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Norovirus (NoV) is the leading cause of viral gastroenteritis globally. Since 1996, NoV variants of a single genetic lineage, GII.4,
have been associated with at least six pandemics of acute gastroenteritis and caused between 62 and 80% of all NoV outbreaks.
The emergence of these novel GII.4 variants has been attributed to rapid evolution and antigenic variation in response to herd
immunity; however, the contribution of recombination as a mechanism facilitating emergence is increasingly evident. In this
study, we sought to examine the role that intragenotype recombination has played in the emergence of GII.4 variants. Using a
genome-wide approach including 25 complete genome sequences generated as part of this study, 11 breakpoints were identified
within the NoV GII.4 lineage. The breakpoints were located at three recombination hot spots: near the open reading frame 1/2
(ORF1/2) and ORF2/3 overlaps, as well as within ORF2, which encodes the viral capsid, at the junction of the shell and protrud-
ing domains. Importantly, we show that recombination contributed to the emergence of the recent pandemic GII.4 variant, New
Orleans 2009, and a newly identified GII.4 variant, termed Sydney 2012. Reconstructing the evolutionary history of the GII.4
lineage reveals the widespread impact of both inter- and intragenotype recombination on the emergence of many GII.4 variants.
Lastly, this study highlights the many challenges in the identification of true recombination events and proposes that guidelines
be applied for identifying NoV recombinants.

Norovirus (NoV), a member of the Caliciviridae family, is the
leading cause of acute viral gastroenteritis and is estimated to

cause almost half of all cases of gastroenteritis globally (1). Al-
though a common cause of sporadic disease, NoV is primarily
associated with outbreaks of acute gastroenteritis in institutional
settings, such as aged-care facilities, hospitals, cruise ships, and
child-care centers (2, 3). A highly infectious pathogen, NoV is
readily transmitted from person to person or through contamina-
tion of water and food sources (4–6). Furthermore, epidemics of
acute gastroenteritis are associated with the emergence of anti-
genic variants from a specific genetic lineage, the genogroup II,
genotype 4 (GII.4) viruses. These epidemics have occurred glob-
ally with increasing frequency since the mid-1990s (7–9). Conse-
quently, NoV-associated gastroenteritis has become a major pub-
lic health concern for which there is no available antiviral agent or
preventative vaccine.

NoV possesses a single-stranded, positive-sense, polyadenyl-
ated RNA genome of approximately 7,600 nucleotides (nt), which
is packaged within a naked icosahedral virion of 27 to 32 nm in
diameter (10). The viral genome is organized into three open
reading frames (ORFs) with short untranslated regions at both the
5= and 3= ends. ORF1 encodes a 200-kDa polyprotein that is
cleaved by the viral protease into at least six nonstructural pro-
teins, which includes an RNA-dependent RNA polymerase
(RdRp) (11). Two structural capsid proteins, VP1 and VP2, are
encoded by ORF2 and ORF3, respectively. VP1 is the major com-
ponent of the viral capsid (90 dimers per virion) and is divided
into three major structural domains. These include a conserved
shell (S) domain connected by a flexible hinge to a protruding
stem (P1) domain that leads to the hypervariable P2 domain,
which forms the external surface of the viral capsid (12). VP2 is a
small basic protein with an undefined function, although roles in
capsid assembly (13) and RNA recruitment into the virion (14)
have both been proposed.

Like most RNA viruses, NoV demonstrates extensive genetic
diversity. It has been classified into six genogroups (GI to GVI) on
the basis of the VP1 amino acid sequence (15, 16). Each geno-
group can be further divided into genotypes; currently, more than
36 genotypes have been described (15, 17). Human NoVs include
viruses from GI, GII, and GIV, with the GII.4 viruses being most
commonly identified in both outbreak and sporadic settings (8).
NoVs are also known to infect a wide range of mammals (18–23).

Since the mid-1990s, variants of the NoV GII.4 lineage have
caused 62 to 80% of NoV outbreaks globally (8, 24). Furthermore,
six distinct GII.4 variants have been associated with global epi-
demics of acute gastroenteritis from 1996 to the present and in-
clude US 1995/96 in 1996 (25, 26), Farmington Hills in 2002 (27,
28), Hunter in 2004 (29), 2006b virus in 2007 and 2008 (30), New
Orleans virus from 2009 to 2012 (31), and most recently, Sydney
2012 (32). A number of additional GII.4 variants have been iden-
tified, including Henry 2001, Japan 2001, Asia 2003, 2006a, and
Apeldoorn 2008; however, these viruses were associated with ep-
idemics localized to a particular region rather than a global pan-
demic (7, 8, 33–38).

Numerous mechanisms are thought to drive the evolution of
the GII.4 lineage (reviewed in reference 39). The GII.4 viruses
have a larger susceptible population to infect than viruses from
other genotypes as a result of binding to a wider range of histo-
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blood group antigens (HBGAs), which are proposed to be attach-
ment factors (40, 41). Additionally, through a high rate of evolu-
tion, new antigenic variants emerge from the GII.4 lineage every 2
to 3 years and are often associated with widespread epidemics (9,
42). Antigenic change is most evident within the hypervariable P2
domain of VP1, which contains the host cell receptor binding and
antigenic regions of the viral capsid and is therefore under the
greatest selective pressure (42–44). Furthermore, recent work has
confirmed the potential antigenic properties of these sites in the
P2 domain through the isolation and characterization of neutral-
izing antibodies derived from human sera (45). In this regard,
NoV capsid evolution is reminiscent of the evolution of influenza
A virus hemagglutinin, where immune-driven selection leads to
new antigenic variants that emerge to replace their predecessors
(46, 47).

As well as evolution through antigenic drift, NoV undergoes
homologous recombination with breakpoints most often identi-
fied at the ORF1/2 overlap (48, 49). Some studies, however, have
reported recombination within ORF1 (50) and ORF2 (44, 51).
Recombination at the ORF1/2 overlap is important, as it facilitates
the exchange of nonstructural (ORF1) and structural (ORF2-3)
genes between different NoV lineages, which provides another
mechanism, in addition to mutation, for generating antigenically
novel viruses. Therefore, analogous to reassortment in influenza
virus, recombination is likely to be an important mechanism con-
tributing to viral emergence (52).

NoV intergenotype recombinants are frequently identified in
molecular epidemiological studies (30, 48, 53, 54); however, re-
cent work suggests that intragenotype recombination may have
also played a role in the emergence of some GII.4 variants (37, 55).
Full-length genome sequencing is not common practice in NoV
molecular epidemiological studies, and the lack of full-length
GII.4 sequence data has hindered the search for bona fide intrag-
enotype recombination within the NoV GII.4 lineage. Indeed, the
lack of genome sequences has made it difficult to distinguish true
intragenotype recombination from other processes shaping the
evolution of the NoV GII.4 lineage, including rapid evolution and
natural selection in the capsid gene, rate variation (among lineages
and sites), or even artifacts created during PCR or errors intro-
duced during sequence assembly (reviewed in reference 56).

Since 1996, NoV GII.4 variants have been associated with at
least six pandemics of acute gastroenteritis and continue to cause
millions of infections across the globe annually. Rapid evolution
and antigenic variation are important evolutionary forces shaping
the epidemiological success and persistence of the GII.4 viruses in
the population; however, the ultimate source of their diversity and
mechanisms driving the emergence of novel GII.4 viruses remain
unknown. In this study, we investigated the role that recombina-
tion has played in the emergence of GII.4 variants. Using a ge-
nome-wide approach, we examined the evolutionary history of
the GII.4 lineage and revealed the widespread impact of both in-
ter- and intragenotype recombination on the emergence of many
GII.4 variants, including the two most recent GII.4 variants, New
Orleans 2009 and Sydney 2012.

MATERIALS AND METHODS
Specimen collection and preparation. Stool samples were collected
through the South Eastern Area Laboratory Services (SEALS) at the Prince
of Wales Hospital (POWH) as part of routine surveillance and outbreak
investigations; therefore, human ethics approval was not requested for

this study. Furthermore, patient consent was not required, as all speci-
mens were deidentified and our analysis did not include any patient de-
mographic information. All stool specimens were prepared as 20% (vol/
vol) suspensions, and viral RNA was extracted as previously described (3).

Amplification and sequencing of full-length NoV GII.4 genomes. A
long reverse transcription-PCR (RT-PCR) was employed to amplify the
full-length genome of NoV GII.4 variants. First, cDNA was transcribed
from viral RNA using a modified oligo(dT)30 primer (GV270 in Table 1)
and a SuperScript III first-strand synthesis system (Invitrogen, Carlsbad,
CA). Primer GV270 was designed to bind to the NoV poly(A) tail and
generate full-length cDNA transcripts while incorporating a DNA tag se-
quence (5=-GCATGACTGACATAGCACAGCGGCCGCCC-3=). Follow-
ing cDNA synthesis, a long RT-PCR was performed using primers GV207
(or GV17) and GV271 (Table 1) and a SequalPrep long PCR kit (Invitro-
gen). Primers GV207 and GV17 bind to the first 33 bases of the NoV GII
genome, with GV207 also having a NotI restriction site. Primer GV271
was complementary to the DNA tag sequence present in cDNA primer
GV270. The conditions for the long RT-PCR were as follows: initial de-
naturation at 94°C for 120 s, then 10 cycles of 94°C for 15 s and 68°C for
510 s, and then 30 cycles starting at 94°C for 15 s and 68°C for 510 s, with
the extension time increasing by 20 s with every cycle. Following the RT-
PCR, amplicons were analyzed by agarose gel electrophoresis, and bands
corresponding to the full-length NoV genome (approximately 7.6 kb)
were excised from the gel and purified using a QIAquick gel extraction kit
(Qiagen, Hilden, Germany).

All purified PCR products were sequenced with the primers listed in
Table 1 using dye terminator chemistry on an ABI 3730 DNA analyzer
(Applied Biosystems, Carlsbad, CA). The raw sequence reads were first
edited with FinchTV v1.4 software (Geospiza, Seattle, WA) and then as-
sembled with the MEGA5 (57) and Geneious v5.6 (58) programs.

Genomewide examination for recombination in the GII.4 lineage.
Full-length GII.4 genome sequences were obtained from GenBank and
then combined with 25 new sequences generated as part of this study. In
the combined data set (262 sequences), there was an overrepresentation of
highly homogeneous 2006b sequences from two large Japanese data sets of
full-length GII.4 genomes identified between 2006 and 2009 (37, 59).
Other GII.4 clades, such as Farmington Hills 2002, were also found to
contain highly homogeneous sequences. Therefore, those GII.4 clades
overrepresented by homogeneous sequences were trimmed by randomly
removing sequences of strains identified within the same year and loca-
tion that clustered close together by phylogenetic analysis. This resulted in
a reduced alignment of 91 sequences with representatives from all major
GII.4 clades identified between 1974 and 2012 except Japan 2001, as no
full-length genome representative was available from GenBank (Table 2).

The alignment was then examined for strains that were positioned
outside the major GII.4 clades by phylogenetic analysis of the full-length
genome using the neighbor-joining method in MEGA5 (57). This led to
exclusion of two strains, Iwate5/2007/JP and PC51/2007/IN, as they rep-
resented isolated recombination events without independent identifica-
tion of similar strains (or similar breakpoints) by other groups. The re-
maining 89 sequences were then analyzed using the 3SEQ program (60),
which considers each triplet of sequences to identify potential recombi-
nation breakpoints. The significance threshold was a P value of 0.05, and
Dunn-Sidak correction was applied to correct for multiple testing. Max-
imum likelihood phylogenies were then produced using the PhyML pro-
gram (61), based on sequences between recombination breakpoint re-
gions identified by 3SEQ. The best-fit model of molecular evolution was
chosen using the JModelTest tool (62) according to the Akaike informa-
tion criterion with correction (AICc). In order to obtain an optimal tree
topology, a heuristic search was performed with five initial random trees
using the best (highest likelihood) of the methods: subtree pruning and
regrafting (SPR) and nearest-neighbor interchange (NNI). The support
for each node was determined from 1,000 bootstrap replicates. Putative
recombinants were also examined by comparisons of genetic similarity to
potential parental strains using the SimPlot program (63).
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Bayesian coalescent analysis of the NoV GII.4 recombinant regions
using time-stamped sequences. In order to determine the timing of pos-
sible recombination events, the alignments of regions between break-
points were then analyzed using the Bayesian coalescent methods of
BEAST (64). For each analysis, the SRD06 codon-based model of evolu-
tion was used (65). The substitution rate parameters and base frequencies
were unlinked across the 1st plus 2nd and the 3rd codon partitions to

allow separate model estimates, and the Bayesian Skyline demographic
model (66) with 15 groups in the piecewise-constant function size was
used to account for the complex population structure. Three different
molecular clocks were compared using Bayes tests: a strict clock, an un-
correlated exponential relaxed clock, and an uncorrelated lognormal re-
laxed clock. Across all partitions, an uncorrelated exponential relaxed
clock was favored over the other clock models (Bayes factor, �32.837 for

TABLE 1 Primers used in this study

Primer Sequence (5=–3=)a Orientation Nucleotide positionb

G2F3 TTGTGAATGAAGATGGCGTCGA Sense 5079
G2SKR CCRCCNGCATRHCCRTTRTACAT Antisense 5389
GV5 AACACTGTCATATGTGCCAC Sense 3521
GV6 TTRTTGACCTCTGGKACGAG Antisense 5155
GV17 GTGAATGAAGATGGCCTCTAACGACGCTTCCGC Sense 1
GV63 GGAAGAACCACTTCATGAC Antisense 1178
GV86 TTNGGCACGGTTGAGACTGT Antisense 7422
GV132 CCRGCRAAGAAAGCTCCAGCCAT Antisense 6729
GV202 GTCATGAAGTGGTTCTTCCC Sense 1160
GV203 CCWGGYCAACCTGACATGTGGAA Sense 1892
GV205 TTCTCAAGCAAAGGTCTBAGTGATGA Sense 2678
GV206 TTGGCCTCYTCYTCTTCACAGAA Antisense 2850
GV207 CGAGCGGCCGCGTGAATGAAGATGGCGTCTAACGACGCTTCCGC Sense 1
GV220 TGYTATGCCTTCTGYTGTTGGGT Sense 617
GV221 CGTGGAGGAGCCCTGATGCTCG Antisense 2066
GV269 CAACGAGACTTGGTTCTACAGCTGG Sense 7230
GV270 GCATGACTGACATAGCACAGCGGCCGCCC-(T30) Antisense Poly(A) tail
GV271 GCATGACTGACATAGCACAGCGGCCGCCC Antisense TAG
GV272 GCHGCTGGTGGTTTGTGCACACC Antisense 477
GV287 GTCCTTGCCACCAAGRTAGGC Antisense 3721
GV288 CCAGATGTGTCTGCGATGAT Sense 944
GV305 CAGRCAAGAGCCAATGTTCAGATGG Sense 4999
GV306 GGCCTCAATTTGTGCTTGGAGC Antisense 6916
GV307 CAGTYTCTTGTCGAGTYCTCACG Sense 5674
GV308 GCTTGGAGCATCTCTTTRTCATG Antisense 6903
a Degenerate bases are N (A, C, T, or G), H (A, C, or T), B (C, G, or T), K (G or T), W (A or T), R (A or G), and Y (T or C).
b Relative to the sequence of Farmington Hills (GenBank accession number AY502023).

TABLE 2 GII.4 variants examined in this study

GII.4 varianta Period of circulation
Representative strain with a full-
length genome b

GenBank
accession no.

Reference(s) or
sourcec

CHDC 1970s 1974–1977 CHDC5191/1974/US FJ537134 71
Lordsdale 1993 1987–1993 Lorsdale/1993/GB X86557 78
Camberwell 1994 1987–1994 Camberwell/1994/AU AF145896 79, 80
US 1995/96* 1995–2002 Dresden174/1997/DE AY741811 25
Henry 2001 2000–2004 TCH186/2002/US EU310927 81
Japan 2001 2002–2003 Kaiso/2003/JPd AB294779 82
Farmington Hills 2002* 2002–2004 FarmingtonHills/2002/US AY502023 15, 27
Asia 2003 2003–2006 Guangzhou/2003/CN DQ369797 83
Hunter 2004* 2004–2006 Hunter-NSW504D/2004/AU DQ078814 29
2006a 2006–2008 Kenepuru-NZ327/2006/NZ EF187497 3
2006b* 2006–2012 Shellharbour-NSW696T/2006/AU EF684915 3
Osaka 2007 2007–2008 Osaka1/2007/JP AB541319 37
Cairo 2007 2007 Sutherland-NSW505G/2007/AU GQ845368 84
Apeldoorn 2008 2007–2011 JB-15/2008/KR HQ009513 33
New Orleans 2009* 2008–2012 Orange-NSW001P/2008/AU GQ845367 30, 31, 85
Sydney 2012* 2012 Sydney-NSW0514/2012/AU JX459908 This study
a GII.4 variants marked with an asterisk were associated with a pandemic of acute gastroenteritis and demonstrated a global distribution.
b Prototype strains are presented as strain name/year/country. US, United Staes; GB, Great Britain; AU, Australia; DE, Germany; JP, Japan; CN, China; NZ, New Zealand; KR, South
Korea.
c References refer to the first report or full epidemiological description for each variant.
d The strain Kaiso/2003/JP had no full-length genome sequence available in GenBank.
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all partitions when comparing the uncorrelated exponential relaxed clock
against the strict clock). For each analysis, at least three independent
chains were run for between 30 million and 50 million steps to ensure
convergence before the runs were combined after the removal of appro-
priate burn-in. The maximum clade credibility tree was then inferred with
node heights scaled to mean values using the Tree Annotator program and
visualized with the FigTree program (available from http://tree.bio.ed.ac
.uk/software). The BEAST software package is available from http://beast
.bio.ed.ac.uk.

Nucleotide sequence accession numbers. The GenBank accession
numbers for strains sequenced in this study are as follows: GQ845367 to
GQ845369, HM748971 to HM748973, JQ613570 to JQ613573, JX459900
to JX459908, EF187497, EF684915, GQ845024, GQ845366, and
DQ078814. The sequence alignments (including GenBank accession
numbers for all strains) used for each analysis are available by request.

RESULTS AND DISCUSSION
Preparation of full-length NoV GII.4 genome data sets. In order
to examine the evidence for inter- and intragenotype recombina-
tion as an evolutionary process facilitating the emergence of novel
GII.4 variants, we developed a two-step RT-PCR, to amplify the
full-length NoV genome as a single amplicon (approximately 7.6
kb) (Fig. 1). Using this method, we amplified and sequenced 25
new full-length genomes from representative GII.4 strains identi-
fied between 2004 and 2012 in New South Wales, Australia (except
for one New Zealand isolate collected in 2006). This included
representative strains from the following GII.4 variants: Hunter
2004, 2006a, 2006b, Osaka 2007, Cairo 2007, Apeldoorn 2008,
New Orleans 2009, and Sydney 2012 (Table 2). These 25 sequences
were aligned against all available full-length genome sequences
from GII.4 strains in GenBank (n � 237 as of 4 October 2011).
Following the removal of overrepresented sequences, a refined
alignment of 91 sequences was obtained with representatives from
all major GII.4 clades identified between 1974 and 2012, except
Japan 2001 (Table 2).

To identify and remove possible artificial recombinant ge-
nomes, the alignment was then examined for individual sequences
that were not positioned within a major cluster by phylogenetic
analysis of the full-length genome. This identified two recombi-
nants strains which were represented by only a single sequence
(Fig. 2). Strain Iwate5/2007/JP (GenBank accession number
AB541275), referred to as Japan 2007b by Motomura et al. (37),
was found to have three breakpoints at nucleotide positions 352,
2765, and 5085. This produced a mosaic genome from the Apel-
doorn 2008 and 2006b parental strains (Fig. 2A). The GII.4 strain
PC51/2007/IN (GenBank accession number EU921388) was an-
other virus with only one representative and recombination
breakpoints within ORF1 (Fig. 2B). Across the majority of the
genome, PC51/2007/IN was related to Osaka 2007; however, be-
tween nucleotide positions 3744 and 4320, the sequence showed
high similarity to GII.b viruses, including strain PC52/2007/IN
(GenBank accession number EU921389), which was character-
ized in the same study (67). Therefore, the detection of recombi-
nation here may be an artifact, especially since the authors used 10
separate RT-PCRs to amplify the full-length genome and the
breakpoints were adjacent to primer binding sites (67). These two
strains were excluded from further analysis, as they represented
only single examples and were not verified by the independent
identification of a similar virus showing similar recombination
breakpoints.

Genome-wide examination of recombination in GII.4 vari-
ants from 1974 to 2012. For the remaining strains (n � 89), the
complete genome sequences were examined for recombination
using 3SEQ (60). This program provides nonparametric statistical
tests for detecting mosaic structures in sequences by comparing
relationships among sequence triplets. We used this method as it
is resilient to false positives from rate variation among sites, it is
well-suited to large data sets, and it is able to calculate breakpoints
with corresponding statistical significance. In this analysis, a total
of 11 potential recombination events were detected within the 89
genome sequences examined (Table 3). The breakpoints and their
range of positions along the genome are plotted in Fig. 3. Most
breakpoints (n � 6/11) were located near the ORF1/2 overlap
(between nucleotide positions 5085 to 5104), a site of recombina-
tion commonly identified in NoV (48, 49). Two breakpoints were
identified near the ORF2/3 overlap, and three breakpoints within
ORF2 were identified. To examine the putative recombination
events, the same alignment was used to produce maximum likeli-
hood phylogenies of the regions between the recombination
breakpoints identified by 3SEQ. The regions of analysis were
ORF1 (nucleotide positions 5 to 5104), ORF2a (nucleotide posi-
tions 5085 to 5603), ORF2b (nucleotide positions 5604 to 6706),
and ORF3 (nucleotide positions 6706 to 7513) (Fig. 4).

ORF1/2 recombination in the GII.4 lineage. The phylogenetic
analysis revealed that the two most recently identified GII.4 vari-
ants, New Orleans 2009 and Sydney 2012, are both ORF1/2 re-
combinants with breakpoints located in the regions from nucleo-
tide positions 4972 to 5016 and 4972 to 5100, respectively. The
GII.4 variant New Orleans 2009 has been the predominant NoV
strain in circulation globally since 2009 (31) and has been associ-
ated with three consecutive epidemics of acute gastroenteritis in
NSW, Australia (2009 to 2011). New Orleans 2009 has an ORF1
region derived from a 2006a parent and an ORF2-3 region from
Apeldoorn 2008 (Fig. 4 and 5A; Table 3). The recently emerged
GII.4 variant, Sydney 2012, was first identified in NSW, Australia,

FIG 1 Representative results from the RT-PCR amplification of the NoV GII
full-length genome. Amplicons were analyzed by 0.8% (wt/vol) agarose gel
electrophoresis and stained with ethidium bromide. Lane 1, a 1-kb DNA lad-
der (Promega) with selected molecular sizes marked; lane 2, unpurified RT-
PCR product for NoV strain NSW217I/2010/AU; lane 3, NoV genome ampli-
con (approximately 7.6 kb) from NSW217I/2010/AU following gel extraction
and purification; lanes 4 and 5, similar results for NoV strain NSW817L/
2010/AU showing the unpurified and gel-extracted amplicons, respectively.

Recombination in the Norovirus GII.4 Lineage

June 2013 Volume 87 Number 11 jvi.asm.org 6273

http://tree.bio.ed.ac.uk/software
http://tree.bio.ed.ac.uk/software
http://beast.bio.ed.ac.uk
http://beast.bio.ed.ac.uk
http://www.ncbi.nlm.nih.gov/nuccore?term=AB541275
http://www.ncbi.nlm.nih.gov/nuccore?term=EU921388
http://www.ncbi.nlm.nih.gov/nuccore?term=EU921389
http://jvi.asm.org


during early 2012 and has since replaced New Orleans 2009 as the
predominant GII.4 variant in circulation. It caused approximately
30% of acute gastroenteritis outbreaks in Sydney that year (data
not shown); however, it was also associated with atypical increases
in gastroenteritis in other regions, including New Zealand, France,
Japan, Hong Kong, and the United States (32, 68, 69). The ORF1
region of Sydney 2012 was derived from an Osaka 2007 virus,
while the ORF2/3 region appears to be related to the most recent
common ancestor of Apeldoorn 2008 and New Orleans 2009
(Fig. 4 and 5B). Since Apeldoorn 2008 is ancestral to New Orleans
2009 in the ORF2/3 region, the likely parent for Sydney 2012 in the
ORF2/3 region was an early Apeldoorn 2008 strain (Table 3).

The Japan 2008b clade also presented with evidence of ORF1/2
intragenotype recombination, with breakpoints located between
nucleotide positions 4981 and 5109 (Fig. 4 and 5C), as previously
reported by Motomura et al. (37). The parent for the Japan 2008b
ORF1 was Apeldoorn 2008, and the parent for ORF2-3 was 2006b
(Table 3). The Japan 2008b recombinant strains have not been
reported outside Japan.

Breakpoints were also identified at the ORF1/2 overlap for the
GII.4 variants Asia 2003, Osaka 2007, and CHDC 1970s (Fig. 3).
Phylogenetic analysis revealed that each had novel ORF1 se-
quences that were positioned away from the remaining GII.4

clades (Fig. 4A and 5). The mean intergroup nucleotide distances
from the Osaka 2007 and Asia 2003 clades to the main GII.4 lin-
eage were 12.47% and 11.82%, respectively. The CHDC 1970s
viruses are the oldest GII.4 strains sequenced and have a 14.19%
mean intergroup nucleotide distance in ORF1 to the main GII.4
lineage. In comparison, the mean intragroup distance within the
main GII.4 lineage was only 5.61%. Therefore, it is possible that
Asia 2003, Osaka 2007, and CHDC 1970s are intergenotype re-
combinants with an ORF1/2 breakpoint (Table 3).

The most recent NoroNet nomenclature system has reclassi-
fied ORF1 of Asia 2003 as a GII.12 ORF1 (available from http:
//www.rivm.nl/en/Topics/Topics/N/NoroNet). The Asia 2003
ORF1 was previously referred to as “recombinant GII.4” (9, 48) or
“Lordsdale-like” (70), since the ORF1 was related to the main
GII.4 lineage yet was associated with numerous other ORF2/3
genotypes, including GII.3, GII.10, and GII.12 (9, 48, 70). Since
the phylogenetic relationship between the GII.12 ORF1 and ORF2
shows little congruence, assigning Asia 2003 as an intergenotype
recombinant may be misleading. Likewise, the ORF1 region of
Osaka 2007 has been classified as GII.e by NoroNet and may also
be an intragenotype recombinant. However, the relative distance
of Asia 2003 and Osaka 2007 in ORF1 compared to that of the
ORF1s of the CHDC 1970s variants, which are the earliest GII.4

FIG 2 SimPlot analysis of suspect putative recombinant NoV strains. (A) SimPlot for recombinant strain Iwate5/2007/JP (GenBank accession number
AB541275). Three breakpoints were identified at nucleotide positions 352, 2765, and 5085. This produced a mosaic genome from Apeldoorn 2008 and 2006b
parental strains. (B) SimPlot for recombinant strain PC51/2007/IN (GenBank accession number EU921388). This recombinant had an Osaka 2007 backbone
with a mosaic insertion between nucleotide positions 3744 and 4320 from a GII.b parental strain. For each panel, the vertical axis represents the percent
nucleotide sequence similarity between the putative recombinant and each parent strain, and the horizontal axis for panel A shows the nucleotide position along
the full-length genome, while that for panel B shows the nucleotide position only in the ORF1 region. The breakpoint positions are shown and marked with
dashed lines. Each analysis used a window size of 300 nt and a step size of 5 nt. The parental strains were as follows: 2006b for Hiroshima3/2008/JP (GenBank
accession number AB541256), Apeldoorn 2008 for Hokkaido5/2008/JP (GenBank accession number AB541268), Osaka 2007 for Osaka1/2007/JP (GenBank
accession number AB541319), and GII.b for PC52/2007/IN (GenBank accession number EU921389).
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strains described (71), suggests that these novel ORF1s may not
represent different genotypes but may have evolved from distinct
ancestral GII.4 lineages. Therefore, clarification with regard to the
classification of the ORF1 regions of both Asia 2003 (GII.12) and
Osaka 2007 (GII.e) is required, as the confusion will impact the
classification of other viruses, such as Sydney 2012, which has an
Osaka 2007-like ORF1. These issues make classifying these recom-
bination events as either intergenotype or intragenotype difficult.

ORF2/3 recombination in the GII.4 lineage. Two of the 11
recombination breakpoints were identified near the ORF2/3 over-
lap (a single-nucleotide overlap). The Osaka 2007 variants had a
second breakpoint between nucleotide positions 6438 and 6646,
which is located near the ORF2/3 overlap (Fig. 3 and 5E). The
phylogenetic analysis shows that Osaka 2007 viruses have a dis-
tinct GII.4 ORF2 region; however, their ORF3s clustered closely
with the ORF3s of 2006b variants (Fig. 4D; Table 3). The ancestral
GII.4 strain, CHDC2094/1974/US (GenBank accession number
FJ537135), was also found to have a breakpoint near the ORF2/3
overlap at nucleotide positions 6820 to 6822 (Fig. 3; Table 3).
Across both ORF1 and ORF2, CHDC2094/1974/US was related to
the other ancestral GII.4 CHDC 1970s variants; however, the
CHDC2094/1974/US ORF3 sequence was novel and demon-
strated only 83.88% nucleotide similarity to the ORF3 sequences
of its closet GII.4 relatives, the CHDC 1970s variants CHDC5191/
1974/US and CHDC4871/1977/US (Fig. 4D and 5G). Impor-
tantly, this ORF3 region also did not demonstrate any close rela-
tionship to that of any other NoV GII genotype. Therefore, similar
to the difficulties proving ORF1/2 recombination for the ancestral
GII.4s, we cannot confirm the recombination event in CHDC2094/
1974/US without more NoV sequences for comparison.

Recombination within the ORF2 region. In NoV, recombina-
tion typically occurs at the ORF1/2 overlap; however, a number of
studies have suggested that recombination may occur at break-
points within ORF2, which encodes the major capsid protein VP1,
near the P2 domain boundaries (44, 51, 55). This scenario could
lead to the creation of antigenically novel variants and contribute
to the emergence of GII.4 variants. In our analysis of full-length
genome sequences, three viruses were found to have breakpoints
near the capsid shell/P1 domain boundary (near genome nucleo-
tide position 5600): the sporadic strains NSW882J/2011/AU and
Toyama5/2008/JP and the Cairo 2007 variant NSW505G/
2007/AU (Fig. 3; Table 3).

The recombination within ORF2 for the sporadic strains
NSW882J/2011/AU and Toyama5/2008/JP was evident by both
comparisons of genetic similarity and phylogenetic analysis
(Fig. 4B and C and 5H and I). The breakpoints for NSW882J/
2011/AU and Toyama5/2008/AU were located at nucleotide posi-
tions 5628 to 5647 and 5591 to 5605, respectively (Fig. 3; Table 3).
The ORF1/partial ORF2 parent for both viruses was 2006b, while
for NSW882J/2011/AU, the partial ORF2/3 region was derived
from a New Orleans 2009 parent (Fig. 5H); the same partial
ORF2/3 region for Toyama5/2008/JP was derived from Apel-
doorn 2008 (Fig. 5I).

The breakpoint for Cairo 2007 strain NSW505G/2007/AU was
also found between nucleotide positions 5591 and 5602 (Fig. 3;
Table 3); however, the parents for this recombination event were
difficult to establish. In ORF1/partial ORF2, Cairo 2007 was dis-
tantly related to the Lordsdale 1993 variants (Fig. 4A and B),
whereas in the remaining ORF2 region (ORF2b), it clustered
closer to the Osaka 2007 variant (Fig. 4C). The Japan 2001 GII.4T
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variant was not included in our 3SEQ analysis, as no full-length
genome sequence was available. In order to determine if the Japan
2001 variant was a possible parent, the region of analysis was
shortened to a partial ORF1/complete ORF2 sequence (genome
nucleotide positions 4286 to 6707). Using similarity plots, the
Cairo 2007 strain NSW505G/2007/AU was then compared to Ja-
pan 2001, Lordsdale 1993, US 1995/96, and Osaka 2007 to identify
possible parental strains (Fig. 5J). This revealed that the likely
ORF1 parent of Cairo 2007 was Japan 2001 and not Lordsdale
1993. Following a sharp drop in similarity to Japan 2001 at the
proposed ORF2 breakpoint (near nucleotide position 5608), the
Cairo 2007 sequence was more closely related to the Osaka 2007
and US 1995/96 variant sequences than to the Japan 2001 se-
quence (Fig. 5J). However, for both these possible parents, the
similarity to the Cairo 2007 sequence fell below 90% in the P2
domain, indicating that if this were a true recombination event, it
took place in the past and antigenic drift within the P2 domain
subsequently occurred. The identity of the parental strains for the
recombinant Cairo 2007 strain is further complicated by the fact
that the Japan 2001 variant was also previously suggested to be
recombinant with a breakpoint position at nucleotide 5879 (44).

Origin of the Apeldoorn-like capsid P2 domain. It has been
suggested that the most recent pandemic GII.4 variant, New Or-
leans 2009, was a recombinant based on a 2006a backbone with a
mosaic P2 domain derived from a 2006b-like ancestral virus (55).
In our analysis of full-length genome sequences using 3SEQ, we
did not detect any mosaic signal within ORF2 for New Orleans
2009; instead, we identified a single recombination breakpoint at
the ORF1/2 overlap (Fig. 3), which suggested that New Orleans
2009 was a 2006a (ORF1)/Apeldoorn 2008 (ORF2/3) intrageno-
type recombinant (Fig. 3). Despite this, the phylogenies of the
ORF2b region presented in this study (Fig. 4C and 6C), which are
approximately equivalent to those for the mosaic P2 domain re-
gion in the study by Lam et al. (55), suggest that members of the
entire clade, which includes Apeldoorn 2008, New Orleans 2009,
and Sydney 2012 (referred to here as Apeldoorn-like), share a
recent common ancestor with 2006b. For the maximum likeli-
hood phylogenies (Fig. 4C), the bootstrap support for this rela-

tionship was 49%, and from the Bayesian analysis using BEAST,
the estimated posterior probability of the equivalent node was 1
(Fig. 6C); therefore, support for this relationship was relatively
strong. Furthermore, according to the coalescent estimates from
BEAST, the time to this most recent common ancestor was 10.13
years (8.41 to 11.95 years; 95% highest probability density
[HPD]), which would place this Apeldoorn 2008/2006b ancestor
in circulation in about 2002. The possible 2006b origin of the
ORF2b (P2 domain) region for Apeldoorn-like viruses contrasts
against the origins for the remaining regions of the genome
(ORF1, ORF2a, and ORF3): it was shown that the Apeldoorn
2008, New Orleans 2009, and Sydney 2012 viruses have distinct,
non-2006b-like origins (Fig. 6A, B, and D). Therefore, if the P2
domain was of a recombinant origin from a 2006b-like virus, then
the recombination event likely took place in the early 2000s and
will be difficult to confirm due to the strong effects of selection and
rapid evolution within this region of the NoV capsid. It is also
important to consider the possibility that strong selective pressure
from herd immunity and host-driven adaptation may have di-
rected the early Apeldoorn-like and 2006b-like viruses toward
similar evolutionary paths, analogous to convergent evolution,
thereby mimicking recombination. Lastly, the different rates of
evolution between the relatively conserved shell domain and the
rapidly evolving protruding domain may also influence the anal-
ysis of recombination in the capsid gene. This phenomenon con-
tributed to the misidentification of recombination in the hemag-
glutinin gene of the 1918 Spanish flu virus (72).

Influence of recombination on evolution of the NoV GII.4
lineage. Using the data from both the 3SEQ breakpoints (Fig. 3;
Table 3) and the ORF1, ORF2a, ORF2b, and ORF3 phylogenies
(Fig. 4 and 6), the evolution of the NoV GII.4 lineage through time
was reconstructed, showing the influence of recombination
(Fig. 7). This model highlights the expansion in genetic diversity
among the GII.4 viruses, initially through antigenic drift and more
recently due to widespread inter- and intragenotype recombina-
tion. In fact, since the emergence of Farmington Hills 2002, all
subsequently identified GII.4 variants have been influenced by
recombination as the parent of a recombinant or as a recombinant

FIG 3 Recombination breakpoints identified across the full-length genome in the NoV GII.4 lineage. An alignment of 89 full-length genome sequences that
contained representatives from all major GII.4 variant clades (except Japan 2001) was analyzed using the program 3SEQ. The summarized results identified 11
recombination breakpoints along the entire genome. The range and mean value for each breakpoint are shown along with its relative genome nucleotide position
(horizontal axis). The putative recombinants are listed in the key, with the colored lines matching each corresponding breakpoint. The three ORFs are shown
along with the structural domains of the capsid protein (ORF2), which are the N-terminal (N), shell (S), P1, and P2 domains. The ORF2a and ORF2b regions
analyzed in this study are also indicated. Most breakpoints localized to the ORF1/2 and ORF2/3 overlaps; however, three breakpoints were also identified within
ORF2.
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themselves (Fig. 7). This may be partly explained by an increase in
the number of cocirculating GII.4 variants. Since the early 1990s,
at most three variants have been in circulation at one time; how-
ever, between 2007 and 2008, up to six different GII.4 variants
were in circulation (Table 2). Furthermore, these six variants each
formed four distinct sublineages: Hunter 2004 and 2006a, Cairo
2007 and Osaka 2007, 2006b, and Apeldoorn 2008 and New Or-
leans 2009. Intragenotype recombination provides a mechanism
for mixing between these distinct sublineages and will increase the

genetic repertoire of the major GII.4 lineage. This genetic mixing
has culminated in the emergence of the GII.4 variant Sydney 2012,
which contains sequence derived through recombination from all
four of the aforementioned sublineages.

Most of the recombination events described in this study have
involved recombination at the ORF1/2 overlap (n � 6/11) and
have coincided with the emergence of a novel GII.4 variant. This is
not surprising, as most of the reported intergenotype recombina-
tion in NoV occurs at the ORF1/2 overlap (48, 49) and would

FIG 4 Maximum likelihood phylogenies of the NoV GII.4 genome. Maximum likelihood phylogenies of the ORF1 (A), ORF2a (B), ORF2b (C), and ORF3 (D)
regions from the alignment of the NoV GII.4 strains used in the 3SEQ recombination analysis (n � 89) are shown. The genomic position for each region of
analysis is shown. Bootstrap values for key nodes are shown as the percentages of 1,000 replicates. All major GII.4 clades are represented and labeled. The branches
of recombinant clades/strains are colored as follows; dark green, CHDC2094/1974/US; gray, CHDC 1970s; purple, Sydney 2012; light blue, Osaka 2007; light
green, Asia 2003; red, NSW505G/2007/AU; pink, Toyama5/2008/JP; yellow, NSW882J/2011/AU; orange, New Orleans 2009; and dark blue, Japan 2008b. The
scale bars represent the number of substitutions per site.
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facilitate the exchange of nonstructural and structural genes.
Clearly, this would affect the antigenic properties of the virus and
therefore contribute to the emergence of new epidemic viruses.
However, the acquisition of novel ORF1 regions may also confer a
selective advantage that contributes to viral emergence, for exam-

ple, by altering the balance of replication and mutation rates that
have been shown to be important determinants of viral fitness
(73–75).

A framework for identifying recombination in the NoV GII.4
lineage. As a consequence of the potential problems in identifying

FIG 5 SimPlots for all putative NoV GII.4 recombinants analyzed in this study. Comparisons of genetic similarity between recombinant and possible parental
strains were made using SimPlot. The results are shown for the GII.4 variants New Orleans 2009 (A), Sydney 2012 (B), Japan 2008b (C), Asia 2003 (D), Osaka
2007 (E), and CDHC 1970s (F) and the GII.4 strains CDHC2094/1974/US (G), NSW882J/2011/AU (H), Toyama5/2008/JP (I), and NSW505G/2007/AU (J). The
vertical axis represents the percent nucleotide sequence similarity between the putative recombinant and each strain used for comparison, and the horizontal axis
shows the relative nucleotide position along the full-length genome. The relative positions of ORFs 1, 2, and 3 are also provided, with colors matching the likely
parent strain in that region. Furthermore, gray color indicates that the region was relatively novel and no suitable parent was identified; light or dark shading
highlights distinct novel regions. The breakpoint positions are shown and marked with dashed lines. Each analysis used a window size of 300 nt and a step size
of 5 nt. The strains used in this analysis, both recombinants and parents, were selected from the full-length genome representatives shown in Table 2.
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true recombination events, Boni et al. have proposed guidelines
for the identification of homologous recombination in influenza
virus (76). Currently, no such guidelines exist for NoV; however,
the principles of the guidelines for influenza virus could easily be
applied. For example, the guidelines include limiting sources of
contamination, determining if a breakpoint occurs near a primer
binding site, checking alignments for errors, assessing the statisti-
cal significance of recombination events by using both mosaic-
based methods such as 3SEQ and phylogenetic methods (includ-
ing those available in the RDP package) (77), and then confirming

proposed recombinants by independent identification by another
laboratory. Our group has also highlighted previously that, in or-
der to account for artificial recombination events from the ampli-
fication of sequences from two coinfecting viruses, it is necessary
to generate a single amplicon across the region of analysis (48, 49).
In this study, we avoided a number of these problems by employ-
ing a method of amplifying whole genomes in a single RT-PCR;
furthermore, we tested for recombination using 3SEQ with a sta-
tistical threshold of a P value of �0.05. 3SEQ has the highest
sensitivity and the lowest false-positive rate compared to other

FIG 6 Bayesian time-scaled phylogenies of the NoV GII.4 genome. Bayesian time-scaled phylogenies of the ORF1 (A), ORF2a (B), ORF2b (C), and ORF3 (D)
regions from the alignment of NoV GII.4 strains used in the 3SEQ recombination analysis (n � 89) are shown. Support for key nodes is shown as estimated
posterior probabilities. All major GII.4 clades are represented and labeled. The branches of recombinant clades/strains are colored as follows; dark green,
CHDC2094/1974/US; gray, CHDC 1970s; purple, Sydney 2012; light blue, Osaka 2007; light green, Asia 2003; red, NSW505G/2007/AU; pink, Toyama5/2008/JP;
yellow, NSW882J/2011/AU; orange, New Orleans 2009; and dark blue, Japan 2008b. The phylogenies are scaled to time (x axis) and are shown as years.
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mosaic methods. We then assessed the support for any recombi-
nation event using a comprehensive phylogenetic approach. We
also removed from our analysis a number of suspect putative re-
combinant sequences that could be artificial (those in Fig. 2).
Lastly, in order to determine the source and mechanisms facilitat-
ing the emergence of novel GII.4 variants, molecular epidemio-
logical studies that ensure thorough sampling coverage across
time and different regions of the world are needed. By adopting a
broader surveillance strategy with improved sequence coverage,
we are more likely to identify novel GII.4 variants closer to the
point of emergence as well as identify the intermediate transitional
strains that may have facilitated their emergence.

In conclusion, this study has demonstrated that both inter-
genotype recombination and intragenotype recombination are
widespread within the pandemic NoV GII.4 lineage and are likely
to be important forces driving the evolution and emergence of
novel GII.4 viruses.
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Together, these results highlight the widespread recombination in the GII.4 lineage and its impact on the emergence of novel variants.
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