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Abstract

Objective: Mosquitoes are medically important arthropod vectors that harbor 
a variety of viruses. Geography and climate are known to be associated with 
variations in mosquito density, species and viromes. Our study investigated the 
dynamic changes in mosquito populations, species compositions and viromes 
in a regularly disinfected environment in Wuhan, China, during 2020.

Methods: Traps were set in different mosquito habitats, including an urban 
residential area, two hospitals, a scenic area and a pig farm in a rural region 
between April and October of 2020. The collected mosquitoes were subjected 
to morphological identification, RT-qPCR and metagenomic sequencing.

Results: A total of 2345 adult mosquitoes were collected. Culex mosquitoes 
were dominant in both urban regions (90.32%, 1538/1703) and the pig 
farm (54.98%, 353/642). In RT-qPCR screening, the prevalence of Banna 
virus was 15% and 3% in mosquitoes from the urban area and the pig 
farm, respectively, whereas no Japanese encephalitis virus was detected. 
Culex viromes showed dynamic changes during the collection period. Several 
mosquito-specific viruses, such as Culex flavivirus, Alphamesonivirus 1, Hubei 
mosquito virus 2 and Hubei mosquito virus 4, showed seasonal changes and 
unimodal increases or declines. Other mosquito-specific viruses, such as Wuhan 
mosquito virus 6, Hubei virga-like virus 2 and Zhejiang mosquito virus 3, were 
stable in all collected Culex and are potential members of the core viromes.

Conclusion: This study improves understanding of the dynamic composition 
of mosquito species and the viromes that they carry, and provides useful 
information for guiding mosquito control and mosquito-borne disease 
prevention strategies.
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BACKGROUND

Mosquitoes are blood-sucking arthropods 
that have a broad distribution worldwide 
and can cause severe threats to public 
health. Mosquitoes are crucial competent 
vectors for several mosquito-borne viruses 
(MBVs), such as dengue virus and chi-
kungunya virus, which infect millions 
of people every year [1,2]. The MBVs 

infecting humans are concentrated in four 
groups: the Reoviridae (genus Orbivirus 
and Seadornavirus, such as Tibet orbivirus 
and Banna virus) the Flaviviridae (genus 
Flavivirus, such as dengue virus and zika 
virus), Togaviridae (genus Alphavirus, such as 
chikungunya virus and Venezuelan equine 
encephalitis virus) and Bunyavirales (primar-
ily in two families, genus Orthobunyavirus 
in Peribunyaviridae, such as Bunyamwera 
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virus, and some members in the genus Phlebovirus, family 
Phenuiviridae, such as Rift Valley fever) [3]. In addition to 
MBVs that can infect both vertebrates and invertebrates, 
various mosquito-specific viruses (MSVs) have been identi-
fied in recent years. These MSVs have potential applications 
in biological control of mosquito-borne diseases, diagnostic 
therapies and novel vaccine platforms [4]. MSVs exist in 
many families, the most common of which are Flaviviridae 
(genus Flavivirus, such as Culex flavivirus and Quangbinh 
virus) and Mesoniviridae (entire family, such as Yichang virus 
and Dianke virus). Notably, the Orthomyxoviridae, whose 
major representatives are vertebrate viruses, such as influenza 
viruses [5], are also found in mosquitoes, particularly in the 
genus Quaranjavirus, such as Quaranfil virus and Johnston 
Atoll virus [6]. With rapidly developing next-generation 
sequencing (NGS) technology, viral metagenomics has been 
used to detect viral diversity and abundance, predict disease 
outbreaks and identify novel viruses in uncultured mosquito 
samples [7]. Moreover, viral metagenomic surveillance sys-
tems have been established to monitor the viromes derived 
from mosquito hosts [7].

Hubei is a province located in central China with a suit-
able environment for mosquito breeding. During the past 
decade, hundreds of Japanese encephalitis cases have been 
reported in Hubei [8]. In August 2019, the first local out-
break with a total of 50 cases of dengue fever was reported 
in Huangzhou, Hubei Province [9]. In addition, two geno-
types of Banna virus (BAV) have been isolated from mos-
quitoes captured in Hubei; this virus is a member of the 
Seadornavirus genus and may be pathogenic to humans or 
animals [10]. For MSVs, Quang Binh virus, Culex flavivirus 
and Yichang virus (YCV), which can decrease the replica-
tion of DENV-2 when coinfected in mosquitoes, have also 
been reported to be present in mosquitoes collected from 
Hubei [11,12].

Wuhan, the capital city of Hubei Province, has an annual 
mean temperature of 15.8–17.5°C and an annual precip-
itation of 1150–1450 mm of rain, thus making this area 
suitable for mosquito breeding. During the COVID-19 
epidemic, in early 2020, a large-scale disinfection proce-
dure was applied in the environment of the entire city [13]. 
Therefore, changes in the species or density of mosquito 
populations may occur in Wuhan with respect to those in 
previous years. Limited information is available regarding 
the viral diversity and abundance of mosquitoes in Wuhan. 
In this study, mosquitoes were collected and classified 
monthly from representative sites from April to October 
2020, and then dynamic surveillance of the mosquitoes and 
their viromes was conducted, together with screening for 
BAV and Japanese encephalitis virus (JEV).

METHODS

Sampling sites
Sampling sites were selected in five representative regions 
of Wuhan. The sampling times were from late April to 
late October 2020 (SFig 1), as described previously [14]. 

The sites contain two hospitals, the First People’s Hospital 
of Jiangxia District (30° 22′ 23″ N, 114° 18′ 56″ E) and 
Huoshenshan Hospital (30° 31′ 42″ N, 114° 4′ 50″ E); one 
urban residential area, Huanan seafood market (30° 37′ 7″ 
N, 114° 15′ 25″ E); one scenic area, East Lake (30° 37′ 6″ 
N, 114° 15′ 27″ E); and one pig farm in a rural region, 
Huangpi pig farm (30° 52′ 52″ N, 114° 22′ 30″ E).

Mosquito collection and sample preparation
Mosquitoes were collected with light traps with an attract-
ant (Maxttrac, China) set on the shore ponds or in the 
bushes. Mosquitoes were collected monthly from April to 
October, except in the pig farm, where trapping occurred 
only in May because the pig farm was shut down in June. 
The traps were set from 19:00 to 22:00 pm for 3–7 days 
every month. Then the mosquitoes were separated, identi-
fied and stored at −80°C.

The mosquitoes were assigned to different pools according 
to the collection site, month, species and sex. Each mosquito 
pool (20 mosquitoes/pool) was triturated with the cryogenic 
grinding method by using a High-Speed Low-Temperature 
Tissue Grinding Machine (Servicebio, China) running two 
30-second cycles at 50 Hz. After sufficient grinding, 600 μL 
of Roswell Park Memorial Institute (RPMI) medium was 
added for homogenization [15]. Mosquito macerates were 
clarified by centrifugation at 10,000 × g (4°C for 30 min) 
to remove cell debris and bacteria. Supernatants were stored 
at −80°C until further use.

RNA extraction and RT-qPCR
RNA was extracted from 200 μL of homogenized super-
natant sample with Direct-zol RNA MiniPrep (Zymo 
Research, USA) according to the manufacturer’s instruc-
tions. The quantitative real-time reverse transcription PCR 
(RT-qPCR) mixtures for the detection of viral RNA were 
made with a Luna® Universal Probe One-Step RT-qPCR 
Kit (New England Biolabs, USA) in accordance with the 
manufacturer’s instructions and then placed in a thermocy-
cler (BIO-RAD CFX96™ Real-Time System, USA).

Specific RT-qPCR for BAV and JEV was performed 
with previously reported primers and probes (STable 1) 
[10,16,17]. All oligoprimer DNAs were synthesized by 
TSINGKE (Wuhan Branch, China). Twenty-microliter 
reaction mixtures containing 5 μL of viral RNA and 0.8 
μL of each primer were incubated at 55°C for 10 min and 
95°C for 1 min, followed by 40 cycles of 95°C for 10 s and 
55°C for 30 s.

Metagenomic sequencing
The dominant mosquito genera in an urban district and 
pig farm were selected for sequencing. Briefly, the RNA 
extracted from each mosquito pool was remixed to form 
new pools via different strategies. For urban pools, 10 μL 
of RNA extracted from pools from all sampling areas in 
the same month was mixed into monthly pools. For the 
Huangpi pig farm pools, 10 μL of RNA extracted from pools 
from the same mosquito genus was mixed into Anopheles or 
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Culex pools. The purity and integrity of the RNA pools 
were verified with a NanoPhotometer® spectrophotometer 
(IMPLEN, CA, USA), an RNA Nano 6000 Assay Kit and a 
Bioanalyzer2100 system (Agilent Technologies, CA, USA). 
One microgram of RNA from each pool was used for library 
preparation with the NEBNext® UltraTM RNA Library 
Prep Kit for Illumina® (NEB, USA) according to the man-
ufacturer’s instructions. Then the libraries were clustered on 
a cBot Cluster Generation System by using a TruSeq PE 
Cluster Kit v3-cBot-HS (Illumina) and sequenced with an 
Illumina NovaSeq 6000 System.

Downstream bioinformatics analysis
The paired-end reads from NGS were processed with Trim-
galore [18] to trim adapters and low-quality bases, and the 
reads of the host genome (Anopheles or Culex) were dis-
carded with bowtie2 [19] and bedtools [20]. The remaining 
reads were assembled into contigs with Trinityrnaseq [21]. 
Contigs longer than 500 bp were filtered and dereplicated 
(nucleotide identity > 95% and coverage rate > 80%) with 
CD-HIT [22], and aligned against the nonredundant pro-
tein database from NCBI (updated in March 2021) for tax-
onomic classification by using Diamond BLASTX [23]. The 
BLASTX results were processed with the LCA algorithm 
(weighted LCA percentage = 75%, e-value = 1 × 10−5, 
minimum support = 1) with MEGAN [24]. Taxonomic 
classification was conducted mainly at the family level. The 
trimmed reads were aligned to the contigs of each sample 
with checkm [25] to calculate the abundance of eukary-
otic viral contigs. Data visualization was conducted with 
ComplexHeatmap [26] and the ggplot2 [27] package in R 
[28]. A viral species that contained more than 500 reads was 
considered to be present in a pool.

RESULTS

Mosquito composition
The temperature and precipitation from April to October 
in Wuhan during 2020 (Fig 1A) were recorded. The rainfall 
increased above the 10-year average data in June and July, 
but the average temperature was lower than that in previous 
years [29].

From April to October, a total of 2345 adult mosquitoes 
were collected: 1703 from the urban area and 642 from the 
rural pig farm. The seasonal fluctuations in mosquito density 
in the urban area revealed a bimodal pattern, with the first 
peak occurring in May or June, and the second significantly 
lower peak occurring in September or October (Fig 1B and 
E), similarly to previous data [30].

Four genera of mosquitoes were classified: Culex, Aedes, 
Anopheles and Armigeres (Fig 1C and D). In these four gen-
era, the predominant species in both the urban area and 
pig farm was Culex, in agreement with existing reports 
[30]. In the urban area, Culex mosquitoes composed a 
large proportion (90.32%, 1538/1703), followed by Aedes 
(9.21%, 157/1703). Both Anopheles (0.18%, 3/1703) and 
Armigeres (0.18%, 3/1703) were caught in small amounts. 

However, in the pig farm, the main mosquito species were 
Culex (54.98%, 353/642) and Anopheles (43.77%, 281/642). 
Armigeres (1.25%, 8/642) was much less collected, and no 
Aedes mosquitoes were caught.

BAV and JEV detection by RT-qPCR
A total of 1507 of the 1703 mosquitoes from the urban area 
were separated into 90 pools, and 634 of the 642 mosqui-
toes from the pig farm were separated into 33 pools. In the 
mosquitoes from the urban area, 15% (14/90 pools) were 
positive for BAV according to RT-qPCR (Ct values ranging 
from 32 to 38), and the BAV-positive samples were mainly 
distributed in residential areas from May to July. In the mos-
quitoes from the pig farm, 3% (1/33 pools, Ct = 32.71) 
were positive for BAV. However, none of the mosquitoes 
were JEV positive (STable 2).

Virome profiles of mosquitoes collected in Wuhan
The seven Culex monthly pools (whct-C_04 to whct-C_10) 
from the urban area and one Anopheles (hpzc-A_05) and 
one Culex pool (hpzc-C_05) from the Huangpi pig farm 
were processed for metagenomic sequencing. All nine pools 
contained a total of 53,983,154 host-genome-removed 
reads (Table 1). A total of 2,663,238 de novo assembled 
contigs were added. The contigs were clustered and derep-
licated (longer than 500 bp, nucleotide identity > 95% and 
coverage > 80%) into 413,645 nonredundant contigs. With 
BLASTX, 1189 and 412,456 contigs were aligned to eukar-
yotic viruses and other organisms, respectively.

The viromes of the collected mosquitoes were classified 
into 20 viral families and a group of unclassified viruses (Fig 
2A). Invertebrate viruses were dominant in the viromes, 
and the hosts of 11 viruses remain unknown (Fig 2B). Only 
Hubei chryso-like virus 1 (HCLV1) has a vertebrate host.

The abundance of each viral species found in at least 
one pool containing more than 500 reads is shown in the 
heatmap (Fig 3). The viromes contained 52 viral species in 
total. Thirty of them were classified into 20 viral families, 
and the other 22 viruses lacked accurate taxonomic classifi-
cation. Unclassified viruses composed a large proportion of 
the viromes in all pools.

In urban districts, 18 viral families were present in the 
viromes of Culex mosquito pools. The viral diversity in 
urban districts changed by month and showed two peaks. 
The highest viral diversity occurred in the pool whct-C_06 
(Fig 3). At the family level, Orthomyxoviridae and Flaviviridae 
were the dominant viral families and were stably present 
in the monthly pools (Fig 3). The relative abundance of 
Orthomyxoviridae fluctuated from 5.91% to 38.37% during 
the collection time, whereas Flaviviridae showed high rela-
tive abundance (26.47%–47.87%) from August to October. 
At the viral species level, viruses with unimodal changes 
in relative abundance (the maximum difference ≥ 20%) 
were regarded as viruses with dynamic changes. Culex fla-
vivirus (family Flaviviridae) showed low abundance in April 
to July and higher abundance in September to October. 
Alphamesonivirus 1 (family Mesoniviridae), Hubei mosquito 
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virus 2 (unclassified family) and Hubei mosquito virus 4 
(unclassified family) showed unimodal curves, and their 
peaks occurred in May, August and June, respectively.

In the Huangpi pig farm, the Culex pool, which contained 
13 viral families and 4 unique viruses (Atrato Sobemo-like 
virus 4, Yongsan sobemo-like virus 1, Primus virus and 
Ochlerotatus-associated narna-like virus), had viromes sim-
ilar to those of Culex from urban districts, but differences in 
viral composition were detected in the families of Parvoviridae 
and Circoviridae. The diversity of viromes in Anopheles 

mosquitoes was significantly lower than that in Culex mos-
quitoes. The Anopheles pool had six unique viruses, and the 
most abundant virus was Xincheng anphevirus. Six viral spe-
cies (Wuhan mosquito virus 5, Atrato virus, Chibugado virus, 
Hubei Beny-like virus 1, Hubei odonate virus 15 and Aedes 
alboannulatus orthomyxo-like virus) were found in both 
Culex and Anopheles from the Huangpi pig farm, four of 
which (Wuhan mosquito virus 5, Atrato virus, Hubei Beny-
like virus 1 and Aedes alboannulatus orthomyxo-like virus) 
were absent in Culex mosquitoes in urban districts (Fig 3).
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FIGURE 1  |  The species and amounts of mosquitoes collected in urban districts and the Huangpi pig farm in Wuhan from April to October 
of 2020.
(A) The histograms and lines show the precipitation and average temperature of each month, respectively. (B) The mosquitoes collected in 
urban districts per month. The line shows the total mosquitoes per month. (C) The proportion of mosquito genera in urban districts. (D) The 
proportion of mosquito genera in the Huangpi pig farm. (E) The abundance of mosquitoes at different collection times.
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DISCUSSION

In this study, we performed 7 months of mosquito mon-
itoring in Wuhan during 2020 to determine the dynamic 
changes in mosquito populations and their viromes. The 
main mosquito species and the patten of seasonal fluctuation 
of mosquito density in 2020 were similar to those in surveys 
in Wuhan during 2017 to 2019 [9]. However, a decrease in 
the mosquito population was observed, possibly because of 
frequent environmental cleaning and disinfection in the city.

During BAV and JEV surveillance, RNA of BAV was 
detected by RT-qPCR in several mosquito pools, but 
no contigs associated with BAV were found in the NGS 
sequencing. This finding may be explained by the follow-
ing. First, all RNA from pools per month were mixed 
before NGS, and most pools were BAV-negative, thereby 

potentially diluting and weakening the signal. Second, the 
RNA copies of BAV-positive pools were low (Ct values 
ranging from 32 to 38), and RNA library preparation steps 
can also lead to loss of low abundance RNAs. Although 
pigs are the main amplifying host of JEV in nature, JEV was 
not found in the pig farm. One possible explanation is that 
we sampled mosquitoes from the pig farm were only in 
May, and mosquitoes in July and August were not analyzed.

Viral metagenomics has been applied in the analysis of 
viromes from mosquitoes in many studies [31–33]. Culex 
species from urban districts and the pig farm had similar viral 
family compositions. Rhabdoviridae was most prevalent in the 
pig farm, and several unclassified viruses existed in only one 
of the two locations, probably because of the diverse mos-
quito hosts and environments in urban and rural areas [34]. 
Wuhan mosquito orthophasmavirus 1 (family Phasmaviridae) 

TABLE 1  |  Dominant mosquitoes in Wuhan and metagenomic sequencing.

Sampling site   Sample name   Mosquito 
genus

  Month of 
collection

  Number of Mosquitoes 
for sequencing

  Host-Genome-removed 
reads (viral proportion)

  Number of Nonredundant 
contigs aligned to eukaryotic 
viruses

Urban district   whct-C_04   Culex   April   220   4,765,707 (5.90%)   108

  whct-C_05   Culex   May   600   5,115,257 (19.26%)   176

  whct-C_06   Culex   June   339   8,763,700 (11.46%)   211

  whct-C_07   Culex   July   109   4,180,592 (12.96%)   84

  whct-C_08   Culex   August   31   11,091,085 (3.50%)   45

  whct-C_09   Culex   September  97   3,614,845 (10.60%)   63

  whct-C_10   Culex   October   111   2,988,426 (6.02%)   84

Huangpi pig farm  hpzc-A_05   Anopheles   May   281   1,677,474 (20.14%)   137

  hpzc-C_05   Culex May   353   11,786,068 (3.37%)   281
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and Xincheng anphevirus (family Xinmoviridae) dominated 
in Anopheles, both of which are MSVs. Previous studies in 
Guadeloupe and Japan have reported significant differences 
in the compositions of viromes from different mosquito 
species, owing to their different biological habits, which 
may bring them into contact with different environmental 
viromes [33,35]. We also found that Anopheles and Culex had 
significantly distinct viral diversity.

Several studies have reported that viruses such as 
Guadeloupe mosquito virus, Phasi charoen-like phasivirus 

and Guadeloupe Culex rhabdovirus form the “core viromes” 
of mosquitoes (loosely defined as a set of viruses found in 
most individuals in a particular mosquito population or a 
set of viruses found in mosquito species from multiple geo-
graphical regions) [33,36]. In our study, Wuhan mosquito 
virus 6, Hubei virga-like virus 2 and Zhejiang mosquito 
virus 3 were present in Culex from both districts (Fig 3), 
thus suggesting that they are potential members of the core 
viromes of Culex in Wuhan. However, further studies are 
needed to explore their function.
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In a study performed in Yichang (Hubei Province, 289 
kilometers from Wuhan) in 2017, the dominant viral families 
in Culex were Herpesviridae and Adenoviridae with vertebrate 
hosts [31]. In our study, Wuhan mosquito viruses 3, 4, 5 and 
6 (in the genus Quaranjavirus, family Orthomyxoviridae), and 
Culex flavivirus, Culex tritaeniorhynchus flavi-like virus 
(CtFLV) and Quang Binh virus (in the Flaviviridae) were 
prevalent with high abundance in Culex viromes in 2020. 
The ecological and environmental differences between 
Yichang and Wuhan might have influenced the mosquito 
virome compositions. Furthermore, a considerable portion 
of female mosquitoes collected in Yichang were blood-
engorged, thus indicating that the viruses from vertebrate 
hosts were detected.

Several members of Quaranjavirus, such as Quaranfil 
virus and Johnston Atoll virus, can infect both vertebrate 
and invertebrate hosts, and result in the death of newborn 
mice in the laboratory [6]. However, Wuhan mosquito 
viruses 3, 4, 5 and 6 have not been properly characterized, 
and whether they are potentially pathogenic to humans and 
livestock remains to be confirmed. Quang Binh virus was 
first isolated in Vietnam and then chronologically reported 
in Yunnan, Hubei and northwestern China [31,32,37]. 
Many Culex flavivirus strains have been reported in Culex 
from different parts of the world. Interestingly, Culex fla-
vivirus and West Nile virus co-infection in mosquitoes are 
positively correlated [38,39]. CtFLV has recently been iden-
tified from the local Culex in Japan and is closely associated 
with Shayang fly virus 4, which was previously identified 
in Hubei Province. However, neither has been character-
ized [35], and this is the first report of CtFLV detection in 
Wuhan districts.

MSVs have shown seasonal activity in mosquito virome 
studies in the USA and Trinidad [40]. The dynamic 
changes in the viromes of Culex from urban districts in 
Wuhan were monitored (Fig 3). The viral diversity in the 
monthly pools followed a bimodal distribution, with the 
two peaks occurring in June and October. Culex flavivirus, 
Alphamesonivirus 1, Hubei mosquito virus 2 and Hubei 
mosquito virus 4 were highly abundant for several months 
but disappeared in the other months, thus suggesting that 
they might be strongly correlated with the changes in sea-
sons and might be associated with the activity of the Culex 
population.

CONCLUSIONS

Our results showed the dynamic changes in mosquito com-
position and viromes under a continual disinfection regime, 
thus providing fundamental data for local vector and arbo-
virus prevention and control.
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