus VLPs induces both systemic
and mucosal immune responses in mice and humans (369, 407-409). Oral
delivery in the form of edible potato tubers, tobacco leaves or dried tomatoes
expressing norovirus VLPs also induces systemic and mucosal immunity in mice
(214, 409, 410). Mammalian viral vectors such as Venezuelan encephalitis virus,
adenovirus and vesicular stomatitis virus (VSV) are able to efficiently express
norovirus VLPs in mammalian cells, and may be administered as replicating
vaccines that actively produce recombinant norovirus VLPs in target cells (213,
411-413). Vaccinating mice using the recombinant VSV viral vector induced a
greater immune response than the administration of purified VLP, however the
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safety issues that come with a replicating vector need to be addressed (213, 412,
413).

Several groups have also developed combination vaccine platforms that have
been trialled in mice. These vaccines contain norovirus VLPs or P particles as
well as rotavirus, hepatitis E virus or influenza proteins (95, 414-418). For
example, one trailed combination vaccine contained norovirus P particles with
part of the rotavirus viral protein 8 (VP8*) or influenza virus short peptide epitope
M2e, inserted into a loop of the P2 domain (416, 417). Preclinical animal trials
have demonstrated that the P particle-VP8* chimera and P particle-M2e chimera
hold great promise as dual vaccines (416, 417). Other combination vaccine
formulations contain one or two norovirus VLPs in combination with a
recombinant rotavirus VP6 protein, or alternatively, polyvalent complexes of
norovirus P dimers and rotavirus VP8* or influenza M2e monomers (95, 414,
415). The norovirus, hepatitis E combination vaccine involved the fusion of the
norovirus capsid P dimer and hepatitis E capsid P dimer, which induced
significantly higher neutralising antibody titres than the individual P dimers of
either virus (418).

These combination vaccines are in the early stages of

development, but offer promising bivalent vaccine platforms that may even
induce stronger immune responses due to the adjuvant effect of the second
antigen (95, 414-417).

1.7.3.3

Vaccine trails in humans: current stages

Several norovirus VLP-based vaccines have been evaluated during phase I
clinical trials, demonstrating that norovirus VLP-based vaccines are safe and
immunogenic (96, 389, 407, 419-421). Few norovirus vaccines have progressed
to advanced phase clinical trials. A proof of concept efficacy trial (Phase I-II),
funded by LigoCyte/Takeda Pharmaceuticals, has been conducted in healthy
adults (n=77) where 2 intranasal doses of adjuvanted Norwalk VLP (or placebo)
were administered 3 weeks apart, followed by challenge with the homologous
viral strain, Norwalk virus, 3 weeks later. The results demonstrated that a VLPbased norovirus vaccine was able to prevent norovirus illness and/or infection
(97). The same pharmaceutical company are also funding a similar Phase I-II
clinical trial using a GII.4 VLP (ClinicalTrials.gov, identifier: NCT01609257).
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Despite potential norovirus vaccines being in early stages of clinical trial, the
positive results hold promise of a future norovirus vaccine.

1.7.3.4

Remaining vaccine challenges

Several major challenges remain prior to any potential norovirus vaccines
reaching licensure. Firstly, the rapid rate of norovirus evolution may considerably
inhibit vaccine efficacy. Contending with the rapid rate of change in noroviruses
will more than likely necessitate an annual or biannual norovirus vaccination
program, similar to the current regime required for the influenza vaccine (409).
Comprehensive surveillance systems such as NoroNet and CaliciNet may allow
rapid communication regarding prominent norovirus strains and prediction of
emerging norovirus strains (422).

The incomplete understanding of immune correlates of protection makes it
difficult to assess the efficacy of norovirus vaccines (422). However, the ability of
serum antibodies to block VLP binding to HBGAs has been correlated with a
reduced risk of norovirus illness (360), while the recent development of human
norovirus animal models should enable increased understanding of the correlates
of protection (291, 292).

A third major potential obstacle to the production of effective norovirus vaccines
is the lack of intragenotype, intergenotype or intergenogroup cross-protection
shown in some studies (370-372). However, this issue may feasibly be resolved
through multivalent vaccines, which have been shown to provide broader
heterotypic protection (220, 369). Alternatively, the use of consensus VLPs that
reflect the sequence of more than one norovirus strain may prove useful, given
recent studies demonstrating that consensus VLPs produce a broad immune
response against multiple norovirus clusters (220).

Waning immunity is a further concern for vaccine efficacy, however if vaccines
are to be delivered on a regular basis this may not be an issue. Furthermore, the
duration of immune protection is still debatable and may be longer than
previously thought (354).
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Additionally, it is currently unclear as to whether pre-existing antibodies impact
the efficacy of vaccines in clinical trials, or whether the immune naïve paediatric
population, immunocompromised patients or the immune weakened elderly will
elicit a robust immune response (422, 423). Considering that vaccines will more
than likely have a primary purpose of preventing norovirus illness in these highrisk groups, it is particularly important that the vaccines are fully functional in
these populations (423).

Overall, whilst a norovirus vaccine in the near future is highly promising, its
efficacy will depend on vaccine makeup and program design, and further
research is still required to perfect these elements and to understand the
requirements for efficacy in target vaccine groups.

42

1.8 Norovirus infection in children
1.8.1 The burden of norovirus gastroenteritis in children
Norovirus is now accepted as an important cause of acute gastroenteritis in
children (defined as 0 – 18 years). Compared to adults, norovirus illness in
children is generally more prevalent, more transmissible, more severe, lasts
longer, requires medical intervention more often, and carries a greater risk of
death (5, 8, 28, 42, 49, 354, 424-426). It is estimated that in children under the
age of 5 years in developing countries, norovirus causes 1.1 million cases of
gastroenteritis requiring hospitalisation, and more than 200,000 deaths every
year (5). In high-income countries, norovirus is estimated to cause approximately
900,000 episodes of gastroenteritis requiring a clinic visit and 64,000
hospitalizations annually in children less than 5 years of age, globally (5). This
may be an underestimate, however, as specifically in the U.S.A, norovirus
infection in children aged under 5 years leads to 475,000 – 627,000 outpatient
visits,

78,000

–

281,000

emergency

department

visits,

and

14,000

hospitalisations annually, with annual treatment costs of $273 million (3, 8). In the
U.K, almost 700,000 cases of gastroenteritis in children (<5 years) are caused
annually by norovirus, leading to 100,000 visits to the general practitioner (42).

1.8.1.1

Norovirus prevalence in paediatric populations

A 2008 review, collating results from 31 original studies, estimated that norovirus
causes approximately 12% of severe acute gastroenteritis cases in children
below the age of 5 years, making it second only to rotavirus as a dominant cause
of severe childhood gastroenteritis (5). This figure is now likely to be an
underestimate, as following the introduction of rotavirus vaccines in several
countries since 2006, a decline in rotavirus infection has been evident and
norovirus is fast becoming the most prominent cause of gastroenteritis in the
paediatric population (3, 111, 124, 427-431). For instance, a recent study
conducted in children aged below 5 years in the U.S.A, estimated that norovirus
causes 22% of medically attended cases of acute gastroenteritis, whilst rotavirus
causes only 12% (3). Similarly, in Rio de Janeiro, Brazil, from 1994 to 2008, 33%
of acute gastroenteritis cases in day care centres were associated with norovirus,
whilst rotavirus caused 16% and was no longer detected after 2005 (124). Taken
together, these studies and others indicate that rotavirus vaccination is proving
effective, and that prevention of norovirus infection is the next step to reducing
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the burden of childhood gastroenteritis (3, 124, 432). It should be noted that
rotavirus vaccination hasn’t lead to an increase in norovirus cases, but an
increase in the proportion of norovirus-related gastroenteritis illness in children.
Even in some countries where rotavirus vaccination has not been introduced into
the national immunisation program, norovirus still causes a high proportion of
paediatric gastroenteritis; causing 35% of cases requiring hospitalisation in
Germany (2001), 17% of medically attended cases in Tunisia (2003 – 2005), 26%
of community cases in Nigeria, and 17% of cases in Japan (2002 – 2003) (433436). In England, norovirus-associated gastroenteritis affects 20% of children
aged less than 5 years on an annual basis (42).

1.8.1.2

Norovirus seroprevalence in children

Seroprevalence studies suggest that children are infected with norovirus from a
very young age, and despite an underdeveloped immune system, elicit a
detectable immune response to infection (355, 359, 437). The seroprevalence of
norovirus-targeted antibody in infants less than 4 months of age is similar to that
observed for women of child-bearing age in the same community, suggesting that
these may be representative of maternal antibodies (355, 438-442). A decrease
in seroprevalence of norovirus-targeted antibody is seen between 3 and 6
months, suggesting immune-naïve infants become vulnerable to norovirus illness
within this age bracket (442). Seroprevalence studies suggest that in developing
countries, children experience their first exposure to norovirus within the first 2
years of life, and generally, childhood seroprevalence reaches its maximum
before the age of 5 years (355, 359, 439, 440, 443, 444). This suggests that
immune-naïve children in developing countries are exposed to norovirus from a
very young age when they are in their early stages of development and most at
risk of a severe outcome. In general, in developed countries childhood
seroprevalence doesn’t reach its maximum until the age of 12 years, but a steep
increase in seroprevalence is associated with attendance at day-care and
primary school (438, 441, 442, 445, 446).

44

1.8.2

1.8.2.1

History of norovirus genogroup/genotype circulation in children
Genogroup distribution in children

Similar to the adult population, GII strains are substantially more prevalent in
children than GI or GIV. (424, 425, 447-452). Globally, GII is estimated to cause
an average of 96% of paediatric symptomatic norovirus disease, while GI strains
cause an average of 3.6% and GIV is detected rarely (425). Interestingly
however, GI strains have been detected in around one third of symptomatic
paediatric norovirus infections in several developing countries (Egypt, Yemen,
Madagascar, Thailand, Peru), indicating a greater influence of GI in these regions
(425).

1.8.2.2

Genotype distribution in the paediatric population

Whilst GII.4 is a common cause of norovirus gastroenteritis in children,
epidemiology studies of paediatric infection generally report a broader distribution
of genotypes than in adults, and distribution between countries and years is
highly variable (282, 315, 451-453). For example a study in Paraguayan children
detected a broad range of norovirus genotypes circulating during 2004 to 2005,
including GII.4 (18%), GII.17 (18%), GII.6 (14%), GII.7 (14%), GII.3 (10%), GII.5
(3%), GII.8 (3%), GII.16 (3%), GI.3 (14%), GI.8 (3%) (282). Equally in Burkina,
Faso, Africa, broad genotype diversity in children with norovirus gastroenteritis
was detected, with 14 genotypes identified in only 37 norovirus positive samples
(308). Meanwhile, between 1993 and 2007, norovirus genotypes GII.3, GII.4,
GII.1, GII.7, and GII.b were each the dominant cause of norovirus disease in
Finnish children in a given year (451). Certain genotypes, such as GII.13, GII.15,
and GII.17, that are often circulating among children, are rarely reported in adults,
whilst GII.3 appears to be considerably more common in children than adults
(282, 315, 424, 452, 454). Historically, in most countries GII.3 and GII.4 are the
most prevalent paediatric genotypes, with GII.4 dominating in epidemic years,
coinciding with the emergence of new GII.4 variants, whilst GII.3 strains dominate
in the intervening years (56, 250, 315, 335, 355, 356, 425, 448, 451, 452, 455460). Often, in the years of GII.4 dominance, GII.3 is the next most prevalent
genotype detected in children, and vice versa (283, 345, 452, 453, 460).
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1.8.2.3

Paediatric genotyping history based on the capsid gene versus the RdRp
gene

Traditionally norovirus strains are genotyped based on sequence from either the
capsid or RdRp genes (158, 232). Unfortunately, RdRp-based genotyping often
gives discordant results to those obtained using capsid-based genotyping, due to
a high incidence of recombination within the ORF 1/ORF 2 overlap (between the
RdRp and capsid) in the paediatric setting (243, 273, 342, 343, 347, 349, 425,
461-464). Recombination may be more common in children because they are
thought to be more infectious (354) and thus may be more likely to experience a
co-infection. Recombinant strains have been particularly common since 2000,
and discordance between capsid and RdRp genotyping results was reported in
26.9% of paediatric cases over the last 8 years (243, 273, 343, 347, 425, 461464). Thus, reports of genotype classification vary according to region used for
genotyping analysis.

A recent review reported that based on capsid genotyping, GII.4 (67.2%) and
GII.3 (16.3%) strains collectively represented almost 85% of paediatric norovirus
genotypes detected globally during 2004 to 2012 (425). GII.1, GII.2, and GII.6
capsids are also frequently detected in children, and GII.6 has often been the
second most common genotype detected in certain countries in specific years
(283, 425, 452, 454, 465).

According to RdRp-based genotyping, GII.4 strains are the dominant genotype,
with a similar prevalence determined using capsid-based (67.2%) and RdRpbased (61.9%) genotyping (27, 229, 315, 425, 466). Based on RdRp typing, GII.3
strains were prevalent in children during the 1970s, 1980s, and 1990s, and were
often more prevalent than GII.4 (315, 335, 448, 449, 451, 452, 455, 457, 467).
However, since 2000 the GII.3 RdRp has been rarely identified (425, 449, 468).
From 2004 to 2012, 95% of paediatric strains with a GII.3 capsid had a
discordant RdRp genotype, with 70% reported to have a GII.b, GII.4 or GII.12
RdRp (425). Since its emergence in 2000, GII.b has become the second most
prevalent RdRp genotype in paediatric patients (paired with a GII.3 capsid 78% of
the time) (248, 280, 281, 425).
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RdRp genotypes GII.2, GII.7, GII.e (recombinant RdRp), and GII.12 were also
prevalent in children in the 2000s (315, 335, 425, 451, 469). GII.12 was
particularly prevalent in Chinese, Japanese and Korean children and was often
detected in these regions with a recombinant GII.3 capsid (425, 469). In addition,
strains comprising a GII.g RdRp combined with a GII.12 capsid have also
recently emerged in several countries in children (463).

1.8.3 A paediatric-targeted norovirus vaccine

1.8.3.1

The benefit of a paediatric-targeted norovirus vaccine

As discussed in section 1.7.3, there is a significant amount of supporting
evidence that substantiates the development of a norovirus vaccine. Perhaps due
to waning immunity and rapid norovirus evolution, a vaccine may need to be
given frequently, using a similar approach to the influenza vaccination platform.
Because of the likely need for frequent vaccination, it is unlikely that norovirus
vaccines would be universally administered, and would more likely be given to
targeted high-risk groups such as children, military personal and the elderly (169,
423). The specific targeting of these groups should result in the largest reduction
in morbidity, mortality and economic burden. A paediatric vaccination would be of
particular benefit since Simmons and colleagues suggest that vaccination of
young children would result in both the greatest direct and indirect benefits (354).
In terms of indirect benefits, children under 5 years of age are more infectious
than adults or older children and contact with an infected child is considered a
leading risk factor for transmission to other groups (15, 42, 354). Reduction in
paediatric norovirus illness should, therefore, lead to a reduction in norovirus
illness overall. The direct benefits of a paediatric-targeted norovirus vaccine are
obvious, as an effective norovirus vaccine could substantially reduce childhood
illness and mortality, particularly in low-income countries (169). The high
prevalence of norovirus illness in children provides substantial support for the
justification of a vaccine (5). The current understanding of paediatric norovirus
infections indicate that the epidemiology, severity, and immune reaction may not
always match that seen in the adult population and thus a more specific focus on
a paediatric-targeted vaccine should be considered (5, 8, 28, 42, 49, 354, 424426, 437).
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1.9 Aim of study and research overview
To design an efficacious paediatric-targeted vaccine, several factors need to be
considered. Firstly, it is important to define the diversity and distribution of
currently circulating strains in children. It is clear that norovirus strains affecting
children are more varied and unpredictable than those affecting adults, and thus
a comprehensive understanding of paediatric norovirus epidemiology is vital.
Secondly it is essential to gain an understanding of how paediatric-associated
strains are evolving and persisting, and how this will affect vaccine efficacy.
Particularly interesting is genotype GII.3, which has shown variation between
capsid-based and RdRp-based genotyping in recent years, while remaining a
persistent problem in children. Thirdly, improved understanding of norovirus
immunology is required, particularly the immune response toward paediatricassociated strains. An understanding of immune cross-reactivity and epitope
location is important for the design of individual vaccine VLPs.

This dissertation aimed to address areas of research that will inform vaccine
development. Specifically three aims were addressed;

Aim 1: To determine the prevalence and genotype distribution of norovirus
strains isolated from children hospitalised with acute gastroenteritis in Melbourne,
Victoria, Australia, from 2006 – 2008.

Aim 2: To determine the evolutionary mechanisms employed by norovirus GII.3
strains, with particular focus on recombination events that lead to the acquisition
of non-GII.3 RdRp genes.

Aim 3: To identify and characterise immunologically reactive epitopes on the
GII.3 capsid protein, and to determine the level of immune cross-reactivity within
the genotype.
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Chapter 2: Characterisation of Norovirus Strains in
Australian Children from 2006 – 2008: Prevalence of
Recombinant Strains
2.1 Preface
Previous epidemiology studies have indicated a wide and varied circulation of
norovirus genotypes in children worldwide. It is important that norovirus strain
surveillance be maintained in as many regions as possible to develop an
understanding of norovirus epidemiology. This information is vital to vaccine
design. Of particular importance is the surveillance of childhood norovirus strains,
since an efficacious norovirus vaccine will need to target children. Thus, in this
chapter the norovirus genotypes causing severe acute gastroenteritis in children
in Melbourne, Australia throughout 2006 to 2008 were explored.
	
  
A more detailed version of the materials and methods used in this chapter can be
found in the Appendices under section 6.1.
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2.2 Introduction
Norovirus is the most common cause of gastroenteritis in people of all ages (25)
and is estimated to cause 50% of all gastroenteritis outbreaks worldwide (5). It is
highly contagious, with transmission occurring mostly through person to person
contact or ingestion of contaminated food or water (101).

The genus Norovirus is a member of the family Caliciviridae, and contains viruses
with a positive sense, single stranded RNA genome of approximately 7.5 kb (155,
156). The genome is organised into three open reading frames (ORF). ORF 1
encodes the non-structural proteins, including the RNA-dependent RNA
polymerase (RdRp); ORF 2 encodes the capsid protein (VP1) and ORF 3
encodes a minor structural protein (VP2) (160, 222).
Noroviruses are classified into five genogroups1 based on sequence analysis of
regions within the capsid and RdRp gene. Human noroviruses are classified into
genogroups; GI, GII, and GIV, with the majority of human strains belonging to the
GII group. Human noroviruses can be further divided into at least 25 different
genotypes (232). Genotype II.4 (GII.4) is the most common worldwide and has
caused at least four global epidemics since 1995, each caused by a distinct GII.4
antigenic variant (250, 253). A new ‘2008 variant’ has been reported in many
countries since 2008, and may represent the latest epidemic variant (257, 264,
338, 470).

Sequence analysis of both the capsid and RdRp genes, has detected the
circulation of recombinant norovirus strains. For most norovirus recombinants,
the breakpoint occurs adjacent to the 20 bp ORF 1/ORF 2 overlap region.
Recombinant strains have been widely reported in recent years, and a number of
novel RdRp clusters which have no corresponding capsid type have been
identified (243).

Following rotavirus, norovirus is the second most important cause of
gastroenteritis in children, leading to more than 200,000 deaths annually (5). A
previous Australian study characterised norovirus strains collected from 1998 to
1

The study presented in this chapter was published before publication of the tentative sixth
genogroup.
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2002 from paediatric patients hospitalised with gastroenteritis. A prevalence of
9% was determined and genetic analysis of the RdRp region found GII.4 to be
predominant (229). Recent studies have reported an increased diversity of
genotypes infecting children compared to those isolated from adults, as well as a
frequent detection of recombinant strains (280, 281, 347, 433, 460, 462).

The aim of the current study was to determine the prevalence and genotype of
norovirus strains in children hospitalised with acute gastroenteritis in Melbourne,
Victoria, Australia, from 2006 – 2008.
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2.3 Materials and methods
2.3.1 Specimen collection
A total of 272 stool specimens were collected from children admitted to the Royal
Children’s Hospital (RCH), Melbourne, Australia, with acute gastroenteritis,
between April 2006 and December 2008, for norovirus detection. All specimens
were determined as rotavirus-negative by commercial ELISA. An additional ten
strains collected from children in Melbourne from 2002 – 2005 were also
analysed for a wider phylogenetic comparison.

2.3.2 RNA extraction
Viral RNA was extracted from 20% faecal suspensions using the QIAamp viral
RNA minikit (Qiagen, Germany).

2.3.3 RT-PCR amplification of regions of the capsid and RdRp genes
Norovirus was detected using a nested RT-PCR targeted to a region of the
capsid gene as described previously (27). First and second round primers were
NV2oF2/NV2oR (27) and G2F3/G2SKR (471, 472), which amplified a 266 bp
region at the 5’ end of the capsid gene.

Two RT-PCR protocols were used to amplify distinct regions of the RdRp gene.
Region A (274 bp) was amplified using primers P289/P290 (473) and Region B
(172 bp) was amplified using primers Mon 431, Mon 432, Mon 433 and Mon 434
(259). Each method was performed as described previously (69, 259, 473).

2.3.4 Amplification across the putative recombination breakpoint
To confirm recombination, a 1,049 bp region spanning the ORF 1/ORF 2 overlap
was amplified using the RT-PCR Superscript III kit (Invitrogen) and primers P290
and G2SKR. The amplified region corresponded to nucleotides 4,318 to 5,366 on
the Lordsdale virus genome (accession no. X86557) and included 787 bp of
ORF 1 and 281 bp of ORF 2.
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All amplified cDNA products were electrophoresed on 1 – 1.5% agarose gels
containing ethidium bromide and visualised under UV light.

2.3.5 Sequence analysis of cDNA products
Capsid and RdRp PCR amplicons were sequenced to perform genotype
determination, while the 1,049 bp breakpoint amplicons were sequenced to
determine breakpoint locations.

Amplified cDNA products were gel purified using the QIAquick Gel Extraction Kit
(Qiagen) and sequenced in both directions using Big Dye Terminator v3.1 on an
ABI 3130xl Genetic Analyser (Applied Genetic Diagnostics, Department of
Pathology, University of Melbourne). Sequence data was analysed using
Sequencher v 4.1 (Gene Codes corp., MI, U.S.A). JModelTest was used for
model selection (474), and distances computed using the Kimura 2-parameter
method (475). Blastn analyses were conducted (476), together with alignments
and phylogenetic analyses using MEGA v4 (477). Evolutionary history was
inferred using the neighbour-joining method (478) with 1,000 bootstrap replicates
(479). Genotypes were assigned as defined by Zheng and colleagues (232).

2.3.6 Breakpoint analysis
Recombination and putative breakpoint analysis was conducted using SimPlot for
Windows v3.5.1 (480) and the maximum chi squared test (481), calculated using
START2 (482). Results were supported using phylogenetic analysis (MEGA v4)
(477). Potential parent strains were Mexico virus (GII.3, accession HCU22498),
Saitama U1 (GII.12, AB039775) and Hawaii virus (GII.1, U07611). Picton virus
(GII.1/GII.b, AY919139) was used for phylogenetic analysis of GII.3/GII.b strains
in the RdRp region and was omitted from SimPlot and statistical tests as it is a
recombinant strain.
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2.4 Results
2.4.1 Detection

of

norovirus

in

hospitalised

children

with

acute

gastroenteritis
Between April 2006 and December 2008, 272 rotavirus-negative stool samples
were collected from children admitted to the RCH, Melbourne, Australia, with
acute gastroenteritis. Norovirus was identified in 86 samples (36%). Its
prevalence peaked in 2006, detected in 50% of samples; and norovirus was
detected in 28% of 2007 and 2008 samples. Routine diagnostic screening
detected bacterial, parasitic or adenovirus co-infection within 12 of the 86
norovirus positive stool samples.

The majority of norovirus infections occurred in males (67%).

Norovirus

infections occurred in children aged 2 weeks to 16.7 years (average 3.8 years),
with 49% from infants 12 months or younger (Table 2.1).

Table 2.1. Proportion of norovirus positives isolated from children within
specific age groups

Proportion
of positive
isolates (%)

≤6 moa

7 – 12 mo

1 – 2 yrb

26.5

22.9

14.5

Age
2 – 5 yr
10.8

5 – 10 yr

10 – 17 yr

8.4

15.7

a, mo = month(s)
b, yr = year(s)

2.4.2 Genotype analysis of norovirus strains
Sequence data was obtained for 70/86 norovirus positive specimens. Each was
genotyped based on genetic analysis of a 266 bp region of the capsid VP1 gene.
Genotyping based on the complete capsid gene would be preferable to short
regions, however, this particular region has been shown to be adequate for
genotyping by phylogenetic analysis (27). All strains belonged to the GII
genogroup, and the majority clustered with GII.4 (49%) and GII.3 (46%). As
single strains, GII.1, GII.7, GII.13 and a novel genotype that did not cluster with
any standard strain were identified (Fig. 2.1, Table 2.2). The single novel strain
shared high nucleotide identity (98-99%) with eight strains reported to GenBank,
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isolated from multiple countries from 2006 – 2009. This group formed a distinct
cluster, termed GII.x (Fig. 2.1).

Genotype predominance fluctuated between GII.3 and GII.4. GII.4 was dominant
in 2006 (GII.4 59%, GII.3 35%), GII.3 was dominant in 2007 (GII.3 56%, GII.4
44%), and both genotypes were detected equally in 2008 (each 46%).
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Fig. 2.1. Phylogenetic analysis of a 266 bp region at the 5’ end of the capsid gene
of norovirus strains.
The year each strain was isolated is indicated in the strain name. Reference strains were
selected from GenBank and the accession number and genotype is indicated. The
prototype strains defined by Zheng and colleagues (232), used to classify genotype, are
bolded. The tree is drawn to scale, with branch lengths in the units of the number of base
substitutions per site. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1,000 replicates) is shown next to the branches
where the value is 70% or higher.
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Five GII.4 variants: the 2002, 2004, 2006a, 2006b and newly-recognised 2008
variant were identified during this study, with the 2006b variant being
predominant (71%). The 2004 variant cluster contained only a 2004 strain and
the 2002 cluster contained strains from 2002 - 2004 and one 2006 isolate,
indicating that GII.4 strains have continually evolved into new variants. Nucleotide
similarity within the GII.4 cluster ranged from 94% to 100%. The GII.3 cluster
exhibited a 96 – 100% nucleotide similarity. GII.3 strains from 2002 – 2005
clustered within the sequences from 2006 – 2008, indicating that similar GII.3
strains had been circulating at low levels in earlier years.

Table 2.2. Yearly detection and genotype distribution of norovirus strains
based on capsid sequence analysis (266 bp).
Year

Samples
tested

Positives

Strains
sequenced

Genotype -cluster

No. of
strains

2006

38

19

17

GII.4

10
-2006a
-2006b
-2002

2007

63

18

GII.3
GII.x
GII.3
GII.4

16

7
2
1
6
1
9
7

-2006b
-2006a
2008

171

49

37

GII.3
GII.4

6
1
17
17

-2006b
-2008

Total

272

86

GII.1
GII.7
GII.13
GII.4

70

16
1
1
1
1
34

-2006b
-2006a
-2002
-2008
GII.3
GII.1
GII.7
GII.13
GII.x

57

24
8
1
1
32
1
1
1
1

2.4.3 Capsid and RdRp type comparisons
Genotype assignment based on the RdRp gene was successful in 56% of
samples analysed (39/70). Phylogenetic trees for Regions A and B of the RdRp
gene are shown in Fig. 2.2. The capsid and RdRp typing was concordant for 84%
of capsid typed GII.4 strains, whereas only a single strain had both a GII.3 capsid
and GII.3 RdRp. Strains with a GII.3 capsid were mostly detected in combination
with the RdRp genotype II.b (71%) or GII.12 (12%), suggesting a high prevalence
of recombinant strains. Singularly observed capsid/RdRp combinations included
GII.4/GII.b, GII.4/GI.4, GII.3/sapovirus, GII.3/GII.4, GII.7/GII.7, GII.13/GII.b and
GII.x/GII.x (Table 2.3). The intergenogroup and intergenus combinations are
more likely to be mixed infections than recombinants.

Overall the most common combinations observed were GII.4/GII.4 (44%), and
the suspected recombinants GII.3/GII.b (31%) and GII.3/GII.12 (5%). GII.3/GII.b
and GII.4/GII.4 were equally prevalent during 2006 (each 30%) and 2007 (each
40%). GII.4/GII.4 became more prevalent in 2008 (53%) compared to GII.3/GII.b
(26%).
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Fig. 2.2. Phylogenetic analysis of (A.) Region A (274 bp) and (B.) Region B (172 bp)
of the RdRp gene of norovirus strains.
The year each strain was isolated is indicated in the strain name. Reference strains were
selected from GenBank and the accession number and genotype is indicated. The
prototype strains defined by Zheng and colleagues (232), which were used to classify
genotype where possible, are bolded. The tree is drawn to scale, with branch lengths in
the units of the number of base substitutions per site. The percentage of replicate trees
in which the associated taxa clustered together in the bootstrap test (1,000 replicates) is
shown next to the branches where the value is 70% or higher.
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Table 2.3. Yearly genotype distribution of strains assigned both a capsid
and RdRp genotype.
a

Year

Genotype capsid/RdRp

No. of strains

2006

GII.3/GII.b
GII.4/GII.4
GII.4/GII.b
GII.3/GII.3
GII.4/GI.4
GII.x/GII.x

3
3
1
1
1
1

2007

GII.3/GII.b
GII.4/GII.4
GII.3/GII.4
GII.3/GII.12

4
4
1
1

GII.4/GII.4
GII.3/GII.b
GII.3/GII.12
GII.3/sapovirus
GII.7/GII.7
GII.13/GII.b

10
5
1
1
1
1

GII.4/GII.4
GII.3/GII.b
GII.3/GII.12
GII.3/GII.4
GII.3/GII.3
GII.7/GII.7
GII.4/GII.b
GII.13/GII.b
GII.4/GI.4
GII.3/sapovirus
GII.x/GII.x

17
12
2
1
1
1
1
1
1
1
1

2008

Total

a, Capsid and RdRp genotype assignment was based on sequence data obtained from separate
amplicons from the same stool specimen. Where the capsid and RdRp genotype is different, this
may indicate a single recombinant strain or dual norovirus infection.
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2.4.4 Recombination analysis
Three potential recombinant strains (2 GII.3/GII.b, 1 GII.3/GII.12) were selected
to investigate the presence of recombination and locate putative breakpoints.

Phylogenetic analysis was conducted for regions immediately upstream and
downstream of the ORF 1/ORF 2 overlap (data not shown). The three samples
clustered with Mexico virus in ORF 2. Conversely, ORF 1 clustered with either
Picton virus (GII.b RdRp) for GII.3/GII.b strains or Saitama U1 (GII.12) for the
GII.3/GII.12 strain. Simplot analysis supported this finding, with the capsid region
of all simplots sharing >90% similarity to Mexico virus and the RdRp region
showing high similarity with the alternate parent strain (Saitama U1 for
GII.3/GII.12 and Hawaii for GII.3/GII.b). The GII.3/GII.b simplots were identical
and all simplots had a visible cross-over event as shown in Fig. 2.3.

Based on the maximum chi squared test, the three strains were verified as
recombinants with breakpoints occurring adjacent to the ORF 1/ORF 2 overlap
(p<0.0001). The GII.3/GII.b strains had identical breakpoints, at nucleotide
position 5,108 (Lorsdale virus numbering), located 25 bp from the GII.3/GII.12
breakpoint (nt 5,133).
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Fig. 2.3. Similarity plots for strains (A.) 693/B1 (GII.3/GII.b) and (B.) 77/B3
(GII.3/GII.12).
Plots were generated using the 2-parameter (Kimura) distance model (475) in a sliding
window of 200 nucleotides and a step size of 20. The nucleotide identity of suspected
recombinants with each parental strain, (part A.) Hawaii virus (GII.1) and Mexico virus
(GII.3); or (part B.) Saitama U1 (GII.12) and Mexico virus (GII.3), is plotted as a
percentage for each nucleotide position. The 1,049 nucleotide positions plotted in part A
correspond to nucleotides 4,318 to 5,366 on Lordsdale virus. The 525 nucleotide
positions plotted in part B correspond to nucleotides 4,842 to 5,366 on Lordsdale virus.
The predicted recombination breakpoint is indicated by the point where both parental
strains share equal identity to the recombinant strain (where the two graphs cross).
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2.5 Discussion
Norovirus is an important agent causing severe acute gastroenteritis in children in
Melbourne, with an average detection rate of 36% in rotavirus-negative stool
specimens collected between April 2006 and December 2008. Incidence peaked
in 2006 which was consistent with previous Australian (261) and international
studies (253) where large outbreaks in adults and children were reported.

GII.4 was the most common genotype identified throughout the study period,
similar to previous Australian reports of paediatric disease (229). The high
detection rate of GII.3 strains identified in this study supports international
findings that GII.3 is highly prevalent in paediatric settings (347, 460, 483).

The current study illustrated a yearly fluctuation in GII.3 and GII.4 strains. GII.4
was the most prevalent genotype in 2006, and subtype 2006a the most common
variant, which is similar to that reported in outbreaks in adults in Australia and
New Zealand (261). Despite the overwhelming prevalence of GII.4 in adults in
Victoria in 2006, GII.3 was responsible for a large portion of sporadic paediatric
infections in this period. The relevance of GII.3 paediatric disease during this
period was also evident in Chinese, Japanese and Vietnamese paediatric
studies, where GII.3 was dominant during the 2005 – 2006 norovirus season
(460, 462, 483).

In this study GII.3 was dominant in 2007, as also observed in 2006 – 2007 in
Indian children (347). GII.3 and GII.4 were detected equally in 2008, together
causing over 90% of norovirus disease. A dominance of these genotypes was
also observed in sporadic paediatric cases in South Korea in 2008 (468).
Conversely, outbreak studies in adult populations in Australia, Europe and
Canada reported the GII.4 2006b subtype as the dominant type in 2008, with little
GII.3 activity (263, 265, 484). Interestingly, 16/17 GII.4 strains detected in the
current study in 2008, clustered with the 2006b variant. A single GII.4 2008
variant was identified; whether this variant will emerge globally remains to be
seen.
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A high proportion of recombinant strains, particularly GII.3/GII.b, were detected in
this study. The reason for this is unknown, but perhaps a GII.b or GII.12 RdRp
confers increased viral fitness compared to the GII.3 RdRp. GII.3/GII.b is
emerging as an important paediatric genotype, having also been found in children
in Japan in 2005 – 2006, India in 2006 – 2007, Egypt in 2006 – 2007 and Tunisia
in 2003 – 2007 (255, 256, 347, 462). Studies exploring RdRp type only, reported
GII.b as the dominant paediatric genotype in the Netherlands in 2002 – 2007
(281), Sweden in 2000 – 2003 (280) and Germany in 2001 – 2002 (433).

A clear association of GII.b with paediatric disease was reported in a Swedish
study, where simultaneous comparison of adult and paediatric disease cohorts,
identified a much higher prevalence of GII.b in children (280). A French study
observed a similar trend where 58% of GII.b strains were detected in children
(248). In Victoria, Australia, a quarter of GII.b outbreaks in 2002 – 2005 occurred
in children. Furthermore, all paediatric GII.b outbreaks were caused by strains
with a GII.3 capsid, whilst adult GII.b outbreaks were generally associated with a
GII.1 capsid (279).

This study confirms that norovirus is a common cause of acute gastroenteritis in
Australian children. Whilst GII.4 is the major genotype causing outbreaks in the
general population, other genotypes, especially the recombinant strain
GII.3/GII.b, are also highly prevalent in paediatric disease. Paediatric norovirus
strains vary considerably from those infecting adults, and a vaccine that intends
to protect children from norovirus disease would need to incorporate a range of
genotypes. Thus, continued surveillance is vital to appreciate the diversity of
genotypes infecting children and adults.
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Chapter 3: The Importance of Intergenic Recombination
in Norovirus GII.3 Evolution
3.1 Preface
After establishing an important prevalence of GII.4 and GII.3 strains in Australian
children that is in keeping with the global contemporary and historical pattern of
norovirus paediatric infection, it became important to understand the evolutionary
background of these genotypes. Due to its overwhelming global prevalence and
the constant emergence of new epidemic variants, many groups have
investigated the evolutionary mechanisms employed by GII.4 norovirus (322,
335-338). In contrast, evolutionary analyses into GII.3 viruses are rare, and did
not exist at the beginning of this project (315). The evolution of GII.3 noroviruses
is particularly intriguing due to this genotype’s association with paediatric disease
and the severe decline in detection of the GII.3 RdRp post 2000. Thus, this
chapter explored the evolution of GII.3 noroviruses, with particular focus on
recombination within the ORF 1/ORF 2 overlap.

A more detailed version of the materials and methods section of this chapter can
be found in the Appendices in section 6.2.

This is to certify that the study presented in the following chapter, which has been
published in the Journal of Virology, was carried out by Jackie Mahar. The paper
was written by Jackie Mahar, and all co–authors approved the final published
article. Karin Bok, Kim Green and Carl Kirkwood were involved in the discussion
of results and editing of this paper.

This chapter was published as is, as a research article in the Journal of Virology,
Volume 87, Issue 7, in April of 2013. The article has been reformatted to match
the formatting of this dissertation.

Jackie E Mahar
Date: 11/03/14
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3.2 Introduction
Norovirus is the most common cause of gastroenteritis (23) and is estimated to
cause >90% of viral gastroenteritis cases and 50% of all gastroenteritis outbreaks
(5). Annually in the U.S.A, norovirus causes approximately 21 million cases of
gastroenteritis (23) and is the most common cause of gastroenteritis related
emergency department visits (36). In developing countries, norovirus is estimated
to cause an annual 1 million hospitalisations and 200,000 deaths in children
below the age of 5 years (5).

Human noroviruses belong to the family Caliciviridae, genus Norovirus and
contain a positive sense, single stranded RNA genome (155, 156). The genome
is approximately 7.7 kb in length and is organised into three open reading frames
(ORF). ORF 1 encodes the non-structural proteins, including the RNA-dependant
RNA polymerase (RdRp); ORF 2 encodes viral protein (VP) 1, the major capsid
protein; and ORF 3 encodes VP2, a minor structural protein (160, 222). The
major capsid protein, VP1, is characterised by three structural domains, the shell
(S) domain and two protruding (P) domains, P1 and P2 (208). The P domain is
the most exposed region of the capsid protein and is likely to contain the
determinants for antigenicity and host cell attachment (208, 324, 393). The
human histo-blood group antigens (HBGA) are host cell attachment factors for
norovirus, and the HBGA binding interface of the norovirus P domain has been
elucidated through crystallography and mutagenesis studies (209, 210, 212).
Although the residues of the binding interface are fairly conserved among strains
within the same genogroup, noroviruses interact with HBGAs in a strain specific
manner (304, 313).

Based on sequence analysis of regions within the VP1 or RdRp genes,
noroviruses are classified into five genogroups, with a tentative sixth (233).
Genogroup I, II and IV noroviruses are known to infect humans, but Genogroup II
(GII) noroviruses are the most common. Human noroviruses can be further
classified into at least 25 different genotypes (232). Genotype II.4 (GII.4) is the
most common genotype circulating worldwide, having caused at least four global
epidemics since 1995, each caused by a distinct GII.4 antigenic variant (27, 250,
261, 338). Genotype II.3 is a common cause of sporadic infection in children
(256, 315, 456, 466). In infants and young children GII.3 strains often
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predominate and were particularly prevalent in various countries throughout the
late 1970s and 1980s (315), the early 1990s (355, 448, 485), and in the early and
late 2000s (256, 343, 347, 462). Interestingly, most GII.3 noroviruses detected in
the 2000s were recombinant strains, possessing a non-GII.3 RdRp genotype
(256, 343, 347, 462).

Natural recombination is considered a common event between norovirus strains
(243). Recombination occurs most often within or near the ORF 1/ORF 2 overlap
region between the RdRp and capsid genes (intergenic recombination),
producing a virus with differing capsid and RdRp genotypes (243). Recombinant
strains have been widely reported in recent years and a number of novel RdRp
genotypes which have no corresponding capsid genotype, such as GII.a and
GII.b, have been identified (243). Recombinant strains are frequently detected in
children, particularly strains with a GII.3 capsid gene and GII.b RdRp gene (280,
343, 347, 348).

Recombination is a major driving force of viral evolution (243) allowing a
substantial exchange of genetic material. However, whilst multiple studies have
reported on the evolutionary dynamics of noroviruses, the role of recombination
in shaping norovirus evolutionary history is largely unknown (315, 322, 335, 338).
Given the importance of GII.3 noroviruses as a cause of sporadic gastroenteritis
in children, it is essential to understand how this genotype has evolved. An
appreciation of the evolutionary mechanisms driving norovirus variation has
valuable implications in vaccine design. This is particularly relevant to a
paediatric-associated genotype since vaccines will likely target the high risk
groups, one of which is children. This study aimed to determine the mechanisms
of evolution in norovirus GII.3 strains from 1975 to 2010, with particular focus on
the effects of recombination events leading to the acquisition of non-GII.3 RdRps.
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3.3 Materials and methods
3.3.1 Specimen collection
Norovirus positive stool specimens selected for capsid sequencing (n=6) were
collected from children admitted to the Royal Children’s Hospital (Melbourne,
Australia) with acute gastroenteritis. A genotype had been assigned to norovirus
isolates in previous epidemiology studies (229, 348). Six GII.3 samples isolated
in the years 2001, 2002, 2006, 2007, 2008, and 2010 were selected for analysis.
Samples were selected to represent multiple years of GII.3 circulation, where
samples were available. This project was exempt from the full HREC review
process as the research meets the U.S.A Department of Health and Human
Services regulation criteria for exemption 4.

3.3.2 RNA extraction
Stool samples were prepared as 20% faecal suspensions and RNA extracted
using the QIAamp viral RNA extraction kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions.

3.3.3 RT-PCR amplification of capsid gene, VP1
The norovirus capsid gene, VP1, was amplified using the Superscript III One
Step RT-PCR kit (Invitrogen, Carlsbad, CA), using primers NV2oF2 (27) and
GV132 (261), according to manufacturer’s instructions. Briefly, 5 µl of RNA was
heated at 97 °C (with 5 µl DMSO for 2001 and 2002 samples) and added to
1X reaction buffer, 10 µM of each primer and 2 µl of superscript, in a final volume
of 50 µl. Reactions were incubated at 45 °C for 30 min, 95 °C for 15 min, followed
by 40 cycles of: 94 °C for 45 s, 50 °C for 45 s, 70 °C for 3 min and a final
extension of 7 min at 70 °C. Amplified products were electrophoresed on a 1%
agarose gel prepared in 0.5X TBE buffer, containing ethidium bromide. Products
were viewed under UV light.

3.3.4 Capsid sequencing
Amplified cDNA products were gel purified using the QIAquick Gel Extraction kit
(Qiagen, Hilden, Germany), according to the manufacturer’s protocol. The
extracted amplicons were sequenced directly in both directions using Big Dye
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Terminator v3.1 on an ABI 3130xl Genetic Analyser (Australian Genomic
Research

Facility,

AGFR).

Sequencing

data

was

analysed

using

Sequencher v4.1 (Gene Codes Corp., Ann Arbor, MI).

3.3.5 Sequence datasets
All sequence alignments were prepared using ClustalW as available in the
Molecular Evolutionary Genetics Analysis package v5 (MEGA v5) (486).

3.3.5.1

GII.3 VP1 sequence dataset for evolutionary analyses (n=72)

The 6 Australian GII.3 VP1 sequences were aligned with 66 GII.3 VP1 gene
sequences

from

the

GenBank

Database

(http://www.ncbi.nlm.nih.gov/Genbank/index.html). The 66 sequences comprised
all available complete (1,647 bp) GII.3 VP1 sequences that had collection
information (date and location) as at June 2012. A group of sequences from a
single immunocompromised patient in Sweden (50) were excluded from the
analysis to avoid bias, with one representative included (1937/2000/SWE).
Parsimony informative sites were analysed for conserved amino acid
substitutions that may have been important in the evolution of GII.3 viruses. The
general time reversible (GTR) substitution model (487) was selected as the most
appropriate model for this dataset.

3.3.5.2

RdRp equivalent dataset for RdRp genotyping (n=35)

An attempt was made to establish the RdRp genotype for all 72 strains used in
the GII.3 VP1 evolutionary analyses. The six strains for which the complete VP1
sequence was determined in this study, had previously been genotyped in the
RdRp

region

through

sequence

analyses

(348),

except

for

strain

537/547/VP1/2010/AU. Unpublished RdRp sequence data was available for this
strain (537/547/VP1/2010/AU) (348) as well as strains CHDC5261/1990/US,
CHDC4090/1988/US,

CHDC4031/1988/US,

CHDC4671/1979/US,

CHDC32/1976/US and CHDC2005/1975/US (315) from previous studies. For
these strains and the strains for which the GII.3 VP1 sequences were obtained
from GenBank, the RdRp genotype was determined via multiple phylogenetic
analyses of corresponding RdRp sequences using MEGA v5, and confirmed
using the norovirus genotyping tool (174). A literature search was conducted to
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determine the assigned RdRp genotype for strains lacking published RdRp
sequence data. For GII.3 VP1 sequences with corresponding published
sequence for RdRp Region A (274 bp) (n=28), a phylogenetic tree was prepared
(containing an additional seven standard strains) using the maximum likelihood
method as available in MEGA v5. The Tamura-Nei (488) model of nucleotide
substitution was selected as the most appropriate model for this dataset.

3.3.5.3

GII.3 RdRp dataset (n=66)

The GII.3 RdRp dataset comprised all available RdRp Region A (274 bp) GII.3
sequences in GenBank (as at June 2012) with collection date information.
Region A was chosen as it is a commonly sequenced region for genotyping and
thus enabled a larger sample size. The genotype of the capsid gene for strains in
this RdRp sequence dataset was determined (using the norovirus genotyping tool
(174)) for seven strains, all of which had capsid genotype GII.3. The capsid
genotype was unknown for the remaining 59 strains. The HKY (489) model of
nucleotide substitution was selected as the most appropriate model for this
dataset.

3.3.5.4

GII.b RdRp dataset (n=110)

The GII.b RdRp dataset comprised all available Region A (274 bp) GII.b
sequences from GenBank (as at June 2012) with collection date information. The
genotype of the capsid gene for strains in this RdRp sequence dataset was
determined (using the norovirus genotyping tool (174)) for 37 of the 110 strains.
Where known, the majority of the GII.b RdRps were associated with a GII.3
capsid (22/37), however five were each associated with a GII.1 and GII.21
capsid, three with a GII.2 capsid and two with a GII.13 capsid. Despite not being
associated with a GII.3 capsid, these RdRp sequences were included in the
analysis to increase GII.b RdRp sample size. The HKY (489) model of nucleotide
substitution was selected as the most appropriate model for this dataset.

3.3.6 Evolutionary analyses
Nucleotide substitution models for phylogenetic and evolutionary analyses were
selected using the Akaike Information Corrected Criterion (AICc) implemented in
jModelTest (474, 490). Evolutionary analyses, including substitution rate
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estimation, prediction of the time to most recent common ancestor (tMRCA) and
phylogenetic analyses were conducted using the Bayesian Markov chain Monte
Carlo (MCMC) algorithm as available in the Bayesian Evolutionary Analysis by
Sampling Trees (BEAST) package v1.5.4 (491). All three available molecular
clock models were tested, including the strict clock model and two relaxed clock
models (the uncorrelated exponential deviation [UCED], and uncorrelated
lognormal deviation [UCLD]). The Bayesian Skyline model for population growth
was implemented as no appropriate demographic model for seasonal population
growth and decline was available. BEAST analyses were run three times for each
clock model until MCMC chain convergence was achieved (ESS>200).
Tracer v1.5 (492) was used to view BEAST output files and to produce Bayesian
Skyline plots of population growth, and FigTree v1.3.1 (493) was used to view
phylogenetic trees.

3.3.7 Detection of amino acid sites under selection
The HyPhy software package was used to determine site-specific positive and
negative selection as the ratio between nonsynonymous and synonymous
substitution rates (dN/dS) within the VP1 capsid protein (494). The dataset
contained the 72 aligned norovirus GII.3 VP1 sequences with 548 codons. The
Single-likelihood ancestor counting method (SLAC), as the most conservative
method, (495) was chosen to detect sites of selection, with a limit of significance
level of 0.25 (the global dN/dS value was estimated, ambiguities averaged and a
neighbour joining tree used as input). The significance level refers to a cut-off
p-value for the two-tail extended binomial test to classify a site as positively or
negatively selected.
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3.4 Results
To explore the evolution of norovirus GII.3 capsid genes and the importance of
intergenic recombination, the capsid gene of 6 norovirus GII.3 strains, isolated
from Australian children were sequenced and aligned with 66 GII.3 VP1
sequences from GenBank spanning 1975 to 2010. Evolutionary analyses
including substitution rate estimation, phylogenetic analysis and selection
analysis were conducted. Additionally, the corresponding RdRp genotypes of
each strain used in the GII.3 VP1 evolutionary analyses were also determined to
detect evidence of intergenic recombination. Rate analyses were conducted for
two common RdRp genotypes associated with the GII.3 capsid to detect
differences in RdRp evolutionary rates.

3.4.1 Phylogenetic analysis
Based on the simplest model for Bayesian phylogenetic analysis, the strict clock,
VP1 sequences grouped into three major clusters (I, II, and III) similar to those
defined previously for GII.3 sequences (315). In this study, the larger clusters
were further defined into five smaller lineages (A – E), which were characterised
by conserved amino acid substitutions (Fig. 3.1). Sequences previously classified
as Cluster I were grouped into Lineage A, along with the 1983 Goulburn Valley
strain (GoulburnValleyG5175A/1983/AU). Sequences in Cluster II were split into
Lineages B and C, and Cluster III sequences were divided primarily into
Lineages D and E. Lineages were generally observed to be temporally
sequential, and collection dates of the corresponding strains within each lineage
were as follows: Lineage A, 1975 to 1983; Lineage B, 1987 to 1989; Lineage C,
1989 to 1999; Lineage D, 2001 to 2010; and Lineage E, 2006 through to 2010
(Fig. 3.1). There was also a distinct sub-cluster within Lineage D, (sub-cluster D)
which contained strains isolated in Japan, China and Korea in the years 2003 to
2010. This group of sequences was defined as a sub-cluster rather than a
lineage as it emerged from a common ancestor within Lineage D. Sub-cluster D
and Lineage E evolved simultaneously from 2006 onwards. Given that Lineage E
contained sequences isolated from Australia, India and the Netherlands, and
sub-cluster D contained sequences isolated solely in Japan, China and Korea, it
is likely that these two lineages evolved in geographic isolation.
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Nine sequences did not group into any lineage, and clustered between
Lineages C and D. These “un-clustered” sequences included sequences from
norovirus strains isolated between 1990 and 2001 and one strain collected in
2010.

The VP1 sequences from the six Australian paediatric strains that were
sequenced in this study, clustered amongst other international strains in
Lineages D (isolated before 2006), and E (isolated after 2006). This indicates
worldwide circulation of typical GII.3 norovirus strains, rather than separate
evolution within isolated areas, with the exception of the sub-cluster D strains.
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Fig. 3.1. Maximum clade credibility tree of GII.3 VP1 gene sequences.
The Maximum clade credibility tree is shown for 72 GII.3 capsid gene sequences from
1975 to 2010, as prepared using BEAST (strict clock) and FigTree. For sequences
obtained from GenBank, the accession number is indicated in the taxa label. Strains
sequenced for this study are italicised. An asterisk beside the taxa label indicates a
strain for which the RdRp genotype was not determined. Previously defined clusters (I III), new genetic lineages (A - F) and RdRp genotypes are indicated. Major nodes are
labelled with the posterior probability that the associated taxa clustered together. Major
branches are labelled (in bold text) with the tMRCA for all taxa within the cluster. tMRCA
is expressed as the number of years prior to the collection date of the most recent
sample included in the tree (2010). The tree is drawn to scale, with branch lengths in
units of time (years).
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3.4.2 RdRp genotyping
In order to investigate the incidence and importance of intergenic recombination
on the evolution of GII.3 noroviruses, the genotype of the RdRp gene was
determined for GII.3 strains used in the VP1 evolutionary analyses. RdRp
genotyping information was available for 58 of the 72 strains used in these
analyses, including all 4 strains within Lineage A, 3 out of 5 strains in Lineage B;
9 out of 14 strains in Lineage C, 26 out of 30 strains in Lineage D and all 10
strains in Lineage E. Of the nine “un-clustered” sequences between lineage C
and D, RdRp genotyping information was available for six. The RdRp genotype
associated with each capsid sequence is shown in Table 3.1.

Table 3.1. GII.3 VP1 sequences included in this study and their associated
RdRp genotype
D.O.C
1975
1976
1979
1983
1987
1987
1988
1988
1989
1989
1990
1991
1991
1993
1993
1994
1994
1994
1994
1995
1995
1995
1997
1998
1998
1998
1999
2000
2000
2001

a

Strain name
CHDC2005/1975/US
CHDC32/1976/US
CHDC4671/1979/US
GoulburnValleyG5175A/1983/AU
MD134-10/1987/US
MD101-2/1987/US
CHDC4031/1988/US
CHDC4090/1988/US
Mexico/1989/MX
SRSV-OTH-25/1989/JP
CHDC5261/1990/US
CHDC5365/1991/US
TV24/Toronto/1991/CA
Rbh/1993/UK
Lionville/247/1993/US
SRSV/Auckland/1994/NZ
Towson/313/1994/US
Montgomery/312/1994/US
NewOrleans/279/1994/US
Bham132/1995/UK
Arg320/1995/AR
Brattleboro/321/1995/US
Sinsiro/1997/JP

Accession no.
HM072045.1
HM072046.1
HM072042.1
DQ379713
AY030313
AY030312
HM072044.1
HM072043
U22498
L23830
HM072041.1
HM072040.1
U02030
AJ277617
AF414411
U46039
AF414414
AF414413
AF414412
AJ277611
AF190817
AF414415
AB195226

RdRp genotype
Ancestral
Ancestral
Ancestral
Ancestral
d
ND
ND
GII.3
GII.3
GII.3
GII.3
GII.3
ND
GII.3
ND
GII.3
ND
GII.3
GII.3
GII.3
ND
GII.a
GII.3
ND

Sydney2212/1998/AU
SaitamaU201/1998/JP
SaitamaU18/1998/JP
Hu/GII.3/1999/US
1937/2000/SWE
SN2000JA/2000/JP
Berlin/226/2001/DE

AY588132
AB039782
AB039781
JQ743333.1
AY247431
AB190457
AF427111

GII.a
GII.3
GII.3
ND
GII.a
GII.a
ND
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b

Ref for RdRp
this study
this study
this study
DQ379713
this study
this study
U22498
L23830
this study
U02030
AF414411
AF414414
AF414413
AF414412
AF190817
AF414415
AY588132
AB039782
AB039781
(50)
AB190457
-

c

2001
2001
2001
2001
2001
2001
2002
2002
2003
2003
2003
2004
2004
2004
2004
2004

Oberhausen455/2001/DE
Herzberg385/2001/DE
Bitburg/289/2001/DE
Oberhausen455/2001/DE
01-13/477/VP1/2001/AU
Maizuru/010524.3229/2001/JP
C14/2002/AU
02-13/424cons/VP1/2002/AU
ParisIsland/2003/US
Saga/5424/2003/JP
5017.34/2003/JPN
Beijing/CR2987/2004/CHN
Glastonbury1164/2004/USA
CHN39246/CC/2004/CHN
CHN39186/CC/2004/CHN
GII.4/Sydney715D/2004/AU

AF539440
AF539439
AF427112
AF425768
this study
EF547399
AY845056
this study
AY652979
AB242256
EU187437
DQ419909
JN899244.1
EU072243
EU072241
DQ078841

GII.b
GII.b
ND
ND
GII.b
ND
GII.b
GII.b
GII.b
GII.b
GII.12
ND
GII.b
GII.b
GII.b
GII.b

AF539440
AF539439
DQ005931.1
AY845056
JN602355.1
AY652979
AB242256
EU187437
JN899244.1
EU072243
EU072241
(27)

2004
2004
2004
2005
2005
2005
2005
2005
2005
2006
2006
2006
2006
2006
2006
2006
2006
2007
2007
2007
2007
2008
2009
2010

Texas/TCH04-577/2004/US
78/2004/Ru
Maizuru/5017/2004/JP
GII.3/RotterdamP5D0/2005/NL
Beijing/375/2005/CHN
Beijing/169/2005/CHN
Beijing/148/2005/CHN
Beijing/48/2005/CHN
Beijing/06/2005/CHN
GII.4/Sydney740C/2006/AU
GII.3/RotterdamP8D31/2006/NL
GII.3/RotterdamP8D0/2006/NL
GII.3/RotterdamP1D88/2006/NL
GII.3/RotterdamP1D0/2006/NL
41/89/VP1/2006/AU
GII.3/CBNU1/2006/KOR
Hebei/48580/2006/CHN
Pune/PC52/2007/India
84/46/VP1/2007/AU
Beijing/55040/2007/CHN
Beijing/55037/2007/CHN
693/425/VP1/2008/AU
Shanghai/SH312/2009/CHN
Milwaukee009/2010/USA

AB365435
AB242258
AB242257
AB385634
EU850827
EU850826
EU850825
EU850824
EU850823
GQ849127.1
AB385642
AB385641
AB385627
AB385626
this study
GU980585
EF670649
EU921389
this study
GQ856467
GQ856466
this study
GU991355
JN565063.1

GII.b
GII.b
GII.12
GII.b
GII.12
GII.12
GII.12
GII.12
GII.12
GII.b
GII.b
GII.b
GII.b
GII.b
GII.b
GII.12
GII.12
GII.b
GII.b
GII.12
GII.12
GII.b
GII.12
ND

AB365435
AB242258
(343)
(496)
EU703684.1
EU703660.1
EU703658.1
EU703650.1
EU703645.1
(263)
(496)
(496)
(496)
(496)
JN602341.1
GU980585
EF670649
EU921389
JN602346.1
GQ856467
GQ856466
JN602259.1
GU991355
-

2010
537/547/VP1/2010/AU
this study
GII.b
this study
2010
Tokyo/10-1105/2010/JPN
AB629943.1
GII.12
AB629943.1
a, D.O.C, Date of collection (year)
b, RdRp genotype as determined by analyses of RdRp sequence or as published
c, Accession number for RdRp sequence or reference (ref) for published RdRp genotype
d, ND, Not determined
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Although all strains in this analyses had a GII.3 VP1 gene, five different RdRp
genotypes were observed; GII.3, GII.12, GII.a, GII.b and an undefined “ancestral”
RdRp genotype (Fig. S1, Appendices section 6.5). The “ancestral” RdRp was
most closely related to a GII.4 RdRp (Hu/GII/Shanghai/SH2/2008/CHN,
accession: GU991353.1), although it only shared 80% nucleotide identity over
777 bp of ORF 1 (GoulburnValleyG5175A/1983/AU). This is low compared to the
≥96% similarity shared by GII.3 RdRps, thus a genotype for these RdRps could
not be established. The GII.12 RdRp was also difficult to define as it has
previously been referred to as both GII.12 (337, 343) and GII.4 (243, 497). For
simplicity, in accordance with the Norovirus genotyping tool, this genotype has
been labelled as GII.12 in this study (174).

RdRp genotyping was associated with the clustering observed for GII.3 VP1
(Fig. 3.1). All strains with sequences in VP1 Lineage A had an ancestral RdRp.
This suggests that GII.3 VP1 sequences had an RdRp genotype that pre-dated
the “GII.3” RdRp. Strains with a GII.3 RdRp genotype did not emerge until 11
years after the emergence of Lineage A (ancestral RdRp) strains. Strains in both
VP1 Lineages B and C had genotype GII.3 RdRps, as did one strain that did not
cluster within any Lineage (CHDC5261/1990/US). All but one of the remaining
VP1 “un-clustered” strains had the recombinant GII.a RdRp and one, which
clustered

closely

with

Lineage D,

had

a

recombinant

GII.b

RdRp

(Herzburg385/2001/DE). Strains which clustered into Lineages D and E based on
capsid sequence, also possessed recombinant RdRps. Strains in VP1
Lineages D and E were associated with a GII.b RdRp, with the exception of
strains in the VP1 sub-cluster D, all of which were associated with the GII.12
RdRp genotype. Overall, of the 58 strains in the analyses that were typed based
on the RdRp gene sequence, the majority (41.38%) possessed a GII.b RdRp,
followed by GII.3 (24.41%), GII.12 (24.41%), GII.a (6.89%) and ancestral (6.89%)
RdRps. This may indicate that the recombinant GII.b RdRp was the most
successful RdRp in aiding the evolution of GII.3 viruses; however these statistics
may be biased by the limitation of available sequence data.
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3.4.3 Amino acid alignment
To identify amino acid sites of evolutionary importance, the 72 GII.3 capsid
protein sequences from 1975 to 2010 were aligned, revealing 167 variable sites
(30.47%) and 61 parsimony informative sites. On alignment of parsimony
informative sites, major evolutionary patterns were observed which characterised
individual lineages by 36 “conserved substitutions” (Table 3.2). A conserved
substitution was defined as an amino acid change (compared to a previous
lineage) carried by the majority of strains within a lineage. Conserved
substitutions which characterised the “un-clustered” strains with a GII.a RdRp
were also noted. The conserved substitutions defined a “mutational profile” for
each particular lineage, which served to distinguish one lineage from the next. To
be conserved within an entire lineage, these amino acids must have been
somewhat beneficial to the fitness of the virus. Thus, sites carrying these
conserved substitutions may play key roles in interacting with human attachment
factors (HBGA), or the immune system. In particular, conserved amino acid
substitutions at sites 311, 312, 381, 385 and 415, align with residues of GII.4
predicted antibody-binding regions, epitope A and epitope E (324, 393), and all
confer a change in charge or polarity. Sites 385, 389 and 404 may be particularly
important evolutionary sites since these sites are highly variable, with three or
four different conserved substitutions occurring at these positions throughout the
evolution of the capsid protein.
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Table 3.2. Conserved substitutions within the GII.3 capsid protein which
define individual lineages and/or RdRp-groups

a, Residues are indicated by amino acid 1-letter identifiers.
b, Lineage-specific colour coding indicates where conserved substitutions occurred within a
lineage/RdRp-group (compared to the previous lineage) and where substitutions were retained in
subsequent lineages.
c, Corresponding antibody-binding sites as defined for GII.4 strains are indicated in orange
(Epitope A: 311, 312, 381, 385; Epitope E: 415) and sites under positive selection are underlined.
d, Capsid domain regions are indicated at the base of the table.

3.4.4 Positive selection
Sites under diversifying or purifying selective pressure were determined based on
rates of synonymous and non-synonymous change. The SLAC test identified five
sites that were under positive selective pressure and 288 sites under negative
selective pressure at the 0.25 level of significance (p-value cut-off, two-tail
extended binomial test). The five amino acid sites predicted to be under positive
selection, sites 297, 304, 385, 389 and 406, were all parsimony informative and
sites of lineage-specific conserved substitution, with the exception of site 297.
Four of these sites were predicted as sites of positive selection by Boon and
colleagues (315) (sites 304, 385, 389, 406) indicating that these sites are strongly
selected regardless of variation in the number of sequences in the analysis.

3.4.5 Protein modelling of sites of conserved substitution
To predict the location of sites of conserved substitution and positive selection on
the GII.3 capsid protein, a homology model for the GII.3 capsid protein dimer of
strain 693-425/2008/AU was created using the I-TASSER server. Sites of
conserved substitution and sites under positive selection were mapped onto the
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GII.3 capsid dimer 3D structure (Fig. 3.2). Most sites, including those under
positive selection, were mapped to the protruding domain of the capsid protein.
Three sites under positive selection, 304, 385, and 406, were located on the
surface of the protruding domain. The remaining sites under positive selection,
297 and 389, were not surface exposed, although changes at these sites may
structurally alter important surface exposed residues. The conserved substitution
T289V, which results in a change in polarity and is specific to Lineage D and E
strains, is located in the P2 domain beside the highly variable site 385. Sites 289
and 385 are adjacent to site 386, which is a region predicted to bind HBGAs
(attachment factors) (209). Additionally, conserved amino acid substitutions
occurring at sites 355 (Lineage E specific) and 394 were in close proximity to
sites 356/357 and 448/449, which are also major residues of the HBGA binding
region (209). Furthermore, the potential antibody-binding sites, 311, 312, 381
(epitope A), and 415 (epitope E) were all mapped to surface exposed regions of
the P2 domain (324, 393).
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Fig. 3.2. Homology model of the
norovirus GII.3 capsid dimer.
The structural homology model of the
GII.3

capsid

dimer

(strain

693/425/2008/AU) is shown with the
protruding domains (P1 and P2) and
shell domain (S) indicated. The dimer
is shown from the top view (A.) and
two side views (B.) and (C.) with 90°
rotation between the two side views.
The HBGA binding sites are indicated
in red and the residues involved in
antibody

binging

epitopes,

as

described for GII.4 noroviruses, (sites
311, 312, 381, 385 and 415) are
displayed

as

spheres.

substitutions

are

colouration.

Sites

Conserved

indicated
of

by

conserved

substitution are coloured according to
the lineage where a substitution at this
site last occurred: Lineage B – green,
Lineage C – teal, GII.a RdRp group –
light grey, Lineage D – Blue, Lineage
E – Purple. Conserved substitutions
occurring within or in proximity of
antibody-binding epitopes A and E are
circled.

3.4.6 Capsid gene evolution rates
To estimate the rate of evolution in GII.3 capsid genes from 1975 to 2010, the
mean rate of nucleotide substitutions per site per year for the 72 GII.3 capsid
gene sequences, was measured using a Bayesian MCMC algorithm. The mean
rate of substitution was calculated at 4.16 x 10-3, 6.97 x 10-3 and 5.54 x 10-3
nucleotide substitutions per site per year, based on the strict, UCED and UCLD
molecular clock models, respectively (Table 3.3). The three clock models
determined that the most recent common ancestor of all strains in the dataset
existed in the early 1970s (Table 3.3).
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Table 3.3. Nucleotide substitution rate and tMRCA for GII.3 VP1 gene
sequences collected from 1975 to 2010
Molecular
clock
model

Nucleotide
substitution
c
-3
rate (x10 )

95% HPD
-3
(x10 )

Strict

4.16

3.65 – 4.69

a

6.97

b

5.54

UCED
UCLD

d

tMRCA
(yr)

e

95% HPD (yr)

Date of MRCA

39.74

37.37 – 42.03

1970.26

5.18 – 9.15

37.89

35.00 – 41.97

1972.11

4.43 – 6.74

37.37

35.02 – 40.16

1972.63

f

a, UCED, uncorrelated exponential deviation
b, UCLD, uncorrelated log normal deviation
c, Mean rate for three combined analyses in nucleotide substitutions/site/year
d, 95% HPD, 95% highest probability density intervals
e, tMRCA, time to most recent common ancestor, number of years prior to 2010
f, MRCA, most recent common ancestor

3.4.7 RdRp gene evolution rates
To determine and compare evolution rates conferred by the RdRp proteins of
different genotypes, the substitution rate of GII.3 (n=66) and GII.b (n=110) RdRp
genes (Region A) were separately measured using the Bayesian MCMC
algorithm. All three clock models were tested for each group. The mean
substitution rates and highest probability density (HPD) intervals for the GII.3 and
GII.b RdRp genes are shown graphically in Fig. 3.3. All clock models predicted
the GII.b RdRp to evolve 1.5 to 2 times faster than the GII.3 RdRp. The GII.3
RdRp gene evolved at a nucleotide substitution rate of 2.79 x 10-3, 3.85 x 10-3
and 3.99 x 10-3, based on the strict, UCED and UCLD clock models respectively,
whereas the equivalent clock models predicted the GII.b RdRp gene to have
evolved at rates of 5.59 x 10-3, 7.68 x 10-3 and 6.12 x 10-3. The strict clock model
had tighter HPD intervals than the two relaxed clock models and predicted that
the GII.b RdRp evolved at a significantly faster rate than the GII.3 (no overlap of
HPD intervals). Due to overlap of the HPD intervals for the two relaxed clock
model predictions, the evolution rate differences between the GII.3 and GII.b
RdRp genes could not be confirmed as significant, however the general trend
indicates an increased evolution rate conferred by the recombinant GII.b RdRp.
Tighter HPD intervals could be achieved in future with analysis of larger sample
sizes and/or a larger region of the gene.
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Fig. 3.3. Mutation rates of GII.3 and GII.b
RdRp gene sequences.
Each graph displays the nucleotide mutation
rate, in substitutions per site per year (y axis), of
GII.3 (n=66) and GII.b (n=110) RdRp gene
sequences (Region A, 274 bp) (x axis). Rate
predictions were given using three clock models
as labelled top to bottom, (A.) strict clock, (B.)
UCED and (C.) UCLD. The diamond indicates
the mean mutation rate and the error bars
indicate the 95% HPD intervals.
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3.4.8 Relative effective population size over time
Using the Bayesian Skyline model of population growth in the BEAST package,
the relative effective viral population size over time was measured based on the
GII.3 VP1 dataset as well as the GII.3 and GII.b RdRp datasets (Fig. 3.4). This
model predicts the relative effective population size over time (Neτ), where
changes in effective population size reflect a change in genetic diversity. Based
on the GII.3 VP1 gene sequences (Fig. 3.4A), a varying population size profile
was observed for GII.3 noroviruses. According to the plot, the emergence of each
GII.3 VP1 lineage coincided with a temporal peak in population size, with small
peaks occurring in the mid 1970s (Lineage A) and the late 1980s (Lineage B),
and larger peaks occurring in the early 1990s (Lineage C), early 2000s
(Lineage D) and mid 2000s (Lineage E/Sub-cluster D). A large bottleneck was
also evident in the late 1990s (GII.a RdRp strains) and a smaller bottleneck
evident following the major peak in population size associated with the
emergence of Lineage D. Population diversity is predicted to be better measured
using the RdRp gene instead of the VP1 gene (338), however this was not
possible for GII.3 noroviruses due to intergenic recombination throughout GII.3
capsid evolution. Nevertheless, to provide an indication of GII.3 population
dynamics based on that of the associated RdRp, the population diversity of the
GII.3 and GII.b RdRps were measured (Fig. 3.4B). As expected, the GII.3 and
GII.b RdRp had a peak in relative effective population size in the 1990s and
2000s, respectively. Both exhibited a similar population profile with one major
peak proceeded by a steady population decline, although GII.b had an earlier
minor peak. Whilst not entirely different, the GII.3 VP1 plot does not closely
match those of the RdRps, which may suggest that the RdRp plots were biased
by the inclusion of GII.3 or GII.b RdRp sequences not solely associated with the
GII.3 capsid. However, both the VP1 and the RdRp plots support the increased
genetic diversity of GII.3/GII.3 strains in the 1990s, and GII.3/GII.b strains in the
2000s.
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Fig. 3.4. Bayesian Skyline plot of relative effective population size over time.
The relative effective population size, Neτ, (relative genetic diversity) of norovirus strains
(y axis) is plotted against time (x axis). (A.) The relative population size was determined
based on 72 norovirus GII.3 VP1 gene sequences spanning 1983 to 2010. The black line
represents the median posterior value and the grey lines represent the 95% HPD
intervals. (B.) The relative population size was determined based on Region A of the
RdRp gene using 66 GII.3 sequences (grey line) spanning the years 1983 to 2007, and
110 GII.b sequences (black line) spanning the years 2000 to 2011. The 95% HPD
intervals were removed from this plot for simplicity.
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3.5 Discussion
This study aimed to characterise the evolution of GII.3 capsid gene sequences
with particular focus on the impact of intergenic recombination resulting in the
acquisition of a new RdRp. From 1975 to 2010, the GII.3 capsid gene evolved via
five different lineages (termed A – F) with a sub-cluster in Lineage D representing
a possible sixth. When compared to previously published norovirus GII.3
lineages, Lineage A fits into Cluster I, Lineages B and C fit into Cluster II and
Lineages D and E fit into Cluster III (315). The lineages emerged in a temporally
sequential pattern, with the exception of GII.3 VP1 gene sequences isolated post
2006, where two lineages were evolving simultaneously in distinct geographical
locations (Fig. 3.1).

The branching pattern of GII.3 VP1 capsid gene sequences was shown to be
associated with intergenic recombination within the ORF 1/ORF 2 region.
Throughout the evolution of the GII.3 capsid gene, at least four recombination
events led to the acquisition of RdRp genes of differing genotypes (RdRp
switching). Thus, over time the GII.3 capsid has evolved under the influence of
several different RdRps. As Lineage E and sub-cluster D both contain strains
isolated in the late 2000s, it is likely that acquisition of a different RdRp gene
allowed the simultaneous evolution along two distinct lineages. According to our
analyses, from 1975 to 2010 the GII.3 capsid gene was associated with at least
five different RdRp genotypes: an unclassified “ancestral” RdRp (1975 –
1983/Lineage A), GII.3 (1980s – 1990s/Lineages B and C), GII.a (1995 – 2000),
GII.b (2000 – 2010/Lineages D and E), and GII.12 (2003 – 2010/Sub-cluster D).
A single study conducted in the U.S.A on norovirus strains collected in the 1970s,
showed that norovirus strains possessing a GII.3 VP1 gene and “ancestral” RdRp
gene were the most prevalent genotype circulating in children at that time (315).
Genotype GII.3/GII.3 (capsid/RdRp) noroviruses were prevalent in children,
globally, from the late 1980s to the late 1990s ((315, 355, 448, 456), before being
succeeded by GII.3/GII.b recombinant strains, which were a major cause of
paediatric disease worldwide, throughout 2000 to 2009 (229, 280, 347, 348, 451,
462). In contrast, GII.3/GII.a recombinant strains were not as prevalent, causing
isolated outbreaks and sporadic disease in Australia, Argentina and Japan during
1998 and 2002 (275, 349, 498). The recombinant GII.3/GII.12 strain appeared to
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be restricted to a specific geographic region, including Japan, China and Korea,
where it was a major cause of paediatric norovirus disease throughout 2003 to
2009 (343, 466, 497, 499).

The nucleotide substitution rate (substitutions/site/year) of GII.3 VP1 gene
sequences calculated in this study (4.16 – 6.97 x 10-3) was comparable to
previously reported GII.3 VP1 gene sequences (4.16 – 7.39 x 10-3) as well as
rates reported for GII.4 sequences (4.3 – 5.6 x 10-3) (315, 335, 338). However,
over time the GII.3 VP1 gene has evolved under the replicative control of several
different RdRp proteins, thus, it is unlikely that the VP1 gene has evolved at a
steady rate. RdRp switching may have been a mechanism that allowed increased
rates of mutation through acquisition of an RdRp with lower fidelity and/or
increased replicative ability. This can lead to the generation of large reservoirs of
mutants that enable the virus to adapt to changing environments, improving viral
fitness under certain selective pressures (500-502). To determine whether the
nucleotide substitution rate (and thus the underlying mutation rate) was affected
by RdRp switching, we compared the substitution rate of two RdRps associated
with the GII.3 capsid, the GII.3 RdRp and the most common recombinant RdRp,
GII.b. Ideally we would compare the substitution rate of the GII.3 VP1 gene,
grouping VP1 sequences based on the RdRp with which they are associated.
This could not be achieved, however, due to low sample size. Thus, Region A of
the RdRp gene was analysed as a measure of the substitution rate conferred by
the RdRp, as Siebenga and colleagues showed that densely sampled short
RdRp sequences provide more reliable evolutionary data than fewer longer VP1
sequences (338). Substitution rate is not a direct measurement of the mutation
rate conferred by the RdRp, rather a measurement of the underlying mutation
rate combined with selective and transmission pressures (503). Analysis of the
substitution rate in the RdRp gene (rather than VP1) may better serve as an
indication of the underlying RdRp mutation rate since the RdRp protein should be
less exposed to strong selective pressures (338). Our analyses indicated that the
GII.b RdRp was evolving at a faster rate than the GII.3 RdRp, regardless of the
clock model used. The increased mutation rate conferred by the recombinant
GII.b RdRp probably produced a “more fit” virus, thus GII.3/GII.b emerged as a
prevalent paediatric strain and the GII.3/GII.3 is now rarely detected (348). This

87

may have been the case in the emergence of each new recombinant GII.3
variant.

The theory that RdRp switching may lead to a faster mutation rate is supported
by our Bayesian skyline plots of relative effective population size over time. The
GII.3 VP1 plot of population diversity illustrates a temporal peak in viral
population size coinciding with the emergence of each new lineage/sub-cluster,
most of which emerged due to an RdRp switch. The greatest peak in population
size was observed following a large bottleneck just prior to 2000 and this peak
was likely due to the gain of the GII.b RdRp (Fig. 3.4A). Peaks in population size
and accordingly, the emergence of each lineage, coincided with an increase in
GII.3 prevalence in children (256, 347, 348, 448, 451, 462, 466, 485, 497).
Alternatively, the large bottleneck occurring just prior to 2000 coincides with
circulation of GII.3 strains with a GII.a RdRp, which were not prevalent (275, 349,
498). Therefore, despite a relatively small sample size, the Bayesian skyline plot
may provide a good indication of epidemic behaviour as suggested by Siebenga
and colleagues (338). This indication of epidemic behaviour is also evident in the
GII.3 and GII.b RdRp Bayesian skyline plots. Although these plots may have
included GII.3 and GII.b RdRp sequences not solely associated with a GII.3
capsid, a notable presence of GII.3/GII.3 strains in the 1990s and GII.3/GII.b
strains in the 2000s, is still evident (Fig. 3.4B).

Whether via a faster mutation rate, or by other means, with the exception of the
geographically isolated GII.3/GII.12s, each new recombinant held a selective
advantage over the preceding GII.3 strains as demonstrated by the replacement
of GII.3 RdRp genetic variants in circulation (315, 451). This suggests an
important role for intergenic recombination in driving the evolution of GII.3
noroviruses.

Intergenic recombination was not the only force driving GII.3 norovirus evolution,
with evidence of antigenic drift and selective pressures playing important roles.
Selection analyses identified 5 sites under positive selection, and 288 sites under
negative selection. Four sites under positive selection (sites 304, 385, 389, and
406) had previously been identified in GII.3 capsid protein sequences spanning
the years 1975 to 2006, and thus are likely to be major sites of selection at the
88

population level (315). Although not all predicted to be under diversifying
selection, 36 sites within the GII.3 capsid protein exhibited conserved amino acid
substitutions which defined individual lineages and/or different RdRp-groups
(Table 3.2). The fixation of these substitutions within a lineage may indicate an
evolutionary advantage in variation at these sites. The conserved amino acids
constituted a mutational profile for each lineage, defining mutations that allowed
divergence into a new lineage, which often coincided with an increased GII.3
prevalence. This suggests that the conserved substitutions within each lineage
may have been important evolutionary changes that led to fitter versions of
previous viruses. The conserved substitutions may have allowed increased
fitness through changes in the HBGA binding profile or changes to
antibody-binding epitopes facilitating immune escape.

In particular, site 385, a highly variable amino acid site under positive selection,
whose substitutions afford changes in charge and polarity, aligned with residues
of GII.4 epitope A, suggesting a role in antibody-binding (324, 393). Thus,
variability at this site may be due to immune selective pressures, since a single
amino acid change may permit immune escape (402). Sites of conserved
substitution, 311, 312, 381 (epitope A) and 415 (epitope E) also correspond to
antibody-binding sites described for GII.4 strains (324, 393). These sites
exhibited conserved substitutions in Lineages B and/or C, with reversion back to
residues seen in Lineage A in subsequent recombinant lineages. This may have
allowed escape from herd immunity in the younger population.

Similarly, many of the identified conserved substitutions were possibly driven by
changing interactions with HBGA receptors. A recent study indicated that a
severe bottleneck occurs during norovirus transmission and HBGAs may act as a
structural barrier, selecting compatible norovirus variants (504). Three regions on
the capsid which are highly conserved across GII viruses (including GII.3) have
been shown to be major binding regions, interacting primarily with the α-1,2
fucose (secretor) or the α-1,3 fucose (Lewis) saccharides of different HBGAs
(209-211, 319). Amino acid variation adjacent to these regions may enable
noroviruses to bind different HBGAs in a variety of ways (210). Many of the
conserved substitutions identified in this study occurred in close proximity to the
HBGA binding regions (Fig. 3.2). Specifically, sites 385 and 289 are adjacent to
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site 386 of binding region II (209). As mentioned, site 385 is highly variable and is
likely to be involved in antibody-binding, whilst site 289 harbours a
GII.a/GII.b/GII.12 specific mutation which results in a polarity change (T289V).
The Lineage E-specific amino acid substitution S355T, and the recycling
substitution R394K, occur in close conformational proximity to residues of HBGA
binding regions I (sites 356/357), and III (sites 448/449) (209) (Fig. 3.2). Even
minor changes at key sites can alter receptor binding (212) and the identified
GII.3 conserved substitutions may have altered the binding properties of the virus
over time.

Changes in the saccharide binding properties of GII.3 norovirus VLPs from each
of the years 1975, 1976, 1988, 1990, 1991, 1996, and 2001, have been
demonstrated, showing varying binding efficiencies to the H3, Leb and Lex
trisaccharides (315). Other carbohydrate studies and saliva binding assays
demonstrate variety in GII.3 binding characteristics (including affinity for
trisaccharides A and B), and binding is often strain specific (304, 313, 505).
Additional studies are required to elucidate the binding properties of Lineage E
and sub-cluster D viruses and to further characterise GII.3 binding propensity.

Substitutions in the GII.3 capsid protein generally followed a cyclic pattern of
reversion back to previously employed amino acids. It is likely that within the
sequence space of the GII.3 capsid protein, only certain amino acids are viable at
particular sites due to functional constraints. The GII.3 (VP1) genotype,
regardless of RdRp, has a strong association with paediatric infection. Young
children are less likely to have had a prior infection and their naive immune
system may allow GII.3 noroviruses to continually infect this demographic without
accumulation of continual unique changes to the protein sequence (315).
Additionally, the immature gut would most likely exert different evolutionary
pressures than those present in the adult gut and possibly present different
binding opportunities for norovirus strains since various receptor expression
levels on epithelial cells change during development (506, 507). Furthermore,
commensal bacteria inhabiting the gut vary with age, and can play a role in the
regulation of expression of fucosylated glycans such as HBGAs (508, 509).
Taken together, these factors may provide ideal conditions for norovirus GII.3
strains to establish infection and cause disease.
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This study was limited by the low numbers of available GII.3 VP1 capsid gene
sequences and associated RdRp variant gene sequences. Furthermore, the
commonly circulating GII.3 strains may not have been well represented by those
present in GenBank, as the sequences present in GenBank may be from novel or
unusual norovirus strains. Additionally, GII.3 VP1 sequences could not be
obtained for all years of the study period. These limitations highlight the
importance of the continued monitoring and characterisation of norovirus GII.3
strains causing disease, particularly in children.

In conclusion, this study has shown that norovirus GII.3 strains have evolved at a
rapid rate that, on a molecular level, is comparable to GII.4 strains. However,
GII.3 evolution is driven by intergenic recombination and the acquisition of new
RdRp genotypes. RdRp switching probably allows for increases in evolution rate
and the gain of a new RdRp is often accompanied by an increase in population
size and prevalence. Regardless of RdRp genotype, GII.3 strains are consistently
more common in children than adults. This may be due to factors relating to the
immature gut and the GII.3 capsid protein’s pattern of reversion back to
previously used amino acids, as novel alterations in the virus capsid are not
required to infect naive paediatric hosts. Since the vaccines under development
will be implemented for use in high-risk groups such as children, it is important to
understand the mechanisms controlling the evolution of a paediatric-associated
norovirus genotype. Continued research into the mechanisms driving the
evolution of norovirus strains is important for effective vaccine design.
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Chapter 4: Identification and Characterisation of
Antibody-Binding Epitopes on the Norovirus GII.3
Capsid
4.1 Preface
The lack of GII.3 infection in adults would suggest limited immunological change
in this genotype mainly confining infection to immune-naïve children. The cyclic
nature of amino acid change in GII.3 strains also supports this theory. After
identifying evolutionary important residues in chapter three, the question was
raised whether these residues were changing in response to immune pressure
and if they make up part of an epitope. To address these questions, this chapter
explored the antibody-binding regions of the GII.3 norovirus capsid protein and
investigated immune cross-reactivity within this genotype.

A more detailed version of the material and methods used in this chapter can be
found in the Appendices under section 6.3.

This is to certify that the study presented in the following chapter, which has been
published in the Journal of Virology, was carried out by Jackie Mahar, with the
following exceptions: Gert Talbo carried out the mass spectrometry peptide
sequencing (as described in section 4.3.8) and provided mass spectrometry
expertise; Nicole Donker performed some of the VLP ELISA experiments (as
described in section 4.3.4); Karin Bok developed the method for VLP production,
and Kim Green performed the electron microscopy (as described in section
4.3.1). The paper was written by Jackie Mahar, and all co–authors helped edit the
paper and approved the final published article. Nicole Donker, Karin Bok, Gert
Talbo, Kim Green, and Carl Kirkwood were also involved in discussion of results.

This chapter was published as is, as a research article in the Journal of Virology,
Volume 88, Issue 4, in February of 2014. The article has been reformatted to
match the formatting of this dissertation.

Jackie E Mahar
Date: 11/03/14
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4.2 Introduction
Norovirus is the most common cause of gastroenteritis (23) resulting in >90% of
viral gastroenteritis cases and 50% of all gastroenteritis outbreaks worldwide (5).
Annually in the U.S.A, norovirus is estimated to cause approximately 21 million
cases of gastroenteritis (23), and is the most common cause of gastroenteritis
related emergency department visits (5). In developing countries, norovirus is
estimated to cause 1 million hospitalizations and 200,000 deaths in children less
than 5 years of age annually (5).

Human noroviruses belong to the family Caliciviridae, genus Norovirus and
contain a positive sense, single stranded RNA genome (155, 156). The genome
is approximately 7.5 – 7.7 kb in length and consists of three open reading frames
(ORF)

(158).

ORF 1

encodes

non-structural

proteins,

including

the

RNA-dependent RNA polymerase (RdRp); ORF 2 encodes viral protein (VP) 1,
the major capsid protein; and ORF 3 encodes VP2, a minor structural protein
(160, 222). Based on sequence analysis of regions within the VP1 or RdRp
genes, noroviruses are classified into five genogroups, with a sixth group
tentatively proposed (233). Genogroup I, II, and, IV (GI, GII, GIV) noroviruses are
known to infect humans, and GII noroviruses are predominant. Human
noroviruses can be further classified into at least 35 different genotypes (244).
Genotype II.4 (GII.4) is the most common genotype circulating worldwide, with at
least eight variants having given rise to large global epidemics every 2 to 6 years
since 1995 (244). Genotype II.3 (GII.3) is a common cause of sporadic paediatric
infection (256, 315, 456, 466) and 70% of children show evidence of GII.3
infection by 2 years of age (356). In sporadic infections in infants and young
children, GII.3 strains often predominate and were particularly prevalent
throughout the late 1970s, late 1980s (315), the early 1990s (355, 448), and in
the early and late 2000s (256, 343, 347, 348, 462).

The major capsid protein, VP1, is characterised by three structural domains, the
shell (S) domain and two protruding (P) domains, P1 and P2 (208). The P domain
is the most exposed region of the capsid protein and is likely to contain
determinants for antigenicity and host cell attachment (208, 324, 393). The
human histo-blood group antigens (HBGA) act as norovirus host cell attachment
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factors, and the HBGA binding interface of the norovirus P domain has been
elucidated through crystallography and mutagenesis studies (209, 210, 212).

Mapping of antibody-binding epitopes on norovirus capsids has proven
challenging, as the use of classical antibody escape mapping approaches have
been prevented by the absence of a human norovirus cell culture system.
However, several studies have mapped antibody-binding epitopes on GI and GII
norovirus capsids using techniques such as bioinformatic prediction, screening of
monoclonal antibody (MAb) binding to expressed capsid proteins or short
peptides, phage display, targeted mutagenesis, and crystallography (324, 373,
375, 376, 378, 382, 393-397). The location and sequence conservation of
previously mapped epitopes is highly variable. Unexpectedly, many epitopes
have been mapped to highly conserved regions of the S domain and occluded
regions of the P1 domain (382, 397, 400), indicating a high level of
conformational flexibility in the capsid protein. As expected, many blockade
epitopes (epitopes targeted by antibodies that “block” viral binding to HBGAs)
have been mapped to the P2 domain (372, 396). Several recent mutagenesis
epitope mapping studies have defined specific blockade epitopes on the GII.4
capsid P2 domain (epitopes A [294, 296 – 8, 368, 372], D [393 – 5], E [407, 412 –
13]). These GII.4 epitopes have been shown to change over time, suggesting that
evolution of GII.4 viruses is driven by herd immunity (372, 396). These and other
studies suggest that some MAbs bind epitopes with broad reactivity across
genotypes, whilst other MAbs are strain specific (309, 372).

Locating and characterizing norovirus antibody-binding epitopes is essential to
successful norovirus vaccine design. Norovirus virus-like particles (VLPs) are
currently being trailed as vaccine candidates (96, 97). VLPs are non-replicating
empty particles, morphologically and antigenically identical to native virus, and
the nature of their production allows a high level of control over capsid sequence
design (215, 219, 220). With the aim of eliciting cross-protective immunity, the
inclusion of specific epitope sequences that are conserved within and/or between
genotypes/genogroups is essential in vaccine design. It is important to locate
evolving epitopes so that inclusion of particular residues may be considered in
vaccine development.
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The high incidence of norovirus GII.3 strains in the paediatric population
compared to the adult demographic may be due to the development of herd
immunity and limited evolution of immunological epitopes (315). Antibodies
produced in response to GII.3 infection have been shown to cross-react with
other genotypes, however there is limited information regarding the level of GII.3
intragenotype cross-reactivity, and the location and sequence variability of GII.3
epitopes (382, 386, 387). We hypothesised that the GII.3 capsid contains
relatively conserved antibody-binding epitopes and that antibodies produced in
response to a GII.3 infection would react with other strains of this genotype. This
study aimed to identify and characterise immunological epitopes on the GII.3
capsid protein and to determine the level of immune cross-reactivity within the
genotype.
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4.3 Material and methods
4.3.1 Virus-like particle (VLP) production
Seven VLPs representing norovirus GII.3 strains isolated from stool samples
collected between 1975 and 2008 in Victoria, Australia and Washington DC,
U.S.A, were produced to create a time-ordered panel of GII.3 VLPs. GII.3 VLPs
were expressed using the baculovirus expression system as previously described
by Boon and colleagues (315). Briefly, the VP1 gene of norovirus strains DC2005
(HM072045.1: CHDC2005/1975/US), DC32 (HM072046.1: CHDC32/1976/US),
DC4031

(HM072044.1:

CHDC5261/1990/US),

CHDC4031/1988/US),

AU01

(KC464324:

DC5261

(HM072041.1:

01-13/477/VP1/2001/AU),

AU07

(KC464327: 84/46/VP1/2007/AU), and AU08 (KC464328: 693/425/VP1/2008/AU)
were amplified and cloned into the pENTR Gateway entry vector (Invitrogen, Life
Technologies, CA, U.S.A) for recombination into baculovirus DNA using the
BaculoDirect C-term expression kit (Invitrogen). The recombinant baculovirus
strain was transfected into Sf9 cells (Invitrogen) and passaged in suspension
culture to express VLPs. Expressed VLPs were purified from culture medium
using sucrose cushion and caesium chloride gradient centrifugation, and dialysed
against 1X phosphate buffered saline (PBS). The expression of VP1 and the
presence of assembled VLPs were confirmed using sodium dodecyl sulfate
polyacrylamide gel electrophoresis and electron microscopy. VLP concentration
was determined using the Pierce 660 nm protein quantification kit (Thermo
Scientific, IL, U.S.A) and concentrations ranged from 308 µg ml-1 to 1.43 mg ml-1.

VLPs

representing

genotypes

GII.5

(rWR,

AF414423.1/NLV/White

River/290/1994/US), and GII.6 (rFV, AF414407.1/NLV/Florida/269/1993/US)
were donated by Dr. G. Belliot and Ms. J. Noel, CDC, Georgia, U.S.A.

Stool sample collection and use in this study, was considered exempt from the
relevant institutional ethics review board approval (National Institutes of Health
Institutional Review Board (335) and Royal Children’s Hospital Human Research
Ethics Committee (510)).
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4.3.2 Production of rabbit anti-rAU08-norovirus-GII.3 polyclonal serum
Norovirus GII.3 VLPs representing strain AU08 (rAU08) were used to immunise
rabbits that were pre-screened for existing norovirus antibodies. Rabbits were
immunised subcutaneously with three doses of 200 µg of VLP in Freund’s
adjuvant, at 4-week intervals. The VLPs were emulsified in Freund’s complete
adjuvant for administration of the first dose and Freund’s incomplete adjuvant for
administration of the second and third dose. Serum was tested for reactivity
against homologous norovirus VLPs following the second and third doses, using
a VLP IgG ELISA. Polyclonal antiserum production was conducted at the Walter
and Elisa Hall Research Institute animal facility, Bundoora, Victoria, Australia, as
a commercial agreement.

4.3.3 Human serum samples
Serum samples were collected from three paediatric patients following norovirus
gastroenteritis, between February 1978 and July 1980 (C. D. Kirkwood,
unpublished data). Norovirus infection was confirmed by electron microscopy of
matched stool samples obtained at the time of illness. Serum samples were
collected six months after illness and the serum samples analysed in this study
were selected on the basis that they reacted strongly with GII.3 VLP
(C. D. Kirkwood, unpublished data). Serum samples were collected during
September 1978 (patient 1), February 1978 (patient 2), and July 1980 (patient 3).
Serum sample collection and analyses were approved by the Royal Children’s
Hospital Human Research Ethics Committee.

4.3.4 Norovirus VLP ELISA
The immunoreactivity of the time-ordered panel of norovirus GII.3 VLPs, and two
non-GII.3 VLPs, to anti-rAU08-specific polyclonal serum and human serum was
examined using ELISA. With the exception of the primary and secondary
antibodies, the ELISA protocol was the same for both human and rabbit serum.
Briefly, wells of a MaxiSorp 96-well plate (Thermo Scientific) were coated with
150 ng of norovirus VLP diluted in 60 mM sodium carbonate-bicarbonate buffer,
pH 9.6. The plates were incubated for 18 h at 4 °C. Wells were washed six times
with PBS/Tween 20 0.05% v/v (PBS-T0.05%) using the Thermo Scientific Well
Wash 4 Mk2 plate washer before blocking with 5% w/v casein/PBS-T for 1 h at
97

37 °C. The primary antibody was diluted either 1:1,000 for human serum samples
or serially diluted three-fold, from 1:27,000 to 1:2,187,000 for the rabbit
anti-rAU08 polyclonal serum. Following blocking, plates were washed as before
and primary antibody diluted in 1% w/v casein/PBS-T0.05% was added and
incubated for 3 h at 37 °C. Horse-radish peroxidase (HRP) conjugated secondary
antibodies (goat anti-rabbit IgG-HRP [1:3,000 dilution], and rabbit anti-human
IgG-HRP

[1:500];

Dako,

Hovedstaden,

Denmark)

diluted

in

1% w/v

casein/PBS-T0.05% were applied to wells and incubated at 37 °C for 1 h. Wells
were washed and antibody-binding complexes were detected with the addition of
peroxidase substrate 3,3’,5,5’-Tetramethylbenzidine (TMB) solution (100 µg ml-1
in 100 mM sodium acetate, 1 mM citric acid, 0.003% v/v H2O2 , and 1% v/v
dimethyl sulfoxide [DMSO]). The colourimetric reaction was developed for 10 min
and stopped using 2 M H2SO4. Plates were read at 450 nm on a Titertek
Multiscan MCC/340 MKII microtiter plate reader (Labsystems, Uusimaa, Finland).
All ELISA data is a representative of at least two independent experiments.
Rabbit pre-immune serum or serum from a norovirus-negative healthy patient
were used as negative controls.

For the human sera IgG ELISA, positive control sera was collected from a patient
with norovirus gastroenteritis, as determined by electron microscopy of matched
stool sample. The serum was previously determined to be highly reactive with
GII.3 VLPs (C. D. Kirkwood, unpublished data). A three-fold serial dilution of the
positive control human serum (seven dilutions starting from 1:166.67) was used
to prepare a standard curve in each experiment. An arbitrary concentration of
1,000,000 units of IgG was assigned to neat positive control serum. Standard
curves were constructed in Prism 6 (Graphpad Software, CA, U.S.A), using
semi-log non-linear regression, weighted by 1/Y2. Theoretical “bound” IgG
concentrations were interpolated from the standard curve based on absorbance
(abs) values.

4.3.5 Protease selection
The theoretical cleavage profile of the norovirus capsid protein was performed
using the MS-digest application on the online server Protein Prospector
(http://prospector.ucsf.edu, The University of California).
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The protease Glu-C predicted the highest sequence coverage of peptides within
the detectable range, between 800 Da and 4,000 Da.

4.3.6

Protease digestion

Protease digestion of rAU08 VLPs was performed using Glu-C endoproteinase
(Pierce, Thermo Scientific), following the manufacturer’s instructions. Briefly, VLP
protein (15 µg or 45 µg) was reduced in 10 mM dithiothreitol (DTT) in 100 mM
ammonium bicarbonate ([NH4]HCO3), pH 8, for 1 h at 60 °C. The reduced protein
was incubated in 20 mM of iodoacetamide at room temperature for 30 min,
protected from light, before the alkylation reaction was quenched in 10 mM DTT.
Glu-C was added to a final concentration of 0.05 µg µl-1 and the reaction
incubated overnight at 37 °C. The digest was stored at 4 °C or used immediately
for immunoprecipitation.

4.3.7 Immunoprecipitation of “bound” peptides
Immunoprecipitation of digested rAU08 VLP was carried out using DYNAL
Dynabeads, protein G (Invitrogen) according to the manufacturer’s instructions.
Briefly, 5 – 10 µg of anti-rAU08 rabbit polyclonal serum was immobilised onto
Dynabeads, prior to incubation with 15 – 20 µg of digested VLP at room
temperature, pH 7.4, for 90 min. The bead/antibody/peptide complex was washed
three times with 1X PBS, before the complex was dissociated in 50 mM glycine,
pH 2.8, during a 2 min rotating incubation at room temperature. The beads were
removed and the supernatant/eluent was collected and stored at 4 °C prior to
mass spectrometry (MS) analyses. Identical experiments using pre-immune
rabbit polyclonal serum were conducted in parallel as controls, and peptides
detected by pre-immune serum were considered as non-specific.

4.3.8 Sequencing of “bound” VLP peptides using mass spectrometry
Electrospray ionization-mass spectrometry (ESI-MS) was performed using a
micrOTOF-Q-MS instrument (Bruker-Daltonics, Bremen, Germany) linked to a
high performance liquid chromatography (HPLC) instrument (Ultimate 3000,
Thermo Fisher Scientific). VLP peptides were injected onto a Dionex Acclaim
Pepmap100

nanotrap

trapping

column
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(Thermo

Scientific)

with

2% acetonitrile/0.1% formic acid (aq) as A-buffer. Following a 6 min isocratic
wash with A-buffer, the sample was eluted and separated on a resolving column
(Dionex Acclaim Pepmap RSLC, Thermo Scientific) using a gradient of 98%
acetonitrile/0.1% formic acid (aq) as B-Buffer over 70 min at a flow rate of 300 nl
min-1. The eluent from the column was directly electrosprayed into the mass
spectrometer. Mass data was continuously acquired and for each MS spectrum,
MS/MS spectra were recorded for the three most intense peaks. The data was
annotated and deconvoluted using the DataAnalysis software (Bruker-Daltonics).
To identify the detected peptides, mass data was aligned to the capsid protein
sequence using BioTools (Bruker-Daltonics) together with manual inspection and
peak assignment.

4.3.9 Alignment of capsid protein sequences
Seventy-four GII.3 VP1 gene sequences available in the GenBank database
(http://www.ncbi.nlm.nih.gov/Genbank/index.html), from strains collected between
1975 and 2010 were translated and aligned in order to determine the extent of
GII.3 epitope conservation, and to define a consensus sequence for each GII.3
lineage (510). A representative VP1 gene sequence of each GII genotype and
five GII.4 variants, as defined by the norovirus genotyping tool (174), were
obtained from GenBank, translated, and aligned with the GII.3 lineage consensus
sequences. Alignments were constructed using Clustal W as part of the
Molecular Evolutionary Genetics Analysis (MEGA) program v5.1 (486).

4.3.10 Mimotope peptides
A custom peptide library of 14 overlapping peptides (MP1 – MP14), 10 amino
acids in length, with a two amino acid offset was designed to further minimise
potential GII.3 capsid immunoreactive regions detected by MS analysis
(Mimotopes Pty Ltd, Melbourne, VIC, Australia) (Table 4.1). Mimotope peptides
were biotin linked at the N-terminal with a four-residue linker sequence (SGSG),
and an amide group was incorporated at the C-terminal. Peptides were prepared
to a final stock concentration of 1.4 µmole ml-1 in 50% v/v acetonitrile. Due to a
highly negative overall charge, peptides MP7 and MP8 were dissolved in 50%
acetonitrile and 28 mM [NH4]HCO3 solution and peptide MP6 was dissolved in
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40% acetonitrile and 285 mM [NH4]HCO3 solution. Stock peptide solutions were
aliquoted and stored at -30 °C.
Table 4.1. Minimization of P2 domain immunoreactive regions using rabbit
anti-rAU08 polyclonal serum and Mimotope supplied peptides
a

b

Peptide name
Sequence
Site no.
Relative binding
AKVDTTSGRFc
MP1 (IR-4)
362-371
+++
VDTTSGRFTP
MP2 (IR-4)
364-373
+++
TTSGRFTPKL
MP3 (IR-4)
366-375
++
SGRFTPKLGS
MP4 (IR-4)
368-377
+++
RFTPKLGSLE
MP5 (IR-4)
370-379
++++
ISTESDDFDQd
MP6 (IR-5)
380-389
+
TESDDFDQNK
MP7 (IR-5)
382-391
+++
SDDFDQNKPT
MP8 (IR-5)
384-393
++++
DFDQNKPTRF
MP9 (IR-5)
386-395
+++
DQNKPTRFTP
MP10 (IR-5)
388-397
+
NKPTRFTPVG
MP11 (IR-5)
390-399
+
PTRFTPVGIG
MP12 (IR-5)
392-401
+
RFTPVGIGVD
MP13 (IR-5)
394-403
TPVGIGVDHE
MP14 (IR-5)
396-405
e
GLAQ
CP
a, Name/number designated to each Mimotope peptide (MP). The P2 domain immunoreactive
region for which the Mimotope was designed is indicated in parentheses where (IR-4) indicates
region aa 362 – 379 and (IR-5) indicates region aa 380 – 405.
b, Site no. refers to amino acid residue number of the capsid protein according to GII.3 strain
AU08 numbering.
c, For immunoreactive region IR-4 (aa 362 – 379), bold face residues represent residues that are
required to form the high affinity epitope, based on ELISA results. Underlined residues represent
those that likely form a second epitope with reduced binding affinity, based on ELISA results and
homology modelling. Structurally internal residues that are likely important for epitope structural
formation are italicised.
d, For immunoreactive region IR-5 (aa 380 – 405), residues forming the minimal binding region of
the epitope are underlined and the residues that are essential to binding are in bold face.
e, CP was the negative control peptide (CP) supplied by Mimotopes.

4.3.11 Mimotope ELISA
The IgG reactivity of rabbit anti-rAU08 polyclonal serum with the Mimotope library
was analysed by ELISA according to the supplied protocol (Mimotopes). Briefly,
pre-blocked, streptavidin coated plates (Pierce, Thermo Scientific) were washed
four times with PBS/ Tween 20 0.1% v/v (PBS-T0.1%) using the Thermo Scientific
Well Wash 4 Mk2 plate washer. Unless otherwise specified, all subsequent
washing steps were identical and all incubations were at room temperature. Wells
were saturated with 10 ρmol of Mimotope peptides diluted in PBS-T0.1% and
incubated for 1 h. After washing, rabbit serum (anti-rAU08 polyclonal antiserum
or rabbit pre-immune serum) diluted at 1:2,000 and 1:8,000 in PBS-T0.1% was
applied, and plates were incubated for 1 h. Plates were washed, and bound IgG
detected with HRP-conjugated goat anti-rabbit IgG (Abcam, Cambridge, U.K),
diluted 1:120,000 in PBS-T0.1%/1% v/v sheep serum/1% w/v casein. Plates were
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incubated with agitation for 1 h and washed four times with PBS-T0.1%, followed
by two additional washes with PBS only. The presence of bound conjugate was
detected by addition of TMB solution for 10 min. The reaction was stopped with
2 M H2SO4 and plates were read at 450 nm on a Titertek Multiscan
MCC/340 MKII microtitre plate reader (Labsystems).

4.3.12 Homology modelling and mapping of immunoreactive regions on
capsid dimer
The tertiary structure of the capsid protein of strain AU08, was modelled based
on solved homologous capsid structures using the I-TASSER online server (511).
A dimer of duplicate capsid monomers was formed based on the Norwalk virus
capsid structure (PDB ID: 1IHM), using PyMol v1.3 (512). Homology models were
viewed and immunoreactive regions highlighted using PyMol v1.3.

4.3.13 Statistics
The overall effect of different VLPs or peptides on sera binding capacity was
measured using statistical comparison tests available in Prism 6 (Graphpad
Software). For human serum samples, the mean level of IgG bound to each VLP
was compared using the ordinary one-way analysis of variance (ANOVA) test,
with Tukey’s multiple comparison (MC) post-test correction. The mean level of
rabbit anti-rAU08 polyclonal serum IgG binding to each VLP was compared using
the two-way ANOVA test. Bonferroni’s MC post-test was used to compare the
serum binding affinity of each VLP to that of VLP rAU08 (the immunizing
antigen). The mean binding level of Mimotope peptides to rabbit anti-rAU08
polyclonal serum was compared using the two-way ANOVA test, with Tukey’s
MC post-test correction. A significant difference in VLP/peptide binding capacity
for all tests was classified by a p-value less than or equal to 0.05.
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4.4 Results
4.4.1 GII.3 VLP binding specificity
The binding characteristics of the panel of GII.3 VLPs were firstly compared using
archival human serum samples collected from three paediatric patients. All of the
GII.3 VLPs bound to each of the serum samples, with no significant difference
between the reactivity of each VLP, regardless of serum sample (Fig. 4.1)
(one-way ANOVA, Tukey’s MC test, where p≤0.05). Preliminary data from
previous unpublished observations showed that serum samples 1 and 2 were
reactive with the rWR and rFV non-GII.3 VLPs, however limited serum prevented
further investigation of this reactivity (C. D. Kirkwood, unpublished data).

Fig. 4.1. Binding of time-ordered GII.3 VLPs to human sera.
The reactivity of serum IgG in human serum samples with the panel of time-ordered
GII.3 VLPs was measured by ELISA and the results presented as an arbitrary
concentration of bound IgG (y axis). The patient from whom each sample was collected
is indicated (x axis). The bars represent the mean level of IgG bound to each VLP from
two independent experiments. Error bars represent the standard deviation.

The IgG binding profile of the anti-rAU08 polyclonal serum was determined for
the GII.3 VLP panel, as well as for two non-GII.3 VLPs, GII.5 (rWR) and GII.6
(rFV). As shown in Fig. 4.2, there was no significant difference in the binding
capacity of the homologous VLP (rAU08) compared to the other six GII.3 VLPs,
regardless of time when the strain was circulating (two-way ANOVA, Bonferroni’s
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MC test where p≤0.05). The non-GII.3 VLPs, GII.5 and GII.6, bound anti-rAU08
polyclonal serum at a significantly lower level when compared to the GII.3 VLP
panel (two-way ANOVA, Bonferroni’s MC test where p≤0.05).

Fig. 4.2. Binding of time-ordered GII.3 VLPs to anti-rAU08-specific polyclonal
serum.
The reactivity of rabbit anti-rAU08-specific polyclonal serum IgG with the panel of
time-ordered GII.3 VLPs and two non-GII.3 VLPs (rWR, rFV) was measured by ELISA.
Absorbance (Abs) is shown on the y axis and the polyclonal dilution series shown on the
x axis. Symbols represent the mean absorbance level of two independent experiments
for each VLP at each serum dilution and the error bars represent the standard deviation.

4.4.2 Identification of immunoreactive regions on the capsid protein of
norovirus AU08
To localise immunoreactive regions (epitope-containing regions) of the GII.3
capsid protein, the most contemporary GII.3 VLP, rAU08, was digested using the
endoproteinase Glu-C. Digestion of the rAU08 GII.3 VLP resulted in short
peptides of 5 to 41 residues in length, and a sequence coverage of ~65 – 78% of
the entire protein (Fig. 4.3A).
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Fig. 4.3. Digestion and immunoprecipitation products as sequenced by LC-MS/MS.
An example of a typical mass spectrometry result with detected peptides aligned with the
primary amino acid sequence of the capsid protein of strain AU08 (N-terminal to
C-terminal). Amino acids making up the protein sequence are indicated by 1-letter
identifiers and amino acid position is indicated above the sequence every ten residues.
The large grey bars below the amino acid sequence indicate that a peptide was detected
that matches the expected mass of a peptide with that sequence composition. The small
dark grey boxes correspond to the identified residue masses as determined through
MS/MS sequencing. A greater number of dark grey boxes indicates greater result
certainty.

(A) Peptides

detected

following

digestion

of

the

VLP,

prior

to

immunoprecipitation. (B) Peptides detected following immunoprecipitation of digested
VLP with rabbit anti-rAU08 serum. (C) Peptides detected following immunoprecipitation
of digested VLP with rabbit pre-immune serum.
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The peptides generated by Glu-C digestion of rAU08 VLP were subjected to
immunoprecipitation using the rabbit anti-rAU08 polyclonal serum IgG. The
precipitated peptides were sequenced by MS, and six peptides (IR-1 to IR-6)
were identified as containing immunoreactive sequence based on results of three
independent experiments (Table 4.2, Fig. 4.3B). Two to three non-specific
peptides

were

consistently

detected

following

immunoprecipitation

with

pre-immune serum, and these peptides were discounted (Fig. 4.3C). The six
immunoreactive peptides ranged in size from 17 to 38 amino acid residues, with
an average length of 25 residues and all matched a cleavage product as
predicted for Glu-C (Table 4.2). Alignment of the six immunoreactive peptide
sequences with the primary amino acid sequence of VP1 showed that two
peptides each mapped to the S, P1, and P2 domains. Due to the denaturation
steps required in the protease digestion protocol, it is likely that the majority of
epitopes in these regions were linear.

Table 4.2. Immunoreactive regions on the 2008 GII.3 capsid protein
a

Name
IR-1
IR-2
IR-3
IR-4
IR-5
IR-6

b

aa position (domain ) &
c
sequence
aa 26-63 (S)

No. fixed aa mutations

AMALEPVAGAAIAAPLTGQQNIIDPWIMNNFVQAPGGE

aa 64-80 (S)

d

1 (E30D, Lins B/D)
0

FTVSPRNSPGEVLLNLE

aa 237-255 (P1)

0

MSNSRFPVPIDSLHTSPTE

aa 362-379 (P2)

3 (V364I, Lin E; S368A, Lin D; A372T, Lin B/C/D/E)

AKVDTTSGRFTPKLGSLE

aa 380-405 (P2)

7 (S381T/I, Lin B/C; S385D/G, Lin D/E; S389P/T/Q, Lin B/C/D/E;

ISTESDDFDQNKPTRFTPVGIGVDHE

Q391K, Lin E; P392S, Lin B/C; R394K, Lin B/C; N404H, Lin D/E)

aa 497-526 (P1)

0

AKLHKLGFITIAKNGDSPITVPPNGYFRFE

a, aa=amino acid residue. Amino acid position corresponds to sequence numbering of strain
AU08.
b, Capsid protein structural domain, S=shell, P1=protruding domain 1, P2=protruding domain 2
(most exposed).
c, Amino acid sequence of strain AU08.
d, The number of amino acid sites in the immunoreactive region containing a mutation that has
become conserved over time with reference to the oldest GII.3 strain (DC2005, isolated 1975).
The mutation and the GII.3 lineages (Lin) within which a mutation has been conserved are listed
in parentheses. Lineage A: strains from 1975 to 1983, Lineage B: strains from the 1980s, Lineage
C: strains from the 1990s, Lineage D: strains from 2001 to 2010, Lineage E: strains from 2006 to
2010 (510).
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4.4.3 Sequence conservation of GII.3 antibody-binding regions in the
capsid protein
To discern the level of conservation in the identified immunoreactive regions over
time, 74 GII.3 capsid protein sequences from 1975 to 2010 were aligned.
Immunoreactive regions in the S and P1 domain of GII.3 capsid sequences were
highly conserved, with occasional amino acid changes seen in single strains
(Fig. 4.4). Immunoreactive regions IR-2 (S, 64 – 80), IR-3 (P1, 237 – 255) and
IR-6 (P1, 497 – 525) contained no conserved substitutions among GII.3 strains.
IR-1 (S, 26 – 63) contained one amino acid substitution (E30D) that became
conserved in two GII.3 lineages (Fig. 4.4, Table 4.2). The S and P1 domain
epitopes combined had a lower proportion of variable amino acid sites (21%)
than the S and P1 domains in their entirety (27%). Conversely, the two
immunoreactive regions within the P2 domain, IR-4 (P2, 362 – 379) and IR-5 (P2,
380 – 405), were highly variable (Table 4.2, Fig. 4.4). IR-4 and IR-5 had a
combined proportion of 48% variable sites, which is more variable than the P2
domain in its entirety (43%).

To explore the conservation of GII.3 immunoreactive regions within other GII
genotypes, the VP1 consensus sequence of each GII.3 lineage was aligned with
25 VP1 protein sequences, representing the remaining GII genotypes (Fig. 4.4).
All GII.3 immunoreactive regions were variable across the GII genogroup. The
two immunoreactive regions in the S domain exhibited a high level of similarity
(mean similarity: IR-1 81%, and IR-2 85%) between GII.3 and other genotypes.
IR-2 (S, 64 – 80) was the most conserved, exhibiting 100% amino acid identity
between GII.3, GII.10, GII.12, and GII.18 representative sequences, whilst
exhibiting a minimum identity of 65% between GII.3 and GII.4 sequences. The
two immunoreactive regions within the P1 domain (IR-3 and IR-6) had an
average level of conservation of 61% and 62%, while those in the P2 domain
(IR-4 and IR-5) displayed 50% and 43% conservation between different
genotypes. IR-5 (P2, 380 – 405) exhibited the greatest variability, where GII.3
shared a maximum amino acid identity of 58% (with GII.19) and a minimum
identity of just 27% (with GII.21) (Fig. 4.4).

107

Fig. 4.4. Amino acid alignment of immunoreactive regions.

The immunoreactive regions of the capsid consensus sequence of each GII.3 Lineage was aligned with the capsid sequence of FV (GII.6), WR

(GII.5), five representative GII.4 epidemic strains, and a representative strain for each GII genotype. The immunoreactive region and individual site

numbers (GII.3 rAU08 numbering) are indicated above, and the GII.3 lineage or strain and genotype are listed on the left. The capsid domain for each

immunoreactive region is also indicated in parentheses; shell (S), protruding domain 1 (P1) and 2 (P2). Residues are indicated by 1-letter amino acid

identifiers, and dots indicate identical residues to the reference sequence (GII.3 Lineage E consensus sequence). A dash represents gaps in the

alignment. Note that the AU08 strain varies from the Lineage E consensus sequence at sites 364 (V) and 505 (I).
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4.4.4 Confirmation and minimization of immunoreactive regions in the P2
domain using Mimotopes
The two immunoreactive regions within the P2 domain (IR-4 and IR-5) were
selected for further minimization using Mimotope technology. Fourteen 10 mer
biotin-linked overlapping Mimotope peptides (MP1 – MP14), spanning the
immunoreactive regions, were screened for binding affinity to anti-rAU08
polyclonal serum. As seen in Fig. 4.5, at the lowest serum dilution, peptides MP1
– MP12 bound to the anti-rAU08 serum at a significantly higher level than the
pre-immune serum. While at the higher serum dilution, MP6 and MP10 – MP12
lost reactivity to the anti-rAU08 polyclonal antisera. Peptides MP13 and MP14 did
not bind to anti-rAU08 serum at either dilution.

The Mimotope peptides (MP6 – MP14) spanning immunoreactive region
IR-5 (P2, 380 – 405) revealed a binding trend that enabled identification of a
minimal binding region. Peptides MP6 and MP10 – MP14 demonstrated low or no
significant affinity with the polyclonal antibody, while peptides MP7, MP8 and
MP9 demonstrated high antibody affinity. MP7 and MP9 showed comparable
binding affinity, yet both had significantly lower affinity than MP8 (Fig. 4.5). Thus
the minimal binding region of immunoreactive region IR-5 was located to
384

SDDFDQNKPT393 (Table 4.1). Residues at either end of the minimal binding

region (384SD385 and

392

PT393) significantly enhanced binding; however they were

not crucial for binding (Table 4.1). The IR-5 minimised epitope is highly variable,
with 80% variable sites.

The Mimotope peptides (MP1 – MP5) spanning immunoreactive region IR-4 (P2,
362 – 379) all bound to anti-rAU08 IgG (Fig. 4.5). Peptide MP5 bound to
anti-rAU08 serum at significantly higher levels than MP1 – MP4, while MP3 had a
significantly lower affinity to anti-rAU08 (Table 4.1). The minimal binding residues
of this immunoreactive region could not be defined through this assay alone and
is further discussed in the homology modelling section.
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Fig. 4.5. Binding of Mimotope peptides to anti-rAU08-specific polyclonal serum.
The reactivity of rabbit anti-rAU08-specific polyclonal serum IgG (at two dilutions) with
Mimotope peptides (MP1 - MP14) was measured by ELISA. Absorbance is shown on the
y axis, while the peptide name (Table 4.1) and the immunoreactive region the peptides
span are indicated on the x axis. The bars represent the mean absorbance level of two
independent experiments and the error bars represent the standard deviation.

4.4.5 Mapping of immunoreactive regions onto a GII.3 structural homology
model
To locate the immunoreactive regions on the capsid tertiary structure, a homology
model of the GII.3 strain AU08 capsid protein dimer was constructed, and
immunoreactive regions were highlighted (Fig. 4.6). Several residues from both
P2 domain immunoreactive regions are closely associated with the HBGA binding
sites, and site 386(D) of IR-5 (P2, 380 – 405) is itself a HBGA binding site (209).
IR-4 (P2, 362 – 379) is exposed on the surface of the capsid dimer in two distinct
regions; on the upper surface of the P2 domain adjacent to the HBGA binding
sites, and around the side of the P2 domain, beneath a protruding loop (Fig. 4.6).
Since the surface exposed region on the top of the P2 domain only constitutes
amino acids

363

K and the side chain of

365

D, it is highly unlikely that it constitutes

an epitope. Furthermore, these two residues are not part of the Mimotope peptide
that had the highest affinity with the polyclonal serum. Thus, it likely that the
residues that are exposed on the surface below the protruding loop (366 – 372,
375 – 377) form this epitope. Since peptide MP5 (amino acid [aa] 370 – 379)
demonstrated the highest binding affinity to the polyclonal serum, surface
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exposed residues
Internal residues

370

RFT372 and

378

375

LGS377 probably form a high affinity epitope.

LE379 and possibly

formation, since the loss of

378

373

PK374 are important for epitope

LE379 leads to significant reduction in binding

(Table 4.1). Since peptides MP1 (aa 362 – 371) and MP2 (aa 364 – 373) also
display a significant binding affinity to the anti-rAU08 polyclonal despite lacking
half of the residues thought to form the high affinity epitope, surface exposed
residues

366

TTSG369 may also combine with residues

less reactive, epitope. The loss of internal residues

364

370

RF371 to form a second,

VD365 leads to a significant

reduction in binding affinity, suggesting an important role for these residues in
structurally forming the less reactive epitope (Table 4.1).

The two immunoreactive regions of the P1 domain are adjacent to each other in
the tertiary structure, despite their distance in primary sequence (Fig. 4.6). The
P1 immunoreactive regions form part of an outward protrusion from the dimer and
are visible from the top of the dimer. The S domain immunoreactive region IR-2
(S, 64 – 80) also protrudes slightly outwards and is visible from the top of the
dimer (Fig. 4.6). Residues of IR-1 (S, 26 – 63) are predominantly located on the
base of the dimer. Both of the S domain immunoreactive regions are most likely
only accessible during viral particle assembly or upon dissociation into dimers or
partial viral particles.
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Fig. 6
TOP

SIDE 1

SIDE 2

IR-1 (26 - 63)

IR-2 (64 - 80)

IR-3 (237 - 255)

IR-4 (362 - 379)

IR-5 (380 - 405)

IR-6 (497 - 526)

Fig. 4.6. Immunoreactive regions mapped on the GII.3 capsid dimer.
The six immunoreactive regions that were mapped in this study are displayed on the
GII.3 (rAU08) capsid dimer homology model from top to bottom in the order that they
appear in the primary sequence. The immunoreactive region is listed to the left of the
models. Three angles for each immunoreactive region are displayed, the top, and two
side views as indicated above the models. The protruding domain is displayed in dark
grey, whilst the shell domain is denoted by beige colouring. The HBGA binding sites are
indicated in pink and the immunoreactive region indicated in blue. The minimised
epitopes of IR-4 (362 – 379) and IR-5 (380 – 405) are outlined by white dotted lines. Two
overlapping epitopes constitute IR-4, which were inferred through a combination of
Mimotope ELISA results and homology modelling. The minimised epitope of IR-5 was
clearly determined through Mimotope ELISA results.
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4.5 Discussion
Genotype GII.3 norovirus strains are a major cause of sporadic gastroenteritis,
particularly in children (510). Norovirus GII.3 strains evolve at a comparable rate
to GII.4 strains on a genomic level, yet not at the protein level, perhaps indicating
limited change in immune targeted epitopes on the GII.3 capsid, restricting
infection to the paediatric population (315). This study aimed to identify and
characterise antibody-binding epitopes on the GII.3 capsid protein, and to
investigate temporal immunological variation.

To establish the differences in antibody-binding properties of GII.3 strains
circulating in different years, we produced seven GII.3 VLPs, representing strains
collected from 1975 to 2008, together with a strain-specific anti-GII.3 rabbit
polyclonal targeting the most contemporary VLP (rAU08). The IgG binding
profiles of the panel of GII.3 VLPs were compared using three human serum
samples (collected 1978 – 1980) and the strain specific anti-rAU08 polyclonal
serum, with no significant difference observed in the serum binding capacity of
each GII.3 VLP (Fig. 4.1, Fig. 4.2). This suggests that antibodies elicited following
a presumed norovirus GII.3 infection during the 1970s or 80s recognise the
epitopes present on GII.3 noroviruses circulating at a similar time, as well as
those circulating decades later. Equally, antibodies produced against the
contemporary 2008 strain were reactive with GII.3 strains from previous years.
Thus it is likely that GII.3 antibody-binding epitopes are highly conserved over
time, and strong intragenotype cross-reactivity is evident. Since intact VLPs were
used for the ELISA experiments, we can assume that these cross-reactive
epitopes are, for the most part, conformational. In addition, our epitope mapping
experiments confirmed that GII.3 immunoreactive regions containing linear
epitopes are also highly conserved overall, with the exception of those in the
P2 domain (Fig. 4.4). The high level of intragenotype cross-reactivity and
conservation of epitopes suggests that GII.3 strains may be limited to the
paediatric population due to herd immunity.

Our findings are in contrast to results from Hansman and colleagues, who found
varying levels of cross-reactivity between five different GII.3 VLPs (isolated in the
late 1990s or unknown) and their respective antiserum (368). They reported that
whilst some GII.3 VLPs were cross-reactive with specific heterologous GII.3
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antisera, other GII.3 VLPs bound heterologous antisera with a two to eight-fold
decrease in binding strength (368). However, three of the GII.3 strains studied by
Hansman and colleagues were unusual strains. Two were uncommon
recombinant strains with a GII.a RdRp from the late 1990s, and the third does not
cluster within any GII.3 lineage (isolation date unknown) (368, 510). The VLPs in
our study represented strains with either a pre-GII.3 ancestral RdRp
(non-typeable) (510) or the highly common GII.3 or GII.b RdRps (510). Therefore,
whilst our results show a consistency in GII.3 VLP antibody-binding, there may be
some novel or uncommon strains that do not follow this pattern.

Previous studies have also shown a very broad intergenotype cross-reactivity of
rabbit anti-GII.3 polyclonal serum or anti-GII.3 MAbs, which were able to bind to
GI and GII VLPs. However, as seen in this study, these heterologous affinities
were much lower than with the homologous GII.3 antigen (368, 380, 382, 386).
Additionally, the sequence homology of the GII.3 immunoreactive regions
mapped in this study varied greatly across genotypes (Fig. 4.4). This suggests a
possible intergenotype cross-protective role for a GII.3 elicited immune response,
however protection would be limited, and restricted perhaps only to certain
genotypes.

It is likely that the intragenotype and intergenotype cross-reactive antibodies are
elicited, for the most part, by the highly conserved S and P1 domain epitopes.
Antibodies targeting the S and P1 domain epitopes may be elicited to disrupt
replication, as seen for other viruses (513, 514). There is evidence to suggest this
in the case of the epitope(s) within region IR-1 (S, 26 – 63), which contains the
48

IDPWI52 motif that is thought to interact with the VP2 protein in the formation of

the capsid structure (223). VP2 is thought to play a role in stabilization of the
capsid structure and encapsidation of the genome (223); therefore, antibodies
targeting this region may prevent assembly of stable capsids containing genomic
material. Additionally, IR-1 appears to be highly immunogenic and cross-reactive,
as it overlaps with epitopes

48

IDPWI52,

44

QQNIIDPWIMN54 and

51

WIRNNF56 as

previously mapped for MAbs TV20, 1B4/IF6 and N2C3, generated against GII.3
(strain TV24), GII.3 (strain NV36) and GII.4 (strain NVgz01) norovirus capsids,
respectively (381, 382, 400). These overlapping epitopes are highly conserved
across genogroups, particularly the recently mapped epitope
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48

IDPWI52, which is

completely conserved across all genotypes of the Norovirus genus (381).
Furthermore, MAbs that bound these S domain epitopes were found to be highly
cross-reactive with norovirus strains of several genogroups (381, 382, 400).
Thus, antibodies targeting the highly conserved S and P1 domain epitopes are
often cross-reactive and whilst they are unlikely to neutralise viruses, they may
function to disrupt norovirus replication and limit disease progression.

The two immunoreactive regions mapped to the P2 domain in this study overlap
with a larger epitope (361 – 403) previously mapped for three anti-GII.3 MAbs,
further supporting the validity of these immunoreactive regions and our epitope
mapping method (399). Our epitope mapping method allowed identification of
large immunoreactive regions containing at least one epitope, for sequence
characterization. However, whilst most antigen-antibody contact surfaces are
large (15 – 20 amino acids) and all residues may affect affinity, only 5 – 6
residues are energetically important in forming an epitope and are likely to be
involved in productive antibody binding (515). Due to their great variability, the
two P2 domain immunoreactive regions were selected for further minimization to
characterise the key “productive binding” residues forming the epitope.

Based on combined evaluation of the Mimotope assay and homology modelling
results, immunoreactive region IR-4 (P2, 362 – 379) likely contains two
overlapping epitopes formed by residues 364 – 371 or 370 – 379, both located
below a protruding loop (Fig. 4.6). Sites 368 and 372 were previously identified as
evolutionary important residues and conserved changes at these sites may be
due to immune pressure (510). However, our ELISA data demonstrates that
these changes do not affect overall serum reactivity since the variety of GII.3
VLPs on the panel represented all previous permutations at these sites and
serum reactivity was completely cross-reactive. The GII.3 capsid protein evolves
by a cyclic nature of reversion back to previously used residues, which may
contribute to cross-reactivity among temporally distant norovirus strains, despite
immune pressured change (315).

The minimal binding region of IR-5 (P2, 380 – 405) was located to residues
384

SDDFDQNKPT393. Residue pairs at either end of the minimal binding region

(384SD385 and

392

PT393) are not imperative, but significantly enhance binding. This
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minimised epitope has a substantially higher proportion of variable sites (80%)
than the P2 region in its entirety (43%), suggesting immune driven change in this
epitope. Specifically, residues 385, 389, 391 and 392 in this epitope are highly
variable, evolutionary important residues and substitutions at these sites are likely
to be immune driven (510). In particular, residues 385 and 389 have previously
been shown to be evolving under positive selection (315, 510). Furthermore,
residue 385 aligns with residue 372 of the GII.4 mapped blockade epitope “A”,
suggesting that this epitope may play a similar blockade role (395). This
suggestion is endorsed by the epitope location, as epitope residues surround
(sites 384, 385 and 387) or constitute (site 386) the HBGA binding sites (Fig. 4.6)
(320). The high variability in this epitope suggests minimal contribution to GII.3
intragenotype and intergenotype cross-reactivity, however changes at these sites
do not reduce intragenotype overall serum reactivity as demonstrated by
universal serum binding to GII.3 VLPs possessing various permutations at
evolutionary important sites. Additionally, a previous study showed that anti-GII.3
convalescent phase serum was able to block attachment of GII.4 VLPs to a
HBGA carbohydrate, albeit to a lesser extent than the homologous convalescent
phase serum (387). Therefore anti-GII.3 blockade antibodies may have the ability
to bind to non-homologous antigens to some degree.

In conclusion, this study characterised the intragenotype immune cross-reactivity
of GII.3 targeted antibodies, whilst also utilising a novel approach to identify and
characterise major linear antibody-binding epitopes on the norovirus GII.3 capsid
protein. Our data demonstrates that linear and conformational epitopes of the
norovirus GII.3 capsid are mostly highly conserved and that a significant degree
of cross-reactivity is seen within this genotype. The high cross-reactivity and
limited evolution in GII.3 epitopes suggests that herd immunity against GII.3 may
account for reduced GII.3 prevalence in adults. Whilst further studies are required
to confirm that this cross-reactive immunity actually prevents disease, our study
suggests that a GII.3 strain would be a valuable inclusion in a paediatric-targeted
multivalent

vaccine.

Continued

characterisation

of

major

norovirus

antibody-binding epitopes is important for effective vaccine design, as targeting
key antibody-binding residues in vaccine reformulation may prevent the
emergence of antigenic variants in an immune population.
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Chapter 5: Thesis Final Discussion
5.1 The importance of norovirus in children
Norovirus is a positive sense, single-stranded RNA virus from the Caliciviridae
family, and is the most common cause of gastroenteritis worldwide (5, 10, 23-25).
Norovirus is now accepted as an important cause of acute gastroenteritis in
children (defined as ages 0 – 18 years). Compared to adults, norovirus illness in
children is more prevalent, more transmissible, more prolonged, and carries a
greater risk of significant morbidity and mortality (5, 8, 28, 42, 49, 354, 424-426).

As norovirus is a major public health concern in people of all ages, research is
underway to produce an effective vaccine. Due to the higher risk of morbidity and
mortality in children, especially in developing countries, it is particularly important
that a norovirus vaccine is effective in the paediatric population. To develop a
truly effective paediatric-targeted vaccine, it is necessary to understand what
strains are causing disease in children, how these strains are evolving, and what
level of immune cross-reactivity exists among these strains.

In this dissertation, a genetic investigation of strains circulating in Australian
children was undertaken, which established that GII.3, GII.4 and recombinant
strains were predominant in children. GII.3 and GII.b strains also exhibited a
paediatric association worldwide. Evolutionary investigations conducted on GII.3
strains established that they have evolved using different primary mechanisms to
GII.4 strains, frequently utilising genetic recombination as a form of adaptation.
Characterisation of the immune epitopes on the capsid protein revealed existence
of limited immunological variation within GII.3 strains, leading to significant
intragenotype cross-reactivity.

5.2 GII.3 is associated with paediatric norovirus disease
Whilst a variety of norovirus genotypes were detected in Australian children with
severe acute gastroenteritis during 2006 to 2008, GII.3 and GII.4 strains
represented 95% of strains detected in this cohort. In keeping with historical and
global trends in the paediatric population (0 – 18 years of age), these two
genotypes alternated years of dominance (56, 250, 315, 335, 355, 356, 425, 448,
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451, 452, 455-460). Genotype II.3 was associated with 46% of overall paediatric
norovirus disease in this 3 year study, which is much higher than that observed in
adults (347, 460, 462, 483). Previous studies have found that there was a high
prevalence of GII.3 in the paediatric population during the late 1970s, late 1980s,
early to mid 1990s and early and late 2000s in various countries (56, 250, 315,
335, 355, 356, 425, 448, 449, 451, 452, 455-460, 467). The paediatricassociation of GII.3 strains may be due to factors relating to the immature gut
and/or the evolutionary pattern and limited immunological change of GII.3 strains.
These factors are discussed in more detail throughout this chapter. The strong
paediatric association and high prevalence of norovirus GII.3 strains in children
suggests that this genotype should be a considered for inclusion in a
paediatric-targeted norovirus vaccine.

5.3 Recombination is important in GII.3 evolution
A high prevalence of recombinant strains in children, particularly GII.3/GII.b
(capsid/polymerase) recombinants were detected during this study. The
emergence of GII.3/GII.b strains is a recent phenomenon, as these strains have
only been identified in studies conducted in several countries throughout the
2000s (255, 256, 347, 348, 462, 516). The evolutionary mechanisms employed
by GII.3 noroviruses were explored within this dissertation. Evolutionary analysis
of 72 GII.3 capsid gene sequences isolated between 1975 and 2010 revealed
that recombination was a common evolutionary mechanism employed by GII.3
norovirus strains, resulting in the acquisition of new RdRp genes. This study
identified that the GII.3 capsid gene has been associated with at least five RdRp
genes of different genotypes throughout its evolution. In addition, these
recombination events were usually associated with the emergence of a new GII.3
lineage, an increase in GII.3 population size, and an increased prevalence of
GII.3 in the paediatric population (248, 255, 256, 315, 335, 343, 344, 346-348,
355, 356, 448, 451, 453, 455-458, 460-462, 466, 468, 485, 497, 499).

Data from this study revealed that the GII.3 capsid switches its RdRp gene
approximately every 5 to 10 years. Although it’s likely that there have been more
recombination events, five common RdRps have persisted through selection in
association with the GII.3 capsid. New RdRps probably increased viral fitness,
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possibly through increasing the replication rate. In comparing the evolution rate of
the GII.3 and GII.b RdRps, it became apparent that the GII.b RdRp evolves at a
faster rate and thus may have facilitated an increased evolution rate of the
associated GII.3 capsid. It is likely that an increased mutation rate, and thus the
generation of larger reservoirs of mutant viruses with more potential to adapt to
changing environments, led to the selection of new recombinant GII.3 viruses
(500). Therefore the cyclic pattern of GII.3 “emergence” every few years, may be
associated with the acquisition of new RdRp genes, which afford changes in the
capsid makeup.

Based on characterization of the evolutionary patterns of the GII.3 virus, a new
recombination event producing a new GII.3 genetic variant is due soon. GII.3
lineages evolved temporally from 1975 to 2005. In 2006 Lineage E strains
(GII.3/GII.b) emerged and evolved simultaneously with sub-cluster D strains
(GII.3/GII.12).

These

simultaneous

evolution

events

appeared

to

be

geographically separate, with sub-cluster D strains evolving solely in parts of
Asia, whilst Lineage E strains existed in Australia, the Netherlands and India. The
continued circulation and ongoing evolution of both lineages either in defined
regions or emergence in new geographical locations could lead to a new cluster
or a new recombination event.

5.4 The paediatric-association of GII.3 strains may affect the
way the virus evolves
The norovirus GII.3 association with the paediatric population probably affects the
way that this virus evolves. This study demonstrated that the major evolutionary
mechanism in use for GII.3 strains is very different to the ubiquitous GII.4 strains
(322,

335-338).

The

high

frequency

of

recombination

within

this

paediatric-associated genotype may be due to the increased level of
transmissibility among children (354), which may lead to more mixed infections
presenting the opportunity for recombination.

Additionally, the different environment of the infant (0 – 2 years) versus adult gut
(characterised by varied commensal bacteria, a less developed immune system
and less developed HBGAs) may result in differences in evolutionary pressures
119

on GII.3 strains (437, 508, 509, 517-519). Also of note, is that some of the factors
that are unique to the immature gut (such as commensal bacteria or the lessdeveloped immune system) may actually provide the ideal conditions for
establishment

of

GII.3

infection,

which

may

contribute

to

the

paediatric-association of GII.3 strains.

It is vital to explore the evolution of all norovirus genotypes, particularly those that
may be included in a paediatric-targeted vaccine, as this study demonstrated that
not all norovirus strains evolve in the same manner.

5.5 Norovirus GII.3 evolution is partly driven by immune
pressure
Despite the association of GII.3 norovirus with the immune-naïve paediatric
population, there is evidence to suggest that the evolution of this virus is
influenced by immune pressure. Some of the epitopes identified in chapter five of
this dissertation, particularly those in the P2 domain, were not completely
conserved over time and contained evolutionarily important lineage-specific
substitutions. Additionally, the epitopes in the P2 domain had a higher proportion
of variable sites than the P2 domain as a whole. This suggests GII.3 evolution is
partly driven by immunological pressure. Immune pressured change is
particularly evident in the proximity of the HBGA binding sites where many
lineage-specific substitutions were identified. The protruding location and high
level of variation in the P2 epitopes suggests that these may be blockade
epitopes. Although complete immune cross-reactivity among GII.3 VLPs was
observed in studies within this dissertation, MAbs binding the P2 domain epitopes
may not contribute to this cross-reactivity to provide complete cross-blockade
reactivity.

5.6 The GII.3 capsid protein evolves in a cyclic nature
As discussed in chapter three, and by Boon and colleagues (2011), whilst GII.3
strains evolve at a comparable rate to GII.4 strains at the nucleotide level,
substitutions within the GII.3 capsid protein follow a cyclic pattern of reversion
back to previously used amino acids (315, 322, 335-338). Therefore, whilst
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epitopes may evolve in response to immune pressure, continual cumulative
change is not observed. Exposure to a GII.3 variant is likely to elicit a protective
immune response that will protect against infection with future GII.3 variants. The
cyclic-substitution nature of GII.3 evolution may be due to a limitation of
functionally permitted residues within the available sequence space. This limited
diversity may be a major factor that restricts this genotype to infecting immune
naïve paediatric patients. Other factors, such as receptor usage, may also limit
infection to the paediatric population, and the nature of cyclic-substitution may
simply be a result of evolution within and between immune-naïve hosts.

5.7 GII.3 strains exhibit limited immunological change and
substantial intragenotype cross-reactivity
Studies in this dissertation explored the immunological elements of norovirus
GII.3 strains, determining that these strains exhibit a significant level of
cross-reactivity within the genotype, and that immune epitopes on the GII.3
capsid are highly conserved. Of the six linear epitopes identified on the capsid
protein, three showed sequence variation between different GII.3 strains over
time, with a high level of variation in the P2 domain epitopes. However, sufficient
epitope

conservation

must

exist

because

significant

immunological

cross-reactivity was observed between GII.3 VLPs. As mentioned previously, it is
likely that the cyclic nature of amino acid substitution in GII.3 capsid proteins
plays a role in this cross-reactivity. A previous study found limited cross-reactivity
amongst five GII.3 strains and their respective antisera, however three of the five
GII.3 strains were rare GII.3 variants (368). Thus, cross-reactivity among GII.3
strains is likely to be common with the exception of rare or novel variants. This
level of intragenotype immune cross-reactivity observed in GII.3 strains is not
evident in the highly prevalent norovirus GII.4 genotype (324). These differences
in cross-reactivity may partly explain why GII.3 noroviruses are mostly limited to
infecting children, whereas GII.4 strains are epidemic in nature.

A similar level of intragenotype cross-reactivity has recently been reported in
GII.2 strains where MAbs and polyclonal sera generated against a 1976 GII.2
VLP were reactive with three other GII.2 VLPs produced from strains circulating
in the 2000s (520). A significant difference in blockade capacity of the
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anti-GII.2.1976 polyclonal serum was identified when comparing the homologous
antigen to the other GII.2 VLPs. However, polyclonal serum was able to block the
binding of each GII.2 VLP to HBGAs in a dose-dependent manner, suggesting a
dose-dependent level of cross-reactive protection among GII.2 strains. (520).
Although blockade studies were not within the scope of this study, GII.3 strains
may be similar to GII.2 strains, in that antibodies elicited during previous GII.3
infections may not efficiently block non-homologous GII.3 strains, due to changes
in P2 epitopes, but neutralisation may still be possible with higher levels of
antibody. This hypothesis is based on the fact that GII.3 strains and GII.2 strains
both demonstrate limited immunological evolution and moderate prevalence in
adults, and therefore GII.3 strains are more likely to behave like GII.2 strains than
the efficient immune evading GII.4 cluster.

5.8 Reduction of paediatric norovirus disease
The high prevalence and large disease burden of norovirus illness in children
provides substantial support for the justification of a norovirus vaccine (5). The
results of this dissertation support previous evidence that a vaccine designed to
reduce norovirus morbidity and mortality ought to target the paediatric population
(5, 354). In addition, due to the norovirus epidemiological differences between the
adult and paediatric population, a paediatric-targeted vaccine may need to be
specifically designed with this target population in mind.

Given the paediatric-association, and limited immunological change, together with
the cyclic nature of amino acid substitutions observed in GII.3 strains, it would
seem prudent to include a GII.3 VLP in a vaccine formulation. A truly effective
paediatric-targeted norovirus vaccine should include GII.4 and GII.3 VLPs, as
well as a GI VLP, since GI strains are prevalent in children in developing
countries (425). Studies in mice have demonstrated that trivalent cocktails of
norovirus VLPs enhance heterotypic immune responses, which are able to
protect against genotypes not included in the vaccine (369). Thus, a mixed VLP
vaccine would serve the dual purpose of preventing paediatric infection with the
included genotypes, whilst also eliciting protective antibody towards other
genotypes.
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Seroprevalence studies suggest that children in developing countries would
require vaccination within the first year of life, as norovirus antibody is detected in
these children by the age of 2 years (355, 359, 439, 440, 443, 444). Vaccination
with a multivalent vaccine, containing GI, GII.3 and GII.4 antigens, in developing
countries in the first year of life would substantially reduce norovirus morbidity
and mortality in these regions. Even if protective immunity only lasted 2 to 3
years, the vaccine would prevent severe disease during infancy (birth to 2 years),
a period of increased risk of severe clinical outcomes (28). This dissertation
suggests that norovirus GII.3 strains peak in prevalence every few years and that
changes in immunoreactive regions are minimal, and thus childhood vaccination
with a GII.3 VLP should at least prevent GII.3-associated illness in the early
“critical” years of life. Likewise, children in developed countries would require
vaccination prior to attendance at day care and/or primary school and this would
reduce the spread of norovirus illness through an otherwise immune naïve
population and indirectly reduce illness in older children and adults (354, 438,
441, 442, 445, 446). Thus, early vaccination with an efficacious norovirus vaccine
in both developed and developing country settings would greatly improve child
health and overall public health (355).

5.9 Future directions
Norovirus surveillance has shown a pattern of fluctuating prevalence of GII.3 and
GII.4 over time in paediatric settings. Consistent recombination events within
GII.3 have been observed, and irregular emergence of other genotypes such as
GII.6 and GII.12 has also been reported (280, 345, 425, 460). An ongoing
surveillance program of norovirus strains infecting children, both in developed
and developing countries is a necessity to understand the impact of norovirus
illness on children worldwide (5). Future surveillance of paediatric strains should
include genotyping based on both the capsid and polymerase genes, due to the
high incidence of recombination in the paediatric population.

Within this study, the evolution rate of GII.3 and GII.b RdRps was determined, but
limited available sequence data has prevented rate analyses of other RdRp
genotypes associated with the GII.3 capsid. Currently GII.3 and GII.4 are the only
noroviruses to have undergone in depth evolutionary analyses, but with the
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advances in current sequencing technology, evolutionary analyses of several
other genotypes, such as GII.2, GII.6 and GII.12 could now be relatively easily
achieved (315, 322, 335-338). It would be of particular interest to explore the
evolution rate of GI strains to compare this to the more prevalent GII strains. A
recent small analysis of two GI genotypes allude to a slower evolution rate than
GII (340), however larger analyses should be conducted. In addition, with the
continual expansion of computing power, larger evolutionary analyses of more
than one genotype and possibly all human norovirus genotypes could be carried
out in future. This would enable identification of the time of the most recent
common ancestor of particular genogroups and genotypes and the exploration of
the origin of recombinant RdRps that have no matching capsid gene.
Furthermore, BEAST analyses including sequence from all human norovirus
genotypes would enable an estimation of how long human noroviruses have been
circulating. These kinds of analyses would substantially strengthen our
understanding of norovirus evolution and enable better prediction of future
norovirus activity.

This study identified several antibody-binding epitopes within the capsid and the
existence of complete antibody cross-reactivity within the GII.3 genotype. Future
studies could determine if this cross-reactivity is protective by using the
anti-rAU08 polyclonal and human serum samples to block the GII.3 VLPs in
HBGA blockade assays. This could be extended to testing the blockade potential
of anti-rAU08 polyclonal serum when applied to non-GII.3 VLPs.

Another logical progression of this immunological work would be to determine
which

specific

epitopes

are

cross-reactive

through

the

digestion

and

immunoprecipitation of alternative GII.3 or non-GII.3 VLPs and analysis with
anti-rAU08 or human serum samples. The use of human serum samples would
be a valuable contribution to this project, as this would allow the comparison of
epitopes mapped using rabbit serum versus human serum. In addition, repetition
of the entire epitope mapping experimental process using GII.4 rather than GII.3
would be advantageous. Several MAb epitopes have been precisely mapped on
the GII.4 capsid and it would be interesting to explore whether these regions
would be detected using this mapping technique (372, 393-395, 397, 403). Future
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use of this mapping technique may enable mass identification of linear epitopes
on the capsid of various norovirus genotypes.

5.10 Conclusions
A wealth of literature, including studies conducted as part of this dissertation,
demonstrates the importance of norovirus illness in children and the potential
value of a paediatric-targeted norovirus vaccine (3, 5, 354, 425). A more diverse
population of norovirus strains circulate in children compared to those circulating
in adults, with genotype GII.3 and recombinant strains more commonly
associated with paediatric illness (280, 345, 425). Evolutionary analyses of the
paediatric-associated GII.3 norovirus identified a high level of recombination.
These and other studies demonstrated that distinct norovirus genotypes rely on
different mechanisms to adapt, and that the evolutionary pressures on strains
circulating primarily within the paediatric population may differ from those in
strains circulating in other age groups (437, 508, 509, 517-519). The
immunological response observed during paediatric infection differs to that in
adults, and this dissertation demonstrates that GII.3 strains are highly
cross-reactive and that the evolution of epitopes on the GII.3 capsid is limited and
substitutions

are

cyclic.

Given

the

paediatric

association

and

limited

immunological change of GII.3 strains, a VLP produced from GII.3 strains would
seem a valuable inclusion in a multivalent paediatric-targeted vaccine
formulation. Continued surveillance of paediatric norovirus strains, together with
evolutionary and immunological investigations of noroviruses would be beneficial
for vaccine design and efficacy evaluation.
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Chapter 6: Appendices

6.1 Detailed

materials

and

methods

for

Chapter

2:

Characterisation of norovirus strains in Australian children
from 2006 to 2008: prevalence of recombinant strains
6.1.1 Specimen collection
A total of 272 stool specimens were collected from children admitted to the Royal
Children’s Hospital (RCH), Melbourne, Australia, with acute gastroenteritis from
April 2006 to December 2008. Specimens had been collected and tested as part
of the routine National Rotavirus Surveillance program and were rotavirus
negative (by ELISA) (521). All rotavirus negative samples collected in 2006
(n=38) and 2007 (n=63) were tested, along with samples collected between
January 2008 and March 2008. Due to higher rotavirus negative sample
availability following improved collection methods, every second or third sample
was tested from April 2008 to December 2008, totalling in 171 samples for 2008.
In addition, 10 samples isolated from children hospitalised at the RCH, Melbourne
with acute gastroenteritis from 2002 to 2005, were also analysed for a wider
phylogenetic comparison. These samples had previously been confirmed as
norovirus positive (229). This project was exempt from the full human research
ethics committee (HREC) review process as the research meets the U.S.A
Department of Health and Human Services regulation criteria for exemption 4.

6.1.2 Extraction of norovirus RNA
Faecal suspensions (20% w/v) were prepared by resuspending stool samples
(0.2 g) in 800 µl saline buffer (0.01 M tris-HCl [pH 7.5], 10.5 mM CaCl, 145 mM
NaCl), and clarifying by microcentrifugation at 25,000 x g for 3 min (Eppendorf
microcentrifuge, 5417c). The supernatant was collected and stored at -20 °C.
Viral RNA was extracted using the QIAamp Viral RNA Minikit (Qiagen) according
to the manufacturer’s instructions and stored at -80 °C.
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6.1.3 ELISA for initial detection of norovirus in stool samples collected
2006 to 2008
All stool samples collected between 2006 and 2008 were initially tested using the
IDEIA Norovirus ELISA kit (OXOID) to screen for norovirus positive samples.
Approximately 200 µl of 20% faecal suspension was prepared in IDEIA sample
diluent and each sample tested according to manufacturer’s instructions.

6.1.4 RT-PCR amplification of a 5’ section of the VP1 norovirus gene
Due to poor ELISA accuracy, all samples were additionally tested by RT-PCR.
Norovirus RNA was reversed transcribed as described previously (27). Briefly,
20 µl reaction mixes were prepared consisting of 1X reverse transcription buffer
(Roche), 10 mM Dithiothreitol (DTT), 1 mM of each deoxynucleoside triphosphate
(dNTP),

5 µM

random

primers

(Applied

Biosystems),

5.4 U

of

avian

myeloblastosis virus reverse transcriptase (AMV-RT, Roche), and 4 µl of RNA.
Reactions were incubated in a thermal cycler (Applied Biosystems) at 42 °C for
60 min and the AMV-RT enzyme was deactivated at 72 °C for 15 min. A nested
PCR reaction was carried out to amplify a 266 bp segment of the norovirus GII
capsid gene, VP1. First round amplification involved a 20 µl reaction mix
containing 1X PCR buffer II (Roche), 1.5 mM MgCl2, 200 µM of each dNTP,
0.6 ρmol µl-1 of each forward and reverse primer, 2 U of AmpliTaq DNA
polymerase (Taq, Roche) and 5 µl of template DNA from the reverse-transcription
reaction. Forward and reverse primers used were NV2oF2 and NV2oR
respectively (section 6.4.4) (27). Reactions were incubated at 95 °C for 5 min
followed by 25 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for
30 s and extension at 72 °C for 1 min. A final extension at 72 °C for 7 min was
carried out and DNA was stored at 4 °C. The second round (nested) amplification
reaction involved a 20 µl reaction mix comprising reagents identical to the first
round amplification, at the same concentration, but the forward and reverse
primers were replaced by G2F3 (471) and G2SKR (472), respectively (section
6.4.4).
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6.1.5 RT-PCR amplification of Region A of the RdRp
All norovirus isolates that had been genotyped based on the capsid gene
sequence were subjected to genotyping based on Region A (274 bp) of the RdRp
gene. RT-PCR was carried out as described previously (473). Briefly, 50 µl
reaction mixes for the RT reaction were prepared with 1X PCR buffer (Invitrogen,
Life Technologies, CA, U.S.A), 2 mM MgCl2, 1 mg ml-1 bovine serum albumin
(BSA, Roche), 400 µM of each dNTP, 4 ng µl-1 of reverse primer P289 (473)
(section 6.4.4), 10 U RNase Inhibitor (Roche), 2.7 U AMV-RT (Roche) and 1.5 µl
of RNA. Reactions were incubated at 42 °C for 45 min. PCR reaction mixes of
50 µl were prepared with 0.5X PCR buffer (Invitrogen), 1 mM MgCl2, 2 ng µl-1
P290 forward primer (473) (section 6.4.4) and 1.5 U of Taq (Roche) and added to
the 50 µl reaction from the RT step. Reactions were subjected to the following
cycling conditions: 94 °C for 3 min, followed by 40 cycles of: of 94 °C for 45 s,
49 °C for 90 s, 72 °C for 90 s, and a final extension at 72 °C for 10 min.

6.1.6 RT-PCR amplification of Region B of the RdRp
The RT-PCR used to amplify region A of the RdRp gene was not as efficacious
as the nested RT-PCR used to amplify part of the capsid gene, thus a number of
samples could not be typed based on the RdRp gene. Therefore, an alternative
RT-PCR that amplified Region B (172 bp) of the RdRp gene was employed for
these samples. RT-PCR was carried out as previously described (259). Briefly, a
50 µl reaction mix was prepared with 1 mM DTT, 0.1% v/v Triton X-100, 0.07 µl
Beta-mercaptoethanol, 200 ng µl-1 of each primer (forward - mon431 and
mon432, and reverse - mon433 and mon434, section 6.4.4), 0.5X PCR Premix G
(Astral Scientific, Sydney Australia), 16 U RNase Inhibitor, 0.8 U AMV-RT, 1.25 U
of Taq and 1 µl of RNA. Reactions were reverse transcribed for 60 min at 42 °C
and the AMV-RT enzyme denatured for 3 min at 94 °C. This was followed by 40
cycles of 94 °C for 45 s, 50 °C for 90 s, and 60 °C for 90 s. A final extension was
carried out for 10 min at 72 °C.
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6.1.7 Amplification across ORF 1/ORF 2 junction region – suspected
recombination breakpoint
A number of suspected recombinant norovirus sequences were verified by
amplifying and sequencing across the ORF 1/ORF 2 junction region as this was
the suspected recombination breakpoint. This 1,049 bp region was amplified
using the Superscript III One-Step RT-PCR System with Platinum Taq DNA
Polymerase (Invitrogen) with primers P290 (473) (forward) and G2SKR (472)
(reverse) (section 6.4.4). The 50 µl RT-PCR reaction mix contained 1X
Superscript III reaction mix, 280 nM of forward primer (P290), 200 nM of reverse
primer (G2SKR), 2 µl Superscript III enzyme mix and 5 µl of RNA. RNA was
boiled for 3 min at 97 °C and quenched for 1 min on ice before adding to the
reaction mix. Reactions were incubated under the following conditions: 45 °C for
45 min, 94 °C for 5 min, followed by 40 cycles of: 94 °C for 45 s, 49 °C for 45 s,
72 °C for 2 min, and a final extension at 72 °C for 7 min.

6.1.8 Agarose gel electrophoresis
Agarose gel electrophoresis was carried out on all PCR products to detect the
presence and size of amplicons. Agarose gels were prepared with 1 – 1.5% w/v
agarose (Bioline, London, U.K) in 0.5X TBE and 24 ng ml-1 ethidium bromide
(Sigma-Aldrich). Amplified cDNA (10 µl) was combined with 2 µl loading buffer
and electrophoresed at 100 V in 0.5X TBE buffer alongside 5 µl of a 100 bp DNA
ladder (Bioline). DNA was visualised under an ultra violet (UV) transilluminator
(Syngene, Cambridge, U.K) and photographed using Gene Genius Bio Imaging
Systems (Syngene).

6.1.9

6.1.9.1

Direct sequencing of norovirus DNA products
Gel extraction for cDNA purification

Amplified cDNA PCR products were gel purified before sequencing. Together
with 2 – 16 µl of loading buffer, 10 – 80 µl of cDNA was loaded onto a 1 – 1.5%
agarose gel prepared in 0.5X TBE buffer with 24 ng ml-1 ethidium bromide.
Samples were run at 100 V alongside 5 µl of 100 bp ladder in 0.5X TBE buffer.
Targeted cDNA bands were excised from the gel and cDNA was purified using
the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) according to the
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manufacturer’s protocol. To determine the concentration and purity of cDNA, 2 µl
of purified cDNA was run on a 1 – 1.5% agarose gel, viewed under a UV light and
its intensity compared to the 100 bp quantitative molecular weight marker
(Bioline). DNA concentration was also quantified using a nano-drop, ND1000
spectrophotometer (Thermo Scientific).

6.1.9.2

Direct sequencing – in house (used until June 2009)

Sequencing reactions were prepared using Big Dye Terminator (BDT) v3.1
(Applied Biosystems). Sample reactions of 20 µl contained 3.5 µl of 5X BDT
reaction buffer, 5% v/v BDT enzyme, 80 – 100 ng purified cDNA per 1,000 bp and
0.2 ρmol of primer. For all sequenced amplicons, the primers used for
amplification were used for sequencing (section 6.4.4) and, where necessary,
additional internal primers were designed. Sequencing reaction cycling conditions
included: 95 °C for 2 min, followed by 30 cycles of 95 °C for 5 s, 50 °C for 10 s
and 60 °C for 4 min. Sequencing reactions were precipitated in a mixture of 2 µl
3 M sodium acetate (NaOAc) and 50 µl 96% v/v ethanol (EtOH) solution for 2 –
24 h in the dark, and centrifuged for 20 min at 25,000 x g (Eppendorf
microcentrifuge, 5417c). The supernatant was discarded and the DNA pellet
washed twice with 250 µl of 70% v/v chilled ethanol and centrifuged for 5 min at
25,000 x g (Eppendorf microcentrifuge, 5417c). After removing the supernatant,
pelleted DNA was dried at 60 °C for 3 min. Samples were submitted to Applied
Genetic Diagnostics, Department of Pathology, University of Melbourne, for
capillary separation sequencing using an ABI 3130xl Genetic Analyser
(Invitrogen).

6.1.9.3

Direct sequencing method – AGRF

Following DNA gel purification and concentration determination, 3 – 4 ng per
100 bp of DNA was combined with 0.8 ρmol µl-1 final concentration of primer
(section 6.4.4) and made up to a final volume of 12 µl with nuclease free water.
Samples were submitted to the Australian Genomic research Facility (AGRF),
Melbourne, for further processing and capillary sequencing using an ABI 3730xl
Genetic Analyser (Invitrogen).
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6.1.10 Sequence analyses
Sequencing data was formatted and analysed using Sequencher v4.1 (Gene
Codes, Ann Arbor, MI). The National Centre for Biotechnology Information’s
(NCBI) Nucleotide Basic Local Alignment Search Tool (Blastn) (476) was used to
confirm the identity of gene sequences.

6.1.10.1 Genotype determination
Phylogenetic analysis was conducted to assign genotype as defined by
Zheng et al., 2006 (232). JModelTest was used for nucleotide substitution model
selection (474, 490) and phylogenetic distances were computed using the Kimura
2-parameter method (475). Sequence alignments were performed using
Clustal W and phylogenetic analyses were inferred using the neighbor joining
method (478) with 1,000 bootstrap replicates (479), as available in the Molecular
Evolutionary Genetics Analysis program (MEGA) v4 (477).

6.1.10.2 Recombination detection
Recombination in norovirus strains was detected via analyses of the 1,049 bp
amplicons, which comprised the suspected recombination breakpoint, using two
programs, Sequence Type Analysis and Recombinational Tests (START) v2
(482) and SimPlot v3.5.1 (480). An alignment of the suspected recombinant and
two proposed parental strains (as prepared in MEGA v4) was used as input for
START2, and the Maximum Chi-Squared Test (χ2) (481) was used to detect the
presence of recombination and the likely breakpoint. A p-value less than 0.05 for
the χ2 test suggested a recombination event at the predicted location. SimPlot
analysis required the sequence input of the suspected recombinant, two
proposed parental strains and a reference strain. Plots were generated using the
2-parameter (Kimura) distance model (475) in a sliding window of 200
nucleotides and a step size of 20. The graphical output displays the nucleotide
identity of suspected recombinants with each parental strain, plotted as a
percentage for each nucleotide position. The recombination breakpoint is
predicted by the point where both parental strains share equal identity to the
parent strains. Potential parent strains used for both tests were Mexico virus
(HCU22498, GII.3), Saitama U1 (AB039775, GII.12), and Hawaii virus (U07611,
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GII.1). Phylogenetic analyses of recombinant strain sequence from either side of
the predicted breakpoints were also conducted using MEGA v4 to confirm results.
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6.2 Detailed materials and methods for Chapter 3: The
importance of intergenic recombination in norovirus GII.3
evolution
6.2.1 Specimen collection
All norovirus positive stool specimens selected for capsid sequencing (n=6) were
collected from children admitted to the Royal Children’s Hospital, Melbourne,
Australia, with acute gastroenteritis. Six GII.3/GII.b samples isolated in the years
2001, 2002, 2006, 2007, 2008, and 2010 were selected for analysis. Samples
were selected to represent multiple years of GII.3 circulation, where samples
were available. Samples from each year were selected on the basis of available
stool volume and RNA quality. Specimens (with the exception of the 2010 isolate)
were confirmed as norovirus positive and genotyped as described in chapter two,
(section 6.1), or in a previous epidemiology study (229). The 2010 GII.3/GII.b
isolate was selected after screening 282 samples isolated during 2009 and 2010,
as described in section 6.2.2.

6.2.2 ELISA for initial detection of norovirus in stool samples collected in
2009 and 2010
The RIDASCREEN Norovirus 3rd Generation ELISA kit (R-Biopharm, Darmstadt,
Germany) was used to screen 282 rotavirus negative stool samples collected in
2009 and 2010 for the presence of norovirus. ELISA positive samples were
confirmed as norovirus positive and genotyped (in the capsid and RdRp gene) by
RT-PCR and sequencing as described in methods section 6.1.

6.2.3 RNA extraction
RNA was extracted from stool specimens as described in section 6.1.2.

6.2.4 RT-PCR amplification of full length capsid gene (VP1)
The full-length capsid gene (VP1) was amplified using the Superscript III
One-Step RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen) using
primers NV2oF2 (27) and GV132 (261), according to kit protocol. Briefly, 5 µl of
RNA was boiled at 97 °C (with 5 µl DMSO for 2001 and 2002 samples) and
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added to 1X Superscript III reaction buffer, 0.2 µM2 of each primer and 2 µl of
Superscript III enzyme in a final volume of 50 µl. Reactions were cycled at 45 °C
for 30 min, 95 °C for 15 min, followed by 40 cycles of: 94 °C for 45 s, 50 °C for 45
s, 70 °C for 3 min and a final extension of 7 min at 70 °C. Amplified products
were electrophoresed as described in section 6.1.8.

6.2.5 Capsid sequencing
Amplified DNA products of correct size (~1,647 bp) were gel purified and
sequenced as described in section 6.1.9. Sequence data from the six sequenced
GII.3 capsid genes were formatted and analysed using Sequencher v4.1 (Gene
Codes, Ann Arbor, MI).

6.2.6 Sequence data sets and preliminary analyses
Four individual sequence datasets were analysed in this section. The first dataset
comprised full length GII.3 VP1 sequences, and the other three datasets
consisted of Region A sequence from the RdRp gene (further details below). All
sequence alignments were prepared using Clustal W as available in MEGA v5
(486). The Akaike Information Corrected Criterion (AICc) as implemented in
jModelTest v0.1 was used to select the most appropriate nucleotide substitution
models for phylogenetic and evolutionary analyses, for each dataset (474, 490).
JmodelTest uses a maximum likelihood approach and the parameters were set to
allow likelihood calculations of 88 models, including 11 substitution schemes,
equal or unequal base frequencies, a proportion of invariable sites, and rate
variation among sites (4 rate categories). A maximum likelihood tree was
optimised for each model. As well as calculating the most appropriate substitution
model for a given dataset, jmodelTest calculates nucleotide frequencies, the
proportion of invariable sites and the gamma shape, and these values were used
as input for downstream evolutionary analyses.

6.2.6.1

GII.3 VP1 sequence dataset for evolutionary analyses (n=72)

The six Australian GII.3 VP1 sequences were aligned with 66 GII.3 VP1 gene
sequences from the GenBank Database
2

Correction to published paper (paper listed 10µM).
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(http://www.ncbi.nlm.nih.gov/Genbank/index.html). The 66 gene sequences
comprised all complete (1,647 bp) GII.3 VP1 sequences that had collection
information (date and location) as available in June 2012. A group of sequences
from a single immunocompromised patient in Sweden (50) were excluded from
these analyses to avoid bias, with one representative included (1937/2000/SWE).
The general time reversible (GTR) substitution model with rate variation among
sites and a proportion of invariant sites (487) was selected as the most
appropriate model for this dataset. All strains included in this dataset are listed in
Table 6.1.

Table 6.1. Details of strains used in the GII.3 evolutionary analyses
D.O.C

a

b

Strain name

Accession no.

RdRp genotype

Ref for RdRp

1975

CHDC2005/1975/US

HM072045.1

Ancestral

this study

1976

CHDC32/1976/US

HM072046.1

Ancestral

this study

1979

CHDC4671/1979/US

HM072042.1

Ancestral

this study

1983

GoulburnValleyG5175A/1983/AU

DQ379713

Ancestral

DQ379713

d

-

1987

MD134-10/1987/US

AY030313

ND

1987

MD101-2/1987/US

AY030312

ND

-

1988

CHDC4031/1988/US

HM072044.1

GII.3

this study

1988

CHDC4090/1988/US

HM072043

GII.3

this study

1989

Mexico/1989/MX

U22498

GII.3

U22498

1989

SRSV-OTH-25/1989/JP

L23830

GII.3

L23830

1990

CHDC5261/1990/US

HM072041.1

GII.3

this study

1991

CHDC5365/1991/US

HM072040.1

ND

-

1991

TV24/Toronto/1991/CA

U02030

GII.3

U02030

1993

Rbh/1993/UK

AJ277617

ND

-

1993

Lionville/247/1993/US

AF414411

GII.3

AF414411

1994

SRSV/Auckland/1994/NZ

U46039

ND

-

1994

Towson/313/1994/US

AF414414

GII.3

AF414414

1994

Montgomery/312/1994/US

AF414413

GII.3

AF414413

1994

NewOrleans/279/1994/US

AF414412

GII.3

AF414412

1995

Bham132/1995/UK

AJ277611

ND

-

1995

Arg320/1995/AR

AF190817

GII.a

AF190817

1995

Brattleboro/321/1995/US

AF414415

GII.3

AF414415

1997

Sinsiro/1997/JP

AB195226

ND

-

1998

Sydney2212/1998/AU

AY588132

GII.a

AY588132

1998

SaitamaU201/1998/JP

AB039782

GII.3

AB039782
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c

1998

SaitamaU18/1998/JP

AB039781

GII.3

AB039781

1999

Hu/GII.3/1999/US

JQ743333.1

ND

-

2000

1937/2000/SWE

AY247431

GII.a

(39)

2000

SN2000JA/2000/JP

AB190457

GII.a

AB190457

2001

Berlin/226/2001/DE

AF427111

ND

-

2001

Oberhausen455/2001/DE

AF539440

GII.b

AF539440

2001

Herzberg385/2001/DE

AF539439

GII.b

AF539439

2001

Bitburg/289/2001/DE

AF427112

ND

-

2001

Oberhausen455/2001/DE

AF425768

ND

-

2001

01-13/477/VP1/2001/AU

this study

GII.b

DQ005931.1

2001

Maizuru/010524.3229/2001/JP

EF547399

ND

-

2002

C14/2002/AU

AY845056

GII.b

AY845056

2002

02-13/424cons/VP1/2002/AU

this study

GII.b

JN602355.1

2003

ParisIsland/2003/US

AY652979

GII.b

AY652979

2003

Saga/5424/2003/JP

AB242256

GII.b

AB242256

2003

5017.34/2003/JPN

EU187437

GII.12

EU187437

2004

Beijing/CR2987/2004/CHN

DQ419909

ND

-

2004

Glastonbury1164/2004/USA

JN899244.1

GII.b

JN899244.1

2004

CHN39246/CC/2004/CHN

EU072243

GII.b

EU072243

2004

CHN39186/CC/2004/CHN

EU072241

GII.b

EU072241

2004

GII.4/Sydney715D/2004/AU

DQ078841

GII.b

(19)

2004

Texas/TCH04-577/2004/US

AB365435

GII.b

AB365435

2004

78/2004/Ru

AB242258

GII.b

AB242258

2004

Maizuru/5017/2004/JP

AB242257

GII.12

(31)

2005

GII.3/RotterdamP5D0/2005/NL

AB385634

GII.b

(53)

2005

Beijing/375/2005/CHN

EU850827

GII.12

EU703684.1

2005

Beijing/169/2005/CHN

EU850826

GII.12

EU703660.1

2005

Beijing/148/2005/CHN

EU850825

GII.12

EU703658.1

2005

Beijing/48/2005/CHN

EU850824

GII.12

EU703650.1

2005

Beijing/06/2005/CHN

EU850823

GII.12

EU703645.1

2006

GII.4/Sydney740C/2006/AU

GQ849127.1

GII.b

(54)

2006

GII.3/RotterdamP8D31/2006/NL

AB385642

GII.b

(53)

2006

GII.3/RotterdamP8D0/2006/NL

AB385641

GII.b

(53)

2006

GII.3/RotterdamP1D88/2006/NL

AB385627

GII.b

(53)

2006

GII.3/RotterdamP1D0/2006/NL

AB385626

GII.b

(53)

2006

41/89/VP1/2006/AU

this study

GII.b

JN602341.1

2006

GII.3/CBNU1/2006/KOR

GU980585

GII.12

GU980585

2006

Hebei/48580/2006/CHN

EF670649

GII.12

EF670649

2007

Pune/PC52/2007/India

EU921389

GII.b

EU921389

2007

84/46/VP1/2007/AU

this study

GII.b

JN602346.1
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2007

Beijing/55040/2007/CHN

GQ856467

GII.12

GQ856467

2007

Beijing/55037/2007/CHN

GQ856466

GII.12

GQ856466

2008

693/425/VP1/2008/AU

this study

GII.b

JN602259.1

2009

Shanghai/SH312/2009/CHN

GU991355

GII.12

GU991355

2010

Milwaukee009/2010/USA

JN565063.1

ND

-

2010

537/547/VP1/2010/AU

this study

GII.b

this study

2010

Tokyo/10-1105/2010/JPN

AB629943.1

GII.12

AB629943.1

a, D.O.C, Date of collection (year)
b, RdRp genotype as determined by analyses of RdRp sequence or as published
c, Reference (ref) for published RdRp genotype or accession number
d, ND, Not determined

6.2.6.2

RdRp equivalent dataset for RdRp genotyping (n=35)

An attempt was made to establish the RdRp genotype for all 72 strains used in
the GII.3 VP1 evolutionary analyses. The six strains for which the complete VP1
sequence was determined in this study, had previously been genotyped in the
RdRp region in chapter two, except for strain 537/547/VP1/2010/AU, which was
characterised as described in section 6.2.2. Unpublished RdRp sequence data
was available for CHDC strains CHDC5261/1990/US, CHDC4090/1988/US,
CHDC4031/1988/US,

CHDC4671/1979/US,

CHDC32/1976/US

and

CHDC2005/1975/US from previous studies/collaborations (315). For the CHDC
strains and the strains for which the GII.3 VP1 sequences were obtained from
GenBank, the RdRp genotype was determined via multiple phylogenetic analyses
of corresponding RdRp sequences using MEGA v5, and confirmed using the
norovirus genotyping tool (174). Phylogenetic analyses included basic neighbour
joining trees, using the Tamura-Nei model of nucleotide substitution (488).
Multiple phylogenetic analyses were necessary to account for RdRp sequence of
various lengths from various regions of the gene. A literature search was
conducted to determine the assigned RdRp genotype for strains lacking
published RdRp sequence data. For GII.3 VP1 sequences with corresponding
published sequence for RdRp Region A (274 bp) (n=28), a phylogenetic tree was
prepared (containing an additional seven standard strains) using the maximum
likelihood method as available in MEGA v5. The Tamura-Nei (488) model of
nucleotide substitution was selected as the most appropriate model for this
dataset.
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6.2.6.3

GII.3 RdRp dataset (n=66)

The GII.3 RdRp dataset comprised all RdRp Region A (274 bp) GII.3 sequences
in GenBank (as available in June 2012) with collection date information. Region A
was chosen as it is a commonly sequenced region for genotyping and thus
enabled a larger sample size. The genotype of the capsid gene for strains in this
RdRp sequence dataset was determined using the norovirus genotyping tool
(174), for seven strains, all of which had capsid genotype GII.3. The capsid
genotype was unknown for the remaining 59 strains, as there was no capsid
sequence available. The Hasegawa, Kishino and Yano (HKY) (489) model of
nucleotide substitution with rate variation among sites was selected as the most
appropriate model for this dataset.

6.2.6.4

GII.b RdRp dataset (n=110)

The GII.b RdRp dataset comprised all Region A (274 bp) GII.b sequences from
GenBank (as available in June 2012) with collection date information. The
genotype of the capsid gene for strains in this RdRp sequence dataset was
determined, using the norovirus genotyping tool (174), for 37 of the 110 strains.
Capsid sequence was not available for the remaining 73 strains. Where known,
the majority of the GII.b RdRps were associated with a GII.3 capsid (22/37),
however five were each associated with a GII.1 and GII.21 capsid, three with a
GII.2 capsid and two with a GII.13 capsid. Despite not being associated with a
GII.3 capsid, these RdRp sequences were included in the analysis to increase
GII.b RdRp sample size. The HKY (489) model of nucleotide substitution with rate
variation among sites was selected as the most appropriate model for this
dataset.

6.2.7 Evolutionary analyses of the GII.3 capsid gene using BEAST
The

Bayesian

Evolutionary

Analysis

by

Sampling

Trees

package

(BEAST) v1.5.4, was used for evolutionary analyses of the GII.3 VP1 capsid
gene sequences (n=72) (491). The evolutionary analyses included: substitution
rate estimation (number of substitutions per site per year), prediction of the time
to most recent common ancestor (tMRCA) and phylogenetic analyses. The
BEAST package utilises the Bayesian Markov chain Monte Carlo (MCMC)
algorithm, which iteratively samples from probability distributions using random
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steps, in order to find the desired distribution. In this case, the sampled probability
distribution is the posterior distribution of a set of evolutionary parameters given a
set of molecular sequences. Each “step” or sampling is dependent only on the
previous sample, thus forming a chain of samples. A longer chain generally leads
to a better chance of finding the desired distribution, depending on data size and
complexity. An effective sample size (ESS) greater than 200 for each model
parameter indicates chain convergence to the desired distribution. In this study,
BEAST analyses were run for 32,000,000 to 40,000,000 chain lengths to achieve
an ESS>200. BEAST operates on a Bayesian statistical framework and therefore
prior knowledge of the data can be incorporated so that the analysis is not relying
solely on the information from the data itself. In each analysis, the date of
collection (year) for each sequence was assigned prior to running the analyses,
along with other prior knowledge gained from jModelTest results including the
GTR substitution model, a gamma shape of 0.74, and a 0.38 proportion of
invariant sites. BEAST also requires that a model for population growth and a
molecular clock model be selected. The Bayesian Skyline model for population
growth (522) was implemented as no appropriate demographic model for
seasonal population growth and decline was available. All three available
molecular clock models were tested, including the strict clock model and two
relaxed clock models (the uncorrelated exponential deviation [UCED], and
uncorrelated lognormal deviation [UCLD]). The strict clock model assumes a
uniform rate of evolution over the entire tree, whereas the relaxed clock models
do not assume a constant rate across lineages. The BEAST analyses were run
three times for each clock model (all with ESS>200) and the combined results
presented. Tracer v1.5 (492) was used to view BEAST output files and to
produce Bayesian Skyline plots of population growth, and FigTree v1.3.1 (493)
was used to view phylogenetic trees.

6.2.8 Evolutionary analyses of Region A of the RdRp gene using BEAST
The BEAST package was also implemented for the GII.3 RdRp (n=66) and GII.b
RdRp (n=110) datasets, to estimate the rate of substitution. The year of isolation
of each sequence was assigned and the HKY model of nucleotide substitution
used for both datasets as indicated by jModelTest. The gamma shape priors were
0.56 and 0.27 for the GII.3 and GII.b datasets, respectively, and the Bayesian
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Skyline model of population growth was utilised. All three molecular clock models
were tested, three times each (all with ESS>200) and the combined results
presented.

6.2.9 Detection of evolutionary informative conserved substitutions in the
GII.3 capsid
The parsimony informative sites of the GII.3 VP1 sequence dataset (n=72) were
exported from MEGA and were analysed for evolutionary important conserved
amino acid substitutions. Amino acid substitutions that had become conserved in
several sequences with a common ancestor (based on phylogeny) were used to
support the designation of GII.3 lineages.

6.2.10 Detection of amino acid sites under selection
The HyPhy software package was used to determine site-specific positive and
negative selection within the VP1 capsid protein, calculated as the ratio between
nonsynonymous and synonymous substitution rates (dN/dS) (494, 523, 524). The
data set contained the 72 aligned norovirus GII.3 VP1 sequences with 548
codons. The single-likelihood ancestor counting method (SLAC) (495), as the
most conservative method, was chosen to detect sites of selection using the GTR
model of nucleotide substitution, with a limit of significance level of 0.25 (the
global dN/dS value was estimated, ambiguities averaged and a neighbour joining
tree used as input). The significance level designates a cut-off p-value for the
two-tail extended binomial test to classify a site as positively or negatively
selected.

6.2.11 Homology modelling
The tertiary structure of the capsid protein sequence of GII.3 norovirus strain
693/425/2008/AU was modelled using the I-TASSER online server (511, 525).
I-TASSER builds 3D models based on multiple threading alignments with the
capsid sequence of solved homologous structures followed by iterative template
fragment assembly simulations. Homology models were viewed and edited using
PyMoL v1.3 (512). A dimer of duplicate capsid monomers was formed based on
the Norwalk virus capsid structure (PDB ID: 1IHM) using PyMol.
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6.3 Detailed materials and methods for Chapter 4: Identification
and characterization of antibody-binding epitopes on the
norovirus GII.3 capsid
6.3.1 VLP production
Seven VLPs, representing norovirus GII.3 strains isolated from stool samples
between 1975 and 2008 in Victoria, Australia and Washington DC, U.S.A, were
produced to create a time-ordered panel of GII.3 VLPs. The VLPs were
expressed using the BaculoDirect Baculovirus Expression System (Invitrogen) as
previously described (315).

6.3.1.1

Amplification of VP1 for cloning

Norovirus RNA was isolated from stool samples as described in section 6.1.2.
Stool sample collection and use for the purposes of this study was considered
exempt from the relevant institutional ethics review board approval (National
Institutes of Health Review Board (335), and the Royal Children’s Hospital HREC
(510)). The VP1 gene of strains CHDC2005 (HM072045.1: CHDC2005/1975/US),
CHDC32

(HM072046.1:

CHDC32/1976/US),

CHDC4031

(HM072044.1:

CHDC4031/1988/US), CHDC5261 (HM072041.1: CHDC5261/1990/US), AU01
(KC464324: 01-13/477/VP1/2001/AU), AU07 (KC464327: 84/46/VP1/2007/AU),
and AU08 (KC464328: 693/425/VP1/2008/AU) were amplified using the
Superscript III One-step RT-PCR system with Platinum Taq High Fidelity
(Invitrogen). Briefly, 1X Superscript III reaction buffer, 0.2 µM of each primer
(BacV ORF2 DC32F and BacV ORF2 GII.3R, section 6.4.4), 1 µl of Superscript
III enzyme and 5 µl of template RNA were combined in a total volume of 50 µl.
Reactions were initially cycled at 45 °C for 30 min, then 94 °C for 2 min, followed
by 40 cycles of 94 °C for 15 s, 50 °C for 30 s and 68 °C for 3 min. A final of
extension of 68 °C for 7 min followed. Amplicons (10 µl) were visualised on 1.5%
agarose gels as described in section 6.1.8 and gel purified (40 µl) as described in
section 6.1.9.1.
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6.3.1.2

Cloning of VP1 into the entry vector

The VP1 gel purified PCR product was cloned using the pENTR Directional
TOPO Cloning kit (Invitrogen). In a final volume of 6 µl, the PCR product was
combined with 20 ng of the TOPO entry vector at a 1:1 ratio, and 1 µl of salt
solution. The reaction was mixed gently and incubated for 30 min at room
temperature. On ice, 2 µl of the cloning reaction was added to a vial of One Shot
Chemically Competent E. coli and gently mixed. The transformation reaction was
incubated on ice for 30 min, before heat shock at 42 °C for 30 s, and immediate
quenching on ice. Super optimal broth with catabolite repression (SOC medium)
brought to room temperature (250 µl) was added to cells and cells were shaken
horizontally at 200 rpm at 37 °C for 1 h. Cells (50 µl and 200 µl aliquots) were
spread onto two pre-warmed (37 °C) Luria-Bertani (LB) selective plates
containing 50 µg ml-1 of kanamycin (KD Medical, MA, U.S.A), and incubated
overnight at 37 °C.

Five clones from each plate were screened by colony screening PCR using the
Elongase Enzyme Mix kit (Invitrogen) and primers M13 F and M13 R. In a total
reaction volume of 50 µl, a single colony was combined with 5 µl each of
Elongase Buffer A and Buffer B, 0.2 µM of each primer, 200 µM of each dNTP,
and 1 µl of the Elongase enzyme. The reaction was cycled as follows: 94 °C for
30 s, then 45 cycles of 94 °C for 30 s, 50 °C for 30 s, 68 °C for 3 min, and a final
extension of 68 °C for 7 min. Amplicons (10 µl) were run on 1.5% agarose gels as
described in section 6.1.8. Positive colonies were grown overnight at 37 °C in
5 ml of LB broth containing 50 µg ml-1 of Kanamycin. Plasmids were purified
using the QIAprep Spin Miniprep kit, according to the manufacturer’s instructions
(Qiagen). Plasmids were run on 1.5% agarose gels to confirm that norovirus VP1
had been successfully inserted into the vector DNA.

Plasmids were sequenced to verify insert orientation and to confirm the VP1
sequence. Plasmid DNA (1 µl) was added to 4 µl of Big Dye reagent v3.1
(Applied Biosystems) and 0.2 µM of each primer, in a final reaction volume of
10 µl. The forward primer used for VP1 amplification (BacV ORF2 DC32F) was
used in conjunction with the M13 reverse primer. The sequencing reaction was
cycled as follows: 96 °C for 1 min, followed by 45 cycles of 96 °C for 10 s, 50 °C
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for 5 s, 60 °C for 4 min. Sequencing reactions were purified using Performa
DTR V3 96-well short plate kits (Edge Biosystems, MA, U.S.A) according to the
manufacturer’s instructions and the eluate denatured at 95 °C for 5 min, before
capillary sequencing on an ABI 3730xl Genetic Analyser (Invitrogen).

6.3.1.3

Recombination of VP1 into baculovirus DNA

The recombination reaction was performed in a sterile environment at room
temperature using the BaculoDirect C-term expression kit (Invitrogen). The entry
clone (200 ng) was added directly to BaculoDirect Linear DNA (300 ng) and
made up to a final volume of 16 µl using 1X TE buffer (pH 8.0). The LR Clonase II
enzyme mix was thawed on ice for 2 min and vortexed briefly (2 s) twice, before
being added (4 µl/tube) to each sample. Samples were mixed well by tapping the
tube and incubated for 18 h at 25 °C. To analyse the reaction by PCR, 2 µl of the
recombination reaction was diluted 200-fold with DEPC-treated water (Invitrogen)
and 4 µl of the dilution added to a 50 µl PCR reaction. The Elongase Enzyme Mix
kit (Invitrogen) was used for the reaction and the forward and reverse primers
were Polyhedrin forward primer and V5 reverse primer. The 4 µl of diluted
recombination reaction was combined with 5 µl each of Elongase Buffer A and
Buffer B, 0.2 µM of each primer, 200 µM of each dNTP, and 1 µl of the Elongase
enzyme. The reaction was cycled as follows: 95 °C for 5 min, then 30 cycles of
94 °C for 45 s, 52 °C for 60 s, 68 °C for 2 min, and a final extension of 68 °C for
10 min. Amplicons (10 µl) were run on 1.0% agarose gels as described in section
6.1.8.

6.3.1.4

Growth of Sf9 cells for baculovirus expression

Recombinant baculovirus was cultured in serum free media (SFM) adapted Sf9
cells, (Invitrogen), which were sub-cultured for a minimum of three passages prior
to transfection. Sf9 cells were supplied in a frozen cryogenic vial containing
1.5 x 107 viable cells in 1.5 ml total volume. Sf9 cells were cultured in a “standard
medium” consisting of Hyclone SFX-Insect serum free cell culture medium
(Thermo

Scientific)

containing

1X Cellgro

Penicillin-Streptomycin

Solution

(Corning, VA, U.S.A) and 0.75 µg ml-1 Amphotericin B (Sigma-Aldrich). Sf9 cells
were seeded into adherent culture and transferred to suspension culture prior to
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transfection.

Seeding

was

performed

according

to

the

manufacturer’s

instructions. Briefly, cells were rapidly thawed at 37 °C and transferred into a
vent-capped T-25 cm2 tissue culture flask (Nunc, Thermo Scientific) containing
3.5 ml pre-warmed standard media. After 45 min incubation at 27 °C to allow cell
attachment, the media was replaced with 5 ml of fresh standard media. Media
was again replaced after 24 h of incubation at 27 °C.
Seeded Sf9 cells were grown at 27 °C and passaged when confluent. After two
rounds of passaging in T-25 cm2 flasks, cells were transferred into T-75 cm2
vented-cap flasks (Nunc, Thermo Scientific) and sub-cultured in adherent culture
until reaching the required concentration of viable cells that enabled transfer to
suspension culture. Log phase cells at 95% viability were transferred to
suspension culture as follows. Media were removed from 10 T-75 cm2 flasks and
cells were sloughed into 5 ml of fresh media per flask before being combined in a
50 ml Falcon tube. Cells were spun at 100 x g for 10 min in an Eppendorf
centrifuge 5702 (rotor A-4-38), and the supernatant removed. Cell viability and
density of a small aliquot was measured using the trypan blue (Gibco, Life
Technologies, CA, U.S.A) exclusion method applied in a haemocytometer
chamber (Blaubrand, Wertheim, Germany), as described by Strober and
colleagues (526). Sf9 cells were seeded in a Corning (VA, U.S.A) 500 ml
Erlenmeyer flask (with a vented cap) at a density of 5 x 105 cells ml-1 in a total
volume of 125 ml in standard media. Suspension culture cells were incubated at
27 °C in an orbital mixer incubator (Ratek, VIC, Australia), shaking at 100 rpm.
Cells were passaged according to the manufacturer’s instructions at a cell density
between 1 x 106 and 2 x 106, and re-seeded at 5 x 105 Sf9 viable cells ml-1 in a
total volume of 150 ml in standard media. Stirring speed was increased with each
passage by 10 rpm up to a total speed of 200 rpm.

6.3.1.5

Transfection of recombinant baculovirus into Sf9 cells

Log-phase Sf9 cells (95% viability) were used to seed a 6-well plate with 8 x 105
cells/well in 2 ml of Grace’s Insect Medium, unsupplemented (Gibco, Life
Technologies). Cells were evenly distributed and incubated at 27 °C for 1 h to
allow

cell

attachment.

Transfection

was

performed

according

to

the

manufacturer’s instruction. Briefly, for each transfection, in two separate 1.5 ml
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microcentrifuge tubes, 100 µl of Grace’s Insect Medium, unsupplemented was
combined with either 5 – 10 µl of the recombination reaction, or 6 µl of Cellfectin
Reagent II (Invitrogen). The two mixes were combined, mixed gently and
incubated at room temperature for 15 – 45 min. An additional 800 µl of Grace’s
Insect Medium, unsupplemented was added to each transfection mix and the
tube contents mixed by gentle inversion. To prepare Sf9 cells for transfection,
medium was removed from the wells, and each well washed with 2 ml of fresh
medium. The wash medium was removed and the entire transfection mix added
drop-wise onto the cells (one transfection mix per well). After incubation at 27 °C
for 5 h, the transfection mixture was removed and 2 ml of standard medium
containing ganciclovir (100 µM) added to each well. Plates were incubated at
27 °C for 96 h or until cells showed signs of very late (>72 h) infection.

6.3.1.6

Isolating P1 viral stock

When the transfected cells showed signs of very late stage infection, 2 ml of
medium was collected from each well in sterile 15 ml tubes (Falcon, BD
Biosciences, CA, U.S.A) and spun at 1,400 x g for 5 min in an Eppendorf
centrifuge 5702 (rotor A-4-38). The supernatant (P1 viral stock) was transferred
to fresh 15 ml tubes and stored at 4 °C, protected from light. Heat-inactivated
Foetal Bovine Serum (FBS, Invitrogen) was added to the P1 viral stock at a final
concentration of 10% (v/v) for storage. The pellet was retained for western blot
analysis (section 6.3.2.2). A plaque assay was performed on the P1 viral stock to
determine the viral titre (section 6.3.1.11).

6.3.1.7

Amplification of P1 viral stock

Six-well plates were seeded with 8 x 105 log-phase Sf9 cells (95% viability) per
well in 2 ml of standard medium containing 100 µM ganciclovir. Cells were
allowed to attach during an 1 h incubation at 27 °C. P1 viral stock (5 µl) was
added to each well and incubated for 5 d at 27 °C. The medium was collected
from infected cells and centrifuged in 15 ml Falcon tubes in an Eppendorf
centrifuge 5702 (rotor A-4-38) for 5 min at 1,400 x g. The supernatant (P2 viral
stock) was collected and stored at 4 °C, with 10% heat-inactivated FBS added for
long-term storage. The cells remaining on the plate were assayed for the
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presence

of

non-recombinant

virus

by

staining

the

infected

cells

for

β-galactosidase expression. This was performed using the β-gal staining kit
(Invitrogen), according to the manufacturer’s instructions. A plaque assay was
performed on the P2 viral stock to determine the viral titre (section 6.3.1.11).

6.3.1.8

Production of high titre P3 baculoviral stock

Log-phase Sf9 cells at 95% viability were infected with P2 viral stock at a
multiplicity of infection (MOI) of 1 in a total volume of 100 ml in a 250 ml
Erlenmeyer flask (Corning). Cells were incubated at 27 °C, shaking at 200 rpm,
for 5 to 7 d until cell viability dropped below 20%. The cell/virus-mix was
separated into 50 ml Falcon tubes and spun at 157 x g in an Eppendorf centrifuge
5702 (rotor A-4-38) for 10 min. Supernatant was collected (P3 viral stock) and
stored at 4 °C, protected from light. The P3 viral stock was used to infect
log-phase Sf9 cells (95% viability) at a high MOI of 5 to 10 in 150 ml total volume
in a 500 ml Erlenmeyer flask (Corning). Cells were incubated at 27 °C, shaking at
200 rpm, for 5 to 7 days until cell viability dropped below 30%. Flasks were frozen
until defrosted for VLP purification.

6.3.1.9

VLP purification

Sf9 cells were harvested when cell viability was below 30%. After one
freeze/thaw cycle, cellular debris was removed by centrifugation at 400 x g for
5 min using an Eppendorf centrifuge 5702 (rotor A-4-38). Supernatant was
collected and loaded into 25x89 mm Beckman tubes, with 5 ml of 25% sucrose
added to the base of the tube. The tubes were spun in an ultra-centrifuge
(Beckman Coulter, CA, U.S.A) at 103,864 x g [max], at 4 °C for 4 h on an SW28
rotor (Beckman Coulter). The supernatant was discarded and pellets were dried
before resuspension in a combined volume of 15 ml 1X phosphate-buffered
saline (PBS) in a 15 ml Falcon tube. The tube was spun at 1,400 x g on an
Eppendorf centrifuge 5702 (rotor A-4-38) for 5 min to remove impurities. The
resuspended pellet was mixed with an equal volume of caesium chloride (CsCl,
1.6 g ml-1) to achieve a final density of 1.3 g ml-1. The CsCl and pellet mix was
divided into 13x51 Beckman tubes and spun at 279,982 x g [max] in an
ultra-centrifuge (Beckman Coulter), for 18 h, at 15 °C, on an SW55 rotor
(Beckman Coulter). The blue/white VLP band was collected from each Beckman
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tube using a 5 ml syringe and needle, under gradient light. Samples were
dialysed in Pierce 10,000 MWCO slide-a-lyzer dialysis cassettes (Thermo
Scientific), in 1X PBS at 4 °C, stirring for 2 – 4 h, then overnight with fresh PBS.

The presence of assembled VLP particles was confirmed by EM as shown in Fig.
6.1. Grids were prepared and samples observed by either Dr Kim Green from the
National Institutes of Health, MD, U.S.A or Dr Chris Adda from La Trobe
University, Victoria, Australia. VLP concentration was determined using the
Pierce 660 nm protein quantification kit (Thermo scientific), as directed by the
manufacturer and concentrations ranged from 308 µg ml-1 to 1.43 mg ml-1.

6.3.1.10 Non-GII.3 VLPs
VLPs

representing

genotypes

GII.5

(rWR,

AF414423.1/NLV/White

River/290/1994/US), and GII.6 (rFV, AF414407.1/NLV/Florida/269/1993/US) were
donated by Dr. G. Belliot and Ms. J Noel, Centres for Disease Control, GA,
U.S.A.

6.3.1.11 Plaque assay
Duplicate wells of 6-well tissue culture plates were seeded with 8 x 105 Sf9 cells
per well in 2 ml of standard media. Cells were incubated for 1 h at 27 °C to
enable cell attachment. Ten-fold serial dilutions of recombinant baculovirus stock
were prepared in standard media, and five dilutions of P1, P2, or P3 viral stocks
were tested, commencing with dilutions 10-1, 10-3, or 10-4 respectively. After
aspirating media from the wells, 500 µl of each viral dilution was carefully added
in duplicate. Cells were incubated rocking at room temperature, protected from
light, for 1 h. To prepare the plaquing medium, 4% w/v agarose (Invitrogen) was
liquefied and mixed with pre-warmed standard media to a final concentration of
1% w/v agarose. The media/virus was aspirated and 2 ml of plaquing medium
slowly added to each well before incubation at 27 °C. After 7 days, cells were
fixed for 30 min at room temperature via the addition of 3 ml of 10% v/v
formaldehyde (Merck) per well. Formaldehyde and plaquing media were removed
from each well prior to the addition of 2 ml of crystal violet solution and incubation
at room temperature for 30 min. The crystal violet solution was removed and the
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wells allowed to dry. Plaques were counted and the viral titre calculated as
plaque forming units (pfu) per ml.

Fig. 6.1. Representative VLP electron micrographs (VLPs rDC4031, rDC5261,
rAU08).

6.3.2 SDS PAGE and western blotting
The expression of VP1 was confirmed using SDS-PAGE and western blot.

6.3.2.1

SDS-PAGE

The capsid proteins that constitute the VLPs were denatured and separated on a
sodium dodecyl-sulfate polyacrylamide (SDS-PAGE) gel, to determine correct
protein size. Briefly, VLPs (5 µl) were combined with 5 µl 2X SDS-PAGE sample
buffer, boiled for 7 min, and loaded into the wells of a 10% v/v SDS-PAGE gel
(with a 7.5% v/v SDS-PAGE stacking gel). Proteins were separated by
electrophoresis in a Bio-Rad Mini-PROTEAN cell in 1X SDS-PAGE running buffer
for 1.5 h at 150 V at 4 °C. To visualise proteins on the gel, the gel was stained
with Coomassie Brilliant Blue solution for 2 h and soaked in de-stain solution
overnight. Bands at around 60 kDa could be observed.

6.3.2.2

Western blotting

Denatured proteins of ~60 kDa on SDS-PAGE were confirmed as capsid protein
using the anti-rAU08 polyclonal serum as a probe in western blot. Briefly, VLPs
were denatured and separated using SDS-PAGE as described in section 6.3.2.1.
Prior to Coomassie staining of the gel, proteins were transferred to a
Polyvinylidene Fluoride (PVDF) membrane (NEN Research products, MA,
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U.S.A). The membrane was prepared by soaking in methanol for 10 min, dH2O
for 10 min and SDS-PAGE transfer buffer for 10 min. Proteins were transferred
from the gel to the membrane by electrophoresis at 250 mA for 2 h at 4 °C in a
Bio-Rad (CA, U.S.A) Mini trans-blot apparatus in SDS-PAGE transfer buffer. The
membrane was washed twice in 1X Tris-buffered saline, pH 8.4 (TBS) following
transfer, and blocked overnight in 3% w/v skim milk powder/TBS at 4 °C. The
anti-rAU08 polyclonal rabbit serum was diluted 1:2,000 in 3% w/v skim milk/TBS
and applied to the membrane for 3 h at room temperature. The membrane was
washed four times with 1X TBS-Tween 20 0.05% v/v (TBS-T), followed by a brief
wash in TBS only. The membrane was incubated with horseradish peroxidase
HRP-conjugated goat anti-rabbit IgG (Abcam, Cambridge, U.K) diluted 1:3,000 in
3% w/v skim milk/TBS, for 2 h at room temperature. The presence of bound
antibody was detected using the Enhanced Chemiluminescence (ECL) Western
Blotting

System

manufacturers

(GE

Healthcare,

instructions

and

Buckinghamshire,

exposure

to

U.K)

according

autoradiography

film

to
(GE

Healthcare).

6.3.3 Production of rabbit anti-rAU08-norovirus-GII.3 polyclonal serum
Norovirus GII.3 VLPs representing strain AU08 (rAU08), the most contemporary
VLP on the panel, were used to immunise rabbits to produce anti-rAU08-specific
polyclonal serum. Pre-immune serum was collected from four rabbits to screen
for existing anti-norovirus IgG antibodies by VLP ELISA (section 6.3.5). These
rabbits had not received the Calicivirus vaccine. Two rabbits were selected for
immunisation based on ELISA results and pre-immune serum was stored for use
as controls. Rabbits were immunised subcutaneously with three doses of 200 µg
of VLP in Freund’s adjuvant, at 4-week intervals. The VLPs were emulsified in
Freund’s complete adjuvant for administration of the first dose and Freund’s
incomplete adjuvant for administration of the second and third dose. Serum was
tested for IgG reactivity against homologous norovirus VLPs following the second
and third doses, using VLP ELISA. Polyclonal serum was obtained by terminal
bleed one month after the third immunisation and serum from the rabbit that
mounted the greatest immune response was used for all experiments. Polyclonal
antiserum production was carried out at the Walter and Elisa Hall Research
Institute animal facility, Bundoora, VIC, Australia, as a commercial agreement.
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6.3.4 Human serum samples
Serum samples were collected from three paediatric patients following norovirus
gastroenteritis, between February 1978 and July 1980 (C. D. Kirkwood,
unpublished data). Norovirus infection was confirmed by electron microscopy of
matched stool samples obtained at the time of illness. Serum samples were
collected six months after illness and the serum samples analysed in this study
were selected on the basis that they reacted strongly with GII.3 VLP (C. D.
Kirkwood, unpublished data). Serum samples were collected during September
1978 (patient 1), February 1978 (patient 2), and July 1980 (patient 3) and had
been stored at -80 °C since collection. Serum sample collection and analyses
were approved by the Royal Children’s Hospital Human Research Ethics
Committee.

6.3.5 Norovirus VLP ELISA
The reactivity of the time-ordered panel of norovirus GII.3 VLPs (or non-GII.3
VLPs) to rabbit anti-rAU08-specific polyclonal serum IgG and human serum IgG
was examined using VLP ELISA. With the exception of the primary and
secondary antibodies, the ELISA protocol was the identical whether testing
human or rabbit serum. The wells of a MaxiSorp 96-well plate (Thermo Scientific,
IL, U.S.A) were coated with 157 ng of norovirus VLP diluted in 60 mM sodium
carbonate-bicarbonate buffer (pH 9.6), 100 µl per well. The plates were incubated
for 18 h at 4 °C. Following incubation, plates were washed six times with 1X PBS
Tween 20 0.05% v/v (PBS-T0.05%), using the Thermo Scientific Well Wash 4 Mk2
plate washer, and blocked with 125 µl of 5% w/v casein/PBS-T0.05% for 1 h at
37 °C. Following blocking, plates were washed six times as before and 100 µl of
primary antibody diluted in 1% casein/PBS-T0.05% was added to the wells and
incubated for 3 h at 37 °C. Primary antibody dilution was dependent on the
antibody used, with 1:1,000 dilution of human serum samples, and three-fold
dilutions of the rabbit anti-rAU08 polyclonal serum from 1:27,000 to 1:2,187,000.
Sera were removed and the plates were washed six times as before.
HRP-conjugated secondary antibodies (goat anti-rabbit IgG-HRP [1:3,000
dilution] or rabbit anti-human IgG-HRP [1:500], Dako, Hovedstaden, Denmark)
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diluted in 1% casein/PBS-T0.05% were applied to wells (100 µl/well) and incubated
at 37 °C for 1 h. Wells were washed as before and antibody-binding complexes
were detected with the addition of 100 µl/well of peroxidase substrate
3,3′,5,5′-Tetramethylbenzidine (TMB) solution. The colourmetric reaction was
developed for 10 min and stopped using 50 µl of 2 M H2SO4. Plates were read at
450 nm on an automated microtiter plate reader (Labsystems, Uusimaa, Finland).
All ELISA data is a representative of at least two independent experiments.
Rabbit pre-immune serum or serum from a norovirus-negative healthy patient
were used as negative controls.

For the human sera IgG ELISA, positive control sera was collected from a patient
with norovirus gastroenteritis, as determined by electron microscopy of matched
stool sample. The serum was previously determined to be highly reactive with
GII.3 VLPs (C. D. Kirkwood, unpublished data). A three-fold serial dilution of the
positive control human serum (seven dilutions starting from 1:166.67) was used
to prepare a standard curve in each experiment. An arbitrary concentration of
1,000,000 units of IgG was assigned to neat positive control serum. Standard
curves were constructed in Prism 6 (Graphpad Software, CA, U.S.A), using semilog

non-linear

regression,

weighted

by

1/Y2.

Theoretical

“bound”

IgG

concentrations were interpolated from the standard curve based on absorbance
values.

6.3.6 Protease selection
The theoretical cleavage profile of the norovirus capsid protein, using a variety of
different proteases, was performed using the MS-digest application on the online
server

Protein

Prospector

(http://prospector.ucsf.edu,

The

University

of

California). Parameters were set on default except for the following: ‘Max Missed
Cleavages’ was set to ‘1’, ‘Peptide Mass’ was set from ‘800 m/z’ to ‘4,000 m/z’
(the detectable range), and ‘constant mods’ was set on ‘carbamidomethylation’
since an alkylation reaction using iodoacetamide (IAM) was planned in the digest
protocol. The protease Glu-C was predicted to provide cleavage products with the
highest sequence coverage of detectable peptides (i.e. peptides between
800 m/z and 4,000 m/z). The location of previously predicted epitopes was also
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considered in protease selection so that cleavage within these regions would be
avoided where possible.

6.3.7

Protease digestion

The most contemporary norovirus GII.3 on the panel, rAU08, was chosen for the
epitope mapping experiments. Protease digestion of rAU08 VLPs was performed
using Glu-C endoproteinase, MS grade (Pierce, Thermo Scientific) following the
manufacturer’s instructions. Briefly, 15 µg or 45 µg of VLP protein was added to
100 mM ammonium bicarbonate ([NH4]HCO3), pH 8, and 10 mM dithiothreitol
(DTT) solution, and incubated for 1 h at 60 °C. After cooling to room temperature,
the reduced protein sample was incubated in 20 mM IAM at room temperature for
30 min, protected from light. The alkylation reaction was quenched in 10 mM
DTT. Glu-C was added to a final concentration of 0.05 µg µl-1 and the reaction
incubated overnight at 37 °C. Since the reaction took place in [NH4]HCO3 buffer
at pH 8, cleavage was expected to occur on the C-terminal side of glutamic acid.
Digest products were stored at 4 °C or used immediately in immunoprecipitation.

6.3.8 Immunoprecipitation of “bound” peptides
Immunoreactive regions of the digested rAU08 VLP were identified through
immunoprecipitation of digest products with rabbit anti-rAU08 polyclonal serum.
All immunoprecipitation experiments were conducted in parallel to an identical
experiment

using

pre-immune

rabbit

serum

instead

of

anti-rAU08.

Immunoprecipitation of digested VLP was carried out using DYNAL Dynabeads,
protein G (Invitrogen) according to the manufacturer’s instructions. Briefly, 1.5 mg
of Dynabeads were incubated with 5 – 10 µg of anti-rAU08 rabbit polyclonal
serum in 1X PBS, pH 7.4, for 10 min, rotating at room temperature, to immobilise
rabbit IgG onto the beads. After washing with 200 µl 1X PBS, 15 – 20 µg of neat
digested peptide was added to the complex and incubated, rotating at room
temperature for 90 min. The bead/antibody/peptide complex was washed with
200 µl of 1X PBS three times, before being resuspended in 100 µl of 1X PBS and
transferred into a clean tube. The supernatant was removed and the complex
was dissociated in 20 µl of 50 mM glycine, pH 2.8, during a 2 min rotating
incubation

at

room

temperature.

The
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beads

were

removed

and

the

supernatant/eluent collected and stored at 4 °C prior to mass spectrometry (MS)
analyses.

6.3.9 Sequencing of “bound” peptides using MS
Mass spectrometry analyses were performed at the La Trobe University Mass
Spectrometry

Facility,

Victoria,

Australia.

Electrospray

ionization-mass

spectrometry (ESI-MS) was performed using a micrOTOF-Q-MS instrument
(Bruker-Daltonics, Bremen, Germany) linked to a high performance liquid
chromatography (HPLC) instrument (Ultimate 3000, Thermo Fisher Scientific).
VLP peptides were injected onto a Dionex Acclaim Pepmap100 nanotrap trapping
column (Thermo Scientific) with 2% acetonitrile/0.1% formic acid (aq) as A-buffer.
Following a 6 min isocratic wash with A-buffer, the sample was eluted and
separated on a resolving column (Dionex Acclaim Pepmap RSLC, Thermo
Scientific) using a gradient of 98% acetonitrile/0.1% formic acid (aq) as B-Buffer
over 70 min at a flow rate of 300 nl min-1. The eluent from the column was directly
electrosprayed into the mass spectrometer. Mass data was continuously acquired
and for each MS spectrum, MS/MS spectra were recorded for the three most
intense peaks. The data was annotated and deconvoluted using the DataAnalysis
software (Bruker-Daltonics). To identify the detected peptides, mass data was
aligned to the capsid protein sequence using BioTools (Bruker-Daltonics)
together with manual inspection and peak assignment.

6.3.10 Analyses of immunoprecipitation and MS data
Three independent immunoprecipitation experiments were conducted, each with
two to three test replicates. A peptide was considered to contain an
immunodominant epitope if it was detected in at least two replicates, in at least
two of the three independent experiments. The “low VLP concentration digest”
was used in two of the independent experiments and the “high VLP concentration
digest” in one. For this reason, peptides did not need to be detected in all three
experiments, as there was some results variability according to concentration of
VLP in digest. Furthermore, any peptide that was detected in the pre-immune
serum immunoprecipitation in any of the three experiments was discounted
non-specific.
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6.3.11 Alignment of capsid protein sequences
Seventy-four GII.3 VP1 gene sequences available in the GenBank database
(http://www.ncbi.nlm.nih.gov/Genbank/index.html), from strains collected between
1975 and 2010 were translated and aligned in order to determine the extent of
GII.3 epitope conservation, and to define a consensus sequence for each GII.3
lineage (510). A representative VP1 gene sequence of each GII genotype and
five GII.4 variants, as defined by the Norovirus genotyping tool (174), were
obtained from GenBank, translated, and aligned with the GII.3 lineage consensus
sequences. Alignments were constructed using Clustal W as part of the MEGA
program v5.1 (486).

6.3.12 Mimotope peptides
To confirm and minimise the two P2 domain epitopes, a custom peptide library of
14 overlapping peptides of 10 amino acids in length, with a two amino acid offset
was designed and developed by Mimotopes Pty Ltd (Table 6.2). Mimotope
peptides were biotin linked at the N-terminal with a four-residue linker sequence
(SGSG), and an amide group was incorporated at the C-terminal. A negative
control peptide, identical to the peptide library apart from the amino acid
sequence was also supplied by Mimotopes and was used in parallel with the
custom peptide library in all experiments. Peptides were prepared to a final stock
concentration of 1.4 µmole ml-1 in 50% v/v acetonitrile. Due to a highly negative
overall charge, peptides MP7 and MP8 were dissolved in 50% v/v acetonitrile and
28 mM [NH4]HCO3 solution and peptide MP6 was dissolved in 40% v/v
acetonitrile and 285 mM [NH4]HCO3 solution. Stock peptide solutions were
aliquoted and stored at -30 °C.
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Table 6.2. Mimotope supplied peptides
Peptide name
MP1
MP2
MP3
MP4
MP5
MP6
MP7
MP8
MP9
MP10
MP11
MP12
MP13
MP14
c
CP

a

Sequence
AKVDTTSGRF
VDTTSGRFTP
TTSGRFTPKL
SGRFTPKLGS
RFTPKLGSLE
ISTESDDFDQ
TESDDFDQNK
SDDFDQNKPT
DFDQNKPTRF
DQNKPTRFTP
NKPTRFTPVG
PTRFTPVGIG
RFTPVGIGVD
TPVGIGVDHE
GLAQ

b

Site no.
362-371
364-373
366-375
368-377
370-379
380-389
382-391
384-393
386-395
388-397
390-399
392-401
394-403
396-405
-

a, Name/number designated to each Mimotope peptide (MP).
b, Site no. refers to amino acid residue number of the capsid protein according to GII.3 strain
AU08 numbering.
c, CP was the negative control peptide (CP) supplied by Mimotopes.

6.3.13 Mimotopes ELISA
The level of IgG reactivity of rabbit anti-rAU08 polyclonal serum with each peptide
in the Mimotope library was tested by ELISA according to the Mimotopes
supplied method. Rabbit pre-immune serum was tested against all peptides in
parallel with the anti-rAU08 serum as a negative antibody control. BSA
pre-blocked, streptavidin coated plates (Pierce, Thermo Scientific), were washed
four times with 1X PBS-Tween 20 0.1% v/v (PBS-T0.1%) using the Thermo
Scientific Well Wash 4 Mk2 plate washer. Wells were coated with at least 10 ρmol
(saturation level) of Mimotope peptides (including the negative control peptide)
diluted in PBS-T0.1% (100 µl per well) and incubated at room temperature for 1 h,
with agitation. After washing as described above, rabbit polyclonal serum was
diluted at 1:2,000 and 1:8,000 in PBS-T0.1% and 100 µl added to wells. Plates
were incubated for 1 h at room temperature, with agitation and then washed four
times as described above. Bound IgG was detected with 100 µl of
HRP-conjugated goat anti-rabbit IgG (Abcam), diluted 1:120,000 in Conjugate
diluent. Plates were incubated at room temperature with agitation for 1 h and
washed four times as described above, followed by an additional two washes with
PBS only. The presence of bound conjugate was detected by incubating the wells
in 100 µl of TMB substrate solution for 10 min at room temperature. The reaction
was stopped using 50 µl of 2 M H2SO4 and plates were read at 450 nm on an
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automated microtiter plate reader (Labsystems, Uusimaa, Finland). Data shown
represents the mean and standard deviation of two independent experiments.

6.3.14 Homology modelling and mapping of epitopes on capsid dimer
The tertiary structure of the capsid protein sequence of strain AU08, was
modelled as described in section 6.2.11. Homology models were viewed and
epitopes highlighted using PyMoL v1.3 (512).

6.3.15 Statistics
The overall effect of VLP/peptide on sera binding capacity was measured using
statistical comparison tests as available in Prism 6. Human serum samples were
grouped according to patient and the mean level of IgG bound to each VLP was
compared using the ordinary one-way analysis of variance (ANOVA) test, with
Tukey’s multiple comparison (MC) post-test correction. The mean level of rabbit
anti-rAU08 polyclonal serum IgG binding to each VLP was compared using the
two-way ANOVA test. Bonferroni’s multiple comparison post-test was used to
compare the binding affinity of each VLP vs rAU08 (the infecting antigen). The
mean level of binding of Mimotope peptides to rabbit anti-rAU08 polyclonal serum
IgG was compared using the two-way ANOVA test, with Tukey’s MC post-test
correction. A significant difference in VLP/peptide binding capacity for all tests
was classified by a p-value less than or equal to 0.05.
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6.4 Buffers/solutions, instruments, reagents/kits, and primers
6.4.1 Buffers and solutions:
A-buffer (Mass spectrometry): 2% acetonitrile, 0.1% formic acid (aq.)

B-buffer (Mass spectrometry): 98% acetonitrile, 0.1% formic acid (aq.)

Agarose Gel Loading buffer: 50% w/v sucrose, 0.2 M EDTA, 0.1% w/v
bromophenol blue

Coating buffer for ELISA: Sodium carbonate-bicarbonate buffer, 0.6 M, pH 9.6

Conjugate

diluent:

1% v/v

sheep

serum,

1% w/v

casein

in

1X PBS

Tween 20 0.1% v/v

Coomassie Brilliant Blue solution: 45% v/v methanol, 10% v/v glacial acetic acid,
0.3% w/v Coomassie Brilliant Blue R250

Crystal violet solution (for plaque assay): 0.1% w/v crystal violet powder in 20%
ethanol
LB broth with kanamycin: Gibco LB broth with 50 µg ml-1 kanamycin
PBS, 1X: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 • 2 H2O, 2 mM KH2PO4,
pH, 7.4

PBS-T, 1X (for VLP ELISA): 1X PBS with 0.05% Tween 20 v/v.

PBS-T, 1X (for Mimotopes ELISA): 1X PBS with 0.1% Tween 20 v/v.

Saline buffer (faecal extraction): 0.01 M Tris-HCl (pH 7.5), 10.5 mM CaCl, 145
mM NaCl

SDS-PAGE De-Stain solution for gels: 25% v/v methanol, 10% v/v glacial acetic
acid
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SDS-PAGE Gel Lower: 25% v/v lower tris buffer, 33% v/v acrylamide solution,
3% v/v APS (ammonium persulphate) solution, 0.05% v/v TEMED, 0.1% v/v SDS
solution

SDS-PAGE Gel Upper: 63% v/v upper tris buffer, 25% v/v acrylamide solution,
1.5% v/v APS solution, 0.1% v/v TEMED, 1% v/v SDS solution

SDS-PAGE running buffer, 10X: 250 mM Tris base (pH 8.3), 1.92 M glycine, 1%
w/v SDS. Buffer was diluted 1:10 for use.

SDS-PAGE sample buffer, 2X: 63 mM Tris-HCl (pH 6.8), 10% v/v glycerol, 2%
w/v SDS, 0.025% w/v bromophenol blue, 5% v/v Beta-mercaptoethanol.

SDS solution: 10% w/v SDS

SDS-PAGE Transfer Buffer: 25 mM Tris, 190 mM glycine, 20% v/v methanol

SDS-PAGE lower tris buffer: 1.5 M Tris (pH 8.8)

SDS-PAGE upper tris buffer: 0.5 M Tris (pH 6.8)

Sequencing BDT 5X reaction buffer: 70 mM Tris (pH 9.0), 1.75 mM MgCl2
Standard Medium (Sf9 cell culture): HyClone SFX-Insect serum free growth
medium containing 100 U of each penicillin and streptomycin, and 0.75 µg ml-1
amphotericin B.

TBE Electrophoresis Buffer, 0.5X: 45 mM Tris, 1 mM EDTA, 45 mM boric acid

TBS, 10X: 0.5 M Tris-HCl (pH 8.4), 1.5 M NaCl. Dilute 1:10 for use.

TBS-T, 1X: 1X TBS containing 0.05% v/v Tween 20

TE Buffer, 1X, pH 8.0: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA
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TMB substrate solution: 100 µg ml-1 TMB, 100 mM sodium acetate, 1 mM citric
acid, 0.003% H2O2 v/v, and 1% DMSO w/v.

6.4.2 Instruments – make and models:
ABI 3130xl Genetic Analyser: Invitrogen, Life Technologies (CA, U.S.A)

ABI 3730xl Genetic Analyser: Invitrogen, Life Technologies (CA, U.S.A)

ELISA Microtiter Plate reader, Titertek Multiscan MCC/340 MKII: Labsystems
(Uusimaa, Finland)

Eppendorf centrifuge 5702, rotor A-4-38 (cell culture): Eppendorf (Hamburg,
Germany)

HPLC instrument, Ultimate 3000: Thermo Scientific (IL, U.S.A).

Microcentrifuge, model 5417c: Eppendorf (Hamburg, Germany)

MicrOTOF-Q-MS instrument: Bruker-Daltonics (Bremen, Germany)

Nano-drop, ND1000 spectrophotometer: Thermo Scientific (IL, U.S.A)

Orbital shaking incubator, model OM11: Ratek (VIC, Australia)

Plate washer, Well Wash 4 Mk2: Thermo Scientific (IL, U.S.A)

Bioruptor UCD 200 Sonicator & Water cooling system: Diagenode (Liege,
Belgium)

Thermocycler: model 9700, Applied Biosystems, Life Technologies (CA, U.S.A)

Ultra-centrifuge, Optima L-90K: Beckman Coulter (CA, U.S.A)
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UV transilluminator: Syngene Gene Genius Bio imaging system, Synoptics Ltd
(Cambridge, U.K)

SDS-PAGE Mini-PROTEAN cell and Mini trans-blot electrophoretic transfer
apparatus: Bio-Rad (CA, U.S.A)

6.4.3 Reagents/Kits and suppliers:
Acetic acid, glacial: Merck (Danmstadt, Germany)

Acetonitrile: Sigma-Aldrich (MO, U.S.A)

Acrylamide (30% acrylamide/bisacrylamide 29:1): Bio-Rad (CA, U.S.A)

Agarose powder: Bioline (London, U.K)

Agarose, 4% w/v (for plaque assay): Invitrogen, Life Technologies (CA, U.S.A)

Ammonium bicarbonate powder, BioUltra: Sigma-Aldrich (MO, U.S.A)

Ammonium persulphate (APS) solution, 0.1 mM: Sigma-Aldrich (MO, U.S.A)
Amphotericin B, 250 µg ml-1: Sigma-Aldrich (MO, U.S.A)
AmpliTaq DNA polymerase: Roche Applied Science (Mannheim, Germany)

Avian myeloblastosis virus reverse transcriptase (AMV-RT): Roche
Applied Science (Mannheim, Germany)

BaculoDirect Baculovirus Expression System: Invitrogen, Life Technologies (CA,
U.S.A)
β-gal staining kit: Invitrogen, Life Technologies (CA, U.S.A)

Beta-mercaptoethanol: Sigma-Aldrich (MO, U.S.A)
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Big Dye Terminator v3.1: Applied Biosystems, Life Technologies (CA, U.S.A)

Boric Acid: Merck (Danmstadt, Germany)

Bovine serum albumin: Roche Applied Science (Mannheim, Germany)

Bromophenol Blue: Sigma-Aldrich (MO, U.S.A)

Calcium Chloride (CaCl): BHD Biochemical (Poole, U.K)

Carbonate-Bicarbonate: Sigma-Aldrich (MO, U.S.A)
Cellfectin II Reagent (1 mg ml-1 in membrane filtered water): Invitrogen, Life
Technologies (CA, U.S.A)

Cellgro

Penicillin-Streptomycin

Solution,

100X

(10,000 I.U

penicillin,

10,000 µg ml-1 streptomycin): Corning (VA, U.S.A)

Citric acid, monohydrate, molecular biology grade powder: Merck (Danmstadt,
Germany)

Coomassie Brilliant Blue R250: USB Corporation (OH, U.S.A)

Crystal violet powder: ICN Biomedicals (MP Biomedicals) (CA, U.S.A)

Deoxynucleoside triphosphate (dNTP): Invitrogen, Life Technologies (CA, U.S.A)

DEPC-treated water: Invitrogen, Life Technologies (CA, U.S.A)

Dimethyl sulfoxide (DMSO): Sigma-Aldrich (MO, U.S.A)

Dithiothreitol (DTT): Roche Applied Science (Mannheim, Germany)
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Enhanced Chemiluminescence (ECL) Western Blotting System: GE Healthcare
(Buckinghamshire, U.K)

Elongase Enzyme Mix kit: Invitrogen, Life Technologies (CA, U.S.A)

Ethanol absolute: Merck (Danmstadt, Germany)

Ethidium Bromide: Sigma-Aldrich (MO, U.S.A)

Ethylene-Diamine Tetra-Acetic Acid (EDTA): ICN Biomedicals (OH, U.S.A)

Foetal Bovine Serum (FBS) Qualified, Heat Inactivated (for cell culture):
Invitrogen, Life Technologies (CA, U.S.A)

Formaldehyde, 37% v/v: Merck (Danmstadt, Germany)

Formic Acid: Sigma-Aldrich (MO, U.S.A)

Ganciclovir (100 mM in deionised water): Invitrogen, Life Technologies (CA,
U.S.A)

Glu-C endoproteinase, MS grade: Pierce, Thermo Scientific (IL, U.S.A)

Glycerol: BHD Biochemical (Poole, U.K)

Glycine: Amresco (OH, U.S.A)

Grace’s Insect Cell Culture Medium, unsupplemented: Gibco, Life Technologies
(CA, U.S.A)

Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Western blot):
Abcam (Cambridge, U.K)

Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (ELISA): Dako
(Region Hovedstaden, Denmark)
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Horseradish peroxidase (HRP)-conjugated rabbit anti-human IgG (ELISA): Dako
(Region Hovedstaden, Denmark)

HyClone SFX-Insect Cell Culture Medium, serum free: Thermo Scientific (IL,
U.S.A)

Hydrochloric Acid: Merck (Danmstadt, Germany)

Hyperladder II 100 bp DNA ladder (quantitative): Bioline (London, U.K)

IDEIA Norovirus ELISA kit: Oxoid Inc (Hampshire, U.K)

Iodoacetamide (HPLC), crystalline: Sigma-Aldrich (MO, U.S.A)

Kaleidoscope pre-stained standards: Biorad (CA, U.S.A)
Kanamycin Sulphate 100X, 10 mg ml-1: Gibco, Life Technologies (CA, U.S.A)

Luria-Bertani (LB) broth: Gibco, Life Technologies (CA, U.S.A)
Luria-Bertani (LB) selective agar plates with 50 µg ml-1 of kanamycin: KD Medical
(MA, U.S.A)

Methanol: Merck (Danmstadt, Germany)

Magnesium Chloride (MgCl2): Roche Applied Science (Mannheim, Germany)
Magnesium Chloride MgCl2: Invitrogen, Life Technologies (CA, U.S.A)
Phosphate Buffered Saline tablets: Oxoid (Hamshire, U.K)

PCR buffer: Invitrogen, Life Technologies (CA, U.S.A)

PCR buffer II: Roche Applied Science (Mannheim, Germany)
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PCR Premix G: Astral Scientific (N.S.W, Australia)

pENTR Directional TOPO Cloning kit: Invitrogen, Life Technologies (CA, U.S.A)

Performa DTR V3 96-well short plate kit (sequencing purification): Edge
Biosystems (MD, U.S.A)

Primers: all primers produced by Sigma-Aldrich (MO, U.S.A)

Potassium Chloride (KCl): BHD Biochemical (Poole, U.K)

Potassium Dihydrogen Orthophosphate (KH2PO4): Merck (Danmstadt, Germany)
QIAamp viral RNA Minikit: Qiagen (Hilden, Germany)

QIAquick Gel Extraction Kit: Qiagen (Hilden, Germany)

Random primers: Applied Biosystems, Life Technologies (CA, U.S.A)

Reverse transcription buffer: Roche Applied Science (Mannheim, Germany)

RIDASCREEN Norovirus 3rd Generation ELISA kit: R-Biopharm (Darmstadt,
Germany)

RIDASCREEN Norovirus 3rd Generation ELISA kit: R-Biopharm (Darmstadt,
Germany)

RNase Inhibitor: Roche Applied Science (Mannheim, Germany)

SeeBlue Plus 2 Pre-stained Standards: Invitrogen (CA, U.S.A)
Sf9 frozen cells (1 x 107 cells ml-1): Invitrogen, Life Technologies (CA, U.S.A)

Skim Milk Powder: Amresco (OH, U.S.A)
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Slide-a-lyzer cassettes, 10,000 MWCO: Pierce, Thermo Scientific (IL, U.S.A)

Sodium Acetate (NaOAc): Merck (Danmstadt, Germany)

Sodium Chloride (NaCl): Merck (Danmstadt, Germany)

Sodium Hydrogen Carbonate: NaHCO3: Merck (Danmstadt, Germany)
Sodium Phosphate, dibasic (Na2HPO4): Merck (Danmstadt, Germany)
Sodium Dodecyl Sulphate (SDS): Invitrogen, Life Technologies (CA, U.S.A)

Sucrose: Merck (Danmstadt, Germany)

Sulfuric Acid (H2SO4): Merck (Danmstadt, Germany)
Superscript III One-step RT-PCR system with Platinum Taq High Fidelity:
Invitrogen, Life Technologies (CA, U.S.A)

Superscript III One-Step RT-PCR System with Platinum Taq DNA: Invitrogen,
Life Technologies (CA, U.S.A)

Polyvinylidene Fluoride (PVDF) membrane: NEN Research products (MA, U.S.A)

Polymerase: Invitrogen, Life Technologies (CA, U.S.A)

N,N,N’,N’-Tetramethylethylenediamine (TEMED): Promega (WI, U.S.A)

3,3’,5,5’-Tetramethylbenzidine (TMB) powder substrate: Sigma-Aldrich (MO,
U.S.A)

Tris (Tris [2-Amino-2-(hyroxymethyl]-1,3-propanediol): Sigma-Aldrich (MO, U.S.A)

Triton X-100: Sigma-Aldrich (MO, U.S.A)
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Trypan Blue, 0.4% w/v: Gibco, Life Technologies (CA, U.S.A)

Tween 20: Sigma-Aldrich (MO, U.S.A)

6.4.4 Primers
All primers were produced by Sigma-Aldrich (MO, U.S.A). Details of primers used
for each amplification reaction and subsequent amplicon sequencing are
tabulated below.

Primer name

Sequence

Sense

Ref

NV2oF2

5’-GGA GGGCGA TCG CAA TC-3’

+

(27)

NV2oR

5’-GTR AAC GCR TTY CCM GC-3’

-

(27)

G2F3

5’-TTG TGA ATG AAG ATG GCG TCG A-3’

+

(471)

G2SKR

5’-CCR CCN GCA TRH CCR TTR TAC AT-3’

-

(472)

P290

5’-GAT TAC TCC AAG TGG GAC TCC AC-3’

+

(473)

P289

5’-TGA CAA TGT AAT CAT CAC CAT A-3’

-

(473)

mon431

5’-TGG ACI AGR GGI CCY AAY CA-3’

+

(259)

mon432

5’-TGG ACI CGY GGI CCY AAY CA-3’

+

(259)

mon433

5’-GGA YCT CAT CCA YCT GAA CAT-3’

-

(259)

mon434

5’-GAA SCG CAT CCA RCG GAA CAT-3’

-

(259)

P290

5’-GAT TAC TCC AAG TGG GAC TCC AC-3’

+

(473)

G2SKR

5’-CCR CCN GCA TRH CCR TTR TAC AT-3’

-

(472)

NV2oF2

5’-GGA GGGCGA TCG CAA TC-3’

+

(27)

GV132

5’-CCR GCR AAG AAA GCT CCA GCC AT-3’

-

(261)

Part VP1

RdRp Region A

RdRp Region B

Breakpoint PCR

VP1 full length

Full length for baculovirus expression
BacV ORF2 DC32F

5’-CAC CAT GAA GAT GGC GTC G-3’

+

in house

BacV ORF2 GII.3R

5’-TTA TTG AAT CCT TCT ACG C-3’

-

in house

Colony screening PCR
M13 F

5´-GTA AAA CGA CGG CCA G-3´

+

Invitrogen

M13 R

5´-CAG GAA ACA GCT ATG AC-3´

-

Invitrogen

Analysing LR recombination reaction PCR
Polyhedrin forward

5’-AAA TGA TAA CCA TCT CGC-3’

+

Invitrogen

V5 reverse

5’-ACC GAG GAG AGG GTT AGG GAT-3’

-

Invitrogen
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6.5 Supplementary figures

Fig. S1. Phylogenetic tree of GII.3 (VP1) strain RdRp sequences, Region A (274 bp)
The phylogenetic tree includes RdRp Region A (274 bp) sequence from 28 norovirus
strains included in the GII.3 VP1 analysis and 7 standard strains. The 28 sequences
from strains included in the GII.3 VP1 analysis were the only strains for which the RdRp
Region A sequence was available. The 7 standard strains are indicated by a genotype
prior to the accession number in the taxa label. Accession numbers for all strains are
included in the taxa label. The tree was inferred using MEGA v5 based on the TamuraNei model of nucleotide substitution using the Maximum Likelihood method and a
discrete Gamma distribution was used to model evolutionary rate differences among
sites (six categories (G, parameter = 0.8266)). Clustering was tested by bootstrapping
(1,000 replicates) and the percentage of trees in which the associated taxa clustered
together is shown next to the branches where the support percentage is >75%. The tree
is drawn to scale, with branch lengths measured in the number of substitutions per site.
The RdRp genotype of each cluster is indicated.
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