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Rotaviruses are an important cause of severe diarrheal illness in children globally. We characterized
rotaviruses sampled in humans, insectivores (shrews) and rodents from urban and rural regions of
Zhejiang province, China. Phylogenetic analyses revealed seven genotypic constellations of human ro-
taviruses with six different combinations of G and P genotypes — G3P[8] (50.06%), GOP[8] (36.16%), G1P[8]
(8.92%), G2P[4] (4.63%), G3P[3] (0.12%), and G3P[9] (0.12%). In rodents and shrews sampled from the
same locality we identified a novel genotype constellation (G32-P[46]-124-R18-C17-M17-A28-N17-T19-

1<eyW9TdS! E24-H19), a novel P genotype (P[45]), and two different AU-1-like rotaviruses associated with a G3P[3]
ROHV":US genotype combination. Of particular note was a novel rotavirus from a human patient that was closely
E‘églﬁgg&em related to viruses sampled from rodents in the same region, indicative of a local species jump. In sum,
Genotype these data are suggestive of the crqss-species.transmission of rodent rotaviruses into humans and for
Human infection reassortment among human and animal rotaviruses.

Rodents © 2016 Elsevier Inc. All rights reserved.
Shrews

1. Introduction diarrheal disease in young children. Based on sequences of the VP7

and VP4 genes RVAs have been further classified into G and P

Rotaviruses are an important cause of severe diarrheal illness in
infants and young children globally, causing 453,000 deaths per
year in those <5 years of age (Estes and Greenberg, 2013, Tate
et al,, 2008). Rotaviruses are members of the genus Rotavirus of the
family Reoviridae and possess a genome comprising 11 double-
stranded RNA segments that encodes 6 structural (VP1-VP4, VP6,
VP7) and 6 non-structural (NSP1-NSP6) proteins. Of the docu-
mented species (rotavirus A-H) (Matthijnssens et al., 2012) and the
tentative species (rotavirus I) (Mihalov-Kovacs et al., 2015), rota-
virus A (RVA) is responsible for the majority of seasonal endemic
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genotypes, respectively. To date, at least 31 G and 44 P genotypes
have been identified worldwide (Matthijnssens et al., 2011, Trojnar
et al, 2013; Rotavirus Classification Working Group (RCWG),
2015). Recently, a uniform system for rotavirus nomenclature was
established for RVA based on nucleotide identities of the 11 rota-
virus genome segments and phylogenetic analysis (Matthijnssens
et al., 2008). Globally, the most common combinations in humans
are G1, G2, G3, G4 or G9 and the P[4] or P[8] genotypes, especially
G1P[8] which accounts for approximately 31% of human strains
globally (Banyai et al., 2012, D6r6 et al., 2014). Notably, genotype
distributions vary among geographic regions, and several unusual
strain combinations have recently been identified (Do6ré et al.,
2014, Nordgren et al., 2012).

As well as humans, rotaviruses infect a wide range of verte-
brates including domestic and wild mammals and birds (Estes and
Greenberg, 2013). Rodentia (rodents) is the largest order of
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mammals, with approximately 2277 species distributed globally
(Wilson and Reeder, 2005). It is therefore no surprise that rodents
are also the largest zoonotic source of human infectious diseases
(Luis et al., 2013, Meerburg et al., 2009). In addition to known
pathogens, rodents are also an obvious source for the discovery of
novel viruses, and new rodent arenaviruses, coronaviruses, and
hantaviruses have been described recently (Gonzalez et al., 2007,
Guo et al., 2013, Holmes and Zhang, 2015, Li et al., 2015, Wang
et al,, 2015). To date, however, relatively little attention has been
directed toward the rotaviruses that might circulate in rodent
populations (Everest et al., 2011, Firth et al.,, 2014, Greenwood &
Sanchez, 2002, Linhares et al., 1986, Sachsenrdder et al., 2014).
However, as rodents (especially rats) often live in close proximity
to humans and domestic animals, and at high densities, they may
play an important role in the cross-species transmission of rota-
viruses, including to human populations.

Zoonotic rotavirus infections in humans are not uncommon,
and there are a growing number of reports describing the inter-
species transmission of rotavirus among animals and from animals
to humans (Ben Hadj Fredj et al., 2013, Bonica et al., 2015., Gautam
et al., 2015, Martella et al., 2010; Medici et al., 2015, Zhou et al.,
2015). Like influenza viruses, zoonotic rotaviruses can become
increasingly “humanized” by reassortment with co-infecting hu-
man viruses (Cowley et al., 2013, Jeong et al., 2014, Matthijnssens
et al., 2009, Matthijnssens et al., 2010, Theuns et al., 2015). Clearly,
to better understand the evolution and emergence of rotaviruses it
is important to determine the diversity, evolution and origins of
rotaviruses in those animals that live in close proximity to hu-
mans, including rodents.

Wenzhou is located on the southwestern coast of Zhejiang
province, China, and is a prefecture-level city (Figure S1). Wenz-
hou incorporates both urban and rural areas with a total popula-
tion of 9.12 million, of which 1.69 million can be classed as pe-
diatric. Wenzhou experiences a high level of rotavirus infections,
totaling > 65,000 cases each year. Longquan, also in Zhejiang
province, is located 250 km west of Wenzhou, and is a county-
level city with a population of approximately 280,000. More than
90% of the Longquan's total area is mountainous. Compared with
Wenzhou, Longquan experiences a relatively low level of rotavirus
infection. In this study we investigated the diversity of rotaviruses
in humans and small mammals (rodents and shrews) in Wenzhou
and Longquan, as well as the evolutionary relationships between
these viruses and those circulating in the local human population.

2. Method and materials
2.1. Patient sampling

Between October 2013-December 2014 a total of 1099 stool
specimens were collected from diarrheal patients visiting the
Diarrheal Department of the Second Affiliated Hospital and Yuying
Children's Hospital of Wenzhou Medical University, Wenzhou city,
Zhejiang province, China. Patient demographic data and clinical
symptoms, including any complications, were collected and eval-
uated. Signed individual written informed consent for fecal sample
collection was obtained from the guardian of each patient.

2.2. Trapping of small animals and sample collection

Between March 2013-October 2014, 1865 small mammals (ro-
dents and insectivores) were captured in Longwan, Lucheng,
Ruian, and Wencheng counties/districts of Wenzhou city, as well
as from Longquan city, as described previously (Guo et al., 2013)
(Fig. S1). All animals were treated according to the “Rules for Im-
plementation of Laboratory Animal Medicine” from the Ministry of

Health, China. Trapped animals were identified by morphological
examination and further verified by sequence analysis of the cy-
tochrome b (Cyt-b) gene (Guo et al., 2013). All animals were an-
esthetized before they were sacrificed, and every effort was made
to minimize suffering. Stool samples were collected from each
animal and used for the detection of rotaviruses.

2.3. RT-PCR and sequencing

Total RNA was extracted from stool samples using the Bioteke
fecal RNA isolation kit (Bioteke, Beijing, China) according to the
manufacturer's instructions. All samples were screened for the
presence of rotaviruses using nested RT-PCR. Two pairs of primers
based on conserved regions of sequences of the VP7 segment of
known group A rotaviruses were used (Table S1). RT-PCR was
performed under the following conditions: incubation at 50 °C for
30 min and 94 °C for 3 min, 40 cycles of denaturation at 94 °C for
40 s, annealing at 46 °C for 40 s, and extending at 72 °C for 60 s.
The second amplification was performed as follows: incubation at
94 °C for 3 min, 40 cycles of denaturation at 94 °C for 40 s, an-
nealing at 46 °C for 40 s, and extending at 72 °C for 50 s. Both the
VP7 and VP4 genes were recovered from each of the rotavirus
positive samples. Additionally, at least one complete genome se-
quence of each genotype was recovered by RT-PCR using primers
based on conserved regions of known viruses. All primer se-
quences are described in Table S2.

PCR products purified using the QIAquick Gel Extraction kit
(Qiagen) were sent to Shanghai Sangon Biological Engineering
Technology and Services Co., Ltd. (Shanghai, China) for sequencing.
They were sequenced with the PCR primers in both directions on
an ABI Prism 3130 automated capillary sequencer (Applied Bio-
systems, Foster City, CA). Additionally, primer walking was per-
formed to obtain the complete sequence of large genomic seg-
ments. Sequencing results were compared with the non-re-
dundant nucleotide database at GenBank using Blastn to confirm
they were of rotavirus origin. All rotavirus sequences obtained
here from humans and animals have been deposited in GenBank
and assigned accession numbers KU243375-KU243694 (Table S3).

2.4. Phylogenetic analysis

In addition to the sequences recovered here, reference se-
quences that cover the phylogenetic diversity of rotaviruses were
compiled for evolutionary analyses. The following rotavirus data
set sizes were used: VP7=84 sequences; VP4=70 sequences;
VP1=72 sequences; VP2=73 sequences; VP3=72 sequences;
VP6=76 sequences; NSP1=77 sequences; NSP2=76 sequences;
NSP3 =75 sequences; NSP4=73 sequences; NSP5=74 sequences.
The 5’ and 3’ terminal sequences of each segment complementary
to the primers were excluded.

All viral genome sequences obtained in this study were
manually edited using the Seqman program implemented in the
DNAStar v7.1 software package (DNASTAR, Inc., USA). Complete
coding regions were aligned using the ClustalW method im-
plemented in MEGA v5.05 (Tamura et al., 2011). DNAStar was also
used to calculate nucleotide and amino acid identities.

Phylogenetic trees of these data were inferred using the max-
imum likelihood (ML) method implemented in the PhyML v3.0
package (Guindon et al., 2009). The best-fit nucleotide substitution
model was determined using jModeltest (Posada 2008). Accord-
ingly, the VP1, VP2, VP3, NSP1 and NSP4 segments were analyzed
using the HKY +I1+1" model; the VP4, VP6, NSP2 and NSP3 seg-
ments were analyzed using the GTR+I" model; VP7 was analyzed
using the HKY+I" model; while NSP5 was analyzed using the
GTR+I1+ I'" model. In addition, 1000 bootstrap replicates were
used to assess the support for individual nodes on each tree.
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3. Results
3.1. Human RVA cases and clinical epidemiology

During 2013-2014 we studied a total of 1099 diarrheal patients
who visited the Diarrheal Department of the Second Affiliated
Hospital and Yuying Children's Hospital, Wenzhou city. Of these,
863 (78.53%) were confirmed as experiencing rotavirus infection
based on RT-PCR targeting the viral VP7 gene. None of these pa-
tients were hospitalized. Of the patients with confirmed rotavirus
infection, 99.07% were natives of Wenzhou, 0.58% were from sur-
rounding areas, while 0.35% were from the “floating” (i.e. transient)
population from other Chinese provinces. Their ages ranged from
2 months to 12 years and 66.5% were male.

3.2. Diversity of rotaviruses circulating in children with diarrhea in
Zhejiang province

To better understand the genetic diversity of rotaviruses in
human patients, nucleotide sequences of both the VP7 and VP4
gene segments were recovered from each of rotavirus positive
samples (Table 1). Based on phylogenetic analysis of the VP7
segment sequences (Fig. 1), we determined that these infections
were caused by RVAs at the following frequencies: G1 (8.92%), G2
(4.63%), G3 (50.06%), and G9 (36.16%). This analysis also revealed
that G3 viruses (55.45%) were the most common in 2013, but
decreased substantially in frequency (9.8%) in 2014, at which point
G9 viruses became the predominant genotype (67.64%). Among
the P genotypes, P[8] was at the highest prevalence (95.14%), fol-
lowed by P[4] (4.63%), while P[3] and P[9] were only rarely de-
tected (0.12% and 0.12%, respectively). Overall, the G3P[8] combi-
nation (50.06%) was the predominant genotype, followed by GOP
[8] (36.16%), G1P[8] (8.92%), G2P[4] (4.63%), G3P[3] (0.12%), and
G3P[9] (0.12%) (Table 1).

3.3. Rotaviruses in local rodents and insectivores

To understand the role played by local small mammals in the
evolution and cross-species transmission of rotaviruses, we per-
formed a molecular epidemiological surveillance of rotaviruses in
rodents and shrews in the same geographic region as the human
cases described above. Accordingly, a total of 1865 small animals
including 1416 rodents from 10 species and 449 insectivores of a
single species (Suncus murinus, the Asian house shrew) were
captured from Longquan and Wenzhou and screened by RT-PCR
(Table S4). This resulted in the detection of rotaviruses in 7 species
of rodents, comprising Rattus norvegicus (7/385, 1.82%), R. tanezumi
(1/171, 0.59%), R. losea (1/200, 0.5%), Niviventer confucianus (1/109,
0.92%), Mus musculus (1/35, 2.86%), M. fortis (3/168, 1.79%), and
Apodemus agrarius (1/332, 0.3%), with a total prevalence of 1.06%
across all species. Similarly, 12 Asian house shrews tested positive
for rotavirus RNA, with an overall prevalence of 2.67%.

The nucleotide sequences of the VP7 and VP4 genes were also
recovered from each of the rotavirus positive samples (Table S5).
Phylogenetic analysis of the VP7 genes revealed the presence of
two rotavirus genotypes in rodents and insectivores; G3 (51.72%)

Table 1

and a novel genotype (48.28%) which the RCWG designated as
genotype G32 (Fig. 1). Similarly, there were three P genotypes
identified in these small mammals; P[3] (24.14%) and two novel
genotypes (48.28% and 20.69%) that the RCWG designated as P[45]
and P[46], respectively. The G32P[46] combination (48.28%) was
the predominant genotype, followed by G3P[3] (24.14%), G3P[45]
(20.69%).

3.4. Evolutionary relationship among rotaviruses sampled from hu-
mans and small mammals

Phylogenetic analysis revealed that all VP7 gene sequences
from human rotaviruses fell into the G1, G2, G3, and G9 genotypes
(Fig. 1). Within the G1 genotype, those rotaviruses sampled from
Wenzhou formed two separated lineages, showing a close evolu-
tionary relationship to viruses sampled outside of China. In the G2
genotype, the viruses identified in Wenzhou were closely related
to each other and formed a single distinct lineage, most closely
related to human viruses from the USA. As noted previously
(Matthijnssens et al., 2009), the genotype G3 viruses did not form
a monophyletic group. In the VP7 gene tree, the G3 viruses iden-
tified here and previously were classified into two groups, sepa-
rated by other genotypes, including the newly identified genotype
G32 and the G14. The first group included most human G3 viruses
identified here. Notably, within this group, viruses could be further
subdivided into two lineages. One lineage comprised the virus
RVA/Human/CHN/WZ606/2013/G3P[9] that clustered with the
human virus RVA/Human-tc/CHN/L621/2006/G3P[9] from China,
as well as a number of animal (feline and porcine) rotaviruses, and
therefore indicative of cross-species transmission. The second
lineage consisted of only human viruses identified here and pre-
viously in and outside of China. The second group, which was
more closely related to genotype G14, mainly comprised animal
viruses from diverse species and small number of human viruses,
again indicative of inter-host transmission. Of particular im-
portance was that the virus RVA/Human-wt/CHN/WZ101/2013/
G3P[3] from Wenzhou was closely related to those viruses iden-
tified in mice and rats from neighboring Longquan, compatible
with the idea that the human virus originated in the local animal
population.

All VP7 gene sequences from rodents and shrews were classi-
fied into four groups in the VP7 gene tree (Fig. 1). The first group
included the viruses identified in shrews and mice in Wenzhou.
Notably, these viruses comprised a novel genotype - G32 - that
was clearly distinct from known G genotypes ( < 82% nucleotide
similarity). Within the second group, the virus RVA/Rat-wt/CHN/
RA108/2013/G3P[3] identified in a rat from Ruian was the most
distinct, falling in a basal position. The remaining rotaviruses
sampled from mice and rats in Wenzhou and Longquan formed
two lineages. The viruses RVA/Rat-wt/CHN/WC179/2013/G3P[45]
and RVA/Rat-wt/CHN/RA116/2013/G3P[45] identified in rats from
Ruian and Wencheng were closely related to each other and
clustered with viruses previously identified in horses, rats, cats,
and humans. As described above, the rotaviruses sampled from
mice and rats in Longquan were closely related to the human virus
RVA/Human-wt/CHN/WZ101/2013/G3P|3]. Further analysis of the

The G-P combinations of rotaviruses identified in patients from Zhejiang province, China, during 2013-2014.

Year PCR positive/ Total (%) Genotype (%)

G1P[8] G2P[4] G3P[8] G9P[8] G3P[3] G3P[9]
2013 761/987 (77.10) 60 (7.88) 34 (4.47) 422 (55.45) 243 (31.93) 1(0.13) 1(0.13)
2014 102/112 (91.07) 17 (16.67) 6 (5.88) 10 (9.8) 69 (67.64) 0 (0) 0(0)
Total 863/1099 (78.53) 77 (8.92) 40 (4.63) 432 (50.06) 312 (36.16) 1(0.12) 1(0.12)
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Fig. 1. Phylogenetic analyses of the VP7 and VP4 segments of rotaviruses identified in humans (red) and rodents and shrews (blue) sampled in Zhejiang province, China.
Genotypes are indicated on the right-hand side of the figure, with those newly described here shown in green. The sequences covered nt 49-1034 in VP7 and nt 10-2337 in
VP4 with reference to strain RVA/Human-tc/USA/Wa/1974/G1P[8]. The trees are mid-pointed rooted for clarity only and all horizontal branches are drawn to a scale of
nucleotide substitutions per site. Bootstrap support values ( > 70%) are also shown. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

antigenic regions of VP7 revealed that there were no amino acid
differences between the human and rodent viruses (Table S6).

In the VP4 gene tree (Fig. 1), all human viral sequences from
Wenzhou fell into the P[3], P[4], P[8], and P[9] genotypes, while all
animal viruses sampled from Wenzhou fell into the P[3] genotype and
the two novel P types identified here — P[45] and P[46] — which were
clearly distinct from known P genotypes ( < 74% and < 75% nucleotide
similarities). Within the P[8] genotype, the human rotaviruses from
Wenzhou formed three lineages separated by human viruses identi-
fied from geographic regions both inside and outside of China. In the P
[4] genotype the human viruses from Wenzhou were closely related to
each other and formed a clade with human rotaviruses from the USA.
Within the P[9] genotype the Chinese viruses identified here and
previously were closely related to cat rotaviruses, indicative of their
zoonotic origin. Notably, within the P[3] type, the human virus RVA/
Human-wt/CHN/WZ101/2013/G3P|3] was again most closely related
to those viruses sampled in mice and rats from Longquan.

In the case of the animal rotaviruses, although the sequences of
the RVA/Rat-wt/CHN/WC179/2013/G3P[45] and RVA/Rat-wt/CHN/
RA116/2013/G3P[45] viruses were most closely related to those of
the P[10] and P[12] genotypes, the phylogenetic distance ( > 26%
nucleotide difference) was such that the RCWG assigned them to a
novel P genotype (P[45]). Similarly, and consistent with the pat-
tern seen in the VP7 gene, the cluster of viruses from shrews and
mice forms another novel genotype that we denote P[46]. In ad-
dition, viruses from mice and rats in Longquan still clustered to-
gether with the human virus RVA/Human-wt/CHN/WZ101/2013/
G3P[3] in the P[3] genotype. Finally, the rat virus RVA/Rat-wt/
CHN/RA108/2013/G3P[3] formed a distinct lineage within the P[3]
genotype, and showed a close relationship with a rat virus pre-
viously sampled in Germany (Sachsenrdder et al., 2014).

3.5. Genotype constellations of rotaviruses in Zhejiang province

To better characterize those rotaviruses identified in humans
and small mammals in Zhejiang province, the remaining segments
of representative of each virus were sequenced, from which we
were able to define their full genotype constellations (Table 2).
Three genotype constellations were identified within the human
viruses: (i) Wa-like, (ii) Wa-like x DS-1-like reassortant, (iii) AU-1-
like (Table 2). All the Wa-like viruses identified here possessed the
same genomic backbone (I1-R1-C1-M1-A1-N1-T1-E1-H1) (geno-
types identified in the trees shown in Figs. 2-4). To date, only a
small number of human Wa-like x DS-1-like reassortants have
been described (Matthijnssens and Van Ranst, 2012). Interestingly,
although we did not identify any DS-1-like viruses, two genetic
constellations of Wa-like x DS-1-like reassortants were observed,
with the H1 genotype identified in three viruses and the C1, N1, T1,
and H1 genotypes identified in another. Notably, one AU-1-like
strain possessed the A9 and H6 genotypes.

In the phylogenetic trees estimated for the VP1-VP3 and VP6
genes (Fig. 2) and the NSP1-NSP5 genes (Figs. 3 and 4), the human
Wa-like viruses (I1-R1-C1-M1-A1-N1-T1-E1-H1) from Wenzhou
were closely related to those previously identified in humans from
a variety of geographic locations. Notably, they only clustered to-
gether in the NSP5 gene tree (Fig. 4) and were separated by viruses
sampled from other locations in the remaining 8 gene trees
(Figs. 2 and 3). Hence, these data reveal that there have been
multiple independent introductions of these viruses into Wenz-
hou. Both types of Wa-like x DS-1-like reassortant viruses (Table 1)
clustered together in the NSP4 gene tree and with viruses with the
genotype constellation (G9-P[4]-12-R2-C2-M2-A2-N2-T2-E6-H2)
in the NSP2 gene tree. However, they exhibited distinct topologies
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Table 2

Genotypic constellations of human and zoonotic rotaviruses form Zhejiang province, China. The colors highlight constellations generated by

reassortment.

Strain Genotypic

constellation

Human viruses

RVA/Human-wt/CHN/WZ175/2013/G1P[8] Wa-like
RVA/Human-wt/CHN/WZ202/2013/G1P[8]
RVA/Human-wt/CHN/WZ203/2013/G1P[8]
RVA/Human-wt/BEL/BE00004/2005/G1P[8*
RVA/Human-wt/CHN/WZ7/2013/G3P[8]
RVA/Human-wt/CHN/WZ25/2013/G3P[8]
RVA/Human-wt/CHN/WZ71/2013/G3P[8]
RVA/Human-wt/CHN/WZ149/2013/G3P[8]
RVA/Human-wt/CHN/WZ157/2013/G3P[8]
RVA/Human-wt/CHN/WZ220/2013/G3P[8]
RVA/Human-wt/CHN/WZ223/2013/G3P[8]
RVA/Human-wt/CHN/WZ180/2013/G9P[8]
RVA/Human-wt/CHN/WZ660/2013/G9P[8]
RVA/Human-wt/CHN/WZ810/2013/G9P[8]

RVA/Human-tc/USA/DS-1/1976/G2P[4]*  DS-1

RVA/Human-wt/CHN/WZ189/2013/G2P[4] Wa-like x
RVA/Human-wt/CHN/WZ844/2013/G2P[4] DS-1-like
RVA/Human-wt/CHN/WZ338/2013/G2P[4] reassortant
RVA/Human-wt/CHN/WZ193/2013/G2P[4]

RVA/Human-wt/CHN/WZ606/2013/G3P[9] AU-1-like
RVA/Human-wt/CHN/WZ101/2013/G3P[3]

Zoonotic viruses

RVA/Cat-wt/AUS/Cat2/1984/G3P[9]*
RVA/Bat-wt/CHN/MSLH14/2011/G3P[3]*
RVA/Mouse-wt/CHN/LQ6/2013/G3P[3]
RVA/Mouse-wt/CHN/LQ269/2013/G3P[3]
RVA/Mouse-wt/CHN/LQ315/2013/G3P[X]
RVA/Mouse-wt/CHN/LQ321/2013/G3P[3]
RVA/Rat-wt/CHN/LQ285/2013/G3P[3]
RVA/Rat-wt/CHN/RA108/2013/G3P[3]
RVA/Rat-wt/CHN/WC179/2013/G3P[45]
RVA/Rat-wt/CHN/RA116/2013/G3P[45]

RVA/Shrew-wt/CHN/LW9/2013/G32P[46]
RVA/Mouse-wt/CHN/RA61/2013/G32P[46]
RVA/Shrew-wt/CHN/WC272/2013/G32P[46]
RVA/Shrew-wt/CHN/WC173/2013/G32P[46]

Note: NA, not available; *, reference strains..

in the VP1-VP3, NSP1, and NSP3 gene trees, and showed great
phylogenetic variation in the VP6 gene tree. Additionally, in the
VP2 and NSP3 gene trees, the human virus RVA/Human-wt/
CHN/WZ193/2013/G2P[4] was closely related to those sampled
from Wenzhou and other parts of China. More importantly, in

the NSP5 gene tree all Wa-like x DS-1-like viruses exhibited a
close evolutionary relationship with Wa-like viruses also
sampled from Wenzhou, suggesting that reassortment events
may have occurred locally. Remarkably, all nine segments of the
AU-like virus strain RVA/Human-wt/CHN/WZ101/2013/G3P[3]
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Fig. 2. Phylogenetic analyses of the VP1, VP2, VP3 and VP6 segments of rodent and shrew rotaviruses (blue) and human rotaviruses (red) sampled in Zhejiang province,
China. Genotypes are indicated on the right-hand side of the figure, with those newly described here shown in green. The sequences covered nt 19-3285 in VP1, nt 17-2689
in VP2, nt 50-2557 in VP3, and nt 24-1339 in VP6 with reference to strain RVA/Human-tc/USA/Wa/1974/G1P[8]. The trees are mid-pointed rooted for clarity only and all

horizontal branches are drawn to a scale of nucleotide substitutions per site. Bootstrap support values ( > 70%) are also shown. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

were most closely related to those identified in local rodents
that showed the same reassortment pattern (Table 2). Finally,
five segments of the AU-like virus RVA/Human-wt/CHN/

WZ606/2013/G3P[9] were closely related to those viruses
sampled from animals, while the remaining four segments
were closely related to human viruses from China (Wang et al.,
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this figure legend, the reader is referred to the web version of this article.)
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2013a,b). Hence, these very close phylogenetic relationships A variety of genotype constellations were characterized in the
clearly indicate the interspecies transmission of RVA from an- animal rotaviruses sampled here. AU-like viruses were found in
imals into humans.

both the mouse and rat viruses sampled from Longquan and
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Wenzhou; they possessed at least two different genotype con-
stellations (I3-R3-C3-M3-A9-N3-T3-E3-H6) and (I3-R3-C3-M10-
A22-N3-T3-E3-H13) that were associated with G3P[3] and G3P[45]
combinations, respectively. Importantly, rodent viruses with the
genotype constellation 13-R3-C3-M3-A9-N3-T3-E3-H6 were clo-
sely related to the human virus RVA/Human-wt/CHN/WZ101/
2013/G3P[3] in all 11 segments (Figs. 2-4), with 94.7% to 99.4%
sequence similarity. Also of note was that a novel genotype con-
stellation  (G32-P[46]-124-R18-C17-M17-A28-N17-T19-E24-H19)
was identified in shrews and mice in Wenzhou, and was distinct
from the known rotaviruses in all 11 gene trees (Figs. 2—4), with
genetic differences ranging from 74% to 89%.

4. Discussion

Rotavirus-associated diarrheal disease is a major public health
problem in China, with several million cases reported in children
each year (Liu et al.,, 2014, Nan et al., 2014, Zhang et al., 2015). The
co-circulation of different G and P genotypes of human RVA has
been described in multiple regions globally (Banyai et al., 2012,
Do6r6 et al., 2014, Liu et al., 2014, Nan et al., 2014, Santos & Hoshino,
2005). We observed high levels of genetic diversity in rotaviruses
sampled in Zhejiang province. Indeed, analysis of the 11 genome
segments revealed the co-circulation of Wa-like, Wa-like x DS-1
reassortant, and AU-1-like viruses in patients from a single hos-
pital in Wenzhou.

Globally, genotypes G1, G2, G3, G4, G9, and G12 combined with
P[4], P[6], and P[8] are commonly detected in humans, with G1P
[8] the most prevalent (31%) in the pre-rotavirus vaccine era
(Banyai et al., 2012). However, the dominant G and P genotypes, as
well as their combinations, exhibit both temporal and geographic
variation, even on a restricted scale as in this study (Zeller et al.,
2010). In China, the most commonly detected G and P types are G1
(>30%) and G3 ( > 30%), and P[8] ( > 50%), with the combination
G3P[8] (> 32%) the most prevalent (Liu et al., 2014; Nan et al.,
2014; Li et al., 2014). Similar to previous studies, G3P[8] was most
commonly sampled in humans during 2013-2014 in Wenzhou.
However, we observed an increasing incidence of G9 (to 67.64% in
2014).

One of the most striking observations of our study was the
diversity of rotaviruses found in rodents and insectivores in Zhe-
jiang, including a novel genotype constellation identified in rodent
and shrews that was distinct in all 11 gene trees (Figs. 1-4). Ac-
cording to the criteria for genotype demarcation in the genus
Rotavirus proposed by the RCWG (Matthijnssens et al., 2011), this
virus is sufficiently genetically distinct that it should be recognized
as a distinct genotype constellation. Furthermore, one novel G
(G32) and two novel P genotypes (P[45] and P[46]) were identified
in rodents captured in Wenzhou, with > 20% nucleotide differ-
ences from any recognized VP7 and VP4 genes. Finally, at least two
different AU-1-like viruses were circulating in rodents and in-
sectivores in this geographic region (Table 2).

The AU-1-like genotype constellation (I3-R3-C3-M3-A3/A12-
N3-T3-E3-H3/H6) is believed to be of feline/canine RVA origin
(Matthijnssens and Van Ranst, 2012), and AU-1-like reassortants
have also been reported in cats (Matthijnssens et al., 2011).
Overall, compared with Wa-like and DS-1-like viruses, AU-1-like
and AU-1-like reassortant viruses are at low prevalence in humans
(Matthijnssens and Van Ranst, 2012). Recently, the genotype
constellation G3-P[3]-18-R3-C3-M3-A9-N3-T3-E3-H6 was identi-
fied in bats sampled from China (He et al., 2013). In this study,
three types of AU-1-like genotype constellations were identified in
rodents (Table 2), indicative of a diverse host range of AU-1-lke
genotype constellations with multiple reassortment events invol-
ving bat, feline species, and rodents.

The potential for novel animal rotaviruses to cross species
boundaries and infect humans is clearly of public health im-
portance, and comparable to the process that commonly occurs
with hantaviruses and influenza viruses (Holmes and Zhang, 2015;
Wang et al., 2013a,b; Yoon et al., 2014). Strikingly, our phylogenetic
analyses identified one human virus (RVA/Human-wt/CHN/WZ101/
2013/G3P[3]) that was very closely related to those rotaviruses
sampled from rodents in the same geographic region, strongly
suggestive of animal to human cross-species transmission. Despite
the relatively low prevalence of RVAs in rodents and insectivores,
such that the likelihood of zoonotic transmission from these ani-
mals may be small, additional work to determine whether this ro-
dent virus has infected other humans in this part of China will be
important. Because of the close relationship between RVA/Human-
wt/CHN/WZ101/2013/G3P[3] and those viruses found in bats, dogs,
cats and rodents, this may represent a true animal rotavirus geno-
type constellation. In addition, although it clustered with human
AU-1-like viruses in nine of the segments (G3, P[3], I3, R3, C3, M3,
N3, T3, E3) (Table 2), its NSP1 and NSP5 clearly fell into the A9 and
A6 groups, respectively, suggesting that it may be a reassortant.

Previous studies have revealed the presence of multiple RVAs
in rodents (Everest et al., 2011; Firth et al., 2014; Greenwood and
Sanchez, 2002; Linhares et al., 1986; Sachsenroder et al., 2014).
Our study is of note because rat, mouse and shrew populations
were found to harbor (i) known genotypes of RVAs, (ii) novel G
and P genotypes, and (iii) a novel genotype constellation. In sum,
these data suggest that rodents and insectivores may constitute an
important reservoir for rotaviruses, including their potential cross-
species transmission to humans. As rodents and shrews often live
in close contact with humans, as well as with farm and companion
animals, they clearly provide an important nexus between wildlife
communities and human populations.
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