
Virome Analysis for Identification of Novel Mammalian Viruses in
Bat Species from Chinese Provinces

Zhiqiang Wu,a Xianwen Ren,a Li Yang,a Yongfeng Hu,a Jian Yang,a Guimei He,b Junpeng Zhang,b Jie Dong,a Lilian Sun,a Jiang Du,a

Liguo Liu,a Ying Xue,a Jianmin Wang,a Fan Yang,a Shuyi Zhang,b and Qi Jina

MOH Key Laboratory of Systems Biology of Pathogens, Institute of Pathogen Biology, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing,
People’s Republic of China,a and Institute of Molecular Ecology and Evolution, Institutes for Advanced Interdisciplinary Research, East China Normal University, Shanghai,
People’s Republic of Chinab

Bats are natural hosts for a large variety of zoonotic viruses. This study aimed to describe the range of bat viromes, including
viruses from mammals, insects, fungi, plants, and phages, in 11 insectivorous bat species (216 bats in total) common in six prov-
inces of China. To analyze viromes, we used sequence-independent PCR amplification and next-generation sequencing technol-
ogy (Solexa Genome Analyzer II; Illumina). The viromes were identified by sequence similarity comparisons to known viruses.
The mammalian viruses included those of the Adenoviridae, Herpesviridae, Papillomaviridae, Retroviridae, Circoviridae, Rhab-
doviridae, Astroviridae, Flaviridae, Coronaviridae, Picornaviridae, and Parvovirinae; insect viruses included those of the Baculo-
viridae, Iflaviridae, Dicistroviridae, Tetraviridae, and Densovirinae; fungal viruses included those of the Chrysoviridae, Hypoviri-
dae, Partitiviridae, and Totiviridae; and phages included those of the Caudovirales, Inoviridae, and Microviridae and
unclassified phages. In addition to the viruses and phages associated with the insects, plants, and bacterial flora related to the
diet and habitation of bats, we identified the complete or partial genome sequences of 13 novel mammalian viruses. These in-
cluded herpesviruses, papillomaviruses, a circovirus, a bocavirus, picornaviruses, a pestivirus, and a foamy virus. Pairwise align-
ments and phylogenetic analyses indicated that these novel viruses showed little genetic similarity with previously reported vi-
ruses. This study also revealed a high prevalence and diversity of bat astroviruses and coronaviruses in some provinces. These
findings have expanded our understanding of the viromes of bats in China and hinted at the presence of a large variety of un-
known mammalian viruses in many common bat species of mainland China.

The order Chiroptera comprises two suborders, frugivorous
Megachiroptera and insectivorous Microchiroptera. Chiroptera

is the second largest group of mammalian species, accounting for
about 25% of all mammalian species. With the exception of the
Primates, Chiroptera has the broadest geographical distribution
among mammalian species (64). There are 1,240 bat species
widely distributed all over the world, except at the South and
North Poles. Mainland China harbors 120 bat species that belong
to 30 genera and 7 families (60).

Bats are considered natural carriers of a large variety of viruses.
Many studies have successfully identified novel bat viruses on the
basis of consensus primers or sequence-independent PCR ampli-
fication (27, 34, 63). Over 80 virus species have been detected in
bats, including several emergent human pathogens, like severe
acute respiratory syndrome coronaviruses (SARS-CoVs), lyssavi-
ruses, henipaviruses, Marburg virus, and Ebola viruses (5, 8, 16,
27–29, 34, 48, 51, 59, 61). Because the distribution and habitats of
bats are closely related to those of humans (32, 53), zoonotic dis-
eases may be transmitted from bats to humans.

The recent advent of next-generation sequencing (NGS)
technology, including pyrosequencing (454; Roche) and se-
quencing by synthesis (Solexa genome analyzer; Illumina)
(36), has facilitated the use of metagenomic analyses to char-
acterize viruses in many types of samples. NGS-based surveys
of the range of viruses present in natural hosts have become
important research tools in basic virology, diagnostic virology,
and disease prevention and control. In previous studies, this
approach was successful for analyzing the viromes and identi-
fying viruses in wild rodent feces, bat feces, human nasopha-
ryngeal aspirates, and human feces (11, 39, 57, 67). The appli-

cation of NGS to bats is expected to provide more information
for identifying novel viruses and characterizing the range of
viruses present in different samples.

In this study, we collected pharyngeal and anal swab samples
from 11 insectivorous bat species from six provinces in China for
metagenomic analyses. On the basis of sequence-independent
PCR amplification, NGS (Solexa Genome Analyzer II [GA II];
Illumina), and sequence similarity comparisons, we characterized
the viromes of these 11 insectivorous bat species. This revealed the
complete or partial genome sequences of 13 novel mammalian
viruses that were closely related to human viruses, including her-
pesviruses (HVs), papillomaviruses (PVs), circovirus (CV), boca-
virus (BoV), pestivirus (PestV), foamy virus (FV), and three new
members of the Picornaviridae. We also confirmed and analyzed
other viruses that had previously been reported in different bat
species from other regions, including coronaviruses (CoVs), as-
troviruses (AstVs), adenoviruses (AdVs), and adeno-associated
viruses (AAVs).

Received 4 June 2012 Accepted 19 July 2012

Published ahead of print 1 August 2012

Address correspondence to Qi Jin, zdsys@vip.sina.com, or Shuyi Zhang,
syzhang@bio.ecnu.edu.cn.

Z.W., X.R., L.Y., and Y.H. contributed equally to this article.

F.Y., S.Z., and Q.J. contributed equally to this article and are co-senior authors.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.01394-12

October 2012 Volume 86 Number 20 Journal of Virology p. 10999–11012 jvi.asm.org 10999

http://dx.doi.org/10.1128/JVI.01394-12
http://jvi.asm.org


MATERIALS AND METHODS
Ethics statement. Bats were treated according to the guidelines of Regu-
lations for the Administration of Laboratory Animals (Decree No. 2 of the
State Science and Technology Commission of the People’s Republic of
China, 1988). The sampling was approved by the Ethics Committee of the
Institute of Pathogen Biology, Chinese Academy of Medical Sciences &
Beijing Union Medical College.

Collection of samples. Pharyngeal swab and anal swab samples from
captured bats were immersed into maintenance medium in a virus sam-
pling tube (Yocon, China) and temporarily stored at �20°C. After the
sampling was finished, samples were transported to the laboratory and
stored at �80°C.

Purification of viral nucleic acids. Tubes with either the pharyngeal
swab or anal swab sample in maintenance medium were vigorously vor-
texed to resuspend the samples completely into solution. Samples of each
species were then pooled by adding 1 ml from each maintenance medium
sample into one fresh sample tube. The 11 pooled samples, classified by
species, were then separately filtered through a 0.45-�m-pore-size poly-
vinylidene difluoride filter (Millipore) to remove eukaryotic cell- and bac-
terium-sized particles. The filtered samples were then centrifuged at
150,000 � g for 3 h at 4°C. The pellets from ultracentrifugation were
resuspended in 100 �l of Hanks’ balanced salt solution. To remove the
naked DNA and RNA, 100 �l of the resuspended pellet from each pooled
sample was digested in a cocktail of DNase and RNase enzymes consisting
of 14 U of Turbo DNase (Ambion), 20 U of benzonase (Novagen), and 20
U of RNase One (Promega) at 37°C for 2 h in 1� DNase buffer (Ambion).
The viral DNA and RNA were simultaneously isolated and eluted from the
enzyme-digested solution into 60 �l AVE buffer with a QIAamp viral
RNA minikit (Qiagen).

Reverse transcription (RT) and sequence-independent PCR ampli-
fication of viral nucleic acids. Viral first-strand cDNA was synthesized in
a 20-�l reaction mixture with 2 �l of viral nucleic acids from each pooled
sample and 100 pmol of primer K-8N (GACCATCTAGCGACCTCCAC
NNNNNNNN), as previously described (10, 56). To convert the first-
strand cDNA into double-stranded cDNA, 20 �l of the first-strand
cDNA was incubated at 37°C for 1 h and then at 75°C for 10 min in the
presence of 5 U of Klenow fragment (NEB) in 1� NEB buffer 2 (final
volume, 25 �l).

Sequence-independent PCR amplification was conducted with 5 �l of
the double-stranded cDNA template in a final reaction volume of 50 �l,
which contained 1� Phusion HF buffer, 200 �M deoxynucleoside
triphosphate (dNTP), 1 �M primer K (GACCATCTAGCGACCTCC
AC), and 0.5 U Phusion DNA polymerase (NEB). The PCR cycling was
performed as follows: 98°C for 30 s, followed by 35 cycles of 98°C for 10 s,
55°C for 30 s, and 72°C for 1 min, with a final extension at 72°C for 10 min.
A DNA smear larger than 500 bp was excised and extracted with a Min-
Elute gel extraction kit (Qiagen).

Next-generation sequencing by GA II. As described in our previous
study (67), DNA libraries based on the PCR products described above
were constructed according to the manufacturer’s instructions (Illu-
mina). Each library was sequenced with a GA II sequencer for a single read
of 81 bp in length. To maximize the available length and the total output
of raw data, each library of a pooled sample was sequenced in an individ-
ual lane without indexing (11 lanes in total). Initial image analysis and
base calling were performed with the GAPipeline program and the default
parameters. A series of in-house Perl scripts was then employed for fur-
ther quality control, and reads were culled according to the following
criteria: (i) reads filtered with Illumina’s Consensus Assessment of Se-
quence and Variation (CASAVA) software, (ii) reads with no call sites,
(iii) reads with similarity to the sequencing adaptor and the primer K
sequence, and (iv) duplicate reads and low-complexity reads. Only reads
that passed the quality control were considered valid sequences.

Taxonomic assignment. Sequence similarity-based taxonomic as-
signments were conducted as described in our previous study (67). The
valid sequence reads were aligned to sequences in the NCBI nonredun-

dant nucleotide database (NT) and the nonredundant protein database
(NR) (downloaded from the NCBI FTP server in October 2011) using
BLASTn and BLASTx, respectively. The taxonomies of the aligned reads
with the best BLAST scores (E scores � 10�5) from all 11 lanes were
parsed and exported with the MEGAN (version 4) MetaGenome Analyzer
(MEGAN 4) (Fig. 1).

Partial genomes of novel viruses sequenced by reads-based PCR.
Sequence reads classified into the same virus genus or species found in
MEGAN 4 were extracted. The extracted reads were then sorted and as-
sembled with the SeqMan program (Lasergene). The accurate locations of
the extracted reads and the relative distances between reads of the same
virus were determined on the basis of the alignment results exported with
MEGAN 4. Specific primers were designed from the located sequence
reads. Fragments between reads were amplified (PCR for DNA viruses
and RT-PCR for RNA viruses) with nested specific primers and then se-
quenced. Partial genome sequences were obtained by assembling ampli-
fied fragments and sequence reads. The primers used for amplifying frag-
ments of each virus are available on request.

Complete genome sequencing and structure prediction of novel vi-
ruses. On the basis of the partial genome sequences of viruses, the remain-
ing genome sequences were determined with inverse PCR, genome walk-
ing, and 5= and 3= rapid amplification of cDNA ends (RACE). For bat HVs,
the complete open reading frames (ORFs) of glycoprotein B (gB) and
DNA polymerase (DPOL) were obtained with the genome walking kit
(TaKaRa), based on fragments located in these two genes. For bat PVs and
the CV, inverse PCR was used to determine the complete circular genome
of each virus on the basis of the fragments obtained in the reads-based
PCR. For bat BoV, based on the sequenced intervening fragment, the 5=
and 3= ends of the genome were amplified and sequenced with inverse
linear PCR and a 5= RACE kit (Invitrogen), as described previously (23).
For bat picornaviruses, the 5= and 3= ends of the genomes were completed
with a 5= RACE kit (Invitrogen) and a 3= full RACE core set, version 2.0
(TaKaRa). All identified viruses were reconfirmed by long-distance nested
PCR with specific primers derived from the completed viral genomes (the
primer sequences are available on request).

The ORFs of complete or partial genomes of the sequenced viruses
were predicted with Vector NTI software (Invitrogen) or with the ORF
Finder tool of NCBI (http://www.ncbi.nlm.nih.gov/gorf/gorf.html).

Molecular epidemiology of bat astroviruses. Random hexamer-gen-
erated cDNAs of the 11 pooled samples were synthesized separately with a
Superscript III first-strand synthesis system (Invitrogen). Previously de-
scribed heminested PCR primers were used to amplify the conserved re-
gions (387 nucleotides [nt]) of the RNA-dependent RNA polymerase
(RdRp) gene of AstVs (8, 66). The expected products were then gel ex-
tracted and subcloned into the pGEM-T Easy vector (Promega) for se-
quencing.

Phylogenetic analysis. Reference viral sequences were downloaded
from GenBank. We used the MEGA (version 5.0) program (52) to
align nucleotide sequences and deduced amino acid sequences with
the MUSCLE package and default parameters. The best substitution
model was then evaluated with the Model Selection package; finally, we
constructed a maximum likelihood method with an appropriate
model to process the phylogenetic analyses and create phylogenetic
trees with 1,000 bootstrap replicates.

Nucleotide sequence accession numbers. All complete and partial
genome sequences have been submitted to GenBank. The accession num-
bers for gB and DPOL genes of bat HVs are JQ814845, JQ814846,
JN692429, and JN692430. The accession numbers for bat PVs are
JQ814847 and JQ814848. The accession number for bat CV is JQ814849.
The accession number for bat BoV is JQ814850. The accession numbers
for bat picornaviruses are JQ814851, JQ814852, and JQ814853. The ac-
cession number for bat PestV is JQ814854. The accession number for bat
FV is JQ814855. The accession numbers for bat AstVs are JQ814856 to
JQ814871. The GA II sequence data have been deposited in the NCBI
sequence reads archive (SRA) under accession number SRA051252.
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FIG 1 Taxonomic classification based on bat virome alignments. Aligned reads with the best BLAST scores (E � 10�5) from 11 viromes (lanes 1 to 11) were
exported from MEGAN 4. Reads from different viromes (lanes 1 to 11) are labeled with different colors. The number of reads in each family is given after the
family name. dsDNA, double-stranded DNA; dsRNA, double-stranded RNA; ssDNA, single-stranded DNA; ssRNA, single-stranded RNA.
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RESULTS
Bat sampling. Bat samples were collected from October 2010
through February 2011 in six provinces (Beijing, Hunan, Jiangxi,
Yunnan, Guizhou, and Hainan) in China. We sampled a total of
216 insectivorous bats (11 species) with both pharyngeal and anal
swabs (Table 1). All bat roosts in the six provinces were in or close
to human gathering places.

Metagenomic analysis of NGS results. All pharyngeal swab
and anal swab samples were processed with a viral particle-pro-
tected, nucleic acid purification method. The extracted RNA and
DNA were amplified by sequence-independent RT-PCR. The am-
plified viral nucleic acid libraries of the 11 bat species were then
sequenced with an Illumina GA II (one lane per species; Table 1).
A total of 29,272,685 sequence reads of 81 bp in length were ob-
tained from the 11 bat species (Fig. 1; the number of sequences in
each family is shown after the family name). A total of 9,103,279
sequence reads were classified as cellular organisms (�31.1% of
total sequence reads, including bacteria, archaea, and eukaryota).
A total of 353,973 sequences were best matched with viral proteins
(�1.2% of total sequence reads). The remaining 19,584,097 se-
quence reads had no significant similarity to any amino acid se-
quence in NR (�66.9% of the total number of sequence reads,
including unclassified sequences, other sequences, unassigned se-
quences, and no hits). The complete data on the virome identified
for the 11 bat species were released to the NCBI SRA database with
accession number SRA051252.

In agreement with previous studies, the total sequence reads
related to viruses included mostly those of phages (order Caudo-
virales, families Inoviridae and Microviridae, and unclassified
phages), insect viruses (families Baculoviridae, Iflaviridae, Dicis-
troviridae, and Tetraviridae; subfamily Densovirinae), fungal vi-
ruses (families Chrysoviridae, Hypoviridae, Partitiviridae, and To-
tiviridae), and a small quantity of plant viruses. Viral sequences
related to mammalian viruses (31,744 sequence reads) mainly in-
cluded those of the families Adenoviridae, Herpesvirdae, Papillo-
maviridae, Retroviridae, Circoviridae, Rhabdoviridae, Astroviridae,
Flaviridae, Coronaviridae, and Picornaviridae and the subfamily
Parvovirinae (labeled with red blocks in Fig. 1). These comprised
�9% of the total viral hits. Most of the sequence reads related to
mammalian viruses showed low percentages of nucleotide and
amino acid sequence identities with known viruses.

Bat HVs. HVs are large, enveloped, double-stranded DNA vi-

ruses that infect the skin, mucous membranes, and nervous sys-
tems of a wide variety of vertebrate hosts, including humans (13,
63). Over 80 HV species are currently registered by the Interna-
tional Committee on Taxonomy of Viruses (ICTV). These HV
species are classified into three subfamilies (Alpha-, Beta-, and
Gammaherpesvirinae) within the family Herpesviridae.

We identified four new HVs in this study. Two betaherpesvi-
ruses (BHVs) were detected in Rhinolophus ferrumequinum of Bei-
jing (RfBHV-1) and Tylonycteris robustula of Hainan (TrBHV-1);
two gammaherpesviruses (GHVs) were detected in Myotis ricketti
of Beijing (MrGHV-1 and MrGHV-2). On the basis of the NGS
reads, we established the complete sequences of the gB and DPOL
genes of the four bat HVs (RfBHV-1, 5,534 bp; TrBHV-1, 5,912
bp; MrGHV-1, 5,874 bp; MrGHV-2, 5,983 bp). Pairwise similarity
analysis of concatenated gB and DPOL genes indicated 52.1% nu-
cleotide sequence identity and 44.2% amino acid sequence iden-
tity (1,843 versus 1,969 amino acids [aa]) between the two bat
betaherpesviruses (RfBHV-1 and TrBHV-1) and 58% nucleotide
sequence identity and 56% amino acid sequence identity (1,862
versus 1,873 aa) between the two bat gammaherpesviruses
(MrGHV-1 and MrGHV-2). Furthermore, among bats, both
RfBHV-1 and TrBHV-1 showed the highest similarity with bat
BHV-2 (52.1% and 57.2% nucleotide sequence identities, respec-
tively; 45.3% and 54.8% amino acid sequence identities, respec-
tively); among betaherpesviruses, RfBHV-1 showed high similar-
ity to human HV 6 (HHV-6; 57.8% nucleotide sequence identity
and 54.3% amino acid sequence identity) and TrBHV-1 showed
high similarity to cercopithecine HV 8 (CeHV-8; 56.4% nucleo-
tide sequence identity and 51.6% amino acid sequence identity). A
BLAST search indicated that among the bat gammaherpesviruses,
MrGHV-1 and MrGHV-2 showed the highest similarity to bat
GHV4 (59.4% amino acid sequence identity); among gammaher-
pesviruses, MrGHV-1 was most similar to saimiriine HV 2
(SaHV2; 63.7% nucleotide sequence identity and 57% amino se-
quence acid sequence identity) and MrGHV-2 was most similar to
equid HV 2 (EHV2; 63.8% nucleotide sequence identity and
66.1% amino acid sequence identity). From the phylogenetic tree
based on the concatenated gB and DPOL proteins (Fig. 2),
RfBHV-1, TrBHV-1, and MrGHV1 could not be assigned to any
known genus; however, MrGHV2 might be assigned to the genus
Percavirus (the same root was shared with Badger herpesvirus and
EHV2 in the genus Percavirus with 100% bootstrap support). Fur-

TABLE 1 Samples of the 11 bat species used in this study and the provinces and dates of collection

Bat species

No. of samplesa collected in the following province (collection date [yr.mo]):

Lane for
Illumina GA II

Beijing
(2011.2)

Hunan
(2010.10)

Jiangxi
(2010.10)

Yunnan
(2010.12)

Guizhou
(2010.10)

Hainan
(2010.12)

Myotis ricketti 15 14 1
Rhinolophus ferrumequinum 15 2
Myotis myotis 16 12 3
Rhinolophus sinicus 13 6 4
Hipposideros armiger 15 5
Hipposideros pomona 23 6
Hipposideros cineraceus 20 7
Ia io 11 8
Tylonycteris robustula 10 9
Rhinolophus affinis 19 10
Miniopterus schreibersii 27 11
a Each bat sample contained a copy from the pharyngeal swab sample and a copy from the anal swab sample obtained from the same bat.
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ther characterization of these four bat HVs is needed to determine
the exact taxonomy.

Bat PVs. The large Papillomaviridae family includes 30 genera
(ICTV) (2) of small nonenveloped, double-stranded, circular
DNAs (�8 kb in length). PVs infect skin and mucosa and cause a
wide variety of benign and malignant epithelial tumors in higher
vertebrate species (2, 42–44); human PV has a special relationship
with female cervical carcinoma (19). The majority of PVs were
isolated from humans. Recently, many groups have successfully
identified PVs with high host specificity in other nonhuman spe-
cies, including manatee, raccoon, and wild rodents (39, 42–44).

In this study, we identified two full-length PV genomes in two
insectivorous bats: one in Myotis ricketti of Beijing (MrPV-1) and
the other in Miniopterus schreibersii of Hainan (MsPV-1). The
complete circular genomes of the two bat PVs were 7,339 bp
(MrPV-1) and 7,632 bp (MsPV-1).

MrPV-1 contained five clear ORFs that encoded early proteins
E6 (184 aa), E1 (698 aa), and E2 (357 aa) and late proteins L2 (435
aa) and L1 (500 aa) (Fig. 3A). The E6 protein contained two char-
acteristic zinc binding domains (C-X2-C-X29-C-X2-C) separated
by 36 aa. The E1 protein contained a C-terminal conserved ATP-
binding site specific for the ATP-dependent helicase (GPPNTG
KS). There was a noncoding region (NCR; 447 bp) between the
end of L1 and the start of E6 (nt 6,893 to 7,339). The NCR con-

tained a typical E2-binding site (ACC-X6-GGT) at nucleotide po-
sition 7,217, a modified E2-binding site (AAC-X6-GGT) at posi-
tion 7,303, a polyadenylation site (AATAAA) for L1 and L2 mRNA
at position 6,985, and a TATA box for the E6 promoter at position
7,168. An E7 gene, presents in most PV species with a zinc binding
domain and a retinoblastoma tumor suppressor binding motif,
could not be found in MrPV-1.

MsPV-1 contained six clear ORFs, including early genes E6
(135 aa), E7 (98 aa), E1 (623 aa), and E2 (467 aa) and late genes, L2
(482 aa) and L1 (565 aa) (Fig. 3A). The E7 protein contained a zinc
binding domain and a conserved retinoblastoma tumor suppres-
sor binding domain (with the L-X-C-X-E motif). The ATP-bind-
ing site of E1 was GPANTGKS. The NCR contained five typical
E2-binding sites. Other characteristics of MsPV-1 were similar to
those of MrPV-1.

The phylogenetic tree based on the concatenated L2 and L1
proteins (Fig. 3B) showed that MrPV-1 shared the same root with
Ursus maritimus PV 1 (UmPV-1; 92% bootstrap support) in the
genus Omegapapillomavirus, A pairwise alignment indicated that
the L1 gene of MrPV-1 shared 65.2% nucleotide sequence identity
and 68.5% amino acid sequence identity with the L1 of UmPV-1.
According to the general rules (not absolute criteria) of ICTV (2),
all PV species in the same genus share 60% to 70% nucleotide
sequence homology in the L1 gene; thus, MrPV-1 could be con-

FIG 2 Phylogenetic analysis of concatenated gB and DPOL proteins from the four bat HVs and other representative HV species. The phylogenetic tree was based
on deduced amino acid sequences of concatenated gB and DPOL ORFs. Two novel bat gammaherpesviruses are labeled with black circles, and two novel bat
betaherpesviruses are marked with black triangles. RRV, Macaca mulatta rhadinovirus; HDHV1, Hipposideros diadema HV1; AHV1, alcelaphine HV1; PLHV1,
porcine lymphotropic HV1; EBV, Epstein-Barr virus; CavHV2, caviid HV2; HCMV, human cytomegalovirus.
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sidered a new species of the genus Omegapapillomavirus. In addi-
tion, the absence of an E7 ORF in MrPV-1 and UmPV-1 was a
common feature among species in the genus Omegapapillomavi-
rus (49). The pairwise alignment analysis indicated that the L1
gene of MsPV-1 shared 57.3% to 58.5% nucleotide sequence iden-
tities and 55.6% to 59.9% amino acid sequence identities with the

L1 gene of closely related PVs. Thus, the phylogenetic tree indi-
cated that MsPV-1 was located in a separate branch from MrPV-1.
Consequently, MsPV-1 might be regarded as the prototype of a
new genus. The two bat PVs shared only 58.7% nucleotide se-
quence identity and 59.0% amino acid sequence identity. It is
worth mentioning that the 6 new genera (Dyoeta-, Dyoiota-,

FIG 3 Two bat papillomaviruses. (A) Genomic organizations of MrPV-1 and MsPV-1; (B) phylogenetic tree based on concatenated L2 and L1 proteins from
MrPV-1, MsPV-1, and other species of 30 genera. The two novel bat papillomaviruses are labeled with black triangles. ChPV, Capra hircus PV; RAPV, Rousettus
aegyptiacus PV; PsPV, Phocoena spinipinnis PV; TtPV, Tursiops truncatus PV; HPV-4, human PV type 4; MmPV, Mus musculus PV; EePV, Erinaceus europaeus
PV; TmPV, Trichechus manatus PV; MsPV, Miniopterus schreibersii PV; SsPV, Sus scrofa PV; RhPV, rhesus monkey PV; MnPV, Mastomys natalensis PV; CrPV,
cottontail rabbit PV; CoPV, canine oral PV; EdPV, Erethizon dorsatum PV; EcPV, Equus caballus PV; CcPV, Caretta caretta PV; FIPV, Francolinus leucoscepus PV;
FcPV, Fringilla coelebs PV; PePV, Psittacus erithacus PV.
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Dyotheta-, Dyodelta-, Dyozeta-, and Dyoepsilonpapillomavirus)
were not considered in the taxonomic classification process of the
two bat PVs, because these genera failed to comply with the gen-
eral ICTV taxonomy rules.

Bat CV. The genus Circovirus, in the family Circoviridae, is a
group of viruses with small, nonenveloped, circular single-
stranded (ssDNAs; 1.7 to 2 kb in length) (14). CVs were previously
found to infect pig, bat, mouse, and a wide variety of bird species
(6, 17, 31, 54). Porcine CV 1 (PCV-1) and PCV-2 are widespread
in the swine population. PCV-2 is the main pathogen associated
with postweaning multisystemic wasting syndrome (PMWS) and
porcine dermatitis nephropathy syndrome (PDNS) (6, 15, 45).

We characterized one CV from Rhinolophus ferrumequinum of
Beijing, and the full length was sequenced. The complete circular
genome of Rhinolophus ferrumequinum circovirus 1 (RfCV-1)
comprised 1,760 nt. Two ORFs that encoded the Rep protein (294
aa) and the Cap protein (218 aa) were separated by a 3= intergenic
region (128 nt) between the two stop codons and a 5= intergenic
region (90 nt) between the two start codons (Fig. 4). The Rep
protein sequence included three conserved motifs (22) involved in
rolling-circle replication and a putative dNTP-binding box
(GKS). The 5= intergenic region included a potential stem-loop
structure (loop motif, ATAGTATTA; inverted repeat, GTGCCG
GGG).

The pairwise alignment of Rep showed 37.2% to 57.3% nucle-
otide sequence identities and 27.6% to 47.6% amino acid se-
quence identities with Reps of other known CVs. The capsid pro-
tein sequence of RfCV-1 showed less than 33% amino acid
sequence identity with other known CVs. In accordance with the
criteria of ICTV, RfCV-1 could be considered a new species of
the genus Circovirus. From the phylogenetic analysis based on the
full-length Rep proteins (Fig. 4), we found that RfCV-1 could not
be sorted into any other CV clade and not even the reported bat
CV clade.

Bat BoV. The genus Bocavirus, a group of small, nonenvel-
oped, linear ssDNA viruses with �5-kb genomes, is one of five

genera (Amdovirus, Bocavirus, Dependovirus, Erythrovirus, and
Parvovirus) in the subfamily Parvovirinae of the family Parvoviri-
dae. To date, BoVs have been identified in bovines (bovine parvo-
virus), canines (canine minute virus), swine, gorillas, sea lions,
and humans (human bocavirus [HBoV] 1 to 4) (1, 20, 24, 31, 40,
46, 50). Bovine parvovirus is associated with diarrhea in neonatal
calves and respiratory and reproductive disease in adult cattle.
Canine minute virus causes severe diarrhea, difficulty breathing,
myocarditis, anorexia, and even death in dogs. HBoVs are associ-
ated with lower respiratory tract infections and gastroenteritis.
Recently, BoVs have been associated with gorilla diarrhea and
porcine PMWS (4, 25).

We identified a novel BoV in Myotis myotis of Hainan. The
complete genome of Myotis myotis BoV (MmBoV-1) comprised
5,038 nt. It harbored three distinct ORFs that encoded the non-
structural proteins NS1 (720 aa) and NP1 (167 aa) and the struc-
tural protein VP1/VP2 (659/535 aa) (Fig. 5A). The N terminus of
VP1 encoded a putative secretory phospholipase A2 (sPLA2) motif
with a Ca2� binding loop (Y-X-G-X-F) and a conserved motif
(HD-X2-Y) in the catalytic center. Multiple-sequence alignments
revealed that NS1 of MmBoV-1 shared 43.8% to 54.5% nucleotide
sequence identities and 32.6% to 44.7% amino acid sequence
identities with other members of the genus Bocavirus. Moreover,
VP1 shared 49.0% to 53.8% nucleotide sequence identities and
44.2% to 46.4% amino acid sequence identities with other BoVs.
In accordance with the ICTV (25), species of BoVs with less than
95% similarity in nonstructural genes are defined as new species.
Therefore, MmBoV-1 was defined as a new species. Two separate
phylogenetic trees based on the complete NS1 (Fig. 5B) and VP1
(Fig. 5C) proteins were used to described the evolutionary relation-
ships between MmBoV-1 and other BoVs. The clade of MmBoV-1
was distant from other clusters.

Bat picornaviruses. The family Picornaviridae includes 12
genera (Aphthovirus, Avihepatovirus, Cardiovirus, Enterovirus,
Erbovirus, Hepatovirus, Kobuvirus, Parechovirus, Sapelovirus, Sen-
ecavirus, Teschovirus, and Tremovirus). It is a group of small, non-

FIG 4 Bat circovirus. Genomic organization of RfCV-1 and phylogenetic tree based on Rep proteins of circoviruses. RfCV-1 is labeled with a black triangle.
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enveloped, positive single-stranded RNA viruses with a genome of
7 to 9 kb and a single ORF that encodes a polyprotein. The mem-
bers of the family Picornaviridae can cause mucocutaneous, en-
cephalic, cardiac, hepatic, neurological, and respiratory diseases in
a wide variety of vertebrate hosts, including duck, chicken, bovine,
swine, horse, chimpanzee, and human (55). We identified three
new members of the family Picornaviridae in bats.

First, we identified a virus in Miniopterus schreibersii of
Hainan, which we named Miniopterus schreibersii picornavirus 1.
The complete genome of this virus (8,468 nt) contained a single
ORF that encoded a large polyprotein (2,280 aa) flanked by a 5=

untranslated region (UTR) (1,407 nt) and a 3= UTR (215 nt) (Fig.
6A). An alignment analysis of Miniopterus schreibersii picornavi-
rus 1 and other known picornaviruses showed the characteristic
gene order of 5=-L (92 aa)-P1 (810 aa; VP4, VP2, VP3, and
VP1)-P2 (575 aa; 2A, 2B, and 2C)-P3 (804 aa; 3A, 3B, 3C, and
3D)-3=. It also showed the theorized cleavage sites in the polypro-
tein. The P1, P2, and P3 polypeptides were hypothetically cleaved
at VP4/VP2 (M/D), VP2/VP3 (Q/G), VP3/VP1 (Q/G), 2A/2B (G/
P), 2B/2C (A/G), 3A/3B (Q/G), 3B/3C (Q/G), and 3C/3D (E/G).
The conserved cleavage motif (NPG/P) for 2A/2B of the genus
Cardiovirus was also found in this virus. Similar to other picorna-

FIG 5 Bat bocavirus. (A) Genomic organization of MmBoV-1. Phylogenetic trees based on the NS1 protein (B) and the VP1 protein (C) of bocaviruses.
MmBoV-1 is labeled with a black triangle. Csl, California sea lion; PBoV, porcine BoV.
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viruses, the 2C protein contained a conserved NTP-binding motif
(G-X2-G-X-GKS) and a helicase motif (DDL-X-Q); the 3C pro-
tein contained a conserved active protease site (G-X-CG) and a
G-X-H motif; and the 3D protein contained conserved KDEIR,
GGLPSG, YGDD, and FLKR motifs. The BLASTp results showed
that the P1, P2, and P3 regions of this virus had 40.3% to 41.7%,
32.2% to 35.4%, and 42.4% to 45.7% amino acid sequence iden-
tities with members of the genus Cardiovirus, respectively. Ac-
cording to the ICTV criteria, members of a genus of the family
Picornaviridae should share �40%, �40%, and � 50% amino
acid sequence identity with phylogenetically related P1, P2, and P3
genomic regions, respectively (Picornaviridae Study Group,
ICTV). Thus, Miniopterus schreibersii picornavirus 1 may be de-
fined as the prototype of a new genus closely related to the genus
Cardiovirus.

We found the second virus in Ia io of Guizhou, which we
named Ia io picornavirus 1. The nearly complete genome se-
quence of this virus was established (7,543 nt lacking the 5= termi-
nus of 5= UTR). We identified a single ORF that encoded a large

polyprotein (2,371 aa). As shown in Fig. 6A, the characteristic
gene order of the polyprotein was 5=-L (70 aa)-P1 (841 aa; VP4,
VP2, VP3, and VP1)-P2 (667 aa; 2A, 2B, and 2C)-P3 (793 aa; 3A,
3B, 3C, and 3D)-3=, with potential polyprotein cleavage sites. The
hypothetical cleavage sites between proteins were VP4/VP2 (A/S),
VP2/VP3 (Q/G), VP3/VP1 (Q/G), 2A/2B (Q/G), 2B/2C (Q/G),
3A/3B (Q/G), 3B/3C (Q/G), and 3C/3D (Q/G). Similar to the
previously reported bat picornaviruses, enteroviruses, and sapelo-
viruses, the VP1 protein of Ia io picornavirus 1 had a PAL-X-A-X-
ETG motif. Two potential cleavage sites (NFQ/GPEEQ/GIK) were
found at the 2A/2B junction. Like the 2A protein of enterovirus
and rhinovirus, the 2A protein of Ia io picornavirus 1 contained
two conserved G-X-CG motifs that are targeted by a chymotryp-
sin-like protease. Similar to Miniopterus schreibersii picornavirus
1, the 2C protein of Ia io picornavirus 1 also contained a G-X2-G-
X-GKS motif and a DDL-X-Q motif. The 3C protein contained a
G-X-CG motif and a conserved RNA-binding motif (DFRDI),
and the 3D protein contained the conserved KDELR, GGMPSG,
YGDD, and FLKR motifs. Pairwise alignment results revealed that

FIG 6 Three novel bat picornaviruses. (A) Genomic organizations of Miniopterus schreibersii picornavirus 1 and Ia io picornavirus 1; (B) phylogenetic tree based
on the complete 3D protein sequence of picornaviruses; (C) partial genomic organization of Rhinolophus affinis picornavirus 1; (D) phylogenetic tree based on
the complete or partial P1 protein sequence of picornaviruses. The three bat picornaviruses are labeled with black triangles. HuTLCV, muman TMEV-like
cardiovirus; ThV, theilovirus; EMCV, encephalomyocarditis virus; SVV, Seneca valley virus; ERAV, equine rhinitis A virus; HCoSV-A, human cosavirus A;
FMDV-O, foot-and-mouth disease virus O; ERBV, equine rhinitis B virus; PTV, porcine teschovirus; TurdiV-2, turdivirus 2; AiV, Aichi virus; DPTV, avian
sapelovirus; PEVA, porcine sapelovirus; SpV-1, simian sapelovirus 1; BEV, bovine enterovirus; HEV71,human enterovirus 71; AEV, avian encephalomyelitis
virus; HAV, hepatitis A virus; DHAV-1, duck hepatitis A virus 1; HPeV-2, human parechovirus 2; LV, Ljungan virus.
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the P1, P2, and P3 regions shared 53.5% to 56.5%, 46.7% to
56.3%, and 61.5% to 67.6% amino acid sequence similarities, re-
spectively, with members of the previously described bat picorna-
virus group (bat picornavirus 1 from Miniopterus pusillus, bat pi-
cornavirus 2 from Miniopterus magnate, and bat picornavirus 3
from Rhinolophus sinicus [27]). Therefore, consistent with that
previous study, we could establish a new genus that consisted of
these four bat picornaviruses.

The phylogenetic tree based on the complete 3D proteins (Fig.
6B) showed that the clade of Miniopterus schreibersii picornavirus
1 was closely related to the genera Cardiovirus and Senecavirus and
Ia io picornavirus 1 was clustered with the three previously re-
ported bat picornaviruses.

We found the third virus in Rhinolophus affinis of Hainan; we
named it Rhinolophus affinis picornavirus 1. Its partial sequence
(2,317 nt), which covered nearly the complete region of P1 (VP3,
243 aa; VP1, 272 aa; and part of VP0, 214 aa) and 2A (43 aa), was
identified (Fig. 6C). The partial P1 region of Rhinolophus affinis
picornavirus 1 shared less than 25% amino acid sequence identity
with other picornaviruses. The most closely related virus was
Ljungan virus, which shared 25.0% amino acid sequence identity
with the P1 region of Rhinolophus affinis picornavirus 1. A P1-
based phylogenetic analysis (Fig. 6D) indicated that Rhinolophus
affinis picornavirus 1 harbored a single phylogenetic root close to
the genera Avihepatovirus and Parechovirus, which may represent
a new genus in the family Picornaviridae.

Bat PestV. Pestivirus is a genus in the family Flaviviridae. Pesti-
virus comprises positive single-stranded RNA viruses with a ge-
nome size of �12 kb. PestVs have a single ORF that encodes a
polyprotein which is flanked by 5= and 3= UTRs. PestVs of four
species (Bovine viral diarrhea virus 1 [BVDV-1] and BVDV-2,
Classical swine fever virus [CSFV], and Border disease virus [BDV])
and other potential species can cross species barriers and infect a
wide variety of artiodactylous hosts (hoofed mammals in the or-
der Artiodactyla having an even number of toes, including swine
and ruminants) (14, 26, 58). BVDV and CSFV are severely patho-
genic in cattle and swine (47, 65).

All previous PestVs were found in animals in the order Artio-
dactyla, but in this study, one PestV was found in animals in the
order Chiroptera. This PestV was identified in Rhinolophus affinis
of Hainan (RaPestV-1). We identified a partial genome sequence
(5,130 nt) of RaPestV-1 that covered a partial coding sequence of
the nonstructural protein NS4B and the complete coding se-
quences of the structural protein E2 and the nonstructural pro-
teins p7, NS2-3, and NS4A (Fig. 7A). The confirmed partial se-
quence of RaPestV-1 showed 46.5% to 47.3% nucleotide sequence
identities and 32.4% to 32.9% amino acid sequence identities to
other PestVs. Multiple-sequence alignment analyses of the E2 re-
gion of RaPestV-1 showed lower amino acid sequence identities
(�28%) than alignments with the whole partial sequence. We
constructed a phylogenetic tree based on the confirmed partial
protein sequence of RaPestV-1 and the corresponding positions of
other members of the genus Pestivirus (Fig. 7B). Japanese enceph-
alitis virus (JEV), in the genus Flavivirus, served as an outgroup.
The RaPestV-1 clade was distant from the other pestivirus clades.
Thus, the RaPestV-1 represented another novel species that oc-
curred evolutionarily distant from the known PestVs in the genus
Pestivirus.

Bat FV. The FVs, also called spumaviruses, are in the family
Retroviridae and are complex retroviruses with 12- to 13-kb DNA
genomes. They infect cattle, cats, horses, gorillas, monkeys, and
humans. In this study, we found an FV in Rhinolophus affinis of
Hainan, and we named it RaFV-1. We identified a partial genomic
sequence (2,856 nt) that encoded the C terminus of the pol gene
and the N terminus of the env gene (Fig. 8A). The partial pol gene
of RaFV-1 showed 52% to 59% amino acid sequence similarity
with the pol genes of other FVs, and the partial env gene of RaFV-1
showed 35% to 38% amino acid sequence identity with the env
genes of other FVs. We constructed a phylogenetic tree based on
the concatenated Pol and Env protein sequences of RaFV-1 and
other FVs. We used two members of the subfamily Orthoretroviri-
nae, the avian leukosis virus (ALV) and human immunodefi-
ciency virus type 1 (HIV-1), as outgroups (Fig. 8B). RaFV-1 could
be clustered with simian FV (SFV), human FV (HFV), bovine FV

FIG 7 Bat pestivirus. (A) Partial genomic segment of RaPestV-1; (B) phylogenetic analysis based on amino acid sequences of partial regions in RaPestV-1 and
the corresponding positions in other pestiviruses. RaPestV-1 is labeled with a black triangle.
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(BFV), equid FV (EFV), and feline FV (FFV) in the same genus
Spumavirus with strong bootstrap support. This finding indicated
that FVs could infect bats, and they showed low genomic similar-
ity with FVs that infect other hosts.

Prevalence and genetic diversity of bat AstVs. Members of the
genus Mamastrovirus in the family Astroviridae infect many mam-
mals, including humans, and cause gastroenteritis. In this study,
several NGS sequence reads of AstVs were found in Myotis rickeeti
of Jiangxi, Rhinolophus sinicus of Hunan, and Miniopterus
schreibersii and Tylonycteris robustula of Hainan. Therefore, we
used a set of nested PCR primers described previously to detect
the conserved regions of the RdRp gene of AstVs in each bat
species (8, 66). We identified 16 bat AstVs, including 1 Myotis
rickeeti AstV (MrAstV-1), 1 Rhinolophus sinicus AstV (RsAstV-
1), 13 Miniopterus schreibersii AstVs (MsAstV-1 to MsAstV-
13), and 1 Tylonycteris robustula AstV (TrAstV-1). These 16 bat
AstVs showed 63.0% to 100% nucleotide sequence identities to
each other and 66.1% to 99.7% nucleotide sequence identities
with bat AstVs reported previously in Hong Kong. In particular,
two of the bat AstVs that we found in Hainan, MsAstV-5 and
MsAstV-13, showed 99.7% and 99.0% nucleotide sequence iden-
tities, respectively, with bat AstVs AFCD82 and AFCD269 previ-
ously found in Miniopterus spp. of Hong Kong; in addition, three
of the bat AstVs, MrAstV-1, MsAstV-1, and TrAstV-1, that we
found in Myotis rickeeti, Miniopterus schreibersii, and Tylonycteris
robustula, respectively, from Jiangxi and Hainan shared more than
99% nucleotide sequence identities. We constructed a phyloge-
netic tree based on partial sequences (387 nt) of the RdRp gene to
show the evolutionary relationship between these 16 bat AstVs
and other AstVs. All bat AstVs were clustered in a single clade, and
a large branch of bat AstVs was distinct from other branches of
human or ovine AstVs. Two members of the genus Avastrovirus,

chicken and turkey astroviruses, were introduced as outgroups
(Fig. 9).

Bat coronaviruses CoVs. Bats were considered to be the natu-
ral carriers of CoV (BtCoV) in previous studies, because a large
number of BtCoVs were identified in a variety of bat species (7, 9,
11, 28, 59). In this study, we found 227 reads of BtCoV in Rhinolo-
phus affinis of Hainan and 210 reads of BtCoV in Miniopterus
schreibersii of Hainan. The NR alignment results showed that all
these reads (81 nucleotides long) showed 94% to 100% amino acid
sequence identities with either BtCoV 1A (GenBank accession
number EU420138) or BtCoV 1B (GenBank accession number
EU420137), which were previously identified in Miniopterus mag-
nater and Miniopterus pusillus of Hong Kong, respectively. This
finding suggested that BtCoVs in Hainan shared a very close ge-
netic relationship with the BtCoV 1A and BtCoV 1B in Hong
Kong.

DISCUSSION

This study detailed the viromes found in respiratory fluids and
feces of bats in China. We chose 11 insectivorous bat species from
six provinces for metagenomic analysis. To facilitate the identifi-
cation and tracking of viral communities near humans, all the bat
habitats in this study were in or close to suburban villages; thus,
the bats shared the same living environment and had close contact
with human beings.

As described in previous metagenomic analyses (10, 11, 32, 56,
57), we detected known or unknown viruses in this study by ana-
lyzing purified, viral particle-protected nucleic acid that had been
amplified with sequence-independent PCR amplification. Ini-
tially, we de novo assembled the sequence reads from each lane
into contigs and then aligned the contigs against NT and NR.
Because the sequence reads of NGS were randomly distributed

FIG 8 Bat foamy virus. (A) Partial genomic segment of RaFV-1; (B) phylogenetic tree generated with concatenated partial sequences of the Pol and Env proteins
of RaFV-1 and other members of the genus Spumavirus. RaFV-1 is labeled with a black triangle.
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throughout the whole genome of viruses, many of them could not
be assembled into longer contiguous segments. Thus, this type of
pretreatment of the NGS data incurred losses of valuable read
information for NT and NR alignments (data not shown). Con-
sidering that the length and accuracy of our valid sequence reads
(81 nt) were sufficient for initial taxonomic assignment, we con-
ducted the alignments with the valid reads directly. This change in
data processing provided an unprecedented quantity of taxo-

nomic information. The assembled contigs were used in the sub-
sequent genome sequencing to facilitate the reads-based PCR.

Despite the background sequence reads related to cellular or-
ganisms (which may be the result of incomplete DNase and RNase
enzyme digestion) and the reads with no hits (which may be the
result of unknown host and virus sequences), the similarity com-
parisons showed that a large number of reads could be classified
into families of phages, insect viruses, fungal viruses, and plant
viruses. The abundance of insect viruses, fungal viruses, and plant
viruses was associated with the insectivorous, cavernicolous, and
social habits of bats (it is worth mentioning that a large number of
reads related to Chrysoviridae, Partitiviridae, and Totiviridae were
found in Tylonycteris robustula; this may indicate fungal infections
in the bat species that we collected); thus, these were not initially
harbored in bats. The presence of phages reflected the bacterial
flora harbored in bats of different species. These viruses were de-
scribed in several previous studies, and they have little relationship
with mammalian infectious diseases (11, 32, 37); thus, we de-
scribed them only in the section that described the metagenomic
analysis of NGS results, and we did not perform further verifica-
tions for these viruses. The sequence reads related to mammalian
viruses were the emphasis of the present study.

Previous studies have reported HVs from the subfamilies Al-
pha-, Beta-, to Gammaherpesviruses in many bat species from
other regions (41, 61–63). In this study, the reads classified in the
family Herpesviridae comprised the second largest proportion of
mammalian viruses (24.8%). This indicated that HVs represent a
large class of viruses associated with bat species common in main-
land China. This conclusion was confirmed by our prevalence
survey of individual samples, where we used nested PCR to target
a partial region of the DPOL gene for RfBHV-1, TrBHV-1,
MrGHV-1, and MrGHV-2 (data not shown). The phylogenetic
analysis revealed the genetic relationships among these bat HVs
and showed that HVs from different bat species were located in
different phylogenetic positions at far distances from each other.

For bat PVs, this report was the first to identify PVs in the
suborder Microchiroptera (insectivorous bats). Although Rouset-
tus aegyptiacus papillomavirus type 1 (RaPV-1) was previously
described in a basosquamous carcinoma of the Egyptian fruit bat
in the suborder Megachiroptera (43), PVs found in the two subor-
ders showed only �50% nucleotide and amino acid sequence
identities, and these three bat PVs were located in distinct clusters
on different phylogenetic branches. PVs have high species-specific
and low cross-species transmission characteristics (42–44, 49).
The broad genetic diversity and strict host specificity exhibited in
the phylogenetic analysis confirmed the hypothesis that PVs are
ancient viruses that coevolved with the evolution of their verte-
brate host species. The symptoms of PV infections in insectivo-
rous bats need to be characterized further; for example, PV-asso-
ciated carcinomatosis was documented in fruit bats (43).

Previous studies have described broad genetic diversity in bat
CVs (17, 32). We identified only one new species of circovirus,
RfCV-1, in our bat samples. However, RfCV-1 showed little se-
quence similarity and a distant phylogenetic relationship with
other CVs, particularly with the two bat CVs (bat CV YN-BtCV-1
and TM-6c). Most avian CVs are pathogenic, and PCV-2 has been
reported to be pathogenic. Given the potential cross-species trans-
mission and highly variable characteristics of CVs (30, 35), it is
important to analyze the diversity of CVs among different hosts.

We simultaneously identified three new bat picornaviruses in

FIG 9 Bat astroviruses. The phylogenetic tree was constructed based on 387
nucleotides of the partial RdRp gene. Novel bat astroviruses are labeled with
black triangles.
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this study. These picornaviruses shared many common character-
istics but few amino acid sequence similarities with members of
other genera in the family Picornaviridae. According to the ICTV
and with the support of P1- and 3D-based phylogenetic analyses,
two of the three bat picornaviruses may represent two distinct new
genera. Members of the genus Cardiovirus are associated with se-
vere mammalian diseases. For example, Saffold viruses (SaffVs)
are associated with respiratory or gastrointestinal symptoms and
nonpolio acute flaccid paralysis in children (38). Additionally,
encephalomyocarditis virus and Theiler’s murine encephalomy-
elitis virus can cause encephalitis and myocarditis mainly in ro-
dents, and they can be transmitted from rodents to other hosts,
including mammals and birds (21). Our results showed that Mini-
opterus schreibersii picornavirus 1 was a close relative of cardiovi-
ruses, but further studies are required to determine whether it can
cause diseases in bat species. The close genetic relationship be-
tween Ia io picornavirus 1 and three previously documented bat
picornaviruses from other bat species (Miniopterus pusillus, Mini-
opterus magnate, and Rhinolophus sinicus) in China indicated that
the hypothetical genus may consist of bat picornaviruses that are
widely distributed in Chinese bat species. Considering that most
picornaviruses can cause many distinct diseases in their hosts (55),
the pathogenicity of the three bat picornaviruses should be further
investigated.

The present study was the first to show that bats carried three
mammalian viruses, BoV, PestV, and FV. This finding showed
that members of the genera Bocavirus and Pestivirus and the family
Retroviridae could infect more mammalian hosts than previously
thought. Bats could be considered potential carriers and dissemi-
nators of viruses in this family and these genera. Previous studies
have documented that cross-species transmission of some viruses,
like simian FV and BoV, represent potential risks to humans (3,
25). Thus, closer monitoring of common bat species that are
widely distributed in or around human gathering places is re-
quired.

This study revealed very close genetic relationships among bat
AstVs in different species (Myotis rickeeti, Tylonycteris robustula,
and three members of the genus Miniopterus) from distant loca-
tions (Jiangxi, Hainan, and Hong Kong). These viruses may arise
from the same prototype AstV strain. In this study, reads of highly
homologous BtCoV 1A and BtCoV 1B, validated previously in
Miniopterus magnater and Miniopterus pusillus of Hong Kong (7),
were found in Rhinolophus affinis and Miniopterus schreibersii in
Hainan. This finding also supported the previously reported hy-
pothesis that the distribution and cross-species transmission of
BtCoVs were closely associated with the migration and coroosting
of bat species (9).

The bat virome identified in this study was compared with
three previously reported bat viromes (11, 18, 32). All four studies
showed that sequences related to mammalian viruses comprised
less than 10% of the total sequences related to viruses; the largest
proportions of the sequence reads were related to phages, insect
viruses, and fungal viruses. Two bat virome analyses conducted by
Li et al. (32) and Donaldson et al. (11) with the Roche 454 method
described the presence of CoVs, HVs, picornaviruses, CVs, AdVs,
AAVs, and AstVs in some bat species of North America. One bat
virome analysis conducted by Ge et al. (18) with the Illumina
Solexa GA method for a single read of 35 bp mainly described the
insect viruses in some bat species of China. In this study, the Illu-
mina Solexa GA II method was used for a single read of 81 bp, and

11 species were separately sequenced. We also found CoVs, HVs,
picornaviruses, CV, AdVs, AAVs, and AstVs, but they shared little
similarity with viruses in the two previously reported bat viromes.
In addition, this study was the first to characterize PVs, BoVs,
PestV, and FV in bat species. The sequence reads of AdVs and
AAVs in our bat species showed high similarities with previously
reported AdVs and AAVs in different bat species of different Chi-
nese provinces (85% to 100% amino acid sequence identities; data
not shown) (33, 34). Based on several sequence reads related to the
family Paramyxoviridae, we obtained a partial region (330 nt) of
matrix gene in Miniopterus schreibersii of Hainan. This sequence
showed low nucleotide and amino acid sequence similarity with
known paramyxoviruses (data not shown). Considering the result
of a previous study that indicated that RT-PCR assays were more
sensitive than NGS in detecting paramyxoviruses (12), further
work is needed to detect bat paramyxoviruses in China.

This description of bat viromes in China provides a more com-
prehensive understanding of the virus communities present in
common bat species found in human habitats. The NGS technol-
ogy should facilitate further metagenomic analyses to investigate
more bat species in other regions and other natural virus hosts in
human environments.
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