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A novel GII.P17-Gll.17 variant norovirus emerged as a
major cause of norovirus outbreaks from December
2014 to March 2015 in Japan. Named Hu/Gll/JP/2014/
Gll.P17-Gll.17, this variant has a newly identified GII.
P17 type RNA-dependent RNA polymerase, while the
capsid sequence displays amino acid substitutions
around histo-blood group antigen (HBGA) binding
sites. Several variants caused by mutations in the cap-
sid region have previously been observed in the Gll.4
genotype. Monitoring the Gll.17 variant’s geographical
spread and evolution is important.

The present study uses complete genome sequences
and phylogenetic and in silico analyses to characterise
GIl.P17 norovirus strains contributing to gastroenteritis
outbreaks in Japan from December 2014 to March 2015.

Norovirus outbreaks from October 2014 to
March 2015 in Japan

In Japan, numbers of norovirus cases are reported to
the Infectious Agents Surveillance Report (IASR) sys-
tem, which is the national surveillance system over-
seen by the National Institute of Infectious Diseases
(http://www.nih.go.jp/niid/ja/iasr-noro.html). In the
six months from October 2014 to March 2015, a total
of 2,133 norovirus cases in the country were reported
to IASR, including 373 cases caused by genotype Gll.4,
146 cases caused by GIl.3 and 100 cases caused by
Gll.17. Other genotypes (Gl.2, Gl.3, Gl.6, Gl.7, Gll.2, Gll.7,
Gll.12, GIl.13 and Gll.14) were also detected in this sea-
son. Although for most of the six months of the 2014/15
winter season Gll.4 norovirus predominated, the
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number of Gll.17 cases presented a dramatic increase
compared to the previous winter, whereby only three
Gll.17 cases had been detected from October 2013 to
March 2014. In the previous five years, the average and
standard deviation (SD) numbers of norovirus cases
during the same months were moreover 2,727+340 for
all norovirus cases, 589+256 for Gll.4 cases, 130216
for Gll.3 cases and 1z1 for Gll.17 cases. The first Gll.17
cases in the 2014/15 winter season were observed
in December 2014. In the subsequent months, more
cases with this genotype continued to occur across the
whole country. A sharp rise in Gll.17 cases was moreo-
ver noted between January (n=11 cases) and February
(n=55 cases) 2015, making Gll.17 the most prevalent
genotype in March (n=31 cases) 2015.

To investigate the GII.P17 norovirus strains responsible
for outbreaks in Japan, and to also look for any changes
in the viral genome of strains circulating between 2013
and 2015, six specimens from the Kanagawa, Nagano
and Saitama prefectures that were available for further
characterisation were used in this study.

Genotyping GII.P17 strains

From the norovirus Gll.17 specimens collected from
January 2013 to March 2015, six available speci-
mens (i.e. Kawasaki3o8 (collected in February, 2015),
Kawasaki323 (collected in March, 2014), Nagano7-1
(collected in August, 2014), Nagano8-1 (collected
in August, 2014), Saitamas203 (collected in April,
2013) and Saitamas309 (collected in July, 2013)) were
selected for full genome analyses by next-generation
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FIGURE 1

Time-scaled phylogenetic tree obtained with the Bayesian Markov chain Monte Carlo method of RNA-dependent RNA

polymerase (RdRp) sequences (1,283 nt) of norovirus GII strains

Hu/GII/JP/2001/GlI.P22/Saitama/T49_(K|196277)

Sw/(ﬂl/US/2u03/GH.P]B/OPQW]ZL(AV8233515]

11/CN/2009/Gll.P11/Ch6_(HQ392821)
Hu/Gl1/US/1988/GI1.P8/CHDC3936_(X846926)

E Po/G|
)
Hu/Gl1/)P/2007/GIl.P15/Sapporo/ HK299_(K}196290)
1 H./GII/DE/2005/Gll P20/ Leverkusen67 (EU424333)
Hu/GII/SN/1976/GIL.P6/Sgc_(KC576910)
Hu

/GlI/CN/2011/GlI.P6/Guangzhou/GZ2010-L96_(1X989075)
Hu/GII/US/1975/GlI.P6/CHDC2685_(KC597146)
Hu/GlI/VN/2010/GlI.P7/20486_(KM198530)

Hu/GlI/US/2010/GIl.P7/HS245_(K|407072)
Hu/GlI/US/1984/GII.P7/CHDC4073_(X846927)
Hu/GlI/VN/2010/GIl.P7/30443_(KM198534)
Hu/GlII/VN/2009/Gll.P7/30082_(KM198519)
Hu/GlI/P/2010/GlI.P7/Musashimurayama,/TAKAsanKimchi_(K196295)
Hu/GlI/P/2007/GIl.P7/Sendai/YGog_(K|196278)
Hu/GlI/JP/2008/GlI.P7/Maizuru/8599_(GU017908)
Hu/GlI/IN/2006/GII.P13/Pune/PC25_(EU921354)
Hu/GIl/NL/1995/GII.P3/Amsterdam/1_(KJ 194500)
Hu/GH/NL/ 94/GlI.P3/Amsterdam_(K]19.

Hu/GlI Nleoos/GH P3/Maastr|cht021 (JN1769 0)

Hu, /G 1/HK/2014/GII.P17/CUHK-NS-463_(KP998539)

e Hu/Gll/) P/2015/6I| .P17/Kawasakizo08_(LC037415)
Hu/GII/CN/2014/GlI.P17/Guangzhou/41621_(KRo20503)
® Hu/Gll/JP/2014/GlI.P17/Nagano8-1_(LC043305)

50 years

© Hu/GlI/|P/2014/GlI. P17/Naganoi 1 (LC043139)

© Hu/Gll/JP/2014/GlI.P17/Kawasaki323 _(AB983218)

®Hu/GlI/|P/2013/GlI. P17/5a\tamas 09_| (LCo 3168)

Hu/GIl/TW/2013/GlI.P17/13 -Bl KJ15632

-Hu/GH/lP/zo /GlI.P1 /Sa\tamaszog (LCoz.3167)
K1

Hu/Gll/JP/2002/Gll.P5/Saitama/T52

Hu/GH/]P/mm./GH Pz/MKuA (DQ4568 1)
Hu/GlI/JP/2007/GlII.P21/Kawasaki/Y0284_(K|196284)

1" Hu/GlI/VN/2011/GlI.P21/C2H39_(KM198590)

Hu/GlI/NL/1995/GII.Pm/Amsterdam/3_(K|194507)
Hu/GlI/US/1971/GIl.Pm/Hawaii/7EK_(X289822)
Hu/GlI/MY/1978/GlI.P1/KL45_(KC576915)
Hu/GlI/US/1974/GII.P1/CHDC5191_(1X023286)
Hu/GII/US/1977/GII.P1/CHDC4871_(FI537138)
Hu/GlI/US/1974/GlI.P1/CHDC2094_(FI537135)

1970 (95% HPD interval 1944-1988) 7

2002 (95% HPD interval 1990-2011)

B

Hu/G\I/US/wBS/GH P4/CHDC3967_(FI537136)

Hu/Gil/AU/2007/Gll. Pq/Smhevland/NSWscsG (6Q845368)
Hu/GlI/US/1987/GII.P4/MD14512_(AY032605)
Hu/GlI/US/2001/GII.P4/HS66_(KI407076)
Hu/GII/TW/2012/GIl.P4/Taipei/108_(K|196285)
Hu/GlI/NZ/2006/Gll.P4/Kenepuru/NZ327_(EF187497)
Hu/GlI/HK/2004/GlI.P4/CUo41213_(HMB02541)
Hu/GlI/US/2012/GII.P4/NIHIC28.5_(KF429787)

Hu/GII/US/2012/GILP4/NIHIC1.7_(KF712494)
Hu/Gll/US/2002/GlL.P4/Farmington_Hills_(AY502023)
Hu/GlI/US/2012/Gll.P4/Ohio/71_(X126912)
Hu/Gll/JP/2006/GIL.P4/Ehime1_(AB447453)
Hu/GlI/AU/2011/GII.P4/Randwick/NSW938K_(X459905)
Hu/GlI/US/2002/Gll.P4/Houston/TCH186_(EU310927)

Hu7GIART2005/GIT.P12/CUo51013_(HMB02553
Hu/GlI/IP/2002/GlI.P12/Saitama/T8o_(K1196276)
Hu/GlI/AU/2008/GlL.Pe/Armidale/NSW390l_(GQ845369)
Hu/GlI/TW/2012/GIl.Pe/Taipei/106_(K|196283)
Hu/GlI/HK/2013/GlL.Pe/ CUHK-NS-141_(KI649705)
Hu/GlI/CF/1977/Gl1.Pj/B17_(KC576911)
u/Gl

1/ZA/2010/Gll.P_unassigned/Bushbuckridge6387_(KC962458)
Hu/GH/CN/1978/GH Pg/HK71_(X846924)
Hu/GlI/US/2010/GlI.Pg/NIHIC6_(KC597145)
Hu/GlI/AU/2009/GlI.Pg/Wahroonga/NSWoo4P_(/Q613568)
Hu/GlI/US/1975/Gll.Pc/SnowMountRS_(KF429769)
Hu/GlI/MY/1978/GlI.Pc/KL109_(1X846925)

5}
Hu/Gll/JP/2011/GlII.P_unassigned/Yuzawa/GirazHS_(K|196291)

600.0 550.0 500.0 450.0 400.0 350.0 300.0 250.0

Year

200.0 150.0 100.0 50.0 0.0

The phylogenetic analysis includes the nucleotide sequences of six Japanese Gll.P17-Gll.17 strains (indicated by black dots). The oldest Gll.17
strain (C142) detected in 1978 and a previous Japanese Gll.17 (Saitama T87) detected in 2002 are indicated by rectangular boxes. The arrows
point to some nodes, for which the node ages are indicated with 95% highest posterior density (HPD) intervals. The scale bar represents time

in years.

sequencing as described [1,2]. The data analysis was
performed with CLC Genomics Workbench v8.0.1
(CLC Bio). Contigs were assembled from the obtained
sequence reads by de novo assembly. The nucleotide
sequences for the GIl.P17 strains in this study were
deposited in GenBank and assigned accession numbers
AB983218, LCo37415, LCo43139, LC043167, LC043168,
and LCo43305. When the Norovirus Genotyping Tool
was used (http://www.rivm.nl/mpf/norovirus/typing-
tool) [3], the capsid genotypes of all six strains were
assigned to Gll.17, but the RNA-dependent RNA poly-
merase (RdRp) genotypes of some strains could not
be assigned to any known genotype in the database.
This observation suggested the genetic novelty of
the virus in this region. Upon first noticing this with
the sequence of Kawasaki323 strain in June 2014, we
sought the advice of NoroNet, who coordinate norovi-
rus nomenclature through a global network of research
scientists, clinicians and public health officials [4].
After discussions with them, this variant was assigned
to the RdRp genotype, Gll.P17, in August, 2014. Finally,

we named the emergent variants of norovirus as Hu/
Gll/JP/2014/Gll.P17-Gll.17.

Phylogenetic and molecular dating analyses
The phylogenetic analyses, the time of most recent
common ancestor (tMRCA), and the divergence times
were estimated for emergent GlI.P17-Gll.17 variants,
along with other representative norovirus Gll strains,
by the Bayesian Markov chain Monte Carlo (MCMC)
method implemented in Bayesian Evolutionary
Analysis Sampling Trees (BEAST) v1.8.1 [5]. As a result
of the marginal likelihood calculation in the four clock
(strict clock, uncorrelated lognormal relaxed clock,
uncorrelated exponential relaxed clock and ran-
dom local clock) and demographic models (constant
size, exponential growth, logistic growth and expan-
sion growth), the datasets were analysed using the
Tamura and Nei 1993 (TN93)+Gamma+Proportion
Invariant (for RdRp) and the generalised time-reversi-
ble (GTR)+Gamma +Proportion Invariant (for capsid)
nucleotide substitution models, with an uncorrelated
exponential relaxed clock model under a constant size
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FIGURE 2

Time-scaled phylogenetic tree obtained with the Bayesian Markov chain Monte Carlo method of full length capsid gene

(virus protein 1 gene) sequences of norovirus GII strains
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The phylogenetic analysis includes the nucleotide sequences of six Japanese Gll.P17-Gll.17 strains (indicated by black dots). The oldest Gll.17
strain (C142) detected in 1978 and previous Japanese Gll.17 (Saitama T87) detected in 2002 are indicated by rectangular boxes. The arrows
point to some nodes, for which the node ages are indicated with 95% highest posterior density (HPD) intervals. The scale bar represents time

in years.

tree prior. Convergence was assessed by the effective
sample size (ESS) after a 2% burn-in. Only parameters
with an ESS above 150 were accepted. Phylogenetic
analysis using the maximum likelihood (ML) method
showed no differences of topology to the Bayesian
MCMC trees (data not shown).

In terms of the RdRp gene, the emergent Japanese GlI.
P17 belonged to a single cluster including other strains
detected in Asia in 2013 (Taiwan: KJ156329) and in 2014
(Guangzhou: KRo20503; Hong Kong: KP998539). The
tMRCA for the emergent Gll.P17 cluster was estimated
to be 2002 (95% highest posterior density (HPD) inter-
val: 1990-2011

This suggests that the emergent Gll.P17 has been circu-
lating around Asia for ca 13 years (Figure 1). In terms of
the RdRp gene, the emergent GlI.P17 was most closely
related to GII.P3, and evolved from a common ancestor
in 1970 (95% HPD interval: 1944—1988). Nearly 32 years
elapsed between the tMRCA of the emergent Gll.P17
cluster, and the divergence of emergent Gll.P17 strains
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from the GII.P3 cluster (Figure 1). Interestingly, the old-
est Gll.17 (C142 detected in French Guiana in 1978)
and the oldest Japanese Gll.17 (Saitama T87 detected
in 2002) had genotype combinations that were differ-
ent from the emergent Gll.17 forms in this study, the
GII.P_unassigned-Gll.17 for C142 and GII.P16-Gll.17 for
Saitama T87 (Figure 1). These results suggested that
capsid Gll.17 genotype evolved by exchanging the
RdRp gene through at least two recombination events.

In terms of the capsid gene, the emergent GlI.P17-Gll.17
strains also belonged to a single cluster that was differ-
ent from the cluster formed by the older Gll.17 strains
(Figure 2). Notably, the emerging Gll.17 cluster diverged
from the old Gll.17 cluster around the year 1861 (95%
HPD interval: 17700-1957), yet the tMRCA was in the
year 1988 (95% HPD interval: 1949—2011) (Figure 2).
The two independent clusters formed by the old and
emerging Gll.17 strains partially arose from changes
in the amino acids of the major epitopes (Figure 2
and Table). Thus, we thought that the emerging Gll.17
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FIGURE 3

Structural model of the dimer formed by virus protein 1
(VP1) of Kawasaki323 GII.17 strain

Side view

Top view ‘ b_\j
= L .
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The Gll.17 VP1 model was constructed by homology modelling with
the crystal structure of norovirus capsid (1IHM). Five predicted
epitopes (I-V) are shown by each colour with the amino acid
positions based on the sequence of Kawasaki323 strain. Amino
acids with episodic diversifying selection are highlighted in dark
blue.

strains may have variants of the capsid gene, as has
been observed with some Gll.4 strains [6].

Moreover within the emergent Gll.P17-Gll.17 cluster,
diversification of strains further led to two sub-clus-
ters in the capsid and RdRp genes, with changes to the
amino acids of the major epitopes of the virus protein
1 (VP1) protein (Figures 1 and 2 and Table). One sub-
cluster comprised the Kawasaki3zo8 strain, while the
other sub-cluster included the Kawasaki3z23 strain as
well as all the other four GIl.P17-Gll.17 strains from this
study. These results clearly suggest that the new Gll.
P17-Gll.17 variants have different evolutionary histo-
ries than previously identified Gll.17 strains, and that
rapid evolution may occur within the emergent Gll.
P17-Gll.17 variants. The Gll.17 genotype may produce
other variants whereby mutations lead to changes
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in the antigenicity of the P2 domain while still being
constrained by host immunity, in the same way as has
been observed for Gll.4 [6].

Estimation of positive selection sites and
B-cell epitopes in virus protein 1 sequence
of the GII.P17-GII.17 variant

We analysed the evolutionary constraints on the GlI.
P17-Gll.17 variants from host-immune pressure, based
on the single likelihood ancestor counting (SLAC),
fixed effect likelihood (FEL), internal FEL (IFEL), fast
unconstrained bayesian approximation for inferring
selection (FUBAR), random effects likelihood (REL) and
mixed effects model of evolution (MEME) with only the
Gll.17 sequences in the dataset used in phylogenetic
analyses for VP1 gene, but using another alignment
[7]. One positive selection (V354W) (V, sub-cluster
including Kawasaki323 strain; W, sub-cluster including
Kawasaki3zo8) was identified with the MEME analysis.
This non-synonymous mutation was only observed
in the sub-cluster of Kawasaki3o8 strain, suggest-
ing that the selection was episodic but not pervasive.
Moreover, the BepiPred and DiscoTope servers [8,9]
predicted B-cell epitopes associated with humoral
immunity at the amino acid positions 217-225 (1), 291—
298 (1), 359-363 (I}, 371379 (IV), and 390-396 (V)
in the VP1 protein of the Kawasaki323 strain (Table).
Epitope | was conserved in all sequences within the
Gll.17 cluster, whereas the others (1I-V) were variable
with amino acid substitutions, deletions, and inser-
tions not only between the novel Gll.P17-Gll.17 variant
and old Gll.17 strains, but also within the GIl.P17-Gll.17
variant cluster, between sub-clusters represented by
the Kawasaki323 and Kawasaki3o8 strains (Table).

To identify these amino acid positions on the capsid
structure, we calculated and constructed a capsid 3D
model of the Kawasaki323 strain with the MODELLER
9.13 programme [10]. The epitopes were located on the
exterior surface of the shell (epitope I) and the protrud-
ing 2 (P2) domains (epitope II-V), including the bind-
ing pocket for the histo-blood group antigens (Figure
3). Additionally, the mutation (V354W) (V, sub-cluster
including Kawasaki3z23 strain; W, sub-cluster includ-
ing Kawasaki3o8) associated with episodic positive
selection was close to the 372R within the epitope IV
(Figure 3). These results indicate that our GII.P17-Gll.17
variants might have the potential to escape from host
neutralising antibody by amino acid alterations of four
putative B-cell epitopes in the P2 domain top, and to
improve the binding capacity of the histo-blood group
antigens. During the winter 2014/15, noroviruses simi-
lar to the Kawasaki3o8 strain became extremely preva-
lent in Japan and China [11], and this observation may
imply a high infectivity of the strain because a num-
ber of mutations, including positive selection, were
observed between strains detected in the 2013/14 and
2014/15 seasons.
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Conclusions

During the season from October 2014 to March 2015, a
novel norovirus variant Gll.P17-Gll.17 was prevalent in
Japan from December 2014 onwards. While, in general,
the total number of norovirus cases during this sea-
son was lower than previous years beyond a range of
averagexSD, the number of cases affected by the Gll.17
genotype appeared to be higher and increased dramat-
ically in February 2015, making this the predominant
genotype in the country in March 2015. Further char-
acterisation Gll.17 available strains from January 2013
to March 2015 assigned these to the novel GlI.P17-
Gll.17 variant. Because this variant was detected from
a few cases in Japan and Taiwan, prior to becoming
prevalent and causing outbreaks during the 2014/15
winter season in Japan and China [11], early surveil-
lance of sporadic cases caused by this or any other
potential variants may assist in anticipating outbreaks.
Molecular and phylogenetic analyses conducted here
show that the novel Gll.17 variant has a different evo-
lutionary history to previously identified Gll.17 strains.
As it might have the potential to spread globally in the
near future, presumably by escaping host immunity as
Gll.4 variants do [6], monitoring trends in the geograph-
ical spread and evolution of the variant is important.
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