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Rhinolophus sinicus
virome revealed multiple
novel mosquito-borne
zoonotic viruses

Chengcheng Peng®, Duo Zhang®, Chenghui Li? Yiquan Li?,
He Zhang?, Nan Li* and Pengpeng Xiao™

*Wenzhou Key Laboratory for Virology and Immunology, Institute of Virology, Wenzhou University,
Wenzhou, China, ?College of Agriculture, Yanbian University, Yanji, China, *Academician Workstation
of Jilin Province, Changchun University of Chinese Medicine, Changchun, China, “Changchun
Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Changchun, China

To exploit the Rhinolophus sinicus—specific virome, 29 Rhinolophus sinicus
were gathered in Lincang, China. Enriched viral sequences of 22 virus families
were acquired by metavirome techniques. Hereby, the part of virome in
Rhinolophus sinicus, including Chikungunya virus (CHIKV), Getah virus, and
Japanese encephalitis virus (JEV) were validated by PCR. Five CHIKV viral
sequences were amplified, among which CHIKV-China/B2016C-1 shared the
highest homology to CHIKV isolated from Italy in 2007, with the genotype as
African ECS. Eight JEV viral sequences were amplified, of which JEV-China/
B2016E-1 shared the highest homology with at least 91.3% nt identity with the
JEV sequence found in South Korea in 1988 and was classified as genotype IlI.
Notably, JEV was isolated for the first time in Rhinolophus sinicus. The newly
isolated JEV-China/B2016-1 could increase infectivity while passaging in Vero
cells from BHK-21 cells. Overall, the research sheds insight into the diversity
and viral susceptibility dynamics of the virome in Rhinolophus sinicus and
reveals new light on the ecology of other important viral hosts.

KEYWORDS

metavirome analysis, bat, virome, viral isolation and identification, phylogenetic
analysis

Introduction

Since the SARS-CoV-2 outbreak, research on viruses carried by bats has increased
dramatically, and a large number of novel viruses have been isolated or detected from
bats (Laura et al., 2022; Gabor et al., 2022; Kate and Edward, 2022). Because bats have no
obvious clinical signs of virus infection, they are considered to be the natural hosts of
many zoonotic viruses (Natalia et al., 2018). Yunnan province of China is located at the
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border of four countries (China, Myanmar, Laos, and Vietnam)
(Chao et al., 2017; Rui-Chen et al., 2020), where viruses carried
by bats can easily cause cross-border transmission. In particular,
Rhinolophus sinicus is the common bat species in this area
(Susanna et al,, 2017). Thus, virus monitoring for the specific
bat serves important research utility. To verify accurately limited
number of virus existence, polymerase chain reaction (PCR)
technology and Western blot could be more useful (Micah et al.,
2021; Ptasinska et al., 2021). Nevertheless, metagenomic
sequencing has shown strong strength for the discovery of a
vast variety of low-abundance and unknown viruses (Jenai et al.,
2019). The rapid development of metagenomic sequencing has
led to a spurt in virus identification (Haoming et al., 2020).
Hence, applying metagenomic sequencing to bats can be used
not only for the mining of novel susceptible viruses but also
effectively prevent the underdetection of unknown viruses at
low abundance.

To better assess the potential hazards posed by the specific
bat to human health, we conducted the research to exploit
Rhinolophus sinicus-specific viruses in Yunnan province and to
present a precious resource for the diagnosis, isolation and
identification of novel susceptible viruses. A rich variety of
viral species, including novel susceptible viruses, were
identified in Rhinolophus sinicus from Yunnan province by
metavirome techniques. In addition to new variants of CHIKV
and Getah virus, Japanese encephalitis virus (JEV) was isolated
for the first time from Rhinolophus sinicus. The initial research
on the virome of Rhinolophus sinicus yield valuable insights into

10.3389/fcimb.2022.960507

the identification, diversity, and surveillance of the virome of
other bat species.

Material and methods
Bat collection

Bats were sampled in natural habitat caves using mist nets
from Lincang city (N 23° 89, E 100° 09°) in Yunnan province
(Figure 1) from June to July 2016. Briefly, the bats at the top of
natural habitat caves were stimulated by the flashlight light and
fell into the pre-arranged mist nets. The trapped bats were
retrieved from mist nets using anti-bite gloves. Cloth bags
were used to individually confine and transport bats to
laboratory facilities for processing. After morphological
identification and Cytb gene identification, all throat swabs
were collected from Rhinolophus sinicus. All throat swabs were
placed into 2-ml polyethylene tubes with swab preservation
solution and temporarily stored at —80°C. The studies
involving animals were reviewed and approved by Wenzhou
University Laboratory Animal Welfare and Ethics Committee.

RNA extraction and metaviral sequencing

The reagents, RNA extraction methods, and metaviral
sequencing have been described in our previous study
(Guanrong et al., 2022). The DNA barcodes used for metaviral

FIGURE 1
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The sample collection site in Yunnan province, China. The sample collection site was labeled with yellow solid pentacle.
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sequencing was shown in Table 1. Blastn (https://blast.ncbinlm.
nih.gov/Blast.cgi) was performed for contigs comparison with
GenBank, where E value < 10e” was included in the adoption to
identify viral sequences. Application of RT-PCR using specific
primers to confirm viral sequences and further validate
metaviral sequencing results (Table 2).

Phylogenetic analysis

The amplified complete viral genes were compared with
representative viral genes by Clustal W 2.0. Complete C gene
sequences with 783 nt of CHIKV, E2 gene sequences with 1266
nt of GETV, and E gene sequences with 1500 nt of JEV were used
for phylogenetic analysis. Evolutionary tree model was
constructed by the maximum-likelihood algorithm with
bootstrap value set to 1,000 using MEGA 7.0.

Virus isolation and identification

For the isolation of virus in BHK-21 and Vero cells, cells
were cultured in medium (DMEM, HyClone, Logan, UT, USA)

TABLE 1 Barcode DNA employed in metagenomic analysis
(Pengpeng et al., 2018).

Primer Primer Primers (5'-3')
type number
Anchored RT1 GCCGGAGCTCTGCAGATATCNNNNNN
Raf‘dom RT 2 GTATCGCTGGACACTGGACCNNNNNN
Primers RT 3 ATCGTCGTCGTAGGCTGCTCNNNNNN
Barcode Primer1 GCCGGAGCTCTGCAGATATC
Primers Primer2 GTATCGCTGGACACTGGACC

Primer3 ATCGTCGTCGTAGGCTGCTC

TABLE 2 Primer pairs used in PCR identification.

10.3389/fcimb.2022.960507

containing 8% fetal bovine serum. Briefly, bat sample grinding
solutions were centrifuged, and 20 pl of supernatant was added
to BHK-21 cells, incubated at 37°C for 5-7 days until virus-
induced cytopathic effects (CPEs) were observed. JEV in the
supernatant was detected using JEV-NS1 specific primers
(Table 2). The expression of NS1 protein was tested through
Western blotting with the anti-NSI1 monoclonal antibody
(Abcam, Cambridge, UK) and an HRP-conjugated rabbit anti-
mouse antibody (Trans, Beijing, China). Negative-stained
electron microscopy was employed for the observation of JEV
particles, which were prepared using supernatant of infected
BHK-21 cells mingled 1:1 with 6.1% paraformaldehyde,
mounted on copper grids, with the treatment of 3%
phosphotungstic acid (Duo et al., 2022).

Viral passage and variation analysis

Newly isolated JEV were trans-species passaged into Vero
cells and subsequently mimic natural infection at the cellular
level. Specifically, JEV was first passaged to the 10" generation in
BHK cells, then virus was extracted from the supernatant and
inoculated into Vero cells for 10 passages, with a total of 20
passages. The TCIDs, in BHK cells of 5™ and 10" generation
viruses and Vero cells of 15 and 20" generation was detected
by Reed-Muench method (Krah, 1991). Subsequently, the NS1
gene of the above four passages were sequenced and compared
using MEGA 7.0.

Statistical analysis
Statistics were performed using SPSS 26.0 software. t-test

was used in the comparison among different groups after
normality test. Each experiment was validated iteratively by

Primer name

CHIKV-China/B2016C-1/2/3-F
CHIKV-China/B2016C-1/2/3-R
CHIKV-China/B2016NS1-1/2-F
CHIKV-China/B2016NS1-1/2-R
GETV-China/B2016E2-1/2-F
GETV-China/B2016E2-1/2-R
JEV-China/B2016E-1/2/3/4-F
JEV-China/B2016E-1/2/3/4-R
JEV-China/B2016NS1-1/2/3/4-F
JEV-China/B2016NS1-1/2/3/4-R
JEV-F*

JEV-R*

Primers (5'-3")

Product (bp)

*The primers used in JEV identification after viral isolation.

Frontiers in Cellular and Infection Microbiology

ATGGAGTTCATCCCAACCCA 783
CCACTCTTCGGCCCCCT
ATGGATCCTGTGTACGTGCACA 1605
TGCGCCCGCTCTGTCCTCAA
AGTGTGACGGAACACTTCAAT 1266
GGCATGCGCTCGTGGTGC
TTTAATTGTCTGGGAATGGG 1500
AGCATGCACATTGGTCGCTA
GACACTGGATGTGCCATTGAC 1056
AGCATCAACCTGTGATCTAAC
ATCTGTCACTAGATCGGAGCA 359
CGTCAGTGCTCTCCTCTCTA
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setting up three replicates and repeating it three times. P < 0.05
was considered statistical significance.

Data availability

The data produced in metagenomic sequencing were
registered in the GenBank (Accession No. SRR15292018). The
amplified viral sequences have been deposited in the GenBank,
in which the accession numbers were covered: CHIKV-China/
B2016C-1/2/3 (OM799585-OM799587), CHIKV-China/
B2016NS1-1/2 (OM799577-0OM799578), GETV-China/
B2016E2-1/2 (OM799568-OM799569), JEV-China/B2016E-1/
2/3/4 (OM799548-OM799551), and JEV-China/B2016NS1-1/
2/3/4 (OM799558-OM799561), respectively.

Results
Bat virome

A total of 29 throat swabs from 29 bats classified as
Rhinolophus sinicus were sampled for metaviral sequencing.
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FIGURE 2
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Sequences were sorted as viruses with 3.67 x 107 reads
(average length of 186.52 nt), including known and
unclassified viruses. Numerous bat viruses and unknown or
unclassified viruses have been identified with potential risk of
infection to humans and animals. Abundance of virus reads
varied from different viral taxonomy. A total of 22 viral families
were detected (Figure 2), of which Flaviviridae and Togaviridae,
consisted of known vital human pathogens verified in
Rhinolophus sinicus. Metavirome assay results showed that
Rhinolophus sinicus carried numerous potential zoonotic
viruses. A total of 40,351 contigs were yielded from dDe novo
assembly. Several attractive assembled contigs displayed
similarities to viral sequences of Flaviviridae and Togaviridae,
among which 37 GETV-like contigs, 84 CHIKV-like contigs,
and 206 JEV-like contigs demonstrated reads coverage of 27x
(223-816 nt), 32x (238-1035 nt) and 38x (255-1841 nt)
respectively. In addition, the GETV-like contigs, CHIKV-like
contigs and JEV-like contigs possessed 83.1-92.5%, 82.7-94.1%,
and 84.0-93.6% nt homology with the known GETV, CHIKYV,
and JEV sequences separately. Afterward, the detected virus-like
sequences was amplified with designed virus-specific primers
(Table 2), and thus validated the metaviral sequencing results.

1% 1%

M Flaviviridae

B Retroviridae

B Phycodnaviridae

B Mimiviridae

B Poxviridae

W Partitiviridae

W Herpesviridae
Circoviridae

Abundance and proportion of viral families in Rhinolophus sinicus. The taxonomy of viral sequences according to viral family, with relative
abundance (A). The proportion of main viral families in Rhinolophus sinicus (B).
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The verification of CHIKV-like sequences

The CHIKV-like fragments identified in this research were
amplified by PCR, cloned into pMD19-T (Takara, Tokyo, Japan)
and sequenced. The results showed that the sequence of the two
NSI1 genes were all 1605 nucleotides in length (CHIKV-China/
B2016NS1-1/2), and the isolates shared ~95.8% nt homology
and ~91.2% aa homology among them. Three 783-bp fragments
(CHIKV-China/B2016C-1/2/3) were also obtained, and the
similarities of nt and aa sequences of C genes among these
isolates are 89.5-93.7% and 89.5-93.7%, respectively. Analysis
using BLASTN indicated that CHIKV-China/B2016C-2/3
displayed the highest nt (96.7%) and aa (93.1%) homology
with CHIKV from Thailand isolated in 2007, which was
assigned to genotype Asian, whereas CHIKV-China/B2016C-1
had the highest homology with CHIKV from Italy isolated in
2007 (96.8% at nt and 92.3% at aa), which was assigned to
genotype ECS Africa (Figure 3).

The verification of GETV-like sequences

RT-PCR product of the GETV-like fragments were cloned in
pMD19-T vector (Takara, Tokyo, Japan) and then sequenced.
Two 1266-bp fragments (GETV-China/B2016E2-1/2) were
acquired. The identities of nn and aa sequences of E2 genes of
isolates are ~96.9% and ~95.5%, respectively. BLASTN results
showed that the amplified GETV-like fragments had highest
homologous (94.2% at nt and 93.8% at aa) to the E2 gene of
GETV from Thailand isolated in sus scrofa, 2017 (Figure 4).

The verification of JEV-like sequences

The amplified fragments of JEV-like gene were cloned in
pMD19-T vector (Takara, Tokyo, Japan) and were sequenced.
The sequencing analysis showed that there were four 1500-bp
fragments (JEV-China/B2016E-1/2/3/4) and that identity of
sequence was ~92.9-97.1% at nt and ~85.6-94.4% at aa.
Moreover, the homologies were ~95.1-96.3% on nucleotide
level and ~87.2-91.2% on amino acid level among the four
fragments with 1056-bp (JEV-China/B2016NS1-1/2/3/4).
Analysis using BLASTN indicated that JEV-like fragments
were detected with the highest homologous (91.3% at nt and
85.6% at aa) to the JEV from South Korea isolated in 1988, which
was assigned to genotype III JEV (Figure 5).

Viral isolation identification of JEV

JEV was successfully isolated from the validated virus. The
newly isolated JEV was verified by CPE (Figure 6A), PCR from

Frontiers in Cellular and Infection Microbiology
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the gene level (Figure 6B) and Western blotting from the protein
level (Figure 6C), respectively, and all the results showed
positive. We observed the virus particles by negative electron
microscope, which is convenient for more intuitive verification
of the newly isolated JEV. The virus showed a circular shape with
a diameter of 30-40 nm and tiny protrusions on the
surface (Figure 6D).

The variability of JEV after consecutive
passages

The infection titer value of JEV-China/B2016-1 in 5%
generation BHK cells was 5.26 x 10° TCIDs0/0.1 ml, and that
in 10™ generation was 4.67 x 10° TCID5,/0.1 ml. The infectivity
was decreased in 10 generation compared to 5 generation, but
the difference was not significant, P > 0.05 (t-test). Interestingly,
in Vero cells, the infection titers of in generation 15 and 20"
were 8.33 x 10° TCIDs,/0.1 ml and 1.13 x 10* TCIDs,/0.1 ml,
respectively, both of which were significantly more infectious
than those of BHK in generation 5% and IOth, P < 0.05 (t-test).
Therefore, it can be speculated that cross-species transmission
may be one of the reasons for the increased infectivity of the
virus. Further sequence analysis showed that the key amino acid
site (E138D) of the E gene was mutated in both the 15" and 20t
generations compared to the 5™ and 10™ generations.

Discussion

Bats are the vectors and intermediate hosts of many zoonotic
viruses, posing a major threat to human life and health (Smriti,
2022; Sarah et al.,, 2022; Tan et al., 2020). The Rhinolophus sinicus
was a common bat species in Yunnan province, China (Hayes
etal, 2019; Linmiao et al., 2022). Several studies have confirmed
that Rhinolophus sinicus can transmit a variety of important
viruses, covering SARS-CoV-2 (Hong-Liang et al., 2021),
hepatitis B virus (Bornali et al., 2021), and bocaparvovirus
(Susanna et al., 2016; Susanna et al., 2017). In our study, we
conducted a preliminary exploration of the viral spectrum of
Rhinolophus sinicus in Yunnan province employing metavirome
technology and identified a rich set of viral sequences pertaining
to 22 virus families. The research provides support for focusing
on the breadth of the viral spectrum of common bat species
circulating in this area. Moreover, it suggests the importance of
conducting biological vector-specific surveillance.

According to the metavirome results, CHIKV and Getah
viruses were simultaneously amplified from Rhinolophus sinicus,
indicating that CHIKV and Getah viruses were in potential
dissemination and prevalence in the same bat species and
geographical location, existing a co-transmission probability.
Interestingly, JEV was isolated successfully. To our knowledge,
this is the first report of JEV isolation from Rhinolophus sinicus.
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FIGURE 4
The phylogenetic analysis based on GETV-E2. Complete E2 gene sequences with 1266 nt of GETV were used for phylogenetic analysis. The
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maximum likelihood method was used tree building algorithms in MEGA 7.0, with bootstrap value set to 1,000. Solid blue rhombus was used for

marking the viral genes amplified in the research.
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FIGURE 5

The phylogenetic analysis based on JEV-E. Complete E gene sequences with 1500 nt of JEV were used for phylogenetic analysis. The maximum
likelihood method was used tree building algorithms in MEGA 7.0, with bootstrap value set to 1,000. Solid blue rhombus was used for marking

the viral genes amplified in the research.

This suggests that JEV has the potential to expand the species of
susceptible bats and hence the geographic range of prevalence.
The mechanisms underlying the species range of JEV-sensitive
bats need further study.

Variability analysis of JEV showed that compared with the
5™ and 10" generations, the E gene was mutated at a critical
amino acid site (138) in generations 15 and 20. According to
reports, E-138 mutation will significantly change the viral
infectivity (Ni et al., 1994). In this study, compared with
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1001 KN677246.1 Singapore 1952

generations 5 and 10, both generations 15 and 20 showed a
significant enhance in infectivity, implying that JEV may be able
to transmit across species barriers, thereby enhancing infectivity.

Our research showed the potential viral spectrum in the
Rhinolophus sinicus in the area. Nevertheless, the specific viral
landscape of Rhinolophus sinicus is not well established. Due to
the limitation of sample size and sampling range, there are many
potential viruses that have not yet been excavated. The potential
viruses of specific bat species need to be confirmed by further
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Identification of JEV-China/B2016-1 isolated in Lincang city of Yunnan province. CPE observation of JEV-China/B2016-1 after BHK-21 cells
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studies. In summary, our research offers precious insights into
the spectrum of viruses propagated by specific bats and the
discovery of their new susceptible viruses. It will serve as an
essential reference value for molecular epidemiological studies of

biological vectored viruses.
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