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Abstract

Background: Rodents represent around 43% of all mammalian species, are widely distributed, and are the natural
reservoirs of a diverse group of zoonotic viruses, including hantaviruses, Lassa viruses, and tick-borne encephalitis
viruses. Thus, analyzing the viral diversity harbored by rodents could assist efforts to predict and reduce the risk of
future emergence of zoonotic viral diseases.

Results: We used next-generation sequencing metagenomic analysis to survey for a range of mammalian viral families
in rodents and other small animals of the orders Rodentia, Lagomorpha, and Soricomorpha in China. We sampled 3,055
small animals from 20 provinces and then outlined the spectra of mammalian viruses within these individuals and the
basic ecological and genetic characteristics of novel rodent and shrew viruses among the viral spectra. Further analysis
revealed that host taxonomy plays a primary role and geographical location plays a secondary role in determining viral
diversity. Many viruses were reported for the first time with distinct evolutionary lineages, and viruses related to known
human or animal pathogens were identified. Phylogram comparison between viruses and hosts indicated that host
shifts commonly happened in many different species during viral evolutionary history.

Conclusions: These results expand our understanding of the viromes of rodents and insectivores in China and suggest
that there is high diversity of viruses awaiting discovery in these species in Asia. These findings, combined with our
previous bat virome data, greatly increase our knowledge of the viral community in wildlife in a densely populated
country in an emerging disease hotspot.

Keywords: Rodents, Small mammals, Virome, Viral evolution, Emerging infectious diseases

Background

Approximately two thirds of emerging infectious dis-
eases (EIDs) that affect humans originate from bats, ro-
dents, birds, and other wildlife [1-3]. In many of these
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reservoir host species, emerging viruses appear to be
well adapted, with little or no evidence of clinical dis-
ease. However, when these viruses spill over into
humans, the effects can sometimes be devastating [4—6].
Previously, our limited knowledge of the viral population
and ecological diversity harbored by wildlife have com-
plicated the study of EIDs. Thus, comprehensive
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understanding of the viral community present in wildlife,
as well as the prevalence, genetic diversity, and geo-
graphical distribution of these viruses, could be valuable
for prevention and control of wildlife-origin EIDs [7].

The order Rodentia is the largest mammalian order,
with 33 families and 2,277 species (~43% of all mammal
species). They live in close contact with humans and their
domestic animals and act as a bond between humans, do-
mestic animals, arthropod vectors (ticks, mites, fleas), and
other wildlife [8—10]. This interface with humans has led
to the rodent origin of important zoonotic viruses includ-
ing members of the family Arenaviridae, Hantaviridae,
Reoviridae, Togaviridae, Picornaviridae, and Flaviviridae
[11-18]. Many of these viruses cause severe disease in
humans (e.g., Lassa virus; tick-borne encephalitis virus,
TBEV; lymphocytic choriomeningitis virus, LCMV; Sin
Nombre virus; Hantaan virus, HTNV; Seoul virus, SEOV;
and Puumala virus); have only recently been discovered
(e.g., Whitewater Arroyo virus and Lujo virus); or appear
to have a wider geographical range than originally thought
(e.g., Junin virus, Guanarito virus, Machupo virus, and
Sabia virus), suggesting that further viral discovery studies
in wild rodent populations may be valuable for public
health [8, 11-13, 15, 19-25]. Recent reports of rodent vi-
ruses have enabled new hypotheses regarding the evolu-
tion of hepaciviruses and the origin of coronaviruses
(CoVs) and picornaviruses (PicoVs) such as hepatitis A
virus [26-29].

China is a megadiversity country and harbors ~ 200 ro-
dent species from 12 families [30]. To develop baseline
data on the origin of existing viral EIDs and identify other
potential zoonotic viral reservoir hosts, we have con-
ducted a series of viral surveys from rodents, bats, and
other small animals and have simultaneously constructed
online viral databases of these animals (DBatVir and
DRodVir, http://www.mgc.ac.cn/) since 2010 [31-34]. In
the current study, 3,055 small mammal individuals of 55
species from the orders Rodentia, Lagomorpha, and Sori-
comorpha across China were sampled by pharyngeal and
anal swabbing. Virome analysis was then conducted to
outline the viral spectrum within these samples. On the
basis of virome data, we describe the community, genetics,
evolution, and ecological distribution characteristics of vi-
ruses and determined whether these features change with
their host species and locations. The identification of
novel mammal viruses provides new clues in the search
for the origin or evolution pattern of human or animal
pathogens such as hantaviruses (HVs), arenavirus (AreVs),
CoVs, and arteriviruses (ArteVs).

Results

Animal sampling

Pharyngeal and anal swabs were collected from 3,055 in-
dividual small mammals captured from July 2013 to July
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2016 in 20 provinces across China (Fig. la and
Additional file 1: Table S1). These comprised 50 rodent
species of the families Muridae, Cricetidae, Sciuridae,
Dipodidae, Chinchillidae, and Gliridae; two lagomorphs
of the family Ochotonidae; and three soricomorphs of
the family Soricidae that reside in urban, rural, and wild
areas throughout China. The most common species
sampled were Apodemus agrarius, Niviventer confucia-
nus, Rattus norvegicus, Rattus tanezumi, Rattus losea,
and Sorex araneus. Due to repeated sampling of some
species in the same location, swabs were combined into
110 pools for analysis.

Metagenomic analysis and virome overview

A total of 65.6 GB of nucleotide data (693,985,331 valid
reads, 100 bp in length) was obtained. Reads classified as
eukaryotes or prokaryotes and those with no significant
similarity to any amino acid (aa) sequence in the NR
database were discarded, leading to 12,073,729 reads
best matched with viral protein sequences in the NR
database (~ 1.7% of the total sequence reads). The num-
ber of virus-associated reads in each lane varied between
2,774 and 658,417.

A wide range of DNA and RNA virus groups were cov-
ered by these reads. Virus-associated reads were assigned
into 70 families of double-stranded (ds)DNA viruses,
dsRNA viruses, retro-transcribing viruses, single-stranded
(ss)DNA viruses, and ssRNA viruses in the virus root
(Additional file 1:Table S2). Dietary habits and other host
traits were used to exclude insect viruses, fungal viruses,
plant viruses, and phages as described previously [31]. The
remaining 7,148,634 sequence reads (~59.2% of the total
viral hits) were assigned into 23 families of mammalian vi-
ruses (Additional file 1: Tables S3 and Additional file 2:
Table S14). The prevalence diagram of each viral family
related to province, animal species, and reads number was
shown in Fig. 1b. The relative abundances of the 23 viral
families in pooled samples of different provinces and ani-
mals were calculated by normalizing sequence reads and
were shown in Fig. 1c. Viral reads from the families Her-
pesviridae, Picobirnaviridae, Anelloviridae, Circoviridae,
Retroviridae, Astroviridae, Coronaviridae, and Picornaviri-
dae, and the subfamily Parvovirinae, were widely distrib-
uted in different animal species from different regions of
China. Viral reads from the families Adenoviridae,
Poxviridae, Papillomaviridae, Reoviridae, Arenaviridae,
Arteriviridae, Hantaviridae, Caliciviridae, Flaviviridae,
Hepeviridae, Rhabdoviridae, and Paramyxoviridae were
found in fewer species. Many of the sequence reads re-
lated to mammalian viruses showed low nucleotide (nt)
and aa sequence identity with known viruses.

The abundance of virus strains in these mammalian viral
families was further confirmed on a sample-by-sample basis
by PCR screening. In total, 586 positive results were
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Fig. 1 a Numbers of animal samples from various provinces. The numbers of the 3,055 samples belonging to the 55 species of eight families
identified are indicated by a pie chart for each province. The numbers of samples from the 55 species and the provinces and dates of collection are
detailed in Additional file 1: Table S1. b The prevalence diagram of each viral family related to province, animal species, and reads number. The X axis
represents how many provinces certain viral family presents; the Y axis represents how many animal species certain viral family presents; and the sizes
of these circles represent the sizes of reads numbers of viral families. ¢ Heatmap based on the normalized sequence reads of 23 families of mammalian
viruses in each pooled sample. The species are listed in the right text column. Location information is provided in the life text column. The names of
the mammalian viral families are presented in the top text row. The boxes colored from green to red represent the viral reads, which were normalized
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obtained, and 203 viruses from representative positive sam-
ples (representative virus strains represent viruses with
identical or almost identical sequences (>97% nt identity)
from the same host species at the same location) were se-
lected for genomic or partial genomic sequencing as
quasi-species of these viruses (Additional file 1: Table S4).
According to the genus and species demarcation criteria in
each viral family established by the International Commit-
tee on Taxonomy of Viruses (ICTV; https://talk.ictvonli-
ne.org/), these viruses may represent 160 new species and
at least seven new genera. Although sequence reads appar-
ently from the families Hepadnaviridae and Poxviridae
were occasionally present in some of the samples, it was
not possible to amplify viral sequences from these samples,
likely due to low viral loads. No virus was detected from
samples of lagomorphs, this finding may reveal that the vir-
ome of lagomorphs is far less abundant than that of rodents
and soricomorphs.

Ecological characteristics of identified viruses

By classifying all positive results into each viral family
and host genus and then normalizing the virus number
according to the sampling number of each host genus,

our analysis revealed significant differences among hosts
in terms of virus composition and abundance (Fig. 2a).
Animals of the families Muridae and Cricetidae acted as
major reservoirs for diverse mammalian viruses in
China. Although HVs were detected in animals of the
families Muridae, Cricetidae, Dipodidae, and Soricidae,
most of them were of low abundance when compared
with other RNA viruses. AreVs were only detected in an-
imals of the families Muridae and Dipodidae with low
abundance, and ArteVs were only detected in animals of
the families Cricetidae and Dipodidae with low abun-
dance. Animals of the family Muridae and the subfamily
Arvicolinae were the main hosts of CoVs and astro-
viruses (AstVs) with high viral richness. Notably, al-
though limited samples from animals of the family
Dipodidae were collected (73 animals from four species)
for virome analysis, Allactaga and Dipus still harbored
diverse viruses with high abundance.

To further describe the viral diversity and abundance
differences among geographical locations, the virus
number of each family was assigned and normalized by
the sample size in each province (Fig. 2b). Since many
host rodent species such as Rattus and Apodemus
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Fig. 2 a Overview of the diversity and abundance of the identified RNA and DNA viruses classified by viral family and host genus. b Overview of
the diversity and abundance of the identified RNA and DNA viruses classified by viral family and geographical distribution. The number of viruses
obtained by sample-by-sample PCR screening was normalized by sample size of each host genus (a) or province (b)

species are broadly distributed throughout China, most
RNA and DNA viruses with high (e.g., CoVs, AstVs, and
PicoVs) or low (e.g., HVs and parvoviruses (ParVs)) rich-
ness were detected in diverse locations throughout
China and showed no obvious geographical preference
(except some regions that harbored unusual host species
showed geographical restriction of certain viruses). How-
ever, ArteVs and flaviviruses tended to be frequently de-
tected in provinces in the north, west, and middle of
China with low or medium abundance, and such viruses
were not detected in southern and coastal areas. In con-
trast, except Dipus-related AreVs detected in Inner
Mongolia and showed distinct genome sequence, all

other Old World AreVs were only present in three
southern areas, Yunnan, Hunan, and Zhejiang.

Evolutionary characteristics of RNA viruses

HVs

An L-segment-based, pan-HV PCR was used to sequence
HVs. A total of 32 samples from 11 provinces were posi-
tive for HV (Additional file 1: Table S4). In rodents, PCR
products of the expected size were amplified from Nivi-
venter confucianus, Apodemus peninsulae, Apodemus
agrarius, and Rattus norvegicus of the family Muridae,
Myodes rutilus, Microtus gregalis, and Caryomys eva;
Eothenomys melanogaster of the family Cricetidae; and
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Dipus sagitta of

insectivores, expected PCR products were obtained from

Sorex araneus of

tative viral strains of the 32 positive results were selected
for phylogenetic analysis (Fig. 3a). Eight viruses from three
rodent families were assigned into phylogroup III. Four
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the family Dipodidae. In Soricomorpha

the family Soricidae. Thirteen represen-
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viruses clustered in the HTNV clade, and two viruses clus-
tered in the SEOV clade, with high sequence similarities
(95-99% aa identities). RtDs-HV/IM2014 identified from
Dipus sagitta was located between HTNVs and SEOVs
(85-93% aa identities). Shrew-HV/SX2014 was located
outside the rodent HV clade within this phylogroup. Four
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viruses of cricetids were assigned to phylogroup IV and
comprised Puumala virus and Tula virus (97% aa identity
with known viruses), and two viruses, RtCe-HV/NX2015
and RtCI-HV/GZ2015, which formed a separate clade
with <90% aa identity with any other viruses from phy-
logroup IV. Another shrew HYV, Shrew-HV/Tibet2014,
was located in phylogroup I.

AreVs

Nineteen rodent samples from Zhejiang, Hunan, Yun-
nan, and Inner Mongolia were positive for AreVs. Six
strains were selected for genome sequencing and further
analyses (Additional file 1: Table S4), and all were
assigned to the Old World complex (Fig. 3b, Add-
itional file 3: Figures S1 and S2). Four viruses identified
from Rattus tanezumi, Rattus norvegicus, and Rattus
losea captured in Zhejiang, Hunan, and Yunnan clus-
tered in the Wenzhou virus (WENV) clade with high se-
quence similarity (87-89% aa identities for L, 93% for G,
and 95% for N, Additional file 1: Table S5). RtMc-AreV/
YN2014 from Mus caroli was distant from other AreVs
and clustered with DANV and LCMVs with short branch
lengths. RtDs-AreV/IM2014 of Dipus sagitta appeared
to represent a separate evolution being distant from all
other AreVs in the Old World complex.

ArteVs

Twelve rodent samples of six species from six provinces
were positive for ArteVs. Seven strains were determined for
genome sequences (Additional file 1: Table S4). Five virus
strains identified from Microtus clarkei, Eothenomys inez,
Eothenomys melanogaster, Myodes rufocanus, and Cricetulus
longicaudatus in five provinces appeared to be closely related
to porcine reproductive and respiratory syndrome virus
(PRRSV) with higher sequence similarity than those with
other members of the family Arteriviridae (60.1-73.7% ver-
sus 25.7—54.2% aa identity for ORF1b, compared with equine
arteritis virus, lactate dehydrogenase-elevating virus (LDV)
of mice, simian hemorrhagic fever virus, and wobbly possum
disease virus; Additional file 1: Table S6). The other two vi-
ruses detected in Dipus sagitta showed low sequence similar-
ity with known ArteVs (25.2-55.9% aa identity for ORF1b,
Additional file 1: Table S6). Genomic structure and phylo-
genetic analysis (Fig. 4a, Additional file 3: Figures S3 and S4)
indicated that four of the five PRRSV-related viruses were
assigned into the PRRSV species as an intermediate between
genotype 1 and 2. Furthermore, these four viruses showed a
closer relationship to genotype 2 than genotype 1 in the
PRRSV species. RtClan-Arterivirus/GZ2015 clustered with
the clade of PRRSV species but appeared to represent a sep-
arate evolutionary lineage. The other two ArteVs identified
from Dipus sagitta in Inner Mongolia formed separate
branches that were evolutionarily distant from all known
members of the Arteriviridae.
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Flaviviridae; Hepaciviruses, Pestiviruses (PestVs), and TBEV
A total of 35 rodent samples were identified as contain-
ing members of the family Flaviviridae. Eleven strains
(five hepaciviruses, five PestVs, and one TBEV) were se-
lected for genome sequencing (Additional file 1: Table
S4). The five novel rodent hepaciviruses were assigned
into different clades under the genus Hepacivirus with
varied sequence similarity to other rodent hepaciviruses
(14.1-65.6% aa identities; Fig 4b and Additional file 1:
Table S7) [27]. The five PestVs showed low sequence
similarity with known PestVs from artiodactylid hosts (<
40% aa identity) and formed a distinct novel rodent virus
lineage distant from all other members of the genus Pes-
tivirus. A TBEV, RtMg-TBEV/X]J2015 in Microtus grega-
lis from Xinjiang, showed high (>99%) nt and aa
identities with known TBEV found in ticks (Ixodes sca-
pularis) in Xinjiang (Additional file 3: Figure S5).

Hepatitis E viruses (HEVs)

Thirty-one rodent samples were HEV positive, and the
genome sequences of nine viruses were confirmed (Add-
itional file 1: Table S4). All had <44.5% aa homology in
ORF1 compared with HEVs from other hosts (Fig. 4c
and Additional file 1: Table S8). These nine viruses com-
prised five lineages; all of which represented novel clades
of rodent HEVs, except lineage 4 which contained two
novel rodent HEVs and known rat HEVs.

CoVs

One hundred and eighteen rodent samples and five
Sorex araneus samples were identified as CoV positive;
35 strains were selected for sequencing of partial
RNA-dependent RNA polymerase (RdRp), and 12 strains
were characterized for genome sequences (Add-
itional file 1:Table S4). Pairwise similarity and phylogen-
etic analysis (Fig. 5a and Additional file 3: Figure S6)
revealed that 29 viruses formed diverse evolutionary
clades in lineage A under the genus Betacoronavirus,
with sequence identities between 88.1 and 98.9% (RdRp
aa identity). The other six viruses were all assigned to
the genus Alphacoronavirus; five of these clustering as a
rodent-borne clade within the Alphacoronavirus genus,
with sequence identities between 98.4 and 98.8% (RdRp
aa identity). One virus, Shrew-CoV/Tibet2014, identified
in Sorex araneus from Tibet appeared to have under-
gone separate evolution, phylogenetically distant from all
other a-CoVs with <66.0% RdRp aa identity (Add-
itional file 1: Tables S9 and S10).

PicoVs

Sixty rodent samples were identified as PicoV posi-
tive, and 23 strains underwent genome sequencing
(Additional file 1: Table S4) [14]. Rodent viruses from
the genera Enterovirus, Hunnivirus, Mosavirus, Cardiovirus,
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Rosavirus, Kobuvirus, and Parechovirus were found in this
study and showed 48.3-56.4%, 80.4—80.8%, 47%, 46.8—
60.3%, 60.9%, 63—76.9%, and 43.7—-87.3% RdRp aa identities
with known members in each genus, respectively (Fig. 5b
and Additional file 1: Table S11). Eight viruses formed line-
ages 1 and 2 close to the bat PicoV clade with 38.1-43.6%,
33.5-38.8%, and 48.2—-56.7% aa identities with bat PicoVs in
the P1, P2, and P3 regions, respectively. Two novel lineages
3 and 4 were identified with < 10.2-28.9% aa identities in
the P1 region, 17.3—-23.6% in the P2 region, and 21.8-28.4%
in the P3 region compared with other PicoVs
(Additional file 1: Table S10). Viruses closely related to
known PicoVs of other hosts were found (e.g., rodent
viruses related to human aichivirus, human rosavirus, and
bovine hunnivirus) [14].

AstVs

A larger number of AstVs were detected in both rodent
and shrew samples (Additional file 1: Table S4).
Fifty-five AstVs were selected for sequencing. Most of
the rodent AstVs sequenced belonged to four main gen-
etic lineages 1 to 4 within the genus Mamastrovirus and
had less sequence similarity with AstVs in other hosts
(Fig. 5c). One rodent AstV, RtRn-AstV-1/GD2015, was
closely related to AstVs of cattle, deer, and pigs with >
90% nt identity. Two shrew AstVs, Shrew-AstV/

SAX2015 and Shrew-AstV/GX2016, were related to
mouse AstV with ~70% nt identity in the genus
Mamastrovirus. Lineage 5 contained one shrew AstV
and one mouse AstV, with 79% nt identity with each
other. Lineage 5 branched out of the genus Mamastro-
virus and showed a closer relationship with the genus
Avastrovius.

Paramyxoviruses (ParaVs)

All reads of ParaVs from different rodent species were closely
related to previously reported Beilong or Tailam viruses [35—
37]. We obtained full-length sequence of RtAp-ParaV/
NX2015 from Apodemus peninsulae, which we assigned to
Jeilongvirus close to the Beilong and Tailam virus clade
(74.2-79.2% aa identities for L) (Additional file 3: Figure S7
and Additional file 1: Table S12).

Caliciviruses (CalV)

We characterized Shrew-CalV/Tibet2014 in Sorex ara-
neus as a novel species of the genus Norovirus with
34.5-51.2% aa identities with known Noroviruses
(Additional file 3: Figure S8). The most closely related
murine norovirus that was classified as genogroup V
showed 51.2% aa identity with this shrew CalV.
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Evolutionary characteristics of DNA viruses

Circoviruses (CVs)

Thirty-three CV-positive samples were confirmed, and 18
CV strains were identified for genome sequencing
(Additional file 1: Table S4). Pairwise alignment and
phylogenetic analysis suggested that 10 of these belonged
to the genera Circovirus and Cyclovirus. The other eight
novel rodent or shrew CVs branched out of the root of
the genera Circovirus and Cyclovirus (Fig. 6a).

ParVs

Twenty-eight ParV-positive samples were identified, and 16
virus strains were selected for genome sequencing
(Additional file 1: Table S4). These viruses clustered
phylogenetically with Bocaparvovirus, Dependoparvovirus,
Amdoparvovirus, and Protoparvovirus (Fig. 6b). Eight ro-
dent ParVs clustered together and formed a novel lineage
of Rodent Bocavirus under the genus Bocaparvovirus, with
<57.0% aa identity with bocaviruses of other hosts. Three
ParVs were classified in the genus Protoparvovirus but
formed novel evolutionary clades. One ParV was clustered
with mink parvovirus (82.7% aa identity) under the genus
Amdoparvovirus. The other four ParVs formed two lineages

under the genus Dependoparvovirus with < 63.1% aa iden-
tity with known adeno-associated virus (Additional file 1:
Table S13).

Adenoviruses (AdVs)

Thirty-one samples were AdV positive (Additional file 1:
Table S4), and seven strains were selected for sequencing
of partial DNA polymerase gene. Two rodent AdVs clus-
tered with previously reported murine AdVs (MAdV-1,
MAdV-2, and MAdV-3; 59.7-76.6% aa identities,
Additional file 3: Figure S9) [38, 39]. Three rodent AdVs
formed a separate genetic lineage within Mastadenovirus.
Two shrew AdVs were also identified; one closely related
to previously reported tree shrew AdV-1 and another
located in a novel lineage related to Bat AdV-FBV1.

Papillomavirus (PVs)

RtAc-PV/GZ2015 in Apodemus chevrieri and RtRn-PV/
GD2014 in Rattus norvegicus were full-length sequenced
(Additional file 1: Table S4). These two rodent viruses
showed high sequence similarities with known rodent
PVs from Apodemus sylvaticus and Rattus norvegicus in
Germany (90% and 100% aa identities) [40, 41].
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When we mapped the viral phylogram to the evolutionary
lineages of their hosts (Figs. 3 and 4, Additional file 3:
Figures S10-S14), co-evolution or co-divergence between
viruses and their rodent and insectivore hosts were
observed in most cases such as HVs, AreVs, ArteVs,
and HEVs. Most viruses in each family tended to form
different lineages that were phylogenetically consistent
with the phylogeny of their hosts from species to fam-
ily. For example, the division of HV phylogroups was
congruent with the phylogenies of their Arvicolinae,
Sigmodontinae, Murinae, and Soricidae hosts; the sep-
aration of AreVs in the old world complex was congru-
ent with the phylogenies of their Murinae and
Dipodidae hosts. However, virus phylogeny was not
always consistent with host phylogeny, and multiple

incongruous relationships between the phylogenies of
hosts and viruses were also found. For example, Dipus
sagitta and RtDs-HV/IM2014, Rattus tanezumi and
RtRf-AstV-2/YN2013, Cricetulus species and their
HEVs, and rodent species and many of their hepaci-
viruses and PicoVs were phylogenetically incongruent.
These suggested that host shifts seem to be common
for several virus phylogenetic lineages.

Discussion

Novel EIDs from animal reservoirs pose an increasing
threat to global health and security. Comprehensive
knowledge of the viral population and ecological
community resident in animal reservoirs, especially in
wildlife, could minimize the impact of potential animal-
originated EIDs on public health by providing meaning-
ful basic data [3, 32]. A predictive analysis based on host
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and viral traits conducted by Olival et al. revealed that
the present observed viral richness of wildlife is limited,
and there is still an alarming number of “missing vi-
ruses” and “missing zoonotic viruses” that merit further
systematic surveillance globally, especially in rodents,
primates, and bats [7].

By firstly characterizing the pharyngeal and anal vir-
omes of representative rodents and other small mam-
mals throughout China, the present study identified
many novel viruses from rodents and insectivores. When
added to our recent work on bats [31, 32], the present
results suggest that there is rich as-yet-undiscovered
viral diversity in rodents, bats, insectivores, and other
mammalian species in China. Viral diversity among dif-
ferent mammalian hosts is strikingly different. The pres-
ence of a large number of diverse RNA and DNA viruses
with high prevalence and abundance highlights that both
rodents and soricomorphs can tolerate diverse viruses,
as we described previously in bats [32]. Animals in
northern and western regions show similar or even
higher viral diversity when compared with those of ani-
mals in central and southern areas of China. A recent
report showed that Central and Southern China with
higher human population density may have a high esti-
mated risk of zoonotic EID events based on previous
data [42]. Here, the identification of diverse viruses and
even pathogen-related viruses in Northern and Western
China indicates that the risk of EIDs originating from
wildlife in these regions should not be underestimated.

In addition to the viral family-specific findings dis-
cussed below, our study has some potentially broad im-
plications. First, we have characterized diverse HVs,
AreVs, aeteriviruses, picobirnaviruses, CoVs, hepaci-
viruses, PestVs, PicoVs, HEVs, AstVs, herpesviruses,
anelloviruses, AdVs, CVs, and ParVs, extending our
knowledge for members of each viral family, and identi-
fying new viral genera and species, albeit that the role of
some viruses in human illness is unclear [43, 44]. Sec-
ond, we showed that rodent species carry more viruses
than previously thought (e.g., identification of viruses of
the genera Bocaparvovirus and Pestivirus), extending the
known host range of the viral family and suggesting that
rodents should be considered potential carriers and dis-
seminators of viruses in these genera or species. Third,
we also found that many viruses (e.g., AreVs, CoVs, and
PicoVs) identified from the same or different animal spe-
cies from different locations shared high sequence iden-
tities and close genetic relationships; the phylogenetic
relationships we uncovered suggest these rodent- and
shrew-borne viruses have the potential for intra- or
cross-species transmission concomitant with intra- or
inter-species contact and then co-evolve with their hosts
in a wide geographical area. Finally, the phylogenetic in-
congruence between hosts and their viruses in many
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cases suggests that host shifts have happened frequently
during the viral evolutionary history, which may create
opportunities for the emergence of new viruses that are
able to adapt to new hosts.

Rodent origin HVs and AreVs are important causative
agents of human hemorrhagic fever and related diseases
[8]. Although prevention and control measures have been
performed in recent years, hemorrhagic fever with renal
syndrome (HFRS) caused by HVs remains a serious public
health problem in China, and the number of HERS cases
still accounts for ~90% of the total cases worldwide [13,
24, 45]. Although many members of the genus Mammare-
navirus in the family Arenaviridae are associated with hu-
man diseases worldwide, only LCMV and WENV have
been reported in China [11, 46]. Although some cases of
lymphocytic choriomeningitis were clinically diagnosed in
China based on serology and pathology, LCMV has not
been laboratory confirmed nor full-length sequenced in
China. We identified diverse HVs and AreVs located in
different phylogenetic positions that indicate the presence
of novel viruses in new hosts such as Caryomys eva
(RtCe-HV/NX2015), Eothenomys melanogaster (RtCl-HV/
GZ2015), and Dipus sagitta (RtDs-HV/IM2014 and
RtDs-AreV/IM2014). These findings are important for the
prevention of HVs and AreVs transmitted from rodents.
We also identified novel AreVs in different Rattus species
with high sequence identities from Yunnan, Hunan, and
Zhejiang provinces. These Rattus species hosts have high
potential for contact with people in rural China, and the
clustering of these viruses from different provinces with
WENYV variants identified in humans suggests there is a
broader geographical distribution of these potentially zoo-
notic viruses [11, 47].

We identified diverse rodent ArteVs phylogenetically
scattered throughout the Arteriviridae, and with higher
genetic diversity than ArteVs of other host groups. This
suggests that rodents are important wildlife hosts for a
variety of ArteVs species with different evolutionary
stages and that rodents may act as the main wildlife res-
ervoirs of ArteVs. Infection by the ArteV PRRSV causes
severe disease in swine and global economic losses to
the swine industry [48, 49]. All previously reported
PRRSV strains are only detected in swine and can be
phylogenetically classified into genotype 1 (or European
type, prototype: Lelystad virus) and genotype 2 (or North
American type, prototype: VR-2332) without any inter-
mediate genotype [50, 51]. Our characterization of four
rodent ArteVs in the PRRSV species phylogenetically
clustered between the two known genotypes suggests
that the virus evolved independently in pigs and rats and
finally formed at least three different genotypes under
the PRRSV species. It also indicates the presence of a
closer ancestor of PRRSV in rodents than the previously
hypothesized mouse LDV.
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Unlike bat CoVs which are grouped into various evolu-
tionary clades of the genera Alphacoronavirus and Beta-
coronavirus [32, 52-55], CoVs identified in various
rodent species from various regions can only be classi-
fied into two lineages: lineage A of Betacoronavirus and
a separate lineage of Alphacoronavirus. Human CoV
0OC43, human CoV HKUI1, and bovine CoV under
lineage A of Betacoronavirus are human or animal path-
ogens that cause mild-to-severe diseases [28]. The iden-
tification of diverse lineage-A rodent B-CoVs confirms
the hypothesis that rodents may be an important reser-
voir for ancestors of lineage-A [B-CoVs [28, 29]. The
identification of a-CoVs under separate lineage from di-
verse provinces suggests a broader geographical distribu-
tion of these rodent-specific viruses.

Although samples from individuals of the order Lago-
morpha and Soricomorpha were limited, many novel viruses
were identified from Soricomorpha insectivores, a group of
mammals that is poorly sampled, but abundant in natural
and human-dominated habitats. The characterization of a
shrew-borne CoV (Shrew-CoV/Tibet2014), CalV (Shrew-
CalV/Tibet2014), AstVs, and CVs (Shrew-CV/Tibet2014)
and a distinctive lineage of the genera Alphacoronavirus and
Norovirus indicates that these insectivores may harbor a di-
versity of these and other viruses; some of which may have
zoonotic potential.

Conclusions

These findings, combined with our previous bat virome
data, greatly increase our knowledge of the viral commu-
nity in wildlife in a densely populated country in an
emerging disease hotspot. Continued efforts in viral dis-
covery in these and other mammalian hosts in China
may reveal greater diversity of viral lineages, as shown
recently for arthropods [56, 57], and as hypothesized
globally [58].

Methods

Animal samples

Collection of animal samples was conducted within the
National HFRS Surveillance Network and National Med-
ical Vectors Surveillance Network. Capture was con-
ducted using live traps supplied by the State Key
Laboratory for Infectious Diseases Prevention and Con-
trol. Most animals captured were euthanized by carbon
dioxide although some individuals of rare species (la-
beled in red with IUCN red list level in Additional file 1:
Table S1) were released after sampling. Pharyngeal and
anal swabs were placed in virus sampling tubes (Yocon,
Beijing, China) containing maintenance medium and
temporarily stored at —20 °C. After the sampling was
finished, samples were transported to the laboratory and
stored at — 80 °C. Samples from the same species and
from the same site were pooled. The voucher collection
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of specimens was deposited at — 80 °C by the Depart-
ment of Vector Biology and Control, National Institute
for Communicable Disease Control and Prevention,
Chinese Center for Disease Control and Prevention.

Viral nucleic acid library construction, next-generation
sequencing, and taxonomic assignments

Swab samples in maintenance medium were re-sus-
pended, processed with a viral particle-protected nucleic
acid purification method, and amplified by sequence-inde-
pendent RT-PCR as described previously [32]. Briefly, the
samples were filtered through a 0.45-pum polyvinylidene
difluoride filter (Millipore, Darmstadt, Germany) to re-
move eukaryotic and bacterium-sized particles. The fil-
tered samples were then centrifuged at 150,000xg for 3 h
at 4 °C. The pellets were re-suspended in Hank’s balanced
salt solution. To remove naked DNA and RNA, the
re-suspended pellet was digested in a cocktail of DNase
and RNase enzymes, including Turbo DNase (Ambion,
Austin, TX, USA), benzonase (Novagen, Darmstadt,
Germany), and RNase One (Promega, Madison, W1, USA)
at 37 °C for 2 h. The viral DNA and RNA were simultan-
eously isolated using a QIAmp MinElute Virus Spin Kit
(Qiagen, Valencia, CA, USA). Viral first-strand cDNA was
synthesized using the primer K-8N and a Superscript III
system (Invitrogen, Carlsbad, CA, USA). To convert
first-strand cDNA into dsDNA, the cDNA was incubated
at 37 °C for 1 h in the presence of Klenow fragment (NEB,
Ipswich, MA, USA). Sequence-independent PCR amplifi-
cation was conducted using primer K and Phusion DNA
polymerase (NEB). The PCR products were analyzed by
agarose gel electrophoresis. All DNA smears larger than
500 bp were excised and extracted with a MinElute Gel
Extraction Kit (Qiagen).

Amplified viral nucleic acid libraries were analyzed
using an Illumina HiSeq2500 sequencer (Illumina, San
Diego, CA, USA) for a single read of 100 bp in length.
Raw sequence reads were filtered using previously de-
scribed criteria to obtain valid sequences [31, 32, 59],
reads with no call sites, reads with similarity to the se-
quencing adaptor, and the primer K sequence, and du-
plicate reads and low-complexity reads were culled.
Each read was evaluated for viral origin by conducting
alignments with the NCBI non-redundant nucleotide
database (NT) and protein database (NR) using BLASTn
and BLASTx (with parameters -e le-5 —F T). Reads with
no hits in NT or NR were further assembled by metage-
nomics assemblers (e.g., MetaVelvet, IDBA-UD, and
SOAPdenovo), and the contigs were again aligned with
NT and NR to identify any viruses present. Taxonomy of
the aligned reads with the best BLAST scores (E value <
10™°) from all lanes was parsed and exported with
MEGAN 4—MetaGenome Analyzer [60]. We also tested
an assembly-first strategy to analyze sequence data.
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Reads were first assembled by metagenomics assemblers,
and output contigs were then aligned to NT and NR.

Calculating viral prevalence

Sequence reads classified as the same virus family or genus
by MEGAN 4 were extracted and assembled with SeqMan
program (Lasergene; DNAstar, Madison, WI, USA). The
accurate locations of the assembled reads and the relative
distances between them were determined. A draft genome
with several SNPs of each virus was obtained. Based on par-
tial genomic sequences of viruses obtained by assembly, we
designed specific nested primers for PCR and RT-PCR to
screen for each virus in individual samples from each mam-
malian species. Different degenerate primers targeting con-
served regions were also used to identify the presence and
prevalence of viruses [12, 61-66].

Genome sequencing

Locations of reads and the distances between reads of
the same virus were determined using alignment results
exported by MEGAN 4. Representative positive samples
for each virus were selected for genome sequencing.
Reads with accurate genomic locations were then used
for reads-based PCR to identify partial genomes. Based
on the partial genomic sequences obtained by specific
nested PCR, the remaining genomic sequences were de-
termined using inverse PCR, genome walking, and 5'-
and 3'- rapid amplification of cDNA ends (RACE).

Genomic and phylogenetic analysis

Nucleotide sequences of genomes and amino acid se-
quences of open reading frames (ORFs) were deduced by
comparing them with other viral sequences. The con-
served protein families and domains were predicted using
Pfam and InterProScan 5 (available at: http://www.ebi.a-
c.uk/services/proteins). Routine sequence alignments were
performed using Clustal Omega, Needle (available at:
http://www.ebi.ac.uk/Tools/), MegAlign (Lasergene), and
T-coffee with manual curation. MEGA6.0 (Phoenix, AZ,
USA) was used to align the nt and the deduced aa se-
quences using the MUSCLE package and default parame-
ters. The best substitution model was evaluated using the
Model Selection package. We used maximum-likelihood
to process the phylogenetic analyses with 1,000 bootstrap
replicates [67]. The aa identities and genetic distances
were calculated using the ML method with a pairwise evo-
lutionary distance calculation as the distance metric. The
evolutionary lineages of involved hosts were drawn based
on mitochondrial cytochrome b (mt-cyt b) according to
previous reports [7, 9, 68-70]. The congruence between
the phylogenies of viruses and their hosts were deter-
mined by tanglegram which is generated by matching each
virus to their associated host [12, 71].
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Nucleotide sequence accession numbers

All genome sequences were submitted to GenBank (ac-
cession numbers are given in Additional file 1: Table S4).
The Ilumina HiSeq2500 sequence data were deposited
into the NCBI sequence reads archive (SRA) under ac-
cession number PRJNA375958.
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