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Significance

 The risk of vector-borne viral 
infection is increasing globally as 
climate change and urbanization 
alter mosquito distribution and 
promote viral emergence. 
However, the diversity and ecology 
of mosquito-associated RNA 
viruses remain understudied. To 
this aim, we developed a 
subtractive hybridization method 
to enhance detection of rare viral 
sequences from total RNA 
sequencing of individual 
mosquitoes. This approach 
enables cost-effective, high-
throughput virome analysis with 
reduced sequencing depth. Using 
data from the NEON network, we 
conducted a large-scale, 
interspecific comparison of 
mosquito viromes across diverse 
ecological contexts. Our findings 
advance understanding of 
mosquito viral ecology and 
support efforts to predict how 
climate-driven environmental 
changes may shape future 
patterns of viral emergence and 
disease transmission.
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Climate change is significantly impacting the geographic range of many animal species 
and their associated microorganisms, hence influencing emergence of vector-borne dis-
eases. Mosquito-borne viruses represent a potential major reservoir of human pathogens, 
highlighting the need for improved understanding of ecological factors associated with 
variation in the mosquito viral community (virome). Here, a subtractive hybridization 
method coupled with RNAseq of individual mosquito specimens was used to profile 
RNA viromes of individual co-occurring Aedes albopictus and Aedes vexans mosquitoes 
across a 2,000 km spatial scale. Samples were collected and archived by the National 
Ecological Observatory Network (NEON) from four ecologically variable sites in the 
Southeastern United States between 2018 and 2019. Results of multivariate analysis 
suggest that mosquito species are an important factor in RNA viral community com-
position. Significantly higher viral diversity was detected in A. albopictus compared 
to A.vexans. However, season, year, and site of sample collection did not show strong 
association with virome profiles, supporting the hypothesis that factors unique to the 
mosquito host species (e.g., larval habitat or vector competence) influence the structure 
of mosquito viromes.

Aedes albopictus | Aedes vexans | arbovirus | sequencing | mosquito

 Mosquito-borne viruses are responsible for ca.  700,000 global deaths annually, and viruses 
such as yellow fever, dengue, West Nile, chikungunya, and Zika are emerging in many 
new geographical areas, driven in part by climate, urbanization, and globalization ( 1       – 5 ). 
Climate and population projection models have been used to estimate that 2.25 billion 
more people will be at risk of dengue in 2080, compared to 2015 ( 6 ). Genetic changes 
in viruses facilitating transmission to humans are an additional and less predictable driver 
of emergence and re-emergence of mosquito-borne viruses ( 4 ,  7 ). Detection and charac­
terization of viruses, notably RNA viruses, are challenging, in part because microbial 
communities are traditionally defined employing culture-dependent methods. 
Development of nontargeted molecular tools to achieve virome characterization is neces­
sary due to challenges associated with viral cultivation, and absence of globally conserved 
viral marker genes for targeted sequencing methods like 16S ribosomal RNA gene ampli­
con sequencing as is employed for bacteria. Cultivation-independent methods, e.g., 
metagenomics (DNA profiling) and metatranscriptomics (RNA profiling), have been 
developed, replacing isolation and culture with determining genomic composition ( 8 ,  9 ). 
The potential for emergence of mosquito-borne viruses underscores the importance of 
developing metagenomic and metatranscriptomic tools to investigate the genomics of 
mosquito-borne viruses and those environmental characteristics that influence their ecol­
ogy ( 10 ). As climate change and urbanization drive the geographical distribution of mos­
quitoes and alter the ecosystem in which transmission occurs, it is important to establish 
a baseline profile of viruses in mosquito populations and identify factors influencing 
diversity of the viral communities. Importantly, a temporally and spatially persistent 
mosquito species-specific core virome will be essential to understand potential shifts in 
vector–virus–environment interactions, particularly for a notorious vector species such as 
﻿A. albopictus  ( 11 ).

 Mosquito species relevant to public health and of interest for vector control agencies 
include the highly invasive A. albopictus  and the floodwater nuisance mosquito, Aedes 
vexans . Both are members of the genus Aedes  and known to feed extensively on humans 
( 12 ,  13 ). A. albopictus  is a documented vector of viral pathogens infectious to humans, 
including yellow fever, dengue, Zika, and chikungunya viruses ( 14 ,  15 ). While A. vexans  
is considered primarily a nuisance species, it is also a competent even if weak vector of 
West Nile, Zika, Rift Valley fever, and other viruses pathogenic for humans ( 16   – 18 ), as D

ow
nl

oa
de

d 
fro

m
 h

ttp
s:/

/w
w

w
.p

na
s.o

rg
 b

y 
U

N
IV

ER
SI

TY
 O

F 
M

A
RY

LA
N

D
; M

CK
EL

D
IN

 L
IB

RA
RY

 o
n 

M
ay

 1
9,

 2
02

5 
fro

m
 IP

 a
dd

re
ss

 1
29

.2
.8

9.
14

7.

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:rcolwell@umd.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2403591122/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2403591122/-/DCSupplemental
https://orcid.org/0000-0001-5589-9568
https://orcid.org/0000-0003-0175-8879
mailto:
https://orcid.org/0000-0001-5432-1502
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2403591122&domain=pdf&date_stamp=2025-5-9


2 of 9   https://doi.org/10.1073/pnas.2403591122� pnas.org

well as an important vector of dog heartworm ( 19 ). Climate warm­
ing has allowed many mosquito species, including A. albopictus  
and A. vexans,  to expand their geographic ranges, with correspond­
ing shifts in the viruses they carry ( 5 ,  6 ,  20 ). Concerningly, this 
is a trend expected to accelerate in coming years, with distribu­
tional changes generating new selective pressures on vector–virus 
relationships and increasing incidence of novel viruses carried by 
the vectors ( 3 ).

 Studies of ecological factors influencing the viromes of these 
two mosquito species enable improved understanding of the struc­
ture of the mosquito virome and allow development of models to 
predict future shifts in the viromes and relevant public health 
response. Previous studies described the mosquito virome as con­
taining both zoonotic and insect-specific viruses that are able to 
spill over into humans or indirectly modulate vector competence, 
impacting human disease risk ( 10 ,  21   – 23 ). Insect-specific viruses 
impact transmission of arboviruses by superinfection exclusion or 
insect immune system activation ( 22 ,  24 ). Superinfection exclu­
sion, a mechanism of viral suppression, occurs when presence of 
one virus reduces or eliminates infection with a related virus, likely 
by competition for similar resources ( 10 ,  21 ,  25 ). Insect-specific 
virus distribution, host range, and impact on other viruses offer 
potential mechanisms for vector-borne disease control ( 26   – 28 ). 
Many open questions remain regarding the impact of insect-specific 
viruses on mosquito physiology and vector capacity, as well as 
potential evolution of a capacity to infect vectors ( 10 ). Clearly, 
mosquito virome ecology is an important component of a One 
Health approach to arboviral control ( 21 ).

 The objective of the study reported here was to identify ecolog­
ical determinants of the viral community of two mosquito species 
of public health significance, namely A. albopictus  and A. vexans . 
Virome profiles of archived mosquito samples collected by the US 
NSF National Ecological Observatory Network (NEON) between 
2018 and 2019 at four sites in the southeastern United States were 
characterized using nontargeted RNAseq methods to evaluate 
incidence of RNA viruses associated with mosquitoes. The analyses 
represent a combination of in-depth sequencing over a large spatial 
extent by analyzing metatranscriptomes of individual mosquitoes 
after host RNA depletion, thus expanding the capacity to under­
stand spatial scale and ecological drivers of core viromes of these 
mosquito species. 

Materials and Methods

Site Description and Sample Collection. Samples were collected by the NEON 
program following the Mosquito Sampling Protocol (29). NEON, a national 
observatory, provides a diversity of open access, continental-scale, ecological 
data and samples collected using standardized methods across 47 terrestrial 
and 34 aquatic sites. The samples used in the study reported here were collected 
at five terrestrial sites where the two focal vector species co-occur. Mosquitoes 
were collected every two to four weeks using Centers for Disease Control and 
Prevention light traps (John Hock, Gainesville, FL) baited with dry ice and set 
at dusk, followed by sample collection and trap resetting at dawn the next day. 
Samples were transported on dry ice to the laboratory facility and stored at  
−80 °C. All mosquito species were taxonomically identified using chill tables 
and subsequently pooled by site, collection event, species, and sex for ultimate 
accession by the NEON Biorepository, Arizona State University (30).

A. vexans and A. albopictus samples included in this study were collected 
between 2018 and 2019 in both early (March through early August) and late 
(late August through early December) seasons from five NEON sites, including 
the Smithsonian Environmental Research Center (SERC; latitude, longitude: 
38.89013, −76.56001) and the Smithsonian Conservation Biology Institute 
(SCBI; latitude, longitude: 38.89292, −78.13949) in Maryland, Talladega 
National Forest (TALL; latitude, longitude: 32.95047, −87.39326) in Alabama, 

Lyndon B. Johnson National Grassland (CLBJ; latitude, longitude: 33.40123, 
−97.57) in Texas and Oak Ridge National Laboratory (ORNL; latitude, longitude: 
35.96413, −84.28259) in Tennessee (Fig. 1 and SI Appendix, Table S1). Three 
replicate individuals were included for each species by season, year, and site com-
bination for a total of 95 individuals (a single A. albopictus individual from CLBJ 
was lost during handling). In 2018, insufficient A. vexans mosquitoes were col-
lected from SERC and therefore samples from SCBI, the NEON site nearest to SERC, 
were included. To avoid confounding the virome data generated from the SCBI 
samples (SCBI_2018_29_AEDVEX_F_A_01, SCBI_2018_41_AEDVEX_F_A_01, 
SCBI_2018_44_AEDVEX_F_A_01), these samples were removed from the geo-
graphical analysis. Whenever possible, a single individual was selected per vial 
containing no more than 20 mosquitoes to reduce cross-contamination among 
collectively stored samples (mean ± SD = 3.3 ± 3.1 individuals per vial) and, in 
some cases, two to three replicates from one vial.

Sample Processing, RNA Preparation, and RNA Sequencing. Individual mos-
quitoes (A. vexans, n = 48; A. albopictus, n = 47) were homogenized in 2 mL tubes 
with a steel bashing bead and 200µL DNA/RNA Shield (Zymo Research Corp, CA) 
using a 5 mm stainless steel bead and TissueLyser II (Qiagen, Germany) at the fol-
lowing intervals: 2 × 5 min at 25 Hz, rest on ice 1 min in between). Homogenates 
were allowed to stand for 5 min at room temperature (25 °C) before centrifugation 
at 3,000×g for 5 min at 4 °C. The supernatant was transferred to a new Rnase/
Dnase free 1.5 mL centrifuge tube and centrifuged at 16,000×g for 2 min at 4 °C. 
The supernatant was transferred to an Rnase/Dnase free 96-well plate, a separate 
well for each sample. Lysates were split into two aliquots. From one aliquot, RNA 
was extracted using the QIAamp Viral RNA Mini Kit (Qiagen, Germany), according 
to the manufacturer’s instructions, without carrier RNA. For quality assurance, a 
nuclease-free water control was included with each extraction batch.

RNA samples were mosquito host RNA- and high abundance microbial RNA-
depleted prior to library preparation, employing subtractive hybridization (31). 
Briefly, genomic DNA was extracted from each mosquito species and purified using 
the QIAamp DNA extraction kit with RNase A treatment (Qiagen, Germany). Purified 
unfragmented mosquito DNA extracts were added to the respective total RNA 
preparations such that DNA and RNA had equivalent concentrations. The DNA:RNA 
mixtures were heat-denatured at 95 °C for 2 min and hybridized at 65 °C for 10 
min. The RNA:DNA hybridized samples were allowed to cool at 37 °C. RNase H was 
added and allowed to stand for 5 min at 37 °C after which the RNase H was heat 
inactivated at 65 °C for 10 min. The remaining DNA was depleted by adding DNase 
I at 37 °C for 30 min. RNA was cleaned and concentrated using the Nucleospin PCR 
cleanup kit (Macherey-Nagel, Germany). RNA was quantified using a Qubit RNA 
High Sensitivity Assay Kit (Thermo Fisher Scientific, MA).

As control for the method and to ensure the subtractive hybridization removed 
vector RNA but retained viral RNA, two additional samples of A. vexans RNA were 
spiked with a synthetic version of the complete SARS-CoV-2 RNA genome (Exact 
Diagnostics) and treated by subtractive hybridization to remove A. vexans RNA 
and recover virus RNA. The samples were tested by qPCR specific to SARS-CoV-2 
to quantify virus before and after subtractive hybridization.

RNA-sequencing libraries were prepared for the 95 mosquito RNA samples 
using the KAPA RNA HyperPrep Kit (Roche, IN), following the manufacturer’s 
instructions. The libraries were quantified and size distribution confirmed by a 
high-sensitivity DNA bioanalyzer assay (Agilent, CA). The libraries were sequenced 
by EzBiome Inc. (Gaithersburg, MD) on a NovaSeq 6000 sequencer (Illumina, CA) 
and employing 150 base paired-end reads, targeting sequencing depth of at least 
50 million clusters of paired-end reads per sample reads.

Sequence Processing and Viral Contig Identification. Metatranscriptomic 
taxonomic profiling was done using the EzBioCloud database, as previously 
described (32). Briefly, the profiling process was initiated by surveying the poten-
tial presence of bacterial and archaeal species for each raw metagenomic sam-
ple read using Kraken2 (33) and a prebuilt core gene database (34) containing 
k-mers (k = 35) of reference genomes obtained from the EzBioCloud database 
(35). Fungal and viral complete genomes from the NCBI Reference Sequence 
(RefSeq) collection (https://www.ncbi.nlm.nih.gov/refseq/) were added to the 
Kraken2 database.

Any organism with at least 1 k-mer of size 35 classified in any of the samples 
was considered a potential candidate. A custom Bowtie 2 database (36) was con-
structed using core genes and genomes from those organisms detected during 
the initial survey step. All samples were mapped against the Bowtie 2 database D
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using the “—very—sensitive” option and quality threshold of phred33. Sequence 
Alignment/Maptools v1.9 [SAMtools (37)] was used to convert and sort the output 
BAM (Binary Alignment and Map) file. Coverage of mapped reads against the BAM 
file was achieved using Bedtools (38). Organisms were considered present at the 
species level if mapped sequencing reads covered at least 1% of their reference 
genomes. For mapped sequencing reads covering less than 1% of the reference 
genome, down to a single read, the organisms were classified at the genus level 
and labeled as unclassified species under their respective genera. Abundance 
proportions were normalized using the reference length. For viral and fungal 
references, genome size was used, and for bacteria and archaea, the sum of the 
length of all core genes was used.

Metagenome-Assembled Genome (MAG) Taxonomic Profiling with 
Lazypipe. Given the relative lack of viral representation in many sequencing data-
bases, two approaches were used to characterize the virome. First, the Lazypipe 
method, described in ref. 39 and designed to capture known and novel viruses, 
was used. Reads were preprocessed and trimmed using fastp v0.21.1 (40) and 
assembled into contigs using MEGAHIT v1.2.9 (41) with default options. Coverage 
of contigs was calculated by aligning trimmed reads with Burrows-Wheeler 
Aligner Minimum Exact Match v0.7.17-r1188 [BWA-MEM (42)] and calculating 
read coverage with SAMtools v1.9 (37). Contigs with less than 90% read coverage 
and mapping quality score of less than 30 were discarded.

Contigs were classified using Centrifuge v1.0.3-beta with the nucleotide (nt) 
centrifuge database (43). Secondary classification using Blastn with nt database 

(44) was run for those contigs without Centrifuge hits and Centrifuge and Blast 
results were combined to assign species to a contig.

Trimmed reads were aligned to MEGAHIT contigs with BWA-MEM, excluding 
alignment scores less than 40. Secondary and supplementary alignments were 
filtered with SAMtools to eliminate erroneous alignments. SAMtools idxstats was 
used to obtain the number of reads aligned to each contig. Centrifuge and Basic 
Local Alignment Search Tool (BLAST) identification results were used to associate 
read counts with taxa. For each sample alignment results, reads from contigs 
with the same taxon were merged, and a final read count matrix was produced 
by combining the results.

Taxonomic Profiling with RVDB. In the second approach, the Reference Viral 
Database (RVDB) was used to characterize the virome and establish taxonomy. 
For quality assurance, reference genomes present in RVDB were aligned against 
the National Center for Biotechnology Information (NCBI) Nucleotide Collection 
database (nr/nt) (version 5 accessed 31 January 2022) using the “blastn” function 
from the Basic Local Alignment Search Tool (BLAST+ v.2.15.0). Based on these 
BLAST search results, after reviewing the top hits, 26 reference sequences from the 
RVDB were identified as nonviral and subsequently removed from the local RVDB 
for further analysis. Reads trimmed with fastp were aligned to species references 
from RVDB v22.0 (45) using Bowtie2 v2.4.4 aligner with default options (36). 
Improperly paired reads and bases with a quality score below 13 were filtered out 
of the alignments using SAMtools (37). A Q score of 13 or higher corresponds to 
an error rate of 5% or less. This threshold was chosen because it aligns with the 

Fig. 1.   Map of study area showing the four NEON sites from which mosquitoes were collected during 2018–2019. Larger circles indicate “core” sites sampled 
every two weeks during the active mosquito season, while smaller circles indicate “gradient” sites sampled every four weeks. Due to lack of sufficient samples 
of Aedes vexans collected at SERC in 2018, a total of three individuals were sequenced from the nearby SCBI site. NEON is a national observatory with ecological 
sampling occurring at 47 terrestrial and 34 aquatic sites spread across 20 ecoclimatic domains. Blue lines delineate the ecodomain boundaries, and sites without 
circles are areas where mosquitoes are collected by NEON but with fewer replicate samples for both species to include in this project.
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conventional alpha value of 0.05 used in statistical analyses, which indicates a 
5% probability of a Type I error (false positive). Coverage and depth metrics were 
calculated using SAMtools coverage to obtain the number of reads aligned and 
percent of genome coverage for each reference. The total number of references 
with correct BLAST hits was compared to the total number of references in the 
RVDB database. For a species to be verified in its sample alignment, a minimum 
of 10% of all references for that species in the RVDB database needed to yield 
>50 reads aligned and >20% coverage for at least one of the samples used 
for alignment. Prior to applying the filtering criteria, the results suggested the 
presence of several viruses (e.g., oropouche virus) deemed improbable based on 
their ecology and the lack of detection in the NEON mosquito pathogen status 
data product (46). The analyses focused on RVDB results where the strictest criteria 
were employed to determine the presence of viral species.

Data Analysis. A rarefied species richness for each sample was calculated 
using the “vegan” package rarefy function in R (47, 48). The richness values 
were compared by species, season, and year using the Wilcoxon test and across 
sites using the Kruskal–Wallis test. Nonmetric multidimensional scaling (NMDS) 
with Bray–Curtis dissimilarity matrix was employed to visually assess patterns in 
viral occurrence across variables, using the “vegan” package metaMDS function. 
Differences between groups were assessed using principal coordinate analysis 
(PcoA) and permutational multivariate ANOVA (PERMANOVA) employing capscale 
and adonis2 functions along with analysis of dispersion using the permutest 
function of the “vegan” package. All analyses were performed using R v4.3.0.

Results

Subtractive Hybridization RNA Sequencing Enriches Viral Read 
Outputs. For controls, two A. vexans samples containing RNA 
concentrations of 42.1 and 4.8 ng/µL were spiked with approximately 
2000 copies of SARS-CoV-2 RNA. After subtractive hybridization 
treatment, mosquito RNA content of both samples was below 
detection when tested using Qubit RNA High Sensitivity Kit, 
confirming exogenous RNA removal. However, after subtractive 
hybridization treatment, SARS-CoV-2 RNA was detectable by qPCR 
in both samples at similar levels (2545.5 ± 177.4 and 3850.1 ± 641.9 
viral copies present in the total sample), confirming that viral RNA 
remained in the samples.

 The average RNA concentration from 95 individual mosquitoes 
was 16.0 ± 11.6 ng/µL for A. vexans  and 13.3 ± 7.8 ng/µL for A. 
albopictus.  After subtractive hybridization, RNA concentrations 
of all samples were below 250 pg/µL, sufficient for creating 
RNAseq libraries. A total of 10,950,862,866 sequencing reads 
were generated, with an average of 115,272,241 reads per sample 
and an average sequence length of 151 base pairs (bp). After trim­
ming, average reads per sample were 57,084,871 with average 
sequence length of 103 bp. Metagenome assembly yielded an 
average number of contigs of 35,581 per sample. Sequencing 
results showed either a few or no contigs aligned to either A. vexans  
(median 0%, mean 0.02%) or A. albopictus  (median 0.11%, mean 
0.15%), indicating successful host RNA removal. The distribution 
of mapped reads by domain demonstrated most were viral (92.4 
± 12.9%), with fewer bacterial (7.6 ± 12.9%), fungal (0.3 ± 0.3%), 
or archaeal (0.001 ± 0.001%) reads. Residual bacterial reads likely 
represent a discrepancy between the reference DNA microbiome 
and the individual mosquito microbial RNA.  

Virome Community Diversity and Composition Relative to 
Mosquito Hosts. Using the available generalized workflow for 
the Lazypipe method described in ref. 39, no novel viruses 
were detected in this set of mosquito samples (SI  Appendix, 
Fig. S1). Additional validation steps of the Lazypipe dataset were 
performed, involving secondary classification of contigs and read 
alignments to targeted reference genomes. For most identified 
taxa, the validation supported their presence. However, for dengue 
virus, these additional steps revealed that the original matches 

were based on fractional (<1%) coverage (159 bp of a 10,766 bp 
sequence), and subsequent BLAST searches against the NCBI 
nr database indicated that the only dengue sequence alignment 
with significant coverage (93 bp of a 219 bp partial sequence) had 
poor depth. Consequently, we deemed the evidence insufficient 
to support definitive detection of dengue virus in the dataset.

 Twenty viruses were detected in the 95 samples analyzed using 
the RVDB dataset. The viruses found to be present in both mos­
quito species were Mourilyan virus and pittosporum cryptic 
virus–1 ( Figs. 2 – 4 ). Viruses detected in all A. albopictus  samples 
were A. albopictus  anphevirus, Aedes flavivirus, guato virus, and 
Wenzhou sobemo-like virus 4 ( Figs. 2   – 4 ). A majority of A. albop-
ictus  hosted Kaiowa virus, nea chili luteo-like virus, Mourilyan 
virus, and Guangzhou sobemo-like virus ( Figs. 2   – 4 ). In contrast, 
fewer viruses were detected in A. vexans  and none in most samples 
tested ( Figs. 2   – 4 ). A. vexans  samples collected from the SCBI site 
were outliers because of the lack of A. albopictus  sequenced from 
the site and were excluded from further analysis.                        

 The rarefied species richness values from the RVDB dataset 
showed no difference according to location (χ2  = 0.48, df = 3,  
﻿P  = 0.92), season (W = 1,030, P  = 0.83), or year (W = 1,049,  
﻿P  = 0.96, SI Appendix, Fig. S2 ). Richness was significantly higher 
for the invasive vector, A. albopictus  (Rarefied richness ± S.D. = 
4.12 ± 0.88), relative to A. vexans  (Rarefied richness ⨦ S.D. = 0.50 
⨦ 0.88; W = 2,011, P  < 0.001). Similar results were obtained using 
Lazypipe dataset (SI Appendix, Figs. S3–S5 ) (site: χ2  = 3.26, df = 3,  
﻿P  = 0.35; season: W = 1,117, P  = 0.64; year: W = 947, P  = 0.40; 
vector species: W = 1,880, P  < 0.01).

 Ordination of the data was used to visualize the structure of 
the mosquito virome by mosquito species, space, and time ( Fig. 5 ). 
Viral communities grouped by species ( Fig. 5  and SI Appendix, 
Fig. S6 ), and, in either dataset, both species (RVDB: F1,51  = 3.40, 
﻿P =  0.001; Lazypipe: F1,51  = 12.14, P =  0.001) and site (RVDB: 
F3,51  = 2.29, P =  0.001; Lazypipe: F3,51  = 1.28, P =  0.02) explained 
variation between mosquito viromes. The virome communities 
did not demonstrate temporal differences, i.e., year (RVDB:  
F1,51  = 0.09, P =  0.36; Lazypipe: F1,51  = 0.17, P =  0.50) or season 
(RVDB: F1,51  = 0.20, P =  0.81; Lazypipe: F1,51  = 0.10, P =  0.84).           

Discussion

 As the geographic distribution of mosquitoes and their associated 
viral pathogens continues to shift, factors influencing community 
structure of the mosquito viromes, with respect to emergence of 
viral infectious diseases, need to be elucidated ( 27 ). While several 
recent studies described viromes of mosquito species in various 
regions globally ( 11 ,  49       – 53 ), few have analyzed viromes of individ­
ual mosquitoes, with respect to mosquito-specific viromes and their 
spatiotemporal relationships and community structure ( 10 ,  54 ). 
Next-generation RNA sequencing was employed in the study 
reported here, allowing detection of ca.  20 viral species associated 
with A. albopictus  and A. vexans  mosquitoes collected across different 
seasons, years, and geographical locations. Consistent with previ­
ously reported observations ( 11 ,  51 ,  52 ), viral community structure 
varied significantly by mosquito host species but not by year, season, 
or geographic location. The data indicate a stable core virome for 
﻿A. albopictus  that extends over a larger extent than previously under­
stood – highlighting the need for information on how insect-specific 
viruses impact transmission of zoonotic pathogens.

 Climate change and urbanization are impacting mosquito vec­
tor populations and their associated viral pathogens at an inten­
sifying pace, underscoring the importance of knowing the baseline 
diversity of viruses carried by mosquito vectors to facilitate future 
studies of virus range shifts. Climatic conditions are proving more D
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favorable for transmission of viruses pathogenic to humans, 
including West Nile virus ( 55 ), with the vectors expanding their 
ranges globally ( 56 ). Kraemer et al. ( 6 ) estimated that vectors, 
namely Aedes aegypti  and A. albopictus,  will have invaded a total 
area of 20 million km2  by 2050, placing nearly 50% of the global 
population at risk of infection by the arboviruses they transmit, 
with even larger increases possible by 2080. Changes in both cli­
mate and environmental temperatures are also likely to mediate 
virus–vector interactions, influencing mosquito gene expression 
and the diversity of their host microorganisms ( 57 ). Future anal­
yses using the suite of colocated weather, carbon flux, and ecosys­
tem productivity data at NEON sites could elucidate mechanisms 
influencing patterns of virus distribution in the field.

 Meta-omics (DNA and RNA) provide a powerful method for 
surveillance of microorganisms and tracking disease risk because 
they are culture-independent in determining viral community 
composition ( 58 ). Given their high rates of mutation, RNA viruses 
are predisposed to emergence ( 59 ). By incorporating mosquito 
virome ecology in viral surveillance, control measures can be more 
effective in meeting the challenge of vector-borne disease dynamics 
( 27 ). A strong effect of mosquito species on the viral microbiome 
and lack of spatiotemporal influence on mosquito virome com­
position are consistent with the hypothesis that environmental 
conditions pose less of a barrier to viral introduction than the 

virus–vector interface. The implication is, therefore, that early 
detection of a novel virus employing RNAseq methods will con­
tribute to control and subsequent development of qPCR assay for 
a more extensive surveillance.

 The taxonomy of mosquitoes has been used to differentiate mos­
quito virus communities ( 49     – 52 ,  60   – 62 ) and several such studies 
have shown a stable, species-specific “core virome” ( 10 ,  51 ,  52 ,  58 ). 
In this study, a core virome of four to eight species was identified in 
﻿A. albopictus  sampled across a distance of ca.  2,000 km ( Fig. 4 ). A 
species-specific mosquito virome should not be surprising, given that 
viruses recognize and enter host cells that differ across species, creating 
an effective host species barrier to viral infection ( 3 ,  49 ,  51 ,  52 ). Vector 
specificity may arise also from species-specific differences in vector 
immunity or viral genetics ( 63 ). An additional potential source of 
species-level variation in the mosquito virome could derive from 
species-specific differences in their larval habitat, which can impact 
exposure of the two species to different viruses ( 62 ).

 Several viruses detected in A. albopictus  have been reported in 
﻿A. albopictus  across the globe. Three were detected in all A. albopictus  
individuals analyzed in this study (Aedes flavivirus, Guato virus, 
and Wenzhou sobemo-like virus 4) and are listed in the top twenty 
viruses of Aedes  mosquitoes compiled by Moonen et al. ( 21 ). 
Kaiowa virus, another Aedes  virus ( 21 ), was detected in the  
﻿A. albopictus  of this study. A. albopictus  anphevirus, detected in 

Fig. 2.   Relative abundance of reads for virus families within each sampling category for (A) the RVDB dataset and (B) the Lazypipe dataset. Temporal Category 
indicates year followed by “.E” for early season or “.L” for late season samples. The average depth of sequencing for the CLBJ, ORNL, SCBI, SERC, and TALL samples 
were approximately 115 million, 107 million, 126 million, 124 million, and 110 million reads, respectively.
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all A. albopictus , also appears to be ubiquitous, having been listed 
in publicly available datasets representing wild-caught collections 
from China, Italy, Thailand, and laboratory colonies in the United 
States ( 64 ). Given that A. albopictus  anphevirus can coinfect mos­
quitoes with Chikungunya virus and that yet another Aedes 
anphevirus has been reported to reduce dengue virus replication 
in vitro ( 61 ), further study is merited. Interestingly, the less com­
mon Usinis virus and Barstukas virus were detected in A. albopictus  
collected in China ( 52 ,  61 ).

 Greater diversity and abundance of viruses were found in  
﻿A. albopictus  compared to A. vexans.  Higher diversity of viruses 
detected in A. albopictus  suggests possible greater permissiveness 
of the species to viruses ( 10 ,  28 ), consistent with being a 

notorious vector of arboviral pathogens. Interestingly, a study 
done in China found no difference in the viral diversity of  
﻿A. vexans  and A. albopictus . However, the same study reported 
higher viral diversity in A. albopictus  in the United States than 
China ( 52 ). Clearly, the role species plays in mosquito virome 
diversity merits study, particularly whether it derives from 
 differences in exposure ( 62 ), perhaps in the larval habitat, or 
host-specific barrier to infection ( 3 ).

 Spatiotemporal factors and mosquito virome species composi­
tion over larger geographic scales have been less commonly stud­
ied, with conflicting observations and conclusions ( 10 ). In contrast 
to findings of this study, distinctive seasonal virome patterns  
for A. albopictus  ( 49 ,  65 ) and an impact of location on viral 

Fig. 3.   Sankey diagram depicting viruses detected within each vector as percent of total vector–virus pairs (n = 373) present using the RVDB dataset.

Fig. 4.   Heatmap showing proportion of mosquitoes and virus species in each sample group using the RVDB dataset. Sample Group indicates the year followed 
by “.E” for early season or “.L” for late season samples.D

ow
nl

oa
de

d 
fro

m
 h

ttp
s:/

/w
w

w
.p

na
s.o

rg
 b

y 
U

N
IV

ER
SI

TY
 O

F 
M

A
RY

LA
N

D
; M

CK
EL

D
IN

 L
IB

RA
RY

 o
n 

M
ay

 1
9,

 2
02

5 
fro

m
 IP

 a
dd

re
ss

 1
29

.2
.8

9.
14

7.



PNAS  2025  Vol. 122  No. 20 e2403591122� https://doi.org/10.1073/pnas.2403591122 7 of 9

community structure have been reported ( 50 ,  60 ,  66 ). Envir­
onmental temperature, availability of food resources, age of mos­
quitoes, and mosquito population densities are seasonally variable, 
hence potential contributors to shifts in the mosquito virome ( 24 , 
 49 ). Viruses present year-round suggest lack of adaptive mosquito 
population immunity, low fitness cost of the virus, or transovarial 
transmission between mosquitoes and their offspring playing pos­
sible roles ( 49 ). Other studies reported no significant variation 
across locations, consistent with findings of this study ( 51 ,  61 ,  65 ).

 Depletion of mosquito RNA through subtractive hybridization 
enabled higher coverage of microbial RNA than ribosomal RNA 
depletion methods described elsewhere. The rRNA depletion 

method of Thongsripong et al. ( 51 ) removed mosquito small ribo­
somal subunit rRNA, increasing average percentage of virus reads 
in the total reads per sample from 0.095 ± 0.160% (N = 12 
samples) in untreated samples to 0.438 ± 0.661% (N = 18 sam­
ples) in treated samples. Here, the method used yielded virus reads 
comprising 92.4 ± 12.9% of the total reads per sample (N = 95), 
with none of the reads aligning to any portion of either mosquito 
genome after subtractive hybridization. Thus, subtractive hybrid­
ization, as described, provided improved virome analysis when 
monitoring potential viral pathogen spread in vector populations. 
This subtractive hybridization can advance biosurveillance since 
next-generation sequencing to a depth required for viral genome 

Fig. 5.   NMDS plots of mosquito viromes using the RVDB dataset grouped by (A) spatiotemporal category and species, where species are depicted with filled 
or open symbols, site with color, and time with differently shaped symbols. Additional diagrams show the same data by (B) species, (C) site, (D) time of season, 
and (E) year. Ellipses indicate 95% CI. The stress value is 0.06.
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surveillance is cost-prohibitive. Higher percentage of viral RNA 
in the RNAseq library allowed lower sequencing depth. However, 
subtractive hybridization may remove RNA of viral origin, which 
must be considered to avoid bias. Further, the methodology 
employed in this study would have filtered out viral introgression 
into the mosquito genome; a better understanding of the extent 
of introgression merits future study.

 Limitations of the study reported here are worth noting. 
While this study did not uncover novel viruses in the subset of 
95 mosquitos analyzed, the Lazypipe viral discovery methodol­
ogy is highly generalized across taxa. Development of a pipeline 
specific to mosquitoes can facilitate future viral discovery. 
Further study should determine whether the relatively low diver­
sity of viruses detected in A. vexans  reflects database limitations 
considering relatively high research investment in the invasive 
vector, A. albopictus  ( 28 ), and the higher number of unclassified 
reads in the A. vexans  library. Additionally, while the 2,000 km 
spatial scale of the dataset employed in this study is one of the 
more expansive to date, a longer time series with additional 
individual replicates and continental-scale coverage would pro­
vide a greater capacity to uncover spatiotemporal trends in 
virome community structure, particularly with respect to the 
more rare viruses. Large-scale observatories like NEON are a 
valuable resource and well poised to enable studies as reported 
here because of the standardized framework employed in the 
collection and handling of mosquito specimens enabling virome 
comparison across multiple scales.

 In summary, RNA sequencing provides a powerful tool to 
understand how and when viruses use new hosts, and permissive­
ness of mosquitoes for different viruses ( 10 ), as well as the influ­
ence of insect-specific viruses on mosquito physiology and 
arboviral transmission ( 21 ,  26 ,  67 ). Results of sequencing the 

metatranscriptome of individual mosquitoes over large spatial 
scales provide evidence of the spatial distribution of core viromes 
and the ecological scale within which mosquito virus dynamics 
operate. Continued surveillance of viruses from individual mos­
quitoes or small pools of mosquitoes using shotgun metagenomics 
and metatranscriptomics will allow an extensive identification of 
novel viruses or arbovirus precursor ( 22 ,  28 ). Studies conducted 
over continental spatial scales and multiannual time scales will 
improve understanding of shifting mosquito virus dynamics during 
climate change and urbanization. Geographic comparisons exploit­
ing data available from NEON provide a valuable step forward in 
understanding both the biology of these viruses and their ecology.    

Data, Materials, and Software Availability. Sequencing data generated for 
all samples included in this study have been deposited in NCBI Sequence Read 
Archive Database under BioProject ID PRJNA1066886 (68). Sample attributes 
and accession numbers can be found in the supporting information.
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