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To explore the Culex tritaeniorhynchuses—specific virome, 6400 C. tritaeniorhynchuses
were collected in Honghe autonomous prefecture, China. Abundant virus sequences
were obtained from 28 viral families using metavirome sequencing. Herein, several viruses
in C. tritaeniorhynchuses virome were verified using the PCR technique, which covers
Japanese encephalitis virus (JEV), Getah virus, and even Chikungunya virus (CHIKV).
Seven JEV gene sequences were amplified successfully, of which JEV-China/CT2016E-1
shared the highest homology with the known JEV sequence isolated in Korea, 1946, with
at least 96.1% nucleotide (nt) identity, which belonged to genotype lll. Nine CHIKV gene
sequences were amplified, which shared the highest with at least 93.0% nt identity with
CHIKV from Thailand isolated in 2007, which was assigned to genotype Asian.
Remarkably, CHIKV was isolated from C. tritaeniorhynchus in China for the first time. It
was initially confirmed that the isolated virus CHIKV-China/CT2016-1 may increase
infectivity after passaging in Vero cells from BHK-21 cells. Collectively, our study reveals
the diversity, properties, and potential virus susceptibility dynamics of the C.
tritaeniorhynchus virome and sheds new perspectives on the viral ecology in other
important biological vectors.

Keywords: metavirome analysis, Culex tritaeniorhynchus, viral isolation, virus identification, phylogenetic analysis

INTRODUCTION

Mosquitoes are the biological vectors of many important zoonotic viruses, which can not only infect
animal, plants, and fungi but also pose a serious threat to human life and health (Lumley et al., 2018;
Sarah et al.,, 2021). China’s Yunnan province is located at the junction of China, Myanmar, Laos,
and Vietnam and has a tropical rainforest climate, which is rich in mosquito-borne viruses (Chao
et al., 2017; Rui-Chen et al., 2020). Notably, Culex tritaeniorhynchus is the dominant mosquito
species in the region (Yuan et al., 2021). Therefore, the surveillance of C. tritaeniorhynchus-specific
viruses is of great value. Traditional methods applied for virus detection, such as RT-PCR (Reverse

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1

June 2022 | Volume 12 | Article 938576


https://www.frontiersin.org/articles/10.3389/fcimb.2022.938576/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.938576/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.938576/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.938576/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:20190283@wzu.edu.cn
mailto:xiaopengpeng1010@126.com
https://doi.org/10.3389/fcimb.2022.938576
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2022.938576
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2022.938576&domain=pdf&date_stamp=2022-06-30

Zhang et al.

Virome Analysis of Culex tritaeniorhynchus

Transcription-Polymerase Chain Reaction) and WB (Western
blotting), can accurately identify several viruses (Micah et al.,
2021; Ptasinska et al., 2021). However, considering the detection
of a large number of low-abundance unknown viruses,
metavirome sequencing has more advantages (Jenai et al.,
2019). Furthermore, viral metagenomics offers a great
opportunity for the bulk analysis of viral genomes retrieved
directly from environmental samples (Muddassar et al., 2020).
The development of metavirome sequencing technologies have
resulted in an explosion in the identification of viruses, with over
2,000 novel viruses recorded in recent years (Mang et al., 2016;
Haoming et al., 2020). Accordingly, the application of
metavirome sequencing to C. tritaeniorhynchus can effectively
avoid the missed detection of highly pathogenic viruses and
potential unknown viruses.

The purpose in our study was to explore the C.
tritaeniorhynchus—specific viruses in Yunnan province and to
provide valuable reference for the discovery, isolation, and
identification of new viruses. We found that there were
abundant virus species in C. tritaeniorhynchus in Yunnan
province using metavirome sequencing. Apart from new
variants of JEV and Getah virus (GETV), Chikungunya virus
(CHIKYV) was isolated in C. tritaeniorhynchus from China for the
first time. Our preliminary study on the metavirome of C.
tritaeniorhynchus provides valuable information for the
discovery, diversity, and monitoring of the virome in other
mosquito species.

MATERIAL AND METHODS

Mosquito Collection

Female mosquitoes were collected daily from barns in Honghe
autonomous prefecture (N 23° 37’, E 102° 42°), (Figure 1) China,
from May to July 2016. Mosquitoes were collected through a

mosquito trap lamp played overnight from 17:00 to 08:00. After
retrieval, the collected mosquitoes were placed on an ice surface
and loaded mosquitoes were morphologically identified as C.
tritaeniorhynchus into 2-ml U-bottom microcentrifuge tubes
with a maximum of 100 mosquitoes per tube and then stored
at —80°C.

RNA Extraction and Metaviral Sequencing
Reagents together with methods used in RNA extraction and
metaviral sequencing have been expounded in our previous study
(Feng et al., 2022). Moreover, the DNA barcodes employed in
metaviral sequencing are displayed in Table 1. To identify viral
sequences, blastn (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was
employed for contig comparison to the GenBank, in which the E
value <10e™> was incorporated into the adoption. To further
validate the metaviral sequencing results, RT-PCR was applied for
confirming viral sequences using specific primers (Table 2).

Phylogenetic Analysis
The complete viral genes amplified were aligned with
representative viral genes through Clustal W 2.0. The
maximume-likelihood algorithm was utilized for the tree-
building model using MEGA 7.0.

Virus Isolation and Identification

BHK-21 and Vero cells were applied for virus isolation using
DMEM (Dulbecco's modified Eagle's medium)(HyClone, Logan,
UT, USA) with 8% fetal bovine serum added. In a nutshell, after
centrifugation, 20 pul of the supernatant of the mosquito-grinding
solution was added to the monolayer of BHK-21 cells, on which
80 ul of DMEM was contained and incubated at 37°C for 6 days
until the cells were observed to have a cytopathic effect (CPE)
induced by the virus. Blind passage was performed for 3 times
when no CPE appeared at the first time. CHIKV was searched in
supernatants after virus isolation using CHIKV-specific primers
(Table 2) targeting 326 nt of the E1 gene. Furthermore, the

FIGURE 1 | The sample collection site in Yunnan province, China. The sample collection site was labeled with a black mosquito pattern.
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TABLE 1 | Barcode DNA employed in metagenomic analysis (Pengpeng et ., 2018).

Primer Type Primer Number Primers (5’-3’)
Anchored RT1 GCCGGAGCTCTGCAGATATCNNNNNN
Random Primers ~ RT 2 GTATCGCTGGACACTGGACCNNNNNN
RT 3 ATCGTCGTCGTAGGCTGCTCNNNNNN
Barcode Primers  Primer1 GCCGGAGCTCTGCAGATATC
Primer2 GTATCGCTGGACACTGGACC
Primer3 ATCGTCGTCGTAGGCTGCTC

TABLE 2 | Primer pairs used in PCR identification.

Primer Name Primers (5’-3’) Product
(bp)

JEV-China/CT2016E-1/2/3-F  TTTAATTGTCTGGGAATGGGCA 1,500

JEV-China/CT2016E-1/2/3-  AGCATGCACATTGGTCGCTAAGA

R

JEV-China/CT2016NS1-1/2/  GACACTGGATGTGCCATTGACA 1,056

3/4-F

JEV-China/CT2016NS1-1/2/  AGCATCAACCTGTGATCTAACGA

3/4-R

CHIKV-China/CT2016E1-1/  TACGATCAGGTAACTGTGAACC 1,317

2/3/4-F

CHIKV-China/CT2016E1-1/  GTGCCTGCTAAACGACACGCATAG

2/3/4-R

CHIKV-China/CT2016C-1/2/  ATGGAGTTCATCCCAACCCAAA 783

3/4/5-F

CHIKV-China/CT2016C-1/2/  CCACTCTTCGGCCCCCTCG

3/4/5-R

GETV-China/CT2016E1-1/2/  TACGAACACACCGCAACGATC 1,314

3-F

GETV-China/CT2016E1-1/2/  GCGGCGCATAGTCACACACG

3-R

CHIKV-F* CTATGGAGCCAACGCTATCGCT 326

CHIKV-R* AGATACAGTAACATTATTTCCT

*The primers used in CHIKV identification after viral isolation.

expression of El protein was tested through Western blotting
with the anti-E1 monoclonal antibody (Abcam, Cambridge, UK)
and an HRP-conjugated rabbit anti-mouse antibody (Trans,
Beijing, China). Additionally, negative-stained electron
microscopy was employed for the observation of CHIKV
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.

Viral Passage and Variation Analysis

To mimic natural infection at the cellular level, we passaged the
CHIKYV in the susceptible cells including Vero cells and BHK-
21 cells. Firstly, CHIKV was passaged in BHK cells for 10 times
to get the 10th generation, and then, the virus was harvested
from the supernatants of BHK cells infected in the 10th-
generation CHIKYV, followed by inoculation into Vero cells
for passaging another 10 times, getting a total of 20 generations
of CHIKYV. The TCIDs, of the 5th and 10th passages from BHK
and the 15th and 20th from Vero cells was tested according to
the Reed—Muench method (Krah, 1991). Subsequently, the E1
gene of the above four passages was sequenced, with alignment
using MEGA 7.0.

Statistical Analysis

Data analysis was performed through SPSS (Statistical Product
Service Solutions) 19.0, in which a comparison between groups
was performed using the T-test. Each experiment was validated
iteratively by setting up three replicates and repeating it three
times. Differences were considered significant when the P-value
was less than 0.05.

Data Availability

The data produced in metagenomic sequencing have been
deposited in the GenBank Sequence Reads Archive with the
accession number of SRR15291873. The amplified viral
sequences have been deposited in the GenBank, in which the
accession numbers were covered: JEV-China/CT2016E-1/2/3
(OM799545-0M799547), JEV-China/CT2016NS1-1/2/3/4
(OM799554-0M799557), GETV-China/CT2016E1-1/2/3
(OM799565-OM799567), CHIKV-China/CT2016E1-1/2/3/4
(OM799570-OM799573), and CHIKV-China/CT2016C-1/2/3/4/
5 (OM799581-OM799583, OM898920, OM799584), respectively.

RESULTS

Mosquito Virome

Approximately 6,400 mosquitoes classified as C. tritaeniorhynchus
were collected for metaviral sequencing. Sequences were sorted as
viruses with 7.02 x 10° reads, including known and unclassified
viruses. Many mosquito viruses together with unknown or
unclassified viruses were discovered, with potential infectious
risks to human and animal. The abundance of viral reads varied
largely by the virus taxonomy. A total of 28 viral families were
detected, (Figure 2A) among which are Flaviviridae and
Togaviridae, consisted of known vital human pathogens verified
in C. tritaeniorhynchus. (Figure 2B) Metaviral sequencing assay
results showed that C. tritaeniorhynchus can carry a variety of
potential zoonotic pathogens. A total of 23,347 contigs were
yielded from the de novo assembly. Some interesting assembled
contigs showed similarities to the viral sequences of Flaviviridae
and Togaviridae, among which 127 JEV-like contigs, 59 GETV-
like contigs, and 92 CHIKV-like contigs demonstrated reads
coverage of 34x (261-1035 nt), 25x (239-916 nt), and 37x
(341-2,416 nt), respectively. Moreover, the JEV-like contigs,
GETV-like contigs, and CHIKV-like contigs possessed 83.2%-
95.7%, 82.6%-96.4%, and 81.9%-97.3% nt homology with the
known JEV, GETV, and CHIKV sequences separately.
Subsequently, virus-specific primers (Table 2) were designed
and synthesized for the amplification of the detected virus-like
sequences, by which the results from metaviral sequencing
were verified.

The Verification of Japanese Encephalitis
Virus-Like Sequences

The amplified JEV-like fragments were cloned into the pMD19-
T vector (Takara, Tokyo, Japan), followed by sequencing. Three
1,500-bp fragments (JEV-China/CT2016E-1/2/3) and four
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1,056-bp fragments (JEV-China/CT2016NS1-1/2/3/4) were
obtained. After alignment, JEV-China/CT2016E-1/2/3 shared
~96.5%-96.7% nt identity and ~90.6%-92.6% amino acid (aa)
identity with one another. Additionally, JEV-China/
CT2016NS1-1/2/3/4 possessed ~95.3%-96.6% nt identity and
~88.1%-91.5% aa identity between each other. Viral sequence
analysis using blastn showed that the amplified JEV-like
fragments shared the highest (nt identity at least 96.1% and aa
identity at least 94.2%) identity with JEV from Korea isolated in
1946, which was assigned to genotype III JEV (Figure 3).

The Verification of Getah Virus-Like
Sequences

The amplified GETV-like fragments were cloned into the
pMD19-T vector (Takara, Tokyo, Japan), followed by
sequenced. Three 1,314-bp fragments (GETV-China/
CT2016E1-1/2/3) were acquired. After alignment, GETV-
China/CT2016E1-1/2/3 shared ~97.0%-97.4% nt identity and
~92.0%-93.8% aa identity with one another. Viral sequence
analysis using blastn showed that the amplified GETV-like
fragments shared the highest (nt identity at least 98.2% and aa
identity at least 94.3%) identity with the E1 gene of GETV from
Japan isolated in Equus caballus, 1978 (Figure 4).

The Verification of Chikungunya Virus-Like
Sequences

The amplified CHIKV-like fragments were cloned into the
pMD19-T vector (Takara, Tokyo, Japan), followed by
sequencing. Four 1,317-bp fragments (CHIKV-China/
CT2016E1-1/2/3/4) and five 783-bp fragments (CHIKV-China/
CT2016C-1/2/3/4/5) were obtained. After alignment, CHIKV-
China/CT2016E1-1/2/3/4 shared ~96.5%-97.3% nt identity and
~90.9%-93.8% aa identity with one another. Additionally,
CHIKV-China/CT2016C-1/2/3/4/5 possessed ~92.0%-97.2% nt

identity and ~91.2%-94.6% aa identity between each other. Viral
sequences analysis using blastn showed that the amplified
CHIKV-like fragments shared the highest (nt identity at least
93.0% and aa identity at least 94.3%) identity with CHIKV from
Thailand isolated in 2007, which was assigned to genotype
Asian (Figure 5).
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FIGURE 3 | The phylogenetic trees based on JEV-E. E gene of JEV used to
build phylogenetic trees. Application of the maximum likelihood method was
used in MEGA 7.0, in which the bootstrap value was set to 1,000. Solid red
circles were used to mark the viral genes that were amplified in this study.
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Viral Isolation Identification of
Chikungunya Virus

All validated viruses were attempted to be isolated, and only
CHIKYV was successfully isolated. The newly isolated CHIKV was
verified by CPE (Figure 6A), PCR at the gene level (Figure 6B),
and WB at the protein expression level in infected cells
(Figure 6C), and the results all demonstrated positive. To
more visually verify the newly classified CHIKV, we observed
virus particles by negative-stain electron microscopy, displaying
rounded with belike 70-nm diameter and tiny protrusions on the
viral surface (Figure 6D).

The Variability of Chikungunya Virus After
Consecutive Passages

The infectious titer value of CHIKV-China/CT2016-1 at the 5th
generation in BHK cells was assessed as 6.35 x 10* TCIDs,/0.1
ml, and that at the 10th generation was tested as 5.73 x 10*
TCIDs0/0.1 ml. The 10th generation showed a decrease in
infectivity compared to the 5th generation, but did not show
significant differences. Interestingly, after examed in Vero cells,
the infectious titre value presented 2.26 x 10°> TCIDs,/0.1 ml at
the 15th generation and 3.03 x 10°> TCIDs0/0.1 ml at the 20th
generation, respectively. Both of the 15th and 20th generations
showed a significant increase in infectivity compared to the 5th
and 10th generations; thus, it can be speculated that cross-species
transmission may have contributed to the increased infectivity of
the virus. Further sequence analysis showed that both the El

genes of the 15th and 20th generations had mutation in a key aa
site (A226V) compared to the 5th and 10th generations.

DISCUSSION

Mosquitoes are the biological vectors for the transmission of
numerous important viruses, which are not only harmful to
plants and animals but also a serious threat to human life (Laura
et al.,, 2019; Priscilla et al.,, 2020; Chasity et al., 2022). In our
previous study, we found that C. tritaeniorhynchus was the
dominant mosquito species in Yunnan province, China (Xiao
et al., 2018). Multiple studies found that C. tritaeniorhynchus
carried a rich variety of viruses, covering Zika virus (Jing et al.,
2021), Duck Tembusu virus (Jitra et al., 2021), and JEV (Astri
et al,, 2021). In this study, a preliminary exploration of the viral
spectrum in the C. tritaeniorhynchus from Yunnan province was
carried out using metavirome techniques, and rich viral
sequences were detected, belonging to 24 viral families. Our
study offers support for a focus on the breadth of the viral
spectrum of the major mosquito species circulating in this
region. In addition, it highlights the importance of conducting
vector-specific surveillance to detect mosquito-borne viruses of
human-wide health importance.

Validation based on metaviral sequencing results, JEV and
GETV were successfully amplified from C. tritaeniorhynchus,
indicating that JEV and GETV were potentially propagated and
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circulated in this area. Furthermore, CHIKV was isolated. To the  tritaeniorhynchus (Hasan et al., 2020), suggesting that CHIKV
best of our knowledge, this is the first report of CHIKV isolation ~ was at risk of potentially expanding the susceptible mosquito
from C. tritaeniorhynchus in China. This finding supported the ~ species and thus the geographical range of transmission.
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FIGURE 6 | Identification of CHIKV-China/CT2016-1 isolated in the Honghe autonomous prefecture of Yunnan province. CPE observation of CHIKV-China/CT2016-
1 after BHK-21 cell infection (A). Identification of CHIKV-China/CT2016-1 by PCR (B). Identification of CHIKV-China/CT2016-1 by Western blot (C). Negative-stain
electron microscopy of CHIKV-China/CT2016-1 particles (D).
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the same mosquito species and geographic location,
demonstrating that CHIKV and JEV existed cocirculation, the
role of which in the expansion of the range of CHIKV-
susceptible mosquito species needed to be further investigated.
Aedes agypti and Ae. albopictus have been implicated as the
primary natural transmission vectors of CHIKV. The productive
arboviral infection in competent mosquito vector involves the
infection of the midgut and spread within the midgut epithelium
followed by dissemination to secondary tissues where viral
amplification takes place and infects salivary glands to release
the virus into salivary ducts necessary for infection to the
vertebrate host (Hardy et al., 1984). The detection of CHIKV
in Cx. tritaeniorhynchus and isolation of virus in susceptible cell
line signify infection with CHIKYV, but to establish the vectorial
capabilities, further research on vector competence of the
mosquito is necessary. Moreover, to support appropriately the
isolation of mosquito-transmitted arboviruses, other cell lines of
the mosquito origin (e.g., C6/36, C7-10, CCL-125, and Age-2)
could be used in future experiments. In addition, some viruses
were not amplified, probably due to insufficient sample size or
low viral load.

The variability analysis of CHIKV showed that the E1 genes
of the 15th and 20th generations had mutation in a key aa site
(A226V) compared to the 5th and 10th generations. As reported,
E1-A226V mutation will significantly enhance the adaptability of
CHIKV in Ae. albopictus (Agbodzi et al., 2021). In our study,
both of the 15th and 20th generations showed a significant
increase in infectivity compared to the 5th and 10th
generations, suggesting that CHIKV may have the potential to
propagate across the species barrier with infectivity
enhancement. This meant that the continued spread of CHIKV
will pose a greater potential threat to human health.

The findings in this study demonstrated the potential viral
reservoir in the C. tritaeniorhynchus in this region. However, the
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