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Summary

This study describes a method used to determine the
diversity of NoVs co-circulating in the community
that consisted of the analysis of a limited number of
strains collected from outbreaks occurring at differ-
ent times of the NoV season. The diversity of twenty
NoV strains collected from outbreaks occurring
at the beginning of each NoV season (September)
was compared to the diversity found in the middle
(December) and at the end of the season (March).
The method was validated through the characterisa-
tion of greater numbers of strains at times when nov-
el genotypes or variants were detected. A total of
864 strains from outbreaks of gastroenteritis from
the 2003/04, 2004/05 and 2005/06 seasons were
genotyped, with the majority of outbreaks occurring
in the UK.

There was a greater diversity of NoV genotypes at
the beginning of two of the three seasons, 2003 /04
and 2005/06, when compared to strains circulat-
ing at the end of the seasons, and GII-4 NoV strains
predominated (>90%) at the end of each season.
Data from this study also identified the co-circulation
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and differentiation of three major GII-4 variants
(v2, v3, and v4). Detailed analysis of a larger num-
ber of strains throughout each season confirmed
that variants emerged, became the predominant cir-
culating strain and were ultimately replaced with
another variant selected from a pool of variants.
By June 2006, GII-4 v4 (Hu/NoV /Rhyl440/2005/
UK) emerged as the predominant GII-4 strain,
usurping the previous GII-4 v3 strain [Hu/NoV/
Hunter284E/040/AU] to become the commonest
co-circulating strain, in the UK in 2006.

Introduction

Noroviruses (NoVs) are members of the family
Caliciviridae [12] and are the commonest cause of
outbreaks of acute gastroenteritis world-wide [16].
NoV outbreaks are frequently associated with semi-
closed or closed institutions such as hospitals [11]
and homes for the elderly [13]. Outbreaks also occur
in other settings, including eating establishments
[26], cruise ships [13], concert halls [3] and schools
[18]. Transmission of NoVs is usually by person-to-
person spread [17], although food [1, 7, 20], includ-
ing shellfish [21], water [10], and environmental or
airborne contamination have all been implicated in
transmission [8, 11, 25].
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The genomic diversity of human NoVs includes
three genogroups (GI, GII and GIV), sixteen geno-
types and a number of provisional genotypes, which
have yet to be formally acknowledged. Furthermore,
several genetic lineages and variants can be distin-
guished within genotypes, some of which have epi-
demiological significance. Among GII-4 strains, at
least six variants have been identified between 2000
and 2006, of which GII-4 v2 was found to be re-
sponsible for a widespread epidemic of gastroen-
teritis in 2002 [23, 24]. Diversity among NoVs is
maintained through the accumulation of point mu-
tations associated with the error-prone nature of
RNA replication and genetic recombination involv-
ing the exchange of sequences between two simi-
lar RNA viruses. Several features of RNA viruses
(antigenic variation, genotypic diversity, immune
escape) have been attributed to the lack of proof-
reading of the RNA-dependent RNA polymerases
[27]. This error-prone nature of template copying by
RNA polymerases during virus replication [2] can
lead to conserved point mutations, either silent or
resulting in amino acid substitutions.

Immunological protection from NoV infection
and/or disease is poorly understood. Immunity is
likely to be short-lived and primarily genogroup-, if
not genotype-specific [9]. Protection from infection
at mucosal sites is unlikely, as the short incubation
period following NoV infection is likely to over-
whelm a previously primed mucosal immune re-
sponse. In individuals infected within the last six to
twelve months or repeatedly exposed through water
sports or the regular consumption of shellfish, im-
munity may be cumulative and is likely to protect
from symptomatic infection rather than preventing
infection per se. The complex nature of mucosal im-
munity, tied to the mutability and resulting diversity
of NoVs has resulted in a population of co-circulat-
ing virus genogroups, genotypes and variants caus-
ing both symptomatic and asymptomatic infection
in the population [4].

This study examines the intra- and inter-seasonal
diversity of NoV genotypes in England and Wales
over three NoV seasons, 2003/04, 2004/05 and
2005/06, and in particular, the diversity within
GII-4 strains, which demonstrated a periodic emer-
gence of new virus variants.
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Materials and methods

Specimens and NoV detection

The specimens used in this study form part of a national NoV
collection. The collection was derived from outbreaks occur-
ring each year in specific geographical areas of England and
Wales. NoV was identified as the cause of gastroenteritis in
2946 outbreaks occurring in the winter seasons between
September 2003 and June 2006. Initially, 180 (6.1%) strains,
20 each from the beginning (September/October), middle
(December/January) and end (March/April) of each of the
three seasons were characterised. A further 684 (23.2%)
NoV strains of undetermined genotype were characterised
in order to confirm or expand the findings from the initial
180 strains.

Strain characterisation

Nucleic acid extraction

Faecal specimens from outbreaks were prepared as 10% sus-
pensions in Star™ buffer (Roche Molecular Biosystems,
Lewis, UK), and total RNA was extracted using a Total
Nucleic Acid Extraction Kit (Roche Molecular Biosystems)
and a MagNApureTM extraction machine (Roche Molecular
Biosystems).

Reverse-transcription

Extracted RNA was reverse transcribed to complementary
DNA (cDNA) using MMLYV and random primers as described
previously [5].

NoV genotyping algorithm

The NoV genotyping algorithm comprised GI- and GII-
specific hemi-nested PCR assays and sequencing (see Fig. 1).
cDNAs were tested in GI and GII primary assays, and ampli-
cons were characterised through direct sequencing. Samples
that were negative in the primary PCRs were tested in a sec-
ondary set of PCRs, and amplicons were sequenced directly.
Both primary and secondary PCR assays targeted the region
spanning the Orf1/Orf2 (primers are described in Table 1).

Primary genotyping PCR

cDNAs were tested in primary single-round and/or primary
hemi-nested PCRs GI A: GII A and GI B: GII B, respec-
tively, using the primers and conditions described previously
[6, 15] (Table 1). The GI- or GlI-specific single-round PCR
assays amplified regions of 597 bp and 468 bp, for GI (GI A)
and GII (GII A) strains, respectively. The primary hemi-
nested PCRs produced amplicons of 364 bp and 343 bp for
GI (GI B) and GII (GII B) strains, respectively.
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cDNA
Primarly assay Secondalry assay
GIPCRA GIIPCRA GIPCR C GIIPCR C
| | P N N P
Pos N|eg I|\Ieg Pos o8 e e o8
Primary hemi-nested assay Secondary hemi-nested assay
GIPCRB GIIPCR B GIPCRD GIIPCRD
1 1]
Pos N|eg I|\Ieg Pos Pos N|eg l|\Ieg Pos
Untyped Untyped
Fig. 1. Testing algorithm for NoV typing PCR. All positives (Pos) were sequenced, for PCR assays, see methods
Table 1. NoV genotyping PCR primer locations
PCR assay Primer Direction Sequence 5’ Position (nt) Reference
GI A GIFF-1 forward ath gaa cgy caa aty ttc tgg ac 5060-5082 [15]
GI A GIFF-2 forward ath gaa aga caa atc tac tgg ac 5060-5082 [15]
GI A GIFF-3 forward ath gar agr car ctn tgg tgg ac 5060-5082 [15]
GI B and C GIFFN forward gga gat cge aat ctc ctg ccc 5313-5330 [6]
GID GIFFN2 forward atc tcc tge ccg awt wyg taa 5322-5342 this study
GI A, B, Cand D GISKR reverse cca acc car cca ttr tac a 5637-5656 [19]
GII A GIIFB-1 forward ggh ccm bmd tty tac agc aa 4922-4941 [15]
GII A GIIFB-2 forward ggh ccm bmd tty tac aag aa 4922-4941 [15]
GII A GIIFB-3 forward ggh ccm bmd tty tac arn aa 4922-4941 [15]
GII B and C GIIFBN forward tgg gag ggc gat cgc aat ct 5048-5067 [6]
GII D GIIFBN2 forward gcg atc gca atc tgg ctc cc 5054-5074 this study
GII A,B,Cand D GIISKR reverse ccr cen gea trh cer ttr tac at 5367-5389 [19]

* Lordsdale virus (X86557), # Norwalk virus M87661).

Secondary genotyping PCR

The GI- or Gll-specific single-round secondary PCR assays
amplified regions of 364 bp and 343 bp for GI (GI C) and GII
(GII C) strains, respectively, and the secondary hemi-nested
PCRs amplified regions of 357 bp and 333 bp for GI (GI D)
and GII (GII D) strains, respectively (Fig. 1, Table 1).

For the secondary PCR, 5pl of cDNA was added to a
45pul PCR mix containing 10mM Tris pH 8.0, 50mM
HCI, 2.5 mM MgCl,, 1 mM of each dNTP (Invitrogen, Pais-
ley, UK), 20 pmols of each forward primer and 40 pmols of
the reverse primer and 2 units of TAQ DNA polymerase
(Invitrogen, UK). Products were amplified using the following
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conditions: 95°C for 2min, then 40 cycles of 95°C for
30sec, 48°C for 30sec and 72°C for 2 min, followed by
1 cycle of 72°C for Smin, then hold at 15°C.

For the secondary hemi-nested PCR, 1 pl of first-round
template was added to a 49-pl PCR mix containing 10 mM
Tris pH 8.0, 50 mM HCI, 3.0mM MgCl,, 1 mM of each
dNTP (Invitrogen, UK), 20 pmols of each forward primer
and 40 pmols of the reverse primer and 2 units of TAQ
DNA polymerase (Invitrogen, UK). Products were ampli-
fied using the following conditions: 95 °C for 2 min, then
25 cycles of 95°C for 30sec, 48 °C for 30sec and 72°C
for 2 min, followed by 1 cycle of 72 °C for 5 min, then hold
at 15°C.

DNA sequencing

Purified DNA was sequenced in both directions using the
Beckman Coulter™ CEQ2000 Dye Terminator Cycle
Sequencing Quick Start kit (according to the manufacturer’s
instructions) and a Beckman Coulter™ CEQ2000 capillary
sequencer. Generation of contiguous sequences and pairwise
alignments of the inter-primer region, 425bp (GIIFB-1,
-2, -3)/GIISKR), 300bp (GIIFBN/GIISKR), 273bp
(GIIFBN2/GIISKR), 555bp (GIFF-1, -2, -3)/GISKR),
324bp (GIFFN/GISKR), 314bp (GIFFN2/GIISKR), was
performed using Genebuilder and Clustal in Bionumerics
ver. 2.5 (Applied Maths, Kortrij, Belgium).

C. 1. Gallimore et al.

Sequences from this study submitted to GenBank

Nucleotide and amino acid sequences derived from the
5’end Orf2 (282bp) from GII-4 variants have been sub-
mitted to GenBank, vl strain Hu/NoV/123027/2001/
UK (DQ676861), v2 strain Hu/NoV /Brynhaven/2003/
UK (DQ676862), v3 strain Hu/NoV/414055/2004 /UK
(DQ676863), v4 strain Hu/NoV/Rhyl440,/2005/UK
(DQ665819), v5 strain  Hu/NoV/Portsmouth/2004/
UK (DQ676864) and v6 strain Hu/NoV /Lincoln House/
2006/UK (DQ676865). Nucleotide and amino acid se-
quences derived from a 582-bp region at the 3’end of the
Orf1 of prototypes of GII-4 variants v2—v6 have also been
submitted to GenBank and include v2 strain Hu/NoV/
Brynhaven/2003/UK (DQ822037), v2 strain Hu/NoV/
U/2004/UK (DQ822038), v3 strain Hu/NoV/414055/
2004/UK (DQ822039), v4 strain Hu/NoV/Rhyl440/
2005/UK (DQ822040), v4 strain Hu/NoV/614025/
2006/UK (DQ822041), v4 strain Hu/NoV/Chester/2006/
UK (DQ822042), v5 strain Hu/NoV/Portsmouth/2004/
UK (DQ822043), v5 strain Hu/NoV/422031/2004/UK
(DQ822044) and v6 strain Hu/NoV /Lincoln House/2006/
UK (DQ822045).

Statistics

The x” test was used to determine the significant difference
observed among seasons and within seasons.

Table 2. Inter- and intra-seasonal diversity of NoV genotypes during 2003-2006

Genotype 2003 /04 2004/05 2005/06

Early Middle Late Early Middle Late Early Middle Late
GI-1 0 0 0 0 0 0 0 1(5%) 0
GI-2 1(5%) 0 0 0 0 0 0 0 0
GI-3 1(5%) 0 0 0 0 0 1 (5%) 1(5%) 0
GI-4 0 0 0 0 0 0 0 3(15%) 0
GI-5 0 0 0 0 0 0 1(5%) 0 0
GI-6 2(10%) O 0 0 0 0 1(5%) 0 0
GII-1 0 0 0 0 0 1 (5%) 0 1(5%) O
GII-2 3(15%) 1 (5%) 0 4 (20%) 1 (5%) 0 0 1(5%) 0
GII-3 7(35%) 3(15%) 2(10%) 0 0 0 0 2(10%) 0
Gll4 18 (5%) 14° (70%) 18° (90%) 149 (70%) 18° (90%) 18% (90%) 9% (45%) 7" (35%) 18! (90%)
GI1-6 1(5%) 0 0 2 (10%) 1 (5%) 0 2(10%) 0 1 (5%)
GII-7 3(15%) 2(10%) O 0 0 1 (5%) 6 30%) 3 (5%) 1 (5%)
GII-8 1(5%) 0 0 0 0 0 0 1(5%) 0
Total 20 20 20 20 20 20 20 20 20
Total of 3 GI 4 Gl 2 GII 3 GII 3 GII 2 GII 3 GI 3 GII 3 GII
genotypes 6 GII 3 GII 6 GII

Early September/October, Middle December/January, Late March/April, GI Genogroup I, GII Genogroup II, v variant,

ND variant not determined.

GII-4 variants from outbreaks are as follows: * v2 (1), 5 V2 (7), v3 (2), vND (5), ¢ v2 (18), ¢ v2 (3), v3 (5), v5 (1), vND (5),
¢ v3 (18), T v3 (18), € v3 (9), ™ v2 (1), v3 (6), ' v3 (10), v4 (8).
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Results

A total of 864 /2946 (29.3%) strains from outbreaks
of gastroenteritis that occurred between September
2003 and June 2006 were characterised by partial
sequencing of the gene encoding the virus capsid.
The first 20 outbreaks occurring in the early, middle
and late periods of the NoV seasons were compared
for each of the three seasons (Table 2). In September
2003, a total of 9 different genotypes were co-cir-
culating in the populations of England and Wales.
As the season progressed, diversity of genotypes di-
minished with four genotypes detected mid-season
and two at the end of the season. GII-4 strains rep-
resented 5, 70 and 90% of the circulating strains at
the beginning, middle and end of the season, respec-
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tively. Significantly less genotype diversity (P = 0.02)
was observed during the 2004 /05 season, with GII-4
predominating throughout. Although GII-4 was again
predominant at the beginning of the 2005/06 sea-
son, greater genotype diversity was observed mid-
season, again with 9 genotypes co-circulating in the
population (Table 2). Interestingly, the 2005/06 sea-
son was protracted, with significant numbers of out-
break samples referred in June and July, 2006 (data
not shown). By March 2006, GII-4 strains again
predominated, being associated with 90% of late
season outbreaks.

The GII-4 v2 strain was detected in March
2004 and latterly in December 2005 /January 2006
through sequencing a limited number of strains each

Table 3. Norovirus outbreaks during 2003—-2006 and outbreaks caused by GII-4 variants

All NoVs GII-4 Outbreaks

Date Outbreaks Outbreaks Total outbreaks v2 v3 v4 v5 v6 Variant Variant not
total sequenced  sequenced determined  determined

(%) as GII-4 (%)

Sep-03 74 8 (11) 1(12) 1 1

Oct-03 41 17 (42) 1(6) 1 1

Nov-03 35 7 (20) 1 (14) 1

Dec-03 35 7 (20) 6 (86) 2 1 3 3

Jan-04 46 11 (24) 7 (55) 5 1 6 1

Feb-04 52 26 (50) 13 (88) 9 1 10 3

Mar-04 118 38 (32) 11 (87) 26 1 1 28 5

Sep-04 47 13 (28) 11 (85) 3 2 1 6 5

Oct-04 61 31 (51) 22 (70) 2 18 20 2

Nov-04 157 62 (39) 53 (85) 2 44 6 52 1

Dec-04 241 44 (18) 42 (95) 39 39 3

Jan-05 277 15 (5) 13 (86) 7 1 8 5

Feb-05 240 14 (6) 12 (86) 9 1 10 2

Mar-05 162 9 (6) 7 (77) 7 7

Sep-05 24 4 (16) 1 (25) 1 1

Oct-05 55 28 (51) 14 (50) 10 10 4

Nov-05 39 15 (38) 7 (47) 7 7

Dec-05 108 48 (44) 24 (50) 1 17 1 19 5

Jan-06 184 63 (34) 47 (75) 2 34 4 40 7

Feb-06 257 63 (25) 52 (82) 38 8 2 48 4

Mar-06 218 109 (50) 94 (86) 64 23 1 88 6

Apr-06 208 97 (47) 93 (96) 44 37 5 86 7

May-06 145 68 (46) 63 (86) 13 36 9 58 5

Jun-06 122 67 (55) 67 (55) 13 46 1 7 67

Total 2946 864 (29) 684 (79) 54 371 155 11 24 615 69

GII-4 variants (v), v2 NNT, v3 NTT, v4 SNT, v5 STT and v6 NNA, GT genotyped, ND variant not determined
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Fig. 2. Percentage distribution of GII-4 variants from September 2003—June 2006. v2 NNT, v3 NTT, v4 SNT, v5 STT and v6

NNA, data from April to August 2004 and 2005, not included in this study

season (n = 60; Table 2). More extensive strain char-
acterisation throughout each season was performed
in order to more accurately identify when these var-
iants first became detectable in the human popula-
tion in England and Wales (Table 3).

The inter-seasonal diversity of 684 GII-4 strains
was examined, and strains were assigned to a variant
group according to conserved nucleotides at posi-
tions 18 (A or G), 26 (G, A or C) and 43 (A or G) of
the gene encoding the capsid. Variants were num-
bered chronologically. These variant-defining point
mutations encoded the following amino acid (aa)
motifs at aa positions 6, 9 and 15; v2: NgNgTjs,
v3: N6T9T15, v4: SéNngs, v5: SGTngs, v6:
NgNoAjs. GII-4 variant vl was identified before
2003 and was characterised by the following motif;
v1: NgSoT5. GII-4 v2 predominated throughout the
2003/04 season, and v3 was first detected co-
circulating with v2 in December 2003. Variant 3
became the predominant strain throughout the
2004 /05 season and until April 2006 of the follow-
ing season. GII-4 v4 was first detected in December
2005 and became the predominant strain by May
2006. Variants 5 and 6 circulated at lower levels dur-
ing the 2004 /05 and 2005 /06 seasons, respectively,
although a single outbreak associated with variant 5
was identified in June 2006 (Table 3, Fig. 2).

Discussion

This study investigated the representativeness of de-
termining the diversity and periodicity of NoV geno-
types co-circulating in outbreaks of gastroenteritis
by investigating the first twenty outbreaks occur-
ring in September/October, December/January and
March/April of years 2003-2006, representing
early, middle and late periods of the NoV seasons.
This model identified a wide range of genotypes and
variants within genotypes, particularly GII-4 var-
iants. These results were confirmed through the
characterisation of a larger number of strains circu-
lating during periods when a novel strain or new
variant was identified. GII-4 variants v2, v3 and v5
were identified in each of the 60 samples from the
2003/04, 2004 /05 and 2005/06 seasons. Although
only GII-4 v3 and v4 were detected after initial
screening of 60 samples from the 2005/06 season,
v2 and v6 were identified after more extensive strain
characterisation but were circulating at very low
levels compared with GII-4 v3 and v4, which pre-
dominated during the 2005/06 season.

A wide diversity of genotypes was identified early
in the 2003/04 season. This followed the introduc-
tion into the population of a previously reported var-
iant (v2) of GII-4 [23, 24]. GII-4 v2 was epidemic
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in 2002, and widespread infection may have result-
ed in a high level of strain-specific short-term herd
immunity. This would account for the low inci-
dence of symptomatic infections with GII-4 strains
detected at the beginning of the 2003 /04 season and
the broad diversity of strains co-circulating at that
time. As the season progressed, the increase in in-
cidence of symptomatic infections seen with GII-4
may have been associated with the loss of short-term
immunological protection. The lack of diversity and
the predominance of GII-4 strains throughout the
2004/05 and at the beginning of the 2005/06 sea-
son occurred during a period of lower-than-normal
activity and may represent a diminishing number
of individuals susceptible to symptomatic infection.
This also suggests a better fitness for GII-4 strains
as the many NoV genotypes co-circulating at this
time remained endemic and a predominant geno-
type did not emerge as an epidemic strain. Herd im-
munity to GII-4 strains may have reached significant
levels by the middle of the 2005/06 season and al-
lowed an increase in the diversity of co-circulating
NoV genotypes seen at this time. Also, this may
represent an opportunity, through immunological
pressure, for the selection and rapid spread of a
new variant strain of the GII-4 genotype in a simi-
lar way to influenza virus populations, from which
novel variants, characterised by genetic drift, are
selected and become predominant due to the immu-
nologically naive pool of human hosts [22].

Detailed genetic analysis of GII-4 strains circu-
lating from September 2003 to June 2006 revealed
the presence of five variants of the GII-4 genotype
with GII-4 v2, v3, v4, v5 and v6, being associated
with a significant number of outbreaks of gastroen-
teritis. By June 2006, GII-4 v4 was the predominant
strain associated with outbreaks of gastroenteritis
in the UK, and it selection may have prolonged the
normal NoV season.

Detailed genetic analysis of co-circulating NoV
strains may provide insights into the natural his-
tory of NoV infections. It is clear that GII-4 strains
dominate the NoV population infecting humans and
clearly have an, as yet unidentified, advantage over
other co-circulating genotypes. This may be a repli-
cative advantage, a greater transmissibility associat-
ed with a lower infectious dose, a larger proportion
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of the population susceptible through inherited ge-
netic factors, better survival of the virus in the en-
vironment, or a mechanism that allows the virus to
evade immune surveillance to some degree.

Clearly, part of the success of this genus of the
family Caliciviridae is associated with the rela-
tively short-term protective immunity conferred by
infection. The observations presented here are com-
patible with appreciable “herd” immunity resulting
from a major epidemic associated with novel anti-
genic variants not seen previously in the human pop-
ulation. This could result in their ability to spread
rapidly in an immunologically naive population.
Interestingly, the introduction of a new strain is
often associated with higher attack rates and an un-
usual pattern with infection occurring out of season
[23]. Analysis of the data presented here and that
detailing previous GII-4 variants [24] suggest that a
new variant with increased fitness may be selected
every 2-3 years from a pool of co-circulating
virus variants. Similarly, in studies of the evolution-
ary changes seen with influenza A virus, the gener-
al pattern of evolutionary drift is characterised by
non-random clusters of highly related genotypes
that replace each other every 2-5 years [22].

Although there are parallels between the evolu-
tion of NoVs and influenza viruses, there are also
significant differences. With NoVs, it is unlikely that
the population susceptible to infection is reduced
by infection and the resulting development of pro-
tective immunity. Rather, as immunity is short-
lived and unlikely to be sterilising, the population
oscillates between susceptibility to infection and
susceptibility to infection with disease. Although
GII-4 strains predominate, they do so within a
population of co-circulating genotypes, and predom-
inant strains replaced by novel variants do not
become extinct but continue to circulate at lower
levels within the human population.

Although genetic diversity among NoVs is as-
sociated with both recombination and the accumu-
lation of point mutations through the error-prone
nature of viral RNA replication, it is becoming ap-
parent that the accumulation of point mutations,
probably at sites encoding antigenic regions, results
in virus variants that have a greater impact on public
health. Recombination between two co-circulating
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human NoV strains is unlikely to have such an
impact as that seen through reassortment between
animal and human influenza viruses, as unlike in-
fluenza viruses, the NoV recombinants identified to
date bring nothing new to the pool of antigens cur-
rently circulating in the population.

Studies of virus variants, both fit and less fit, may
provide insights into the mechanisms involved in
virus fitness and immune evasion. Characterisation
of regions of the genome encoding antigenic struc-
tures needs to be performed in order to determine if
variants, defined through the identification of con-
served nt or aa changes in the shell (S) domain are
reproduced in, and significantly change, the anti-
genic properties of the protruding (P) domain. It
needs to be determined whether genotypic changes
translate to significant phenotypic changes that have
an impact on public health.
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