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ABSTRACT Mosquitoes are important vector hosts for numerous viral pathogens and
harbor a large number of mosquito-specific viruses as well as human-infecting viruses.
Previous studies have mainly focused on the discovery of mosquito viruses, and our under-
standing of major ecological factors associated with virome structure in mosquitoes remains
limited. We utilized metatranscriptomic sequencing to characterize the viromes of five
mosquito species sampled across eight locations in Yunnan Province, China. This revealed
the presence of 52 viral species, of which 19 were novel, belonging to 15 viral families/
clades. Of particular note was Culex hepacivirus 1, clustering within the avian clade of
hepaciviruses. Notably, both the viromic diversity and abundance of Aedes genus mos-
quitoes were significantly higher than those of the Culex genus, while Aedes albopictus
mosquitoes harbored a higher diversity than Aedes aegypti mosquitoes. Our findings thus
point to discernible differences in viromic structure between mosquito genera and even
between mosquito species within the same genus. Importantly, such differences were
not attributable to differences in sampling between geographical location. Our study also
revealed the ubiquitous presence of the endosymbiont bacterium Wolbachia, with the
genetic diversity and abundance also varying between mosquito species. In conclusion,
our results suggested that the mosquito host species play an important role in shaping
the virome's structure.

IMPORTANCE This study revealed the huge capability of mosquitoes in harboring a rich
diversity of RNA viruses, although relevant studies have characterized the intensively
unparalleled diversity of RNA viruses previously. Furthermore, our findings showed discerni-
ble differences not only in viromic structure between mosquito genera and even between
mosquito species within the same genus but also in the genetic diversity and abundance
of Wolbachia between different mosquito populations. These findings emphasize the
importance of host genetic background in shaping the virome composition of mosquitoes.

KEYWORDS mosquito, virome, evolution, ecology, metatranscriptomics

umerous mosquito-borne viruses are able to cause disease in humans and other verte-
brates, with the potential for major epidemics and pandemics that disrupt global public
health and threaten human and animal populations (1, 2). With the deployment of next-
generation sequencing, particularly metatranscriptomics (total RNA sequencing), an enor-
mous genetic diversity of viruses in mosquitoes has been identified (3, 4), the majority of
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Role of the Host in Shaping the Mosquito Virome

which are insect specific (5, 6) and are distinct from viruses of medical importance. As
such, the presence of disease-causing viruses in mosquitoes is probably the exception
rather than the rule. However, how ecological factors impact the composition and diver-
sity of mosquito viromes remains unclear (3, 7), limiting our understanding of the eco-
logical drivers of host-switching and spillover events and their public health risks (8). In
addition, the pathogenicity of most mosquito-borne viruses is poorly understood, even
though some may pose a risk to public health or modulate the transmission of patho-
genic viruses (9).

Jinghong City, part of the Xishuangbanna Dai Autonomous Prefecture of Yunnan Province,
is located on the southern border of China and geographically adjacent to Laos,
Myanmar, and Vietnam, where some tropical viral infectious diseases are endemic (10,
11). In recent years, mosquito-associated infectious diseases, such as dengue fever and
Japanese encephalitis (12, 13), have been imported into Xishuangbanna. In addition, the
stable tropical climate in Xishuangbanna facilitates mosquito breeding and production (10),
constituting an important driver of infectious disease outbreaks. Indeed, several large-
scale dengue outbreaks have been reported in Xishuangbanna since the first documented
epidemic there in 2013 (12, 14, 15). Therefore, characterization of the virus spectrum in the
key mosquito species (particularly species from the Aedes and Culex genera that are known
to harbor pathogenic viruses responsible for epidemics in human and animal populations)
and identification of possible associations between mosquito species and virome structures
are of vital importance to prevent and control future tropical disease outbreaks here and
potentially elsewhere.

Herein, we characterized the total transcriptomes of 56 mosquito pools, comprising
991 mosquitoes from five invertebrate species collected from eight locations in Jinghong,
Xishuangbanna. We analyzed the genetic diversity of RNA viruses in these mosquito species
and identified the complete coding sequences of 52 RNA viruses, including 19 previously
undescribed viruses. We further determined the evolutionary relationships of the novel
viruses identified here and revealed an association between mosquito vector species and
virome structure by comparing the compositions and structures of the viral communities
within different hosts.

RESULTS

The mosquito viromes. A total of 991 mosquitoes were collected in 2018 from eight
locations (A to H) in Jinghong City, Yunnan Province, China (Fig. 1A; see Table S1 in the
supplemental material). The mosquitoes comprised five species: Culex quinquefasciatus
(n = 425), Aedes aegypti (n = 355), Aedes albopictus (n = 179), Lutzia halifaxii (n = 10),
and Armigeres subalbatus (n = 22) (Fig. 1B; Table S1). Samples were pooled into 56 libraries
based on mosquito species and collection location (Table S1). Metatranscriptomic sequencing
generated between 34,777,328 and 192,424,498 reads per library (Table S1).

Subsequent analyses revealed the complete coding sequences of 52 RNA viruses, 19 of
which were novel viruses due to a sequence similarity of <90% in the RNA-dependent RNA
polymerase (RdRp) protein (Table 1). All viruses fell within known viral families or orders:
Chrysoviridae (n = 1), Partitiviridae (n = 5), Reoviridae (n = 1), Totiviridae (n = 3), Bunyavirales
(n = 7), Mononegavirales (n = 9), Orthomyxoviridae (n = 6), Flaviviridae (n = 3), Narnaviridae
(n = 3), Negevirus (n = 2), Solemoviridae (n = 6), Tombusviridae (n = 1), Tymoviridae (n = 2),
Virgaviridae (n = 2), and Permutotetraviridae (n = 1) (Table 1).

For each library, the number of virus species varied from 2 to16, with the exception of
one C. quinquefasciatus library from location H, in which no viruses were detected (Fig. 1C).
The abundance of each virus varied from 2.00 to 6,825.80 reads mapped per million input
reads (RPM) across the pools (Fig. 1D; Table S2). In comparison, the abundance of the mos-
quito host, determined by COI gene sequencing, varied between 1.30 and 774.92 RPM
(Fig. 1D; Table S1). A total of 14 viruses, including 2 of Partitiviridae (Aedes partiti-like virus 1
[AePLV1], and Aedes partiti-like virus 2), 1 of Reoviridae (Aedes reo-like virus 1 [AeRLV1]), 1
Bunyavirales (Phasi Charoen-like phasivirus), 2 of Mononegavirales (Aedes albopictus
anphevirus and Culex quinquefasciatus rhabdo-like virus 1), 2 of Orthomyxoviridae
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FIG 1 Geographic locations and the species of the mosquito samples and overview of the RNA viruses and the Wolbachia bacteria identified in this study.
(A) Sampling sites in Jinghong City and the mosquito species composition of each site. The mosquito species and the number of mosquitoes are shown in
different colors. The maps were first created using ArcMap v10.4.1 and further edited using Adobe Illustrator 2020. (B) Species identification was based on
phylogenetic analysis of the cytochrome ¢ oxidase (COl) gene of the mosquitoes. (C) Number of viral species identified in each library, colored by virus type; (D)
heat map showing the abundance (measured by RPM) of microbial species and the host COI gene in each of the 56 pools sequenced here.
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(Wuhan Mosquito Virus 6 and Usinis virus), 1 of Narnaviridae (Hubei mosquito virus 3), 1 of
Negevirus (Culex quinquefasciatus negev-like virus 1), 3 of Solemoviridae (Guadeloupe mos-
quito virus, Guangzhou sobemo-like virus, and Humaita Tubiacanga virus), and 1 of
Permutotetraviridae (Sarawak virus) (Fig. 1D; Table S2), were more abundant than the host
COI gene (with the highest abundance at 774.92 RPM) (Table S2).

Phylogenetic relationships and viral genome characterization. (i) Double-stranded
RNA viruses. We identified 10 double-stranded RNA (dsRNA) viruses belonging to
Chrysoviridae (n = 1), Partitiviridae (n = 5), Reoviridae (n = 1), and Totiviridae (n = 3). With the
exception of Aedes reo-like virus 1 from Reoviridae, the other nine viruses were related to
those previously identified in mosquitoes (Fig. 2).

Two novel ArPLV1 and AePLV2 viruses clustered with uncharacterized partiti-like viruses
identified from different mosquito genera (Fig. 2A), thereby expanding the known host
range of partiti-like viruses. The single-gene segments of both viruses contained a single
open reading frame (ORF) sharing 83.47% and 61.17% amino acid similarity with their closest
relatives, respectively (Table 1). Like other totiviruses, the Culex toti-like virus 1 (CTLV1) iden-
tified in the present study possessed an unsegmented genome comprising two major ORFs
(Fig. 2B). CTLV1 clustered with unclassified toti-like viruses also from Culex mosquitos and
shared 73.20% amino acid similarity with its closest relative (Table 1). Finally, the only novel
reovirus identified here, Aedes reo-like virus 1 (AeRLV1), comprised two segments con-
taining three ORFs and was most closely related to Shenzhen reo-like virus 2 from
Tyrophagus (Fig. 2D). AeRLV1 shared only 30% amino acid similarity over the conserved RdRp
region (Table 1) and formed a distant clade with viruses identified from the class Arachnoidea
(Fig. 2D).

(ii) Negative-sense, single-stranded RNA viruses. Twenty-two negative-sense,
single-stranded RNA (-ssRNA) viruses with complete coding regions were identified in this
study: 7 fell within the order Bunyavirales, 9 fell within the order Mononegavirales, and
the remaining 6 belonged to the family Orthomyxoviridae and a related clade (Fig. 3).

Five of the seven Bunyavirales viruses were related to previously described mosquito
viruses, with 96 to 100% amino acid identities to their closest relatives, including two
Phasmaviridae viruses and three Phenuiviridae viruses (Fig. 3A). Although Culex quinque-
fasciatus bunyavirus 1 (CQBV1) fell within the Bunyavirales and shared 88.78% amino acid
similarity to the most closely related virus (Qingnian mosquito virus [QMV]) (4), both CQBV1
and QMV diverged extremely from previously described viruses and formed a distinct lineage
within the Bunyavirales (Fig. 3A), exhibiting less than 23% amino acid similarity over the RdRp
protein. Similar to the typical genomic structure of the order Bunyavirales, the two viruses
contained three gene segments. Hence, CQBV1 and QMV may represent a putative
new family of the Bunyavirales (Fig. 3A). Another novel bunyavirus, Aedes bunya-like
virus 1 (ABLV1), identified here also contained three gene segments and fell within
the Phenuiviridae (Fig. 3A). ABLV1 clustered with reference strains identified in various mos-
quitoes, exhibiting 48.54% amino acid similarity to the most closely related virus (Salarivirus)
(Fig. 3A).

We identified five novel viruses clustering within the Rhabdoviridae, four of which fell
within the subfamily Alpharhabdovirinae and one belonging to the Betarhabdovirinae
(Fig. 3B). Armigeres rhabdo-like virus 2 (ARLV2) was identified in Armigeres mosquitos
and was closely related to other rhabdoviruses from Culex and Aedes mosquitoes, sharing
low amino acid similarity (less than 53%) with each other. Similarly, Armigeres rhabdo-like
virus 1 (ARLV1) and Aedes rhabdovirus 1 (ARV1) clustered with viruses identified from other
mosquito species (Fig. 3B), with the largest amino acid similarities of 72.52% and 48.08%
over RdRp (Table 1), respectively. Culex rhabdo-like virus 2 (CRLV2) and Culex quinque-
fasciatus rhabdo-like virus 1 (CQRLV1) were related to Culex rhabdo-like viruses (Fig. 3B).
CQRLV1 shared 94.67% amino acid similarity in RdRp to the closest reference sequence
—Culex pseudovishnui rhabdo-like virus. Notably, all the five novel Rhabdoviridae viruses
possessed linear genomes, with typical genome structures comprising 4 to 5 ORFs
(Fig. 3B).

One novel Armigeres orthomyxo-like virus 1 (ArOLV1) was identified in Armigeres
mosquitoes and belonged to an unclassified mosquito-associated clade related to
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A Partitiviridae related

100| YP_009508068 Beet cryptic virus 2

YP_004429258 Fig cryptic virus | Dettapartitivirus
YP_009551507 Pythium nunn virus 1
YP_009508238 Ophiostoma partitivirus 1 Gammapartitivirus

NP_659027 Gremmeniella abietina RNA virus MS1

YP_009508065 Cryptosporidium parvum virus 1| Cryspovirus
NP_620659 Rhizoctonia solani virus 717
YP_001911122 Ceratocystis polonica partitivirus
YP_007419077 Rosellinia necatrix partitivirus 2
YP_002308574 Beet cryptic virus 1

100,

100]

88 YP_009508236 Chondrostereum purpureum cryptic virus 1
YP_009508048 Flammulina velutipes browning virus
QQO081400 Soybean thrips partiti-like virus 4
APG78199 Wuhan insect virus 24
APG78249 Hubei partiti-like virus 36
APG78251 Hubei partiti-like virus 32
QIJ70086 Vandelay partiti-like virus
ATY36109 Vespa velutina partiti-like virus 1
QZZ63408 Nelson Partiti-like virus 1
APG78222 Hubei partiti-like virus 33
APG78254 Hubei odonate virus 13
QKI28959 Canna indica partitivirus
9o~ @ Armigeres partiti-like virus 1 (ArPLV1) [Armigeres]
QLJ83487 Broome partiti-like virus 1 [Culex]
QHA33899 Atrato Partiti-like virus 3 [Psorophora]
DAZ85671 Aedes partiti-like virus 1[Aedes]
100| @ Aedes partiti-like virus 1 YN2018 (AePLV1) [Aedes]
UG048655 Palmetto partiti-like virus [Aedes]
APG78217 Hubei partiti-like virus 22
APG78256 Hubei partiti-like virus 17
QQO081406 Soybean thrips partiti-like virus 10
QZZ63414 Leuven Partiti-like virus 5
APG78247 Hubei partiti-like virus 21
'YP_009346039 Wuhan insect virus 22
APG78260 Hubei partiti-like virus 19
APG78265 Hubei partiti-like virus 18
@ Aedes partiti-like virus 2 (AePLV2) [Aedes]
BBQ05106 Culex tritaeniorhynchus partitivirus [Culex]
QRW42511 Nebet virus [Culiseta]
QHA33705 Atrato Partiti-like virus 5 [Mansonia]
APG78252 Hubei partiti-like virus 5
YP_009342308 Wuhan Millipede virus 4
YP_009345133 Wuhan cricket virus 2
'YP_009333370 Beihai barnacle virus 12
APG78308 Hubei partiti-like virus 9
QZZ63397 Leuven Partiti-like virus 3
100; @ Verdadero virus YN2018(VeV) [Aedes]
QMI58128 Verdadero virus [Aedes]
'YP_009333350 Beihai partiti-like virus 2
APG78282 Hubei partiti-like virus 15
QRD99907 Dragana partiti-like virus
APG78275 Hubei partiti-like virus 13
UNZ11820 Tar Brook virus [Coquillettidia]
UOL25804 Partitivirus-like Culex mosquito virus [Culex]
@ Sonnbo virus YN2018 (SoV) [Culex]
100! QGA70940 Sonnbo virus [Culex]

100

97,

97|

0.3

C Chrysoviridae related
YP_009551629 Colletotrichum fructicola chrysovirus 1

QJW39304 Alternaria alternata chrysovirus 1 | Betech/Sorus
UOK20161 Diplodia seriata chrysovirus 1
YP_009337840 Isaria javanica chrysovirus 1
AYP71812 Penicillium roseopurpureum chrysovirus 1 | Alphachrysovirus
AKU48197 Brassica campestris chrysovirus 1
UCU85912 Alternaria solani chrysovirus 1 | Chrysovirus

YP_052858 Helminthosporium victoriae 145S virus
QHA33836 Salado virus [Wyeomyia]
QRW42852 Keturi virus [Culex]
QRD99893 Xanthi chryso-like virus [Uranotaenia]
BBQ05099 Hubei chryso-like virus 1 [Culex]
@ Shuangao chryso like virus 1 YN2018 (ShCLV1) [Aedes][Culex]
97l YP_010085118 Shuangao chryso-like virus 1 [Culex]

@ Aedes reo-like virus 1

Seg 1 RdRp = 4216 nt

I } 3096 nt

Seg2{

FIG 2 Evolutionary relationships and genomic features of the double-st
marked in red/blue and highlighted with a red/blue solid circle. Mosqu

| Betapartitivirus

YP_138537 Amasya cherry disease-associated mycovirus
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@ Armigeres partiti-like virus 1
@ Viruses described in this study

1486 ot

@ Novel viruses discovered
@ Aedes partiti-like virus 2

1709 nt

Mosquito-associated viruses

Alphapatrtitivirus

B Totiviridae related
_|:A8836743 Giardia canis virus
YP_009552725 Gigaspora margarita giardia-like virus 1

AOR51364 Anopheles totivirus
991 100, @ Aedes aegypti totivirus YN2018 (AaTV) [Aedes]
BBM96510 Aedes aegypti totivirus [Aedes]
QRD99885 Drama totivirus [Ochlerotatus]
QHA33712 Embera virus [Wyeomyia]
QMU95575 Bactrocera dorsalis toti-like virus 2
98 QLJ83495 Fitzroy Crossing toti-like virus 1
QTT60747 Culex inatomii totivirus
YP_009417301 Australian Anopheles totivirus

100'— QHA33716 Pisingos virus
QYV44575 Trichomonas vaginalis virus 3 . .
YP_009162330 Trichomonas vaginalis virus 1 | Trichomonasvirus
UBZ25890 Neofusicoccum parvum victorivirus 3
UPO09358 Aspergillus niger victorivirus 1
'YP_009030005 Leishmania aethiopica RNA virus
UF101004 Leishmania RNA virus 2
ULN99208 Pterostylis totivirus
UHK03123 Sanya totivirus 2
100 QRW41697 Mika virus [Culex]
QRW42121 Lotchka virus [Culex]
@ Culex toti-like virus 1 (CTLV1) [Culex]
00 QLJ83492 Fitzroy Crossing toti-like virus 2 [Culex]
BBQ05098 Culex vishnui subgroup totivirus
QRW42109 Tzifr virus
YP_009388611 Aedes camptorhynchus toti-like virus 1
UHKO03176 Hangzhou totivirus 6
QUS52818 Mute swan feces associated toti-like virus 2
YP_009336493 Hubei toti-like virus 10
QEM39133 Aedes aegypti toti-like virus [Aedes]
@ Aedes aegypti toti-like virus YN2018 (AaTLV) [Aedes]
89! UG048654 Palmetto toti-like virus [Aedes]

Giardiavirus

100]

84l

| Victorivirus

| Leishmaniavirus

| Totivirus

@ Culex toti-like virus 1

—] J— 7194 nt

RdRp

D Reoviridae related
KX263307 Mammalian orthoreovirus 1
AF418295 Chum salmon reovirus
DQ192235 Operophtera brumata reovirus
AF282467 Eyach virus
AY029520 Fiji disease virus
DQ087277 Aedes pseudoscutellaris reovirus
AY542965 Eriocheir sinensis reovirus Cardoreovirus
AF168005 Banna virus
AY317099 Liao ning virus
AF 133429 Kadipiro virus
JN596592 Rotavirus G
99 GU733443 Rotavirus D
DQ838640 Rotavirus A
AF133431 St Croix river virus
DQ248057 Peruvian horse sickness virus
74 U94887 African horsesickness virus
96— KF624614 Changuinola virus
@ Aedes reo-like virus 1 (AeRLV1) [Aedes]
QPN36924 Shenzhen reo-like virus 2 [Tyrophagus]
YP_009551617 Nephila clavipes virus 6 [Trichonephila]
QGA70899 Valmbacken virus
APG79149 Hubei reo-like virus 10
QNS31039 Thrips tabaci associated reovirus 1
U73201 Rice dwarf virus
AB254451 Rice gall dwarf virus

100;

Spinareovirinae

Seadornavirus

100)
Rotavirus

100

Orbivirus
Sedoreovirinae

05 | Phytoreovirus

randed RNA viruses identified in this study. Viruses identified in this study are
ito-associated viruses are shaded in the blue box. All phylogenetic trees were

midpoint rooted for clarity, and only bootstrap values (>70%) are shown adjacent to the nodes. The diagrams provide the genome information of the

newly discovered viruses, including the length of each genomic segment,

the Orthomyxoviridae (Fig. 3C). ArOLV1 clustered with Usinis v

the number of ORFs and the predicted RdRp protein (shown in the pink box).

irus isolated from Aedes

mosquitoes, with an amino acid similarity of 69.27% in the RdRp protein. Although the
number of genome segments in the family Orthomyxoviridae ranged from 6 to 8, only
5 genome segments were obtained through sequence similarity from our data, includ-
ing PB1, PB2, PA, nucleoprotein (N), and the glycoprotein (G) genes (Fig. 3C).
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'YP_009362027 Kibale virus
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100 YP_010086208 Caimito virus . - L { RdRp }7102 nt
'YP_010085071 Tapirape virus Peribunyaviridae
QLA46883 Vi ) I
'AXU40007 Cache Valley virus G "13676nt @ Viruses described in this study
100) 100 AIA08883 Ebinur lake virus
ULE62087 Spilikins virus | N 1-1644nt
YP_009507846 Jonchet virus | Jonvirus @ Novel viruses discovered
YP_009270651 Wuhan Insect virus 2 | Wuhivirus -
YP_010085075 Sanxia Water Strider Virus 2 | Sawastrivirus @ Aedes bunya-like virus 1 (ABLV1)
YP_009664550 Ferak virus i . . .
PB73987 Neuropteran phasma-related virus OKIAV248 | Feravirus L1 RaRp I 7727 nt Mosquito-associated viruses
AJG39250_Shuangao Insect Virus 2 | inshuvirus
YP_010086189 | )
UQS95374 Niukluk phantom virus Orthophasmavirus G—{_}+2089nt
700 QHA33845 Coredo virus [Mansonia] Phasmaviridae
YP_009305135 Wuhan Mosquito Virus 2 [Culex] N }—1708 nt
T50l] QGA70910 Anjon virus [Culex] n
00| ® Culex phasma-like virus YN2018 (CPLV) [Culex][Aedes]
100] 100! ASA47365 Culex phasma-like virus [Culex]
QRW41769 Miglotas virus [Culex] B Mononegavirales
GA87322 Flen bunya-like Ochlerotat
ofl BB VP 00ea3 8 Yoot umoa Tacdos] YP_009336728 Hubei orthoptera virus 5 Hoptevirus
100]_f QOI91411 Aedes phasmavirus [Aedes] YP_009337121 Hubei rhabdo-like virus 7
165] @ Barstukas virus YN2018 (BaV) [Aedes] YP_010084240 Shuangao Fly Virus 2
QRW42032 Barsiukas vius [4edes] 100, YP_010084246 Bolahun virus variant 2 [Anopheles]
100r @ Culex 1/(CQBV1) [Culex] QBK47216 Anopheles marajoara virus [Anopheles]
L QTW97785 Qingnian Mosquito Virus [NA] YP_009302387 Xincheng Mosaquito Virus [Anopheles]
YP_009664615 Cumuto virus i ASA47369 Culex mononega-lke virus 1 [ u ex]
ULE62098 Sefomo virus Goukovirus 100 QEM39183 Aedes aegypti anphevirus
100— @ Aedes bunya-like virus 1 (ABLV1) [Aedes] @ Aedes anphevirus YN2018 (AAV) [Aedes] —
API61884 Salarivirus Mos8CMO [NA] 1001 AWW13465 Aedes anphevirus [Aedes] inmoviridae
o QHA33858 Narangue virus [Mansonia] BBQO4817 Culex tritaeniorhynchus [Culex]
@ Zhee Mosquito virus YNZ018 (ZMV) [Armigeres] QNS17450 Serbia mononega-like virus 1 [Culex]
7001 AJG39275 Zhee Mosquito virus [Anopheles] @ Aedes albopictus anphevirus YN2018 (AaAV)
QRD99873 Rhodopi bunya-like virus [Anopheles] 100l QOW17628 Aedes albopictus anphevirus [Aedes]
QHA33672 Atrato Gouko-like virus 1 [Culex] QEM39177 Guadeloupe mosquito mononega-\ike virus [Aedes]
QNS17451 Serbia bunya-like virus 1 [Culex] QTW97812 Mononegavirales sp. [NA]
. BBQO5093 Culex pseudovishnui bunya-like virus [Culex] @ Culex mononega-like virus 2 YN2018 (CMLV2) [Culex]
601y UG057099 Pyongtaek Culex Bunyavirus [Culex] 1001 ASA47413 Culex mononega-like virus 2 [Culex]
100} @ Culex Bunyavirus 1 YN2018 (CBV1) [Culex] 100 CAH2618904 Monoclea gottschei varicosa-like virus
99 QTW97782 Bunyavirales sp. [NA] DAZ85728 Zostera associated varicosavirus 1
YP_010086241 Entoleuca phenui-iike virus 11 Entovirus QZN83671 y crinkle virus
UFET5634 Brassica campestris chinensis coguvrus 1 . UPN49230 Black currant nucleorhabdovirus 1
UEC79359 Citrus concave gum-associated virus | Cootwis NP_620502 Rice yellow stunt nucleorhabdovirus
YP_009329894 Hubei diptera virus 3 | Beidivirus Phenuivirid UOF93136 Eggplant mottled dwarf alphanucleorhabdovirus
YP_009330277 Hubei diptera virus 5 enulviridae YP_009337635 Shayang ascaridia galli virus 2
YP_009305000 Wuhan Fly Virus 1 AAVM86063 Chimay rhabdovirus Rhabdoviridae
1005 QLJB3473 Parry's Creek phasivirus 1 [Culex] 009336589 Wenling virus 11
QIC54212 Wutai mosquito phasivirus [Culex] VP 009304985 Wahan House Fly virts 2
QRW42061 Niwlog virus [Culex] . Phasivirus QHA33680 Atrato Rhabdo-like virus 3 [Culex] Betarhabdovirinae
QEM39249 Guadeloupe mosquito phasivirus [Aedes @ Armigeres rhabdo-like virus 2 (ARLV2) [Armigeres]
700L{® Phasi Charoen-like phasivirus YN2018 (PCLPV) [Aedes] Q1562334 Primus virus [Aedes]
‘D‘:NATQSZﬁBﬁ EhaslGharce Elkelphasiviusi[Asdes] 100) @ San Gabriel mononegavirus YN2018 (SGMV) [Aedes]
Q W?/ggg%g [PER ORI 760! DAZ85658 San Gabriel mononegavirus [Aedes]
YP 01008611 ;3 [ERNIE YP_009336984 Hubei rhabdo-like virus 1
recarious point virus AYW51543 Lasius neglectus virus 2
AFN73042 Manawa virus Uukuvirus 9
) QWT43296 L trand RNA virus 1
YP_008003507 Lone Star virus Bandavirus UOS86047 Hymenopteran rhabdo-related virus
QMP82371 Hymenopteran rhabdo-related virus OKIAV40
AEL29683 Sand fever Naples-like virus TP S000eers &
YP_009346026 Urucuri virus Phiebovirus 2 annonnwalatlyssavinie)
05 YP 010086084 Nigue virus - QSLa7717 Menghsi thabdovirus
Zahedan
— oNssasss Chandipura virus
C Orthomyxoviridae related . AVM87639 Wuhan carp Isavirus 1 | _ VF:) gggggggﬁav::% Et;g“/)i?u Zat virus
L ABGB81414 Infectious salmon anemia virus |/Savirus QMUS5563 Bactrocera dorsalis sigmavirus
AED98371 Jos virus i YP_009505491 Drosophila ananassae sigmavirus
Q0Q34680 Thogotovirus dhoriense |Th°9°¢°v"us QQRDY9862 Evros rhabdovirus 2 [Anopheles]
. AON76693 Influenza D virus | Deltainfluenzavirus .Aﬁg:g?gg;:;ﬁf‘lo?l(xgﬂfa:mzeﬂ
BAV18540 Influenza C virus | Gammainfluenzavirus QTW97817 Culex tritaeniorhynchus rhabdovirus [Culex]
YP_009118471 Influenza A virus | Alphainfluenzavirus QNJ99582 Culex rhabdovlrus [c,,,,xl
NP_056657 Influenza B virus | Betamﬂuenzawrus o AWJ96718 Merida virus [Cu Alpharhabdovirinae
YP_009996585 Johnston Atoll @ Armigeres rhabdo-like virus & (ARLVA) [Armigeres] &
UQS95353 Byreska virus DAZ85663 Formosus virus [Aedes]
QEM39320 Guadeloupe mosquito quaranja-like virus 3 [Aedes] UQS95365 Lantra virus
QGAB87318 Culex orthomyxo-like virus [Culex] B R M ——
99| 700} ® Wuhan Mosquito Virus 4 YN2018 (WMV4) [Culex] ATGE3666 Oh\sdagrgf%lirl\z: ['pa“c:l:fg‘t’;"’s]a OXILS
991AJG39092 Wuhan Mosquito Virus 4 [Culex] AMJ52368 Riverside virus 1 [Ochlerotatus]
@ Armigeres orthomyxo-like virus 1 (ArOLV1) [Armigeres] 100{] @ Culex thabdo-like virus 2 (CRLV2) [Culex]
@ Usinis virus YN2018 (UV) [Aedes] AXQ04772 Culex rhabdo-like virus [Culex]
100l QRW42655 Usinis virus [Aedes] Culex quinquefasciatus rhabdo-like virus 1 (CQRLV1) [Culex]
UOL25816 Wuhan Mosquito Virus 6 [Culex] — A N e e e T?g"?'";‘e virus [Culex]
755|® Wuhan Mosquito Virus 6 YN2018 (WMV6) [Culex][Aedes] 05 5 S SIS U e
QRD99919 Culex pipiens orthomyxo-like virus [Culex] 100" YP_009388616 Culex habdo-like virus [Culex]
QMP82272 Dipteran orthomyxo-related virus OKIAV193 @ Armigeres rhabdo-like virus 2 (ARLV2)
AJG39089 Wuhan Louse Fly Virus 3
QRW42568 Astopletus virus [Culex] L H H o RdRp =10143 nt
QTW97779 Wuhan Mosquito Virus 5 [NA] .
ey e o o ® Aedes rhabdovirus 1 (ARV1)
@ Aedes orthomyxo-like virus 2 YN2018 (AeOLV2) [Aedes]
o DAZ85673 Aedes orthomyxo-like virus 2 [Aedes] { K - ReRp }10318 nt
@3 QU42764 Whidbey virus [Aedes] ® Armigeres rhabdo-like virus 1 (ARLV1)
RD99912 Aedes detritus orthomyxo-like virus [Aedes]
QEM39322 Guadeloupe mosquito quaranja-like virus 1 [Aedes] f | K gl RdRp F12152 nt
100| ® Guadeloupe mosquito quaranja-like virus 1 YN2018 (GMQLV1) [Aedes] S
851UG048657 Palmetto orthomyxo-like virus [Aedes] ® Culex rhabdo-like virus 2 (CRLV2)
@ Armigeres orthomyxo-like virus 1 (ArOLV1) q K = H RdRp 11680 nt
2 }2473nt N{____}1835nt ® Culex quinquefasciatus rhabdo-like virus 1 (CQRLV1)
PB1 2425 nt
AT 12218nt G 11509nt A I I H H RoRp 11508 nt

FIG 3 Evolutionary relationships and genomic features of the negative-sense RNA viruses identified in this study. Viruses identified in this study are
marked in red/blue and highlighted with a red/blue solid circle. Mosquito-associated viruses are shaded in the blue box. All phylogenetic trees were midpoint
rooted for clarity, and only bootstrap values (>70%) are shown adjacent to the nodes. The diagrams provide the genome information of the newly discovered
viruses, including the length of each genomic segment, the number of ORFs, and the predicted RdRp protein (shown in the pink box).

(

i) Positive-sense, single-stranded RNA viruses. A total of 20 positive-sense, single-

stranded RNA (+ssRNA) viruses were discovered in this study, grouping within the families
Tombusviridae (n = 1), Solemoviridae (n = 6), Tymoviridae (n = 2), Flaviviridae (n = 3),
Narnaviridae (n = 3), Virgaviridae (n = 2), Permutotetraviridae (n = 1), and the clade Negev-
like viruses (n = 2) (Fig. 4). With the exception of Culex tombus-like virus 1 (CTomLV1) within
the Tombusviridae, the remaining +ssRNA viruses identified here were most closely related to
mosquito-associated viruses (Fig. 4). CTomLV1 was most closely related to Dansoman vi-
rus identified in flies, and the viruses exhibited 48.81% amino acid similarity to each
other (Table 1). CTomLV1 had the same genomic structure as Dansoman virus, con-
taining two segments: segment 1 carrying two ORFs of a hypothetical protein and RdRp

and segment 2 encoding putative capsid protein (Fig. 4A).
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AT iridae and related @ Culex tombus-like virus 1 @ Aedes sobemo-like virus 1
APG76342 Hubei odonate virus 12 o
sl " aNG73517 Incect iike virus 1 Seg 1 3776 nt { JReRs Fo7e2nt
L UDY81250 Chronic bee paralysis virus

QQP18792 Wuhan insect virus 21 e Ut e oheT o it el

@ Culex tombus-like virus 1 (CTomLV1) [Culex] seg2{ _ }2109nt ® Mosq

ool 951~ AWY11089 Dansoman virus [Fly] Seg 1 3054 nt

YP_009337686 Hubei tombus-like virus 42 [Fly]
AXT18258 Opium poppy mosaic virus . .
or s ctelc o ey | catvusvirinae Tombusviridae seg2{ | Hezsnt
YP_009553479 Adonis mosaic virus
AFM91097 Lettuce necrotic stunt virus | Procedovirinae

Q66096 Camnation ringspot virus |R99’ ressovirinae)
YP_009552848 Apple luteovirus 1
BDD37277 Soybean dwarf virus Luteovirus
BCP56460 Barley yellow dwarf virus,

AA024320 Tumnip rosete virus
YP_007697678 Sesbania mosaic virus | Sobemovirus

YP 006331061 Artemisia virus A

ARQ18732 Alfalfa enamovirus i

YP_009465710 Pepper enamovirus | Enamovirus

AKS03434 Pepper vein yellows virus i

AYC21700 Sugarcane yellow leaf virus | Polerovirus

QGA70952 Berrek virus [Culex]

00y @ Humaita Tubiacanga virus YN2018 (HTV) [Aedes]

UKZ11888 Humaita-Tubiacanga virus [Haemagogus]

QHA33880 Atrato Sobemo-like virus 3 [Coquillettidia]

UGO57098 Pyongtaek Culex Solemovirus [Culex]

QRWA1882 Culex mosquito virus 6 [Culex]

UG057095 Pyongtaek Culex luteo-like virus [Culex]

des]

95]; @ Hubei sobemo-like virus 41 YN2018 (HSLV) [Armigeres]
100 APG75843 Hubei sobemo-like virus 41 [NA]
ASY03255 Norway luteo-like virus 2
AYP67542 Blue fish point virus
YP_009330088 Hubei sobemo-like virus 8
QQ081419 Soybean thrips sobemo-like virus 9
YP_009329983 Hubei sobemo-like virus 9
QZ763405 Nelson Sobemo-like virus 1
Q7763305 Vespula vulgaris Sobemo-like virus 1
QHA33869 Atrato Sobemo-like virus 5 [Coquillettidia]
YP_009337376 Wenzhou sobemo-like virus 4 [NA]
Q0191441 Guangzhou sobemo-like virus [Aedes

S et i o (e ey
s8] UBJ25987 Sichuan mosqito sobemo-like virus [NA]

QQD36926 Aedes sobemo-like virus [Aedes]
QQN95319 Hubei mosquito virus 2 [Culex]
QRW41864 Kellev virus [Culiseta]
AXV43879 Yongsan sobemo-like virus 1 [Aedes]
@ Nosaquito sobemo-like virus 1 (MSLV1) [Aedes][Armigeres]

Solemoviridae|

QRW42394 Guadeloupe mosquito virus [Aedes]

B Narnaviridae related

YP_009337619 Wenzhou nama-like virus 9
YP_009337133 Wenling nama-like virus 4
'YP_009337146 Wenling nama-like virus 5
APG77221 Hubei narna-like virus 14
YP_009337789 Hubei mosquito virus 3 [NA]
57|® Hubei mosquito virus 3 YN2018 (HMV3) [Armigeres]
75KQTW97838 Riboviria sp. [NA]
NP_660177 Saccharomyces 23S RNA namavirus
QHDB4826 Erysiphe necator associated namavirus 3
UGZ04787 Saccharomyces 20S RNA namavirus
UFT26917 Drosophila-associated narnavirus 1
YP_009272902 Fusarium poae narnavirus 1
[— QED42994 Entomophthora namavirus G

Narnavirus

AGWS51766 O d nama-like virus 1

Ol qeAs5487 C namavirus 2

LI~ aBAs5488 is narnavirus 1

C Tymoviridae related

QID59362 Sorghum almum marafivirus
NP_115454 Maize rayado fino virus

QKI36477 Grapevine rupestris vein feathering virus
QYF06720 Grapevine-associated marafivirus

100) YP_007517180 Andean potato latent virus

Marafivirus

YP_008318042 Tomato blistering mosaic virus | ynovicue
UEP57893 Grapevine fleck virus 1
YP_009551952 Bee Macula-Like virus 2 "
* Maculavirus

QQG34658 Nasturtium officinale macula-like virus 1

AHX22590 Bombyx mori Macula-like virus

‘QRD99864 Xanthi tymo-like virus

QWX94184 Gonipterus platensis Macula-Like virus

927 @ Culex quinquefasciatus tymo-like virus 1 (CQTLV1) [Culex]

BBQO4465 Culex pseudovishnui tymo-ike virus [Culex]

100| ; @ Guadeloupe Culex tymo-like virus YN2018 (GCTLV) [Culex]

QRW41704 Guadeloupe Culex tymo-like virus [Culex]
QGA70928 Tamnsjo virus [Culex]

02 92} UBJ25983 Sichuan mosquito tymo-like virus [NA]

QTW97835 Tymoviridae sp. [NA]

@ Culex quinquefasciatus tymo-like virus 1 (CQTLV1)

{ RaRs | [ }7859 nt

D Negevirus related

QNM37802 occidentalis associated negev-like virus 1
YP_009553581 Andrena haemorrhoa nege-like virus
AIS40860 Wallerfield virus
AFI24675 Santana virus
URA30365 Astegopteryx formosana nege-like virus 1
QQP18763 Soybean thrips nege-like virus 1
AFI24693 Loreto virus
YP_009270625 Brejeira virus.
QOK99941 Mekrijarvi negevirus
QIH12214 Ngewotan negevirus
URQ09136 Halyomorpha halys negev-like virus 1
QMU95554 Bactrocera dorsalis negev-like virus
QPN36965 Ganwon-do negev-like virus 1
YP_009333208 Shayang virga-ike virus 1
YP_009345041 Xinzhou nematode virus 1
YP_009345038 Xingshan nematode virus 2
100) @ Aedes albopictus negev-like virus YN2018 (AaNLV) [Aedes]
QGN03453 Aedes albopictus negev-like virus [Aedes]
00y AXV43883 Culex negev-like virus 1 [Culex]
AXQ04799 Culex Virga-like virus [Culex]
@ Culex quinquefasciatus negev-like virus 1 (CQNeLV1) [Culex]

QLJB3503 Parry's Creek negev-like virus 1 [Culex]
94l AXV43886 Yongsan negev-like virus 1 [Culex]

@ Culex quinquefasciatus negev-like virus 1 (CQNeLV1)

¥l QIP67846 Acdes japonicus namavirus 1 [Aedes]

@ Zhejiang mosquito virus 3 YN2018 (ZMV3) [Culex]
100! ASA47341 Zhejiang mosquito virus 3 [Culex]
77k QBA55489 Aedes taeniorhynchus namavirus [Aedes]
76[-@ Mosquito narna-like virus 1 (MNLV1) [Asdes][Armlgeres]

06 QRDY9904 Xanthi nama-like virus [Ochlerotatus]

@ Mosquito narna-like virus 1
i AR

|

1 RaRp_ | [T F1o894nt

@ Viruses described in this study
@ Culex hepacivirus 1
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E Virgaviridae related
100— UOF93445 Tobacco mild green mosaic virus
QYA72358 Bell pepper mottle virus

| Tobamovirus

NP_049325 Pea early-browning virus | Tobravirus

NP_740760 Broad bean necrosis virus

NP_059450 Soil-borne cereal mosaic virus

NP_059513 Chinese wheat mosaic virus

YP_009337242 Hubei virga-like virus 11

UHM27517 Sanya virga-like virus 1

QWC36453 Bemisia tabaci virga-like virus 2

YP_009336553 Hubei virga-lke virus 9

APG77802 Hubei virga-like virus 10

DAZ85697 Aedes binegev-like virus 1 [Aedes]

@ Aedes binegev-like virus 2 YN2018 (ABLV2) [Aedes]
DAZ85682 Aedes binegev-like virus 2 [Aedes]

QWC36451 Bemisia tabaci virga-like virus 1

UDL14009 Xiangshan martelii-fike virus 2

YP_009337423 Hubei virga-like virus 1 [NA]

100 QHA33742 Atrato Virga-like virus 3 [Mansonia]

QHA33746 Alrato Virga-like virus 4 [Psorophora]

UGO57109 Pyongtaek Culex Virga-like virus [Culex]
QRD99900 Alexandroupolis virga-like virus [Culex]

@ Hubei virga-like virus 2 YN2018 (HVLV2) [Culex][Aedes]

951 QRW42803 Hubei virga-like virus 2 [Culex]

| Furovirus

F Permutotetraviridae related
QIJ25871 Smithfield permutotetra-like virus
YP_003038595 Drosophila A virus
APG76925 Shuangao permutotetra-like virus 1
YP_009337703 Hubei permutotetra-like virus 8
100 NP_573541 elaeasa virus

L— YP_009665207 Thosea asigna virus
YP_009342439 Wuhan house centipede virus 9
APG76941 Hubei permutotetra-like virus 1
UHM27579 Sanya permutotetravirus 2
YP_009337650 Sanxia permutotetra-like virus 1
APG76964 Hubei permutotetra-like virus 2
UHRA49837 Sanya permutotetravirus 1
YP_009337623 Hubei permutotetra-like virus 3
AWY11097 Newfield virus
UHS71802 Permutotetraviridae sp.
[ BBO25553 Cuilex permutotelra-lke virus [Culex]

BCF79973 sp. [Aedes]
'-\ Sarawak virus YN2018 (SV) [Aedes]

100

— 82 YP_009551892 Sarawak virus [Aedes]
02 72LYP_009553485 Shinobi tetravirus [Aedes]

G Flaviviridae related

AGK41006 bat pegivirus G
UOWB86617 Human pegivirus
QKY77187 Pegivirus D

Pegivirus

AVM87259 Guangxi houndshark hepacivirus

AVM87613 Chinese softshell turle hepacivirus | 7eP2e/irus
QKT21547 Duck hepacivirus

‘QFR04963 Bald eagle hepacivirus

UPOG3376 Atypical porcine pestivirus 1
QBC66151 Porcine pestivirus
QLH02043 Bovine viral diarrhea virus 2
"35L. BDH21152 Classical swine fover virus
QPG92984 Jingmen tick virus
ALL52904 Shuangao insect virus 7
YP_009179388 Wuhan aphid virus 1
QEF75576 Yellow fever virus [NA]
NP_059434 Japanese encephalits virus [NA]
98- ASK51714 Zika virus [NA]
00p YP_009350102 Xishuangbanna aedes flavivirus [Aedes]
YP_009351861 Menghai flavivirus [NA]
Cell fusing agent virus YN2018 (CFAV) [Aedes] |Flavivirus
/A41907 Cell fusing agent virus [Aedes]
100f NP_891560 Kamiti River virus [Aedes]

Pestivirus

Jingmenvirus

@ Novel viruses discovered 1

RiRp |

Mosquito-associated viruses

@ Acdes flavivirus YN2018 (AFV) [Aedes]
ATL63282 La Tina virus [Ochlerotatus]
AIM49244 Aedes flavivirus [Aedes]

8988 nt 1

FIG 4 Evolutionary relationships and genomic features of the positive-sense RNA viruses identified in this study. Viruses identified in this study are marked
in red/blue and highlighted with a red/blue solid circle. Mosquito-associated viruses are shaded in the blue box. All phylogenetic trees were midpoint
rooted for clarity, and only bootstrap values (>70%) are shown adjacent to the nodes. The diagrams provide the genome information of the newly discovered
viruses, including the length of each genomic segment, the number of ORFs, and the predicted RdRp protein (shown in the pink box).

We identified two novel viruses of the family Solemoviridae: Aedes sobemo-like virus 1
(ASLV1) and Mosquito sobemo-like virus 1 (MSLV1), which were related to Hubei sobemo-
like virus 41, previously identified in mosquitoes from China, and Guadeloupe mosquito
virus from the Caribbean, respectively (Fig. 4A). ASLV1 and MSLV1 had similar genome struc-
tures to their closest relatives and exhibited RdRp amino acid identities of 87.6% and 83.45%,
respectively (Table 1). Notably, MSLV1 was identified in both Aedes and Armigeres mosquitoes
(Fig. 4A), showing broader host ranges (host-sharing events) across different mosquito genera.

Another host-sharing event was identified in the novel Mosquito narna-like virus 1
(MNLV1), which was also found in both Aedes and Armigeres mosquitoes (Fig. 4B). MNLV1
was closely related to reference strains identified in Aedes, Culex, Coquillettidia, and Ochlerotatus
mosquitoes and shared 36.17% amino acid similarity with Ochlerotatus-associated narna-
like virus 2. MNLV1 had the same genome structure as its closest relative, with a dual-coding
genome structure: two ORFs cover both the sense and antisense genomes, encoding RdRp

and a hypothetical protein (Fig. 4B).

We also identified two novel viruses related to the Tymoviridae and Negev-like viruses
(Fig. 4C and D). Culex quinquefasciatus tymo-like virus 1 (CQTLV1) clustered within the clade
of mosquito-associated viruses identified in Culex mosquitoes (Fig. 4C), sharing 87.01%
amino acid similarity with Culex pseudovishnui tymo-like virus. Similarly, Culex quinque-
fasciatus negev-like virus 1 (CQNeLV1) and Culex mosquito-associated negev-like viruses
formed a clade and showed 90.05% amino acid similarity with Parry’s Creek negev-like virus

(Fig. 4D).
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Of particular note was the identification of a novel hepacivirus, termed Culex hepacivirus
1 (CHV1), from a Culex quinquefasciatus mosquito library (Fig. 4G). CHV1 was related to a pre-
viously described mosquito-associated virus (Jogalong virus [JgV]) (16), which was identified
in Culex annulirostris mosquitoes from Western Australia, sharing 54.62% amino acid sequence
similarity with each other. Notably, CHV1 and JgV clustered within the clade of hepaciviruses
associated with avian hosts (Fig. 4G), sharing less than 43% amino acid similarity with its
closest relative, Bald eagle hepacivirus (Fig. 4G).

Factors affecting the structure and abundance of mosquito viromes. Virus com-
positions and abundances differed substantially between mosquito species. In general,
Aedes mosquitoes (both Ae. aegypti and Ae. albopictus) contained more viruses than Culex
mosquitoes (Fig. 1C) and also had higher abundance (Fig. 1D). The highest viral richness was
found in Ae. albopictus mosquitoes, with a median of 9.0 (Fig. 5A), followed by Ae. aegypti
and C. quinquefasciatus mosquitoes, with medians of 7 and 6, respectively (Fig. 5A). Similarly,
both the Shannon (Fig. 5B) and Simpson (Fig. 5C) effective indices were the highest in Ae.
albopictus, followed by Ae. aegypti, and the lowest values of the two indices were from
C. quinquefasciatus (Fig. 5).

Of the 52 viral species discovered, 5 were shared between Aedes and Culex mosquitoes
(Fig. 5D; Table S2), and only 2 were shared between Aedes and Armigeres species (Fig. 5D).
No viruses were shared between Culex and Armigeres mosquitoes (Fig. 5D). Notably, Ae.
aegypti shared 14 viruses with Ae. albopictus, while C. quinquefasciatus shared one virus
with other Culex species (Lutzia halifaxii), although only two viruses were discovered in
L. halifaxii (Fig. 5D). The clustering of the libraries with similar viromic composition and
abundance was further described using B-diversity analysis. Principal-coordinate analy-
sis (PCoA) plots based on the Bray-Curtis distance matrices revealed that samples from
the same mosquito species clustered together (adonis; R? = 0.67, P = 0.0002) (Fig. 6A),
demonstrating that mosquito species affect virome structure.

The possible association between sampling locations and viral composition and
abundance was examined further (Fig. S1) by measuring observed richness (Fig. S1A), the
Shannon index (Fig. S1B), and the Simpson index (Fig. S1C). Three locations (D, E, and F) con-
tained only one or two libraries with limited virome diversity. Only location H showed a sig-
nificant difference from locations B and C, suggesting a potential association between the
geographic location and the viromic structure of mosquitoes. In addition, PCoA plots based
on the Bray-Curtis distance matrices revealed that samples from different locations did not
form distinct clusters (Fig. S1D). Hence, there is no strong evidence for geographic structure
in mosquito viromes in this study, and the mosquito collection sites were close to each other
in this study.

We further constructed a co-occurrence network among mosquito species based on
significant positive correlations (Spearman’s p > 0.6; P < 0.05) (Fig. 6B). The network
was derived from the relative abundance of each virus, comprising 56 nodes (56 mos-
quito libraries) and 372 edges. Based on the modularity class, the entire network could
be parsed into three major modules, corresponding to the three major mosquito species
(Fig. 6B). Notably, nodes were inclined to interact more with nodes within the same module
than with nodes of other modules. The co-occurrence patterns clearly illustrated the corre-
lations between the mosquito species and viral abundance; however, the network among
sampling locations showed no obvious correlations (Fig. S2).

Wolbachia diversity and abundance. As an endosymbiont bacterium, Wolbachia
was detected in all libraries in this study, with relatively high abundance (11.72 to 2,899.50
RPM) (Fig. 1D; Table S2). The alignment of Wolbachia 16S rRNA sequences showed 87.99
to 100% nucleotide identities to each other, and phylogenetic analyses revealed two major
lineages (Fig. 7A): the first comprised all Wolbachia sequences obtained from Ae. aegypti,
while the other contained Wolbachia sequences from all five mosquito species. The phyloge-
netic tree indicated that Wolbachia sequences from Ae. aegypti had higher genetic diversity,
while Wolbachia sequences from Ae. albopictus and C. quinquefasciatus were more genetically
homogeneous. Further comparisons of the abundance (RPM) of Wolbachia gene sequences
across libraries revealed significant differences between Ae. aegypti, Ae. albopictus, and
C. quinquefasciatus (Fig. 7B). The highest abundance of Wolbachia sequences was observed
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FIG 5 Comparison of the viral diversity between mosquito species. (A) Virome richness, (B) Shannon index, and (C) Simpson index showing
the differences of virome composition between mosquito species; (D) Sankey diagram of the virome compositions of different mosquito
species. The thickness of links in the Sankey diagram is proportional to the total abundance (as measured by RPM) of each virus across

the samples studied.
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in C. quinquefasciatus, with a median of 1,599.5 RPM, followed by Ae. albopictus mosquitoes
(median of 977.8), and the lowest abundance was in Ae. aegypti mosquitoes, with a median
of 25.5 (Fig. 7B).

DISCUSSION

We present a comprehensive description of the viromes of 991 mosquitoes collected
from eight locations in Yunnan Province in southwestern China. Although previous metage-
nomic studies have revealed numerous novel and highly divergent RNA viruses in mosqui-
toes, analysis of the transcriptomes of the five mosquito species in the present study has led
to the discovery of 52 RNA viruses belonging to 15 viral families and unclassified clades.
Notably, 19 viruses were novel, with half sharing 30 to 70% amino acid similarity to their
most closely related viruses. One of the most notable discoveries was Culex quinquefascia-
tus bunyavirus 1 (CQBV1), which represented a putative new virus family within the order
Bunyavirales together with previously described QMV (4). These results underscore the
capacity of mosquitoes to harbor a wide diversity of RNA viruses, highlighting the necessity
for constant surveillance of potential viral pathogens in these arthropod vectors.

Another key result from our study was that within the Aedes mosquito vector species,
both Ae. aegypti and Ae. albopictus harbored significantly greater virus diversity than Culex
mosquitoes (Culex quinquefasciatus). This is in contrast to the observation in a previous
report that Culex species harbored more viruses at high abundance than Aedes mosquitoes
(17). The underlying explanation for these contrary results could be due to uneven sample
sizes of each mosquito genus. Our results also revealed pronounced differences between
the virome structures of Ae. aegypti and Ae. albopictus mosquitoes: even though there is
considerable overlap in the viruses carried by these two Aedes mosquitoes, the latter had
both higher diversity and viral abundance. These findings were also supported by further
statistical and multidimensional scaling analyses and are consistent with prior evidence
that different Aedes mosquitoes can have significantly different virome compositions (17,
18). Hence, the ecology of mosquito viruses was driven, at least in part, by host taxon, con-
sistent with the predicted narrow host range of insect-specific viruses (6).

In contrast, according to the - and B-diversity analyses, the virome structures were
relatively homogeneous across different locations. Indeed, some mosquito-specific viruses
exhibiting high similarity have been described from different continents (19), indicating
that viruses can be transmitted to wide geographical areas through mosquito populations.
As all of the sampling sites in the present study were geographically close, larger-scale sam-
plings covering different ecological niches are clearly required for further investigations with
respect to the correlation between geographic location and virome structure.

The viruses discovered here expand the host ranges of several mosquito viruses to
include additional mosquito species and even genera. For example, Shuangao chryso-like
virus 1 YN2018 (ShCLV1), Culex phasma-like virus YN2018 (CPLV), and Guangzhou sobemo-
like virus YN2018 (GSLV) were identified in both Aedes and Culex mosquitoes, while Mosquito
narna-like virus 1 (MNLV1) was present in both Aedes and Armigeres mosquitoes with high
abundance, suggesting host sharing and the intergeneric transmission of these viruses.
However, those viruses that clustered with viruses associated with fungi rather than mos-
quitoes or arthropods might have been derived from other eukaryotic organisms present
in the mosquito microbiome or from fungal infections of the mosquito cuticle.

According to the WHO (20), the most prevalent viral infections are primarily transmitted
by Ae. aegypti, Ae. albopictus, and C. quinquefasciatus, including Zika virus fever, dengue, yellow
fever, Japanese encephalitis, and West Nile fever. However, surprisingly, none of these known
viral pathogens were identified in this study. Interestingly, one virus, CHV, as well as the previ-
ously documented JgV (16), clustered with vertebrate-associated hepaciviruses. Phylogenetic
analyses of the Flaviviridae suggested that both CHV and JgV were likely associated with avian
hosts, rather than the mosquito itself. Indeed, through targeting two of the vertebrate mito-
chondrial genes (COI and Cytb), JgV was suspected as a contamination from a blood meal
taken from a bird host (16). However, we did not find vertebrate mitochondrial genes from
the sequencing data. Given the high divergence of these mosquito hepaciviruses, it will be
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important to investigate their true natural host, particularly as this may provide valuable infor-
mation on their evolutionary history. Although analysis of host genes from mosquito sequenc-
ing data is highly suggestive of the natural host, viruses detected in the blood of vertebrate
species would provide convincing evidence of the real source of the viruses. To this end, more
expansive surveillance is required, including a larger collection of mosquitoes and blood sam-
ples from vertebrate animals present in the same location.

Wolbachia has been documented to provide resistance to the infection with some
viruses, such as dengue virus and Zika virus in mosquitoes (21, 22), and hence has been sug-
gested as a potential tool for vector-borne disease control. However, not all Wolbachia
strains have clear effects in inhibiting virus replication, and Wolbachia infection does not pro-
tect against all viruses (23, 24). Despite this, little is known about how the ecology of hosts
impacts Wolbachia diversity. We found Wolbachia in all libraries, once again indicating the
prevalence of Wolbachia in mosquitoes in China (25). However, there was a large discrep-
ancy in the genetic diversity and abundance of Wolbachia between different mosquito pop-
ulations. Specifically, Wolbachia in Ae. aegypti had high diversity but low abundance, while
the converse was seen (low diversity/high abundance) in both Ae. albopictus and C. quinque-
fasciatus. These results suggested that mosquito species might also play an important role
in Wolbachia composition.

We do not believe that the Wolbachia sequences identified in Ae. Aegypti mosquitoes
result from contamination as the Ae. aegypti libraries were sequenced on different lanes and
sequences within the same lane did not share 100% nucleotide identity. In addition,
Wolbachia-infected Ae. Albopictus mosquitoes, not Ae. Aegypti, are being released in a few
small independent islands in China (26), and our samples were not collected from these
sites. However, Ae. aegypti was not thought to naturally harbor Wolbachia (27) until recently
in some Southeast Asian countries (such as Malaysia, India, the Philippines, and Thailand) as
well as the United States (28, 29). None of these studies provide robust evidence that Ae.
aegypti harbors natural Wolbachia infections. The presence of natural Wolbachia infections
may interfere with compatibility patterns between Ae. aegypti mosquitoes and some
Wolbachia strains (27). Confirmation of a natural infection in these mosquitoes will require
significant additional experimental work.

In conclusion, we studied the viral diversity of five mosquito species sampled in differ-
ent locations in Yunnan Province and highlighted the capacity of mosquitoes to harbor a
rich diversity of RNA viruses. The viral compositions varied mainly between different mos-
quitoes, suggesting host species represents an important factor shaping the virome composi-
tion of mosquitoes.

MATERIALS AND METHODS

Sample collection. From October to December 2018, a total of 991 adult mosquitoes were collected
using light-traps from eight locations in Jinghong City, Xishuangbanna, Yunnan Province, China (Fig. 1). Mosquito
species were initially identified morphologically by experienced field biologists and further confirmed based on
sequences of the cytochrome ¢ oxidase subunit 1 mitochondrial gene (COI). All samples were divided into 56
pools by mosquito species and geographic location and were transported to the laboratory on dry ice.

Metatranscriptomic sequencing. Mosquitoes were rinsed three times using RNA- and DNA-free phos-
phate-buffered saline (PBS) solution (Gibco) before homogenization with steel beads in PBS solution. Total RNA
was extracted using TRIzol reagent (Invitrogen). RNA quantity and quality were checked using the Agilent 2100
Bioanalyzer (Agilent). Host rRNA was removed using the MGIEasy rRNA depletion kit according to the manufac-
turer's instructions, and sequencing libraries were constructed using the MGIEasy mRNA library prep kit. Paired-
end (100-bp) sequencing of each RNA library was performed on the BGISEQ-500RS sequencing platform (BGlI).

Data analysis and virus discovery. A quality assessment of the raw sequencing reads was con-
ducted using the Fastp v.0.19. (30) and Trimmomatic (31) programs, before de novo assembly using the
Trinity program (32). The assembled contigs were then compared against the nonredundant nucleotide (nt) and
protein (nr) databases downloaded from NCBI using blastn (33) and Diamond blastx (34), with cut-off E values of
1x 107 and 1 x 1073, respectively. All potential viral contigs were identified and merged into longer viral con-
tigs using Geneious Prime (35). False-positive results due to cross-contamination and index hopping during
sequencing were excluded as previously described (36). The relative abundance of the viruses identified was
determined by mapping the reads back to the assembled contigs using Bowtie2 v.2.3.3.1 (37) and calculated as
the number of reads mapped per million input reads (RPM) using the formula “total mapped reads/total reads x
1 million.” Bowtie2 was used to align the reads to each novel virus genome, and SAMtools (38) was used to com-
pute the percentage of reads mapped and coverage depth. Novel viruses were defined employing the previously
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defined criterion such that the translated protein sequence shared less than 90% amino acid similarity in the
RNA-dependent RNA polymerase (RdRp) to any previously described viruses (39).
Phylogenetic analyses. RdRp sequences of the viruses identified from this study were then aligned
with their corresponding homologs in reference viruses using the MAFFT v.7.407 program (40) employ-
ing the E-INS-I algorithm, followed by the removal of ambiguously aligned regions using TrimAl v.1.4
(41). Phylogenetic trees were constructed using the maximum likelihood method implemented in 1Q-
TREE v.1.6.12 (42), employing the best-fit substitution models identified by IQ-TREE.
Ecological dynamics analysis and network analysis. Statistical analyses of viral genetic diversity
and abundance were performed using the t test or Wilcoxon test based on the results of a normal distribution
test (Shapiro-Wilk test) in the ggpubr package and were plotted using the ggplot2 package in RStudio v.4.1.2.
The observed richness, Shannon index, and Simpson index (i.e, « diversity) were estimated for each library
using modified Rhea script sets (43) and compared between different mosquitoes using the Kruskal-Wallis rank
sum test. Principal-coordinate analysis (PCoA) (i.e., B diversity) was performed based on the Bray-Curtis dissimi-
larity matrix using the Vegan package (44). A correlation between two items was considered statistically robust
if the Spearman's correlation coefficient (p) was >0.6 and the P value was <0.05, with the P value adjusted
with a multiple-testing correction using the Benjamini-Hochberg method (45). All pairwise Spearman's rank
correlations between the viral members were calculated using the psych package in RStudio v.4.1.2. Network
visualization was conducted on the interactive platform of Gephi (46).
Identification of Wolbachia bacteria. Bacteria were initially identified in the metatranscriptomic
data using MetaPhlAn2 (47). The 165 rRNA gene was used to conduct phylogenetic analyses and similarity com-
parisons for Wolbachia. To estimate their relative abundance, sequence reads were mapped to the complete ref-
erence genomes (CP031221 [Wolbachia pipientis wAIbB chromosome]) from which the RPM was calculated.

Ethics statement. This study was performed in accordance with the institutional and national guide-
lines for the care and handling of the animals.
Data availability. All sequence reads generated in this study have been uploaded into the NCBI
Sequence Read Achieve (SRA) database under BioProject accession no. PRINA911492. All novel and known virus
genome sequences generated in this study have been deposited in NCBI/GenBank under accession no.
0Q067620 to OQ067711.
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