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ARTICLE INFO ABSTRACT

Keywords: Mosquitoes are a formidable reservoir of viruses and important vectors of zoonotic pathogens. Blood-fed
Meta-transcriptomic mosquitoes have been utilized to determine host infection status, overcoming the difficulties associated with
Mosquito sampling from human and animal populations. Comprehensive surveillance of potential pathogens at the
Virome interface of h imals, and the envi i 1 dited method id 1
Blood feeding interface of humans, animals, and the environment is currently an accredited method to provide an early
One health warning of emerging or re-emerging infectious diseases and to proactively respond to them. Herein we performed

comprehensive sampling of mosquitoes from seven habitats (residential areas, hospital, airplane, harbor, zoo,
domestic sheds, and forest park) across five cities in Guangdong Province, China. Our aim was to characterize the
viral communities and blood feeding patterns at the human-animal-environment interface and analyze the po-
tential risk of cross-species transmission using meta-transcriptomic sequencing. 1898 female adult mosquitoes
were collected, including 1062 Aedes and 836 Culex mosquitoes, of which approximately 12% (n = 226) were
satiated with blood. Consequently, 101 putative viruses were identified, which included DNA and RNA viruses,
and positive-stranded RNA viruses (+ssRNA) were the most abundant. According to viral diversity analysis, the
composition of the viral structure was highly dependent on host species, and Culex mosquitoes showed richer
viral diversity than Aedes mosquitoes. Although the virome of mosquitoes from different sampling habitats
showed an overlap of 39.6%, multiple viruses were specific to certain habitats, particularly at the human-animal
interface. Blood meal analysis found four mammals and one bird bloodmeal source, including humans, dogs,
cats, poultry, and rats. Further, the blood feeding patterns of mosquitoes were found to be habitat dependent, and
mosquitoes at the human-animal interface and from forests had a wider choice of hosts, including humans,
domesticated animals, and wildlife, which in turn considerably increases the risk of spillover of potential zoo-
notic pathogens. To summarize, we are the first to investigate the virome of mosquitoes from multiple interfaces
based on the One Health concept. The characteristics of viral community and blood feeding patterns of
mosquitoes at the human-animal-environment interface were determined. Our findings should support surveil-
lance activities to identify known and potential pathogens that are pathogenic to vertebrates.
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1. Introduction

According to WHO, vector-borne diseases account for >17% of all
infectious diseases and cause over 700,000 deaths each year [1].
Mosquitoes are the primary virus vector, responsible for transmitting
more than one-third of all arbovirus species [2]. Over the last few de-
cades, several major outbreaks of mosquito-borne diseases have been
reported. While dengue, Zika, chikungunya, and yellow fever viruses are
transmitted by Aedes mosquitoes, West Nile, epidemic B encephalitis,
Japanese encephalitis, and Sindbis viruses are transmitted by Culex
mosquitoes [3]. Further, parasites that cause malaria are transmitted by
Anopheles mosquitoes. As a result of global warming, the population of
mosquitoes is growing and their geographical distribution is expanding,
consequently increasing the risk of transmission of mosquito-borne
diseases.

It is notable that 60%-75% of emerging infectious diseases (EIDs) are
zoonotic and up to one-third of them are caused by vector-borne path-
ogens [1]. With a better understanding of the origin of EIDs, the One
Health strategy recommends that zoonosis should be addressed at the
human-animal-environment interface by establishing interdisciplinary,
cross-sectoral, and cross-regional collaboration, which has gradually
become a global consensus on the prevention and control EIDs [4].
Despite challenging, comprehensive surveillance of pathogens at the
human, animal, and environmental levels is important for the early
indication and proactive detection of zoonoses. Mosquitoes, which are
blood-sucking arthropods with a variety of hosts, transmit zoonosis
among vertebrates by biting them [5,6]. Mosquito blood meals, to some
extent, reflect the virus-carrying status of hosts; in addition, mosquitoes
are “flying syringes” for virus surveillance, and they overcome the dif-
ficulties associated with collecting samples from humans and animals
[7,8]. Routine surveillance of mosquito virome at the human-animal-
environment interface is pivotal for effective control and management
of infectious diseases.

With the rapid development of next-generation sequencing tech-
nologies, meta-transcriptomic studies have been widely conducted for
non-targeted, high-throughput detection and identification of known as
well as new viruses. Moreover, the result of such studies can suggest the
transcriptional activity of viruses in the host and their actual origin,
reducing bias in the process of sample data analysis [9]. To date, meta-
transcriptomics has been used in diverse surveillance projects, including
detection of viruses in human sewage, monitoring of viruses in inver-
tebrate (e.g., ticks) and vertebrate (e.g., pangolins) intermediate hosts,
and tracing virus strains during outbreaks [10,11], demonstrating the
potential of meta-transcriptomics to enhance the current arbovirus
surveillance system.

To the best of our knowledge, the current mosquito surveillance
system mainly focuses on vector diversity and abundance; a few studies
have aimed to detect specific known pathogens [12-14]. In recent years,
macrogenomic approaches have been used by a few studies to investi-
gate viral abundance and diversity in mosquitoes [15,16]. However, a
large-scale latitudinal and systematic survey of mosquito virome at the
human-animal-environment interface remains unreported. Herein we
aimed to comprehensively characterize the viral communities and blood
feeding patterns of mosquitoes at the human-animal-environment
interface and analyze the potential risk of cross-species transmission
using meta-transcriptomic sequencing.

2. Material and methods
2.1. Study sites and sample collection

Female adult mosquitoes were collected in the fall of 2021 (from
September 1 to November 30, 2021) from five cities in Guangdong
Province, China, where mosquito-borne infectious diseases are highly
prevalent and there is a high incidence of dengue fever owing to its
unique geographical location, high population density, and subtropical
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climate. Seven sampling habitats (residential areas, hospital, airplane,
harbor, zoo, domestic sheds, and forest park) were selected, based on
geographical and community characteristics, as well as distribution of
people and animals. Mosquito & Fly Traps (Kungfu Dude Mosquito & Fly
Trap, Wuhan Ji Xing Medical Technology Co., Wuhan, China), UV light
traps for mosquito vector monitoring by the Chinese Centre for Disease
Prevention and Control (CDC), were used to collect mosquitoes at each
site for approximately 12 h [17]. Electric mosquito extractors, along
with the human entrapment method [18], were used outside from 7 am
to 9 am and from 4 pm to 6 pm to catch more Aedes mosquitoes. On trap
collection, mosquitoes were euthanized and preserved in dry ice. They
were placed in labeled tubes containing dry ice, and sampling habitat,
species, and satiation status were recorded. Subsequently, the samples
were transported to a laboratory and stored at —80 °C for further pro-
cessing. Mosquito species were initially identified by experienced field
biologists based on morphological characteristics and further verified by
analyzing the gene encoding cytochrome C oxidase subunit I (cox1) from
sequencing data. In this study, considering biological hazards as well for
cost-effectiveness, only female Aedes and Culex mosquitoes were sub-
jected to further analyses.

2.2. Sample processing and sequencing

Total RNA was extracted from 20 mosquito pools using HiPure
Universal RNA Mini Kit (Magen, China) according to manufacturer in-
structions. RNA quality was evaluated using the Agilent 4200 Bio-
analyzer (Agilent Technologies), and all extractions had a qualified RNA
integrity score. Ribosomal RNA (rRNA) was removed from purified total
RNA using the ALFA-SEQ rRNA Depletion Kit (mCHIP, China) and Ribo-
Zero™ Magnetic Gold Kit (Epicentre, USA) according to manufacturer
instructions before library construction. Subsequently, double-stranded
cDNA was synthesized by reverse transcription using REPLI-g Cell WGA
& WTA Kit (150,052; Qiagen, Hilden, Germany). Sequencing libraries
were then generated using NEB Next® Ultra™ DNA Library Prep Kit for
Mlumina® (New England Biolabs, Ipswich, MA, USA), based on manu-
facturer recommendations, and 150 bp paired-end sequencing of each
library was performed on the Illumina NovaSeq6000 platform (Illumina,
San Diego, CA, USA). All library preparation and sequencing procedures
were performed by Magigene Company (Guangzhou, China).

2.3. Virus discovery and annotation

Sequencing reads were quality trimmed with Trimmomatic (v0.38)
[19] using default settings for paired-end sequencing data to remove
low-quality reads. They were then, aligned to Cx. quinquefasciatus
(NC_014574.1) and Ae. albopictus (NC_006817.1) genomes, as well as
ribosomal database(Silva 132, https://www.arb-silva.de/), to generate
clean reads by BWA (v0.7.12-r1039) with default parameters [20].
Clean reads were de novo assembled using MEGAHIT (v1.0) with the
following parameters: -k-min 21, —k-max 191, —min-contig-len 500
[21]. CD-HIT (v4.8.1) was used to cluster assembled contigs into unique
contigs. The effect of assembly was evaluated by mapping clean reads to
assembled contigs to calculate the utilization ratio of the reads. Next,
non-redundant contigs were first compared against viral protein data-
bases downloaded from GenBank using Diamond (v2.0.4) [22]; E value
cutoff was set at 1E-5 to maintain high sensitivity and low false-positive
rate. To further eliminate false-positive results, potential viral contigs
were compared to the entire NCBI non-redundant protein databases.
Besides, to obtain more virus-related information, unassembled reads
were subjected to the same process as contigs. Finally, virus annotation
was completed based on the taxonomic lineage information of the best
alignment hit for each contig/read.

2.4. Characterization of viral abundance and diversity

To determine viral abundance, we mapped clean reads without host
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Fig. 1. Map of mosquito sampling sites in Guangdong Province.

Table 1
Mosquito samples and group division used for Meta-transcriptomic analysis and generated data.

Pool names Sampling habitat Group Numbers Raw reads Clean reads Contigs Viral contigs

Habitat Genus Blood-engorged (unique)

AA Animal habitat Animal Aedes Yes 34 48,055,802 5,603,665 5153 1106

AC Animal habitat Animal Culex Yes 46 49,644,596 282,142 2749 381

CA Livestock shelter Animal Aedes No 137 67,298,632 3,445,915 26,062 2526

CC Livestock shelter Animal Culex No 115 58,070,379 1,298,229 22,754 1062

DA Zoo Animal Aedes No 135 59,967,722 4,474,025 11,008 1435

DC Zoo Animal Culex No 100 55,020,875 915,138 7877 706

EA Forest habitat Environment Aedes Yes 20 52,773,995 2,572,067 7296 573

EC Forest habitat Environment Culex Yes 28 46,329,323 1,346,191 23,903 2218

HA Human habitat Human Aedes Yes 42 54,004,660 2,579,514 11,432 1318

HC Human habitat Human Culex Yes 56 46,405,017 274,559 1936 285

JA Airport Human Aedes No 140 62,197,081 4,012,645 8553 1048

JC Airport Human Culex No 105 49,663,659 779,858 4801 463

MA Dock, Harbor Human Aedes No 133 59,305,596 1,340,611 2309 327

MC Dock, Harbor Human Culex No 90 58,171,968 707,394 6177 832

SA Forest park Environment Aedes No 143 67,000,906 5,424,225 18,263 2232

SC Forest park Environment Culex No 88 60,731,558 1,440,013 4453 610

YA Hospital Human Aedes No 152 62,022,201 7,715,424 9366 1357

YC Hospital Human Culex No 110 52,379,710 1,361,917 25,591 2461

ZA Residential area Human Aedes No 126 56,108,150 4,758,768 11,742 1162

ZC Residential area Human Culex No 98 55,378,604 445,698 4820 585

Total 1898 1,120,530,434 50,777,998 216,245 22,687
sequences and rRNA to viral contigs and reads using BWA. The abun- less than or equal to 10. Alpha-diversity, reflecting observed richness or
dance of each virus species was subsequently estimated as Reads Per evenness for virus species within-group, was estimated using the vegan
Kilobase per Million mapped reads (RPKM) using the ‘pileup.sh’ script package, and overall significant levels for each factor (species, habitat,
from BBMap To prevent false positives, we removed data with RPKM and satiation status) were evaluated by non-parametric tests. To explore
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Fig. 2. Overview of the mosquito virome identified in this study. (A) Virus categories and corresponding number of species. (B) Viral composition of each pool at the
family level. (C) Cladogram of viruses determined in this study. A total 101 virus species are displayed, and the circle graph colored by virus phylum. ‘Unassigned’
represents biological classification annotation for corresponding virus is unknown so far. Bars on the periphery of the circle represents the normalized relative
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and present variations in viral composition and expression of abundance
between different groups, principal co-ordinate analysis with Bray-
Curtis algorithm was applied to visualize similarities or differences
among all samples. Linear discriminant analysis effect size was used to

further identify species showing significant differences in abundance.
Statistical analyses were performed using R v4.2.0 implemented in
RStudio, and graphs were plotted using the R packages pheatmap and
ggplot2. A map of species composition (circle diagram) was created
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using GraPhlAn (v1.1.3.1), and the relevant code was provided by Liu
et al. (2019) [23]. (https://github.com/YongxinLiu/Note/tree/master/
R/format2graphlan). Datasets and R code for the statistical tests in this
study are available on GitHub (https://github.com/wuqin95/Mosquito
-macrotranscriptomics).

2.5. Analysis of blood meals of mosquitoes

Satiated mosquitoes were individually split; due to the low number
of mosquitoes satiated with blood, we merged mosquitoes collected
from the aforementioned seven sampling habitats into three habitats
based on the characteristics of the human-animal-environment inter-
face. In other words, mosquitoes collected from the zoo and domestic
sheds were classified into the animal group, while those collected from
forest parks were classified into the environment group. All mosquitoes
collected from the remaining four sampling habitats (i.e., residential
areas, hospitals, airplanes, and harbor), which are dominated by human
activity and represent important and regular sites monitored by CDC,
were classified into the human group. All samples and sequencing data
were processed as previously described to obtain unique contigs, which
were first compared with the vertebrate protein database using Dia-
mond, and then BLAST searches were performed against the non-
redundant protein and nucleotide databases to remove false-positive
results. The abundance of blood-fed hosts was assessed as stated above
in Section 2.4.

2.6. Accession numbers

Raw sequence reads generated in this study have been deposited in
the NCBI Sequence Read Archive database (BioProject accession no.
PRJNA859401).

3. Results
3.1. Mosquito sampling and identification

In the fall of 2021, based on the characteristics of the human-animal-
environment interface, mosquito sampling was performed across mul-
tiple representative habitats in Guangdong, Shenzhen, Shaoguan,
Chaozhou, and Zhanjiang cities in Guangdong Province, China (Fig. 1).
Overall, 1898 female adult mosquitoes were collected, including 1062
Aedes and 836 Culex mosquitoes, of which approximately 12% (226)
were satiated with blood (Table 1). Morphological identification indi-
cated Ae. albopictus and Cx. quinquefasciatus to be the dominant species.
The evolutionary tree constructed using cox1 identified five distinct
species: Ae. albopictus, Cx. quinquefasciatus, and three new species,
namely Culex spp., Ae. galloisioides, and Aedes spp. Ae. galloisioides
appeared on the same evolutionary branch as Ae. galloisi, with 92%
similarity, while the other new species were both distantly related to
known mosquito species (Fig. S1).
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Fig. 3. Comparison of observed richness (OTU), abundance (RPKM), and alpha-diversity (Shannon wiener index). Statistical tests and P values are shown at the top
of each graph. In the boxplots, horizontal lines show the median, and the upper and lower ends of the box represent inter-quartiles range, and the maximum and

minimum values are at each end of the vertical line.

3.2. Overview of mosquito virome

On average, 56,026,522 (46,329,323-67,298,632) raw reads per
pool were generated by meta-transcriptomic sequencing, with 4% (1%-—
12%) on average remaining after quality control and removal of host
sequences and rRNA. Further, 1936-26,062 unique contigs were
assembled (overall assembly efficiency, 88%), and they along with un-
assembled reads were used for virus discovery and characterization. A
total of 101 putative viruses were identified from all samples, which
included DNA and RNA viruses, positive-stranded RNA viruses
(+ssRNA) accounted for the majority of virus species (Fig. 2A). Nineteen
virus species belonged to unassigned phyla and the remaining belonged
to 10 known phyla and 31 viral families. In this study, Tombusviridae,
Reoviridae, Alphatetraviridae, Solemoviridae, Phasmaviridae, and Meso-
niviridae were generally found in mosquito pools. Tombusviridae, Reo-
viridae, and Alphatetraviridae were the most abundant among Aedes
mosquitoes, while Orthomyxoviridae was more common among Culex
mosquitoes (Fig. 2B). Interestingly, unclassified viruses occupied a non-
negligible place in mosquito virome, a phenomenon that was particu-
larly evident in case of Culex. The abundance of different virus species
markedly varied, ranging from a few hundred to several hundred

thousand. Although total RPKM for each species was mostly concen-
trated within 5000, the value for some viruses (e.g., Zhejiang mosquito
virus 3, Fako virus, Culex pipiens orthomyxo-like virus, Culex pipiens-
associated Tunisia virus, Guangzhou sobemo-like virus, Shuangao
chryso-like virus 1, and Wuhan mosquito virus 6) was >100,000. Fig. 2C
shows standardized abundance profiles of all viruses identified in this
study and corresponding species clade.

3.3. Viral diversity analysis and evolution by host species, sampling
habitats and host satiation status

We compared viral abundance and species number distribution
across host species, sampling habitats, and host satiation status using
operational taxonomic units (OTUs), RPKM, and alpha-diversity index
(Fig. 3). For mosquito species, the observed OTUs in all pools was range
21 from 42, and there were no significant differences between Aedes and
Culex. Although total viral abundance did not significantly differ for
mosquito species, the distribution of total viral abundance in Culex pools
appeared to be more scattered and unsymmetrical. Interestingly, the
Shannon-Wiener index, reflective of viral diversity, for Culex was higher
than that for Aedes, with a statistically significant difference (p<0.001).
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However, no significant differences were found in observed OTUs,
abundance, or alpha-diversity on comparing the virome of mosquitoes
from different sampling habitats (OTU: p = 0.6; abundance: p = 0.34;
Shannon: p = 0.74) or at different satiation statuses (OTU: p = 0.91;
abundance: p = 0.74; Shannon: p = 0.84).

Herein >50% identified virus species (51/101) were common be-
tween Culex and Aedes, with Culex showing more distinctive virus spe-
cies. Moreover, the virome of mosquitoes from different sampling
habitats showed an overlap of 39.6%, and the virome of mosquitoes in
the human group shared the most viral diversitywith that of those in the
animal group (Fig. 4A). We next performed a principal co-ordinate
analysis to assess the effects of species, sampling habitats and satiation
status on mosquito virome composition. Our results indicated that viral
communities were primarily structured by host species rather than by
sampling habitats or satiation status of the host (Fig. 4B). Heatmaps
based on normalized abundance of virus species revealed a similar viral
community composition in the same mosquito species, while some vi-
ruses just appeared or showed obviously higher abundance in certain

sampling habitats (Fig. S2). To show the distribution of distinctive vi-
ruses more clearly under different habitats, we have listed them in
Fig. 4C according to heatmaps. We found that the number of those virus
species specific to a habitat in mosquitoes in the animal group was
higher than that in those in the human and environment groups.
Although we found no arborviruses that are known to impact human or
animal health, Nam Dinh virus (NDiV), a potential vector-borne virus,
showed relatively high expression levels in blood-filled mosquitoes
collected from animal and forest habitats.

Finally, linear discriminant analysis effect size was applied to
discover virus species with significant differences between host species.
In total, 24 virus species, all of which were insect-specific viruses, were
found to be significantly different. For virome carried by Culex, Zhejiang
mosquito virus 3, Wuhan mosquito virus 6, Hubei virga_like virus 2 were
the dominant virus species. However, in comparison to Culex, Sarawak
virus, Tiger mosquito bi_segmented tombus_like virus, Fako virus and
some flaviviruses were more likely to influence viral communities car-
ried by Aedes (Fig. $3). Further, we compared changes in abundance in
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all pools subjected to sequencing for each individual virus species
identified by linear discriminant analysis (Fig. 5). Several viruses were,
in general, found in all habitats, such as Aedes pseudoscutellaris reovirus,
Fako virus, Sarawak virus, and Tiger mosquito bi-segmented tombus-
like virus, which were much more abundant than most other virus
species, indicating that viruses with high abundance levels are more
likely to be prevalent in wide-ranging ecology or geography. On the
country, some viruses with low abundance may be found only at the site
of epidemic. Interestingly, some viruses with high abundance were also
prevalent in certain habitats; for example, Wuhan mosquito virus 4
showed high abundance levels in hospital habitat, while Culex pipiens
orthomyxo-like virus was not found in this habitat. This indicated, that

assessing multiple sampling habitats is highly desirable to identify more
and diverse viruses.

3.4. Blood feeding patterns of mosquitoes at the human-animal-
environment interface

We analyzed the vertebrate hosts of mosquito blood meals and
visualized them at corresponding human, animal, and environment
habitats (Fig. 6). Five principal vertebrates, including four mammals
and one bird, were found. In the same habitat, Culex mosquitoes were
found to feed on more animal species than Aedes mosquitoes, which are
anthropophilic. In places with high human activity, such as hospital,

airplane, harbor, and residential areas, humans were the main target of
mosquitoes, in addition to pets (e.g., dogs and cats) in some cases. On
poultry farms, mosquitoes mainly targeted poultry and watchdogs. Be-
sides, we found Rattus norvegicus and Mus musculus in blood meals of
mosquitoes collected from zoo, domestic sheds, and forest park, where
are more likely to be discovery rats during the day. In general, our re-
sults showed that at the human-animal-environment interface, humans,
pets, domestic animals or poultry, and rats were the most common and
important source of blood meals for mosquitoes, implying that
mosquitoes can increase the risk of transmission of potential or known
zoonotic diseases between humans and animals.

4. Discussion

Animal-derived viruses play an important role in the occurrence of
potential EIDs. For example, the West Nile virus is maintained in
enzootic cycles primarily involving Culex mosquitoes and avian hosts,
with epizootic spread to mammals, including humans [24]. The complex
combination of human activities, ecological damage, and socioeconomic
factors have led to an increase in direct interactions among humans,
domestic animals, and wildlife, making it challenging to separate animal
health from human health [25]. In addition, following the rapid devel-
opment of the economy and society, the natural world, teeming with
diverse wildlife, has witnessed constant changes and transformed to an
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formation is shown at the bottom of each bar and were explanted in Table 1.

anthropogenic landscape, increasing the risk of spillover of sylvatic
pathogens to humans and domestic animals [26,27]. As a result,
routinely monitoring anthropophilic mosquitoes around residential
areas and focusing on specific pathogens are no longer sufficient to
prevent and control modern infectious diseases, particularly emerging
ones [28]. Herein guided by the One Health strategy, we for the first
time investigated the virome carried by mosquitoes sampled from
different habitats, potentially comprising pathogens from the general
population (residential area), medical origin (hospital), foreign origin
(airplane, harbor), animal origin (zoo and domestic sheds), and forest
origin (forest park).

In this study, Ae. albopictus and Cx. quinquefasciatus were the most
common species of mosquitoes collected, which is consistent with
routine mosquito vector surveillance data from Guangdong Province
[29,30]. Although mosquitoes were broadly divided into two genera, a
significant difference in terms of viral communities was found between
Aedes and Culex mosquitoes, with the latter harboring more viruses,
indicating that host genetic background substantially influences viral
diversity, which is similar to the results of most previous studies [31,32].
Further, we realized that some viruses were specific to mosquito species;
for example, some flaviviruses were specific to Aedes, implying that
targeted measures need to be implemented against certain mosquito-
borne diseases. To explain further, it is well established that dengue

fever can be prevented and controlled by specifically monitoring and
reducing the population of Aedes mosquitoes. Although mosquitoes in
different habitats share some virus species, quite a few viruses are
unique to a specific habitat, which suggests that it is pivotal to
comprehensively evaluate mosquito virome at the human-animal-
environment interface to discover more virus species and to avoid
overlooking potential emerging pathogens.

The carriage rate of mosquito-borne viruses in mosquitoes is strongly
associated with corresponding mosquito-borne disease outbreaks or
epidemics in animals or humans. Numerous studies have demonstrated
an overwhelming reduction in the onset of various infectious diseases,
which can be attributed to a series of nonpharmaceutical interventions,
such as international/internal movement restrictions that discouraged
the introduce of travel-associated pathogen, implemented by most
countries during the coronavirus disease 2019 (COVID-19) pandemic to
suppress its transmission [33,34]. As per official statistics, the incidence
of dengue fever in Guangdong, China in 2021 decreased by 99%
compared to the previous 5 years, and other mosquito-borne diseases,
such as encephalitis B, also witnessed a reduction in the number of cases
[35]. Therefore, herein we did not detect any known medical pathogens,
which validates the positive implications of nonpharmaceutical in-
terventions on arboviral diseases from the perspective of mosquito
molecular epidemiology.
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We analyzed the blood feeding patterns of mosquitoes at the human-
animal-environment interface, which is important to assess the potential
risk of cross-species transmission of pathogens. We found that mosqui-
toes mostly targeted humans and dogs, which is attributable to the high
populations of these hosts and their extensive range of activities, while
domestic animals and wildlife were usually targeted only in certain
habitats where these hosts are more prevalent, indicating blood feeding
patterns of mosquitoes are highly habitat dependent. Meanwhile, rela-
tive to Aedes mosquitoes, Culex mosquitoes undoubtedly are zoophilic
and feed on various vertebrates, including domestic animals, pets, and
wildlife, in the same habitat, thus they show the higher potential of
transmitting emerging arboviruses from wildlife to domestic animals
and humans. Mosquito blood meals also can be applied to easily survey
the epidemic characteristics of viruses of known pathogenicity over
space and time. For instance, Barbazan et al. detected H5N1 virus se-
quences in blood-engorged mosquito pools collected from a poultry farm
during an outbreak of avian influenza in Thailand [36]. We did not
detect any pathogens in this study; nevertheless, future disease sur-
veillance efforts should focus on this aspect. Interestingly, we found a
relative higher abundance of NDiV, a novel insect nidovirus first found

10

in Culex spp., in blood-engorged mosquitoes collected from the human-
animal interface, with rats being the host. This indicates that NDiV may
be endemic in rats, although further studies on rats in the same region
are warranted to validate this hypothesis. NDiV was once of interest
because of its similar biological structure to coronavirus; however, some
controversy surrounds its pathogenicity [37,38]. Few in vitro experi-
ments have shown that NDiV can only infect mosquito cells, not verte-
brate cells, but Wang et al. confirmed that NDiV showed a certain level
of pathogenicity in mice on inoculating the mouse brain with NDiV [39].
Moreover, Hao first identified NDiV in Rattus norvegicus, a common ro-
dent, collected from Zhanjiang, Guangdong Province [40]. Further
studies are needed to verify the potential pathogenicity of NDiV in
humans and animals.

This study has several limitations. First, due to the impact of COVID-
19 on other infectious diseases and limited sampling regions, we did not
detect any medically relevant pathogens, making it difficult to assess the
risk of disease transmission at different interfaces directly. In the future,
similar studies should be conducted at different temporospatial levels to
determine the significance of mosquito virome surveillance at the
human-animal-environment interface. Second, mosquito sampling was
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limited to fall; we missed the peak season of mosquito-borne diseases,
limiting our capability to study the implication of seasons on virome
composition. Finally, some important data, such as those pertaining to
animal quantity, type, and population size, were not collected, limiting
an in-depth understanding of the blood feeding patterns of mosquitoes.

5. Conclusions

To our knowledge, this is the first study to investigate mosquito
virome based on the One Health concept. We explored the characteris-
tics of viral community structure and blood feeding patterns at the
human-animal-environment interface. We found that compared to Aedes
mosquitoes, Culex mosquitoes are critical vectors of cross-species
transmission of pathogens as they carry a more extensive range of
virus species and feed on a wide variety of hosts. Further, our results
indicated that the blood feeding patterns of mosquitoes are habitat
dependent, and mosquitoes at the human-animal interface and from
forests have a wider choice of hosts, including humans, domesticated
animals, and wildlife, which increases the risk of spillover of potential
zoonotic pathogens. In the future, we should aim to strengthen mosquito
virome surveillance at the human-animal-environment interface to
discover more known as well as new viruses that are pathogenic to
vertebrates.
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