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Abstract

Mosquitoes are the major vectors for arthropod-borne viruses (arboviruses) of medical
importance. Aedes aegypti and A. albopictus are the most prolific and widespread mosquito
vectors being responsible for global transmission of dengue, Zika and Chikungunya viruses.
Characterizing the collection of viruses circulating in mosquitoes, e.g. the virome, has long
been of special interest. In addition to arboviruses, mosquitoes carry insect-specific viruses
(ISVs) that do not directly infect vertebrates. Mounting evidence indicates that ISVs interact
with arboviruses and may affect mosquito vector competence. Here, we review our current
knowledge about the virome of vector mosquitoes and discuss the challenges for the field that

may lead to novel strategies to prevent outbreaks of arboviruses.



Introduction

Arthropod-borne viruses (arboviruses) are a major threat to humans worldwide. About 4
billion people live in areas at risk of arbovirus transmission. Dengue virus (DENV), the most
widespread arbovirus, is estimated to cause 390 million new infections every year [1]. In the
past decades, we have seen an unprecedented increase in the scale of transmission of DENV
and the global emergence of other arboviruses [2]. Zika (ZIKV) and Chikungunya (CHIKV)
viruses started spreading globally in the early 2000s and have since caused major outbreaks in
Asia and the Americas [2]. Both ZIKV and CHIKV were known to circulate in enzootic
cycles in Africa with limited spillovers for many decades but factors that determine their
recent emergence are still unclear [2]. Aedes mosquitoes, especially 4. aegypti and A.
albopictus, are the major vectors for arboviruses being responsible for global transmission of
DENV, ZIKV and CHIKV. Climate change, urbanization, globalized trade and human
movement have allowed these anthropophilic mosquitoes to expand their global distribution,
which facilitated the spread of arboviruses [3]. Virological surveillance of mosquitoes to
identify viruses with zoonotic potential is an important tool to help raise preparedness and
prevent outbreaks. Here we will review current knowledge about the mosquito virome,
highlight the importance of studying viruses circulating in vector insects and discuss

challenges for the field to control the growing threat of arboviruses.

A historical perspective on the discovery of mosquito viruses

There are currently more than 500 known arboviruses, with about 100 that may infect humans
[4,5]. Mosquitoes are the major arthropod vectors being responsible for the transmission of
over a third of all arboviruses according to the comprehensive reference from the American
Centers for Disease Control and Prevention (CDC arbovirus catalog) (Supplementary Table
1). Despite their importance for human public health, the rate of arboviruses discovery has
greatly dimished and numbers have stagnated in the early 2010s [4]. Paradoxically, the
number of viruses identified in mosquitoes has increased dramatically in the past decade
(Figure 1A). An unbiased search for mosquito viruses in the NT database of Genbank
retrieves approximately 300 unique entries of which 75% were deposited from 2011 to 2020
(Supplementary Table 2). This boom in mosquito viruses was driven by the popularization
of metagenomic studies to analyze mosquitoes that jumped from one report before 2010 [6] to
around 130 by the end of 2020 (Figure 1B). The number of articles mentioning the mosquito
virome has soared from 2 [6,7] prior to 2014 to over 50 by the end of 2020 (Figure 1B). Of
note, the 2 publications prior to 2014 were biased towards sequencing of DNA viruses that

mostly included phages infecting bacteria within the mosquito [6,7]. By 2015, many groups



started applying metagenomic strategies that could also identify RNA viruses infecting
mosquitoes [8—14]. These large-scale metagenomic studies helped provide a broader
overview of viruses circulating in mosquitoes beyond the focus on arboviruses [8,14,15].
Among mosquito viruses obtained from Genbank, only 71 are clearly recognized as
arboviruses (Supplementary Table 2). Although not all arboviruses transmitted by
mosquitoes listed in the CDC catalog were identified in our search, the majority of them
remains to be characterized and has not actually been isolated or sequenced from their
presumed vectors. Even if the list from Genbank represents just a portion of the total, it is
clear that the majority of viruses identified in mosquitoes over the past decade are not
arboviruses (Figure 1A). After the boom of metagenomics, most viruses described in
mosquitoes belong to a group referred to as insect specific viruses (ISVs) (Supplementary
Table 2). In contrast, virological surveillance of vector mosquitoes and wild animals relied
mostly on viral isolation methods in cell culture prior to the metagenomics era, which were

methods biased towards detection arboviruses with dual host capacity [4,16].

The diversity of the mosquito virome: arboviruses and ISVs

Studies over the past decade have established that mosquitoes harbor a rich and diverse
virome composed of arboviruses and ISVs (Figure 1A). Arboviruses and ISVs in mosquitoes
belong to diverse virus families largely composed of RNA viruses (Figure 1C). Even
considering that current strategies might be biased towards the identification of RNA viruses,
it seems unlikely that DNA viruses represent a large component of the mosquito virome.
Overall, ISVs seem to be more abundant and diverse than arboviruses when directly
comparing the representation of viral families (Figure 1C) [8-11,13,14,17—19]. The diversity
of ISVs is based on metagenomic studies that tend to favor identification of viruses that are
more abundant and prevalent in mosquito populations compared to arboviruses that are
present in 1-2% of individuals. However, there are notes of caution when analyzing results
from metagenomics. Some potential viruses are associated with a single study and often do
not have a complete genome. It is also important to note that results from metagenomics may
be conflated by the identification of endogenous viral elements (EVEs) that are not real
viruses (Box 1). Here, the use of small RNA based metagenomic approaches is an important
alternative that can distinguish between actively replicating viruses and EVEs in mosquitoes
(Box 2) [14,20]. Studies based on different metagenomic strategies have consistently shown
that ISVs represent a large fraction of the collection of viruses circulating in mosquitoes. If
we consider the virome of A. aegypti mosquitoes, arguably the major insect vector for
arbovirus, studies have reported a high diversity and abundance of ISVs [8,10,11,14,18,21].

Cross-referencing studies with 4. aegypti mosquitoes from different parts of the world show



that a few ISVs are widespread such as Phasi-Charoen like virus, Humaita Tubiacanga virus,
Aedes anphevirus and cell fusing agent virus (CFAV). This suggests a highly conserved core
virome of 4. aegypti, although we lack broader studies that directly compare mosquitoes from
different locations. We also lack a systematic comparison between species but some studies
have analyzed the virome of different mosquitoes such as Culex sp, Aedes sp and Anopheles
sp [22-25]. These studies show variations in virus diversity and abundance between species
but did not observe consistent patterns that are associated with specific mosquitoes. Rather,
all mosquitoes seem to harbor a diverse and abundant virome, which contrasts with the fact
that only a few species are competent vectors for arboviruses. Anopheles mosquitoes, for
example, which possess a very rich virome, are only known to transmit a single arbovirus,

o’nyong-nyong virus [19,26,27].

Interactions between ISVs and arboviruses in mosquitoes

The expanding knowledge about the mosquito virome is a resource for the field that can be
explored in many ways. Metagenomics has provided great insights into the diversity of
viruses in mosquitoes but we are just starting to uncover the biology of ISVs and their

interactions with arboviruses in the mosquito (Figure 2).

Phylogenetic analysis with ancestral state reconstructions have indicated that viruses
circulating in insects and arthropods are basal to many viral groups, including some vertebrate
specific families [28,29]. The Bunyaviridae family, for example, seems to have originated
from viruses primarily circulating in arthropods [29]. This supports the idea that insect viruses
are central to virus evolution having given rise to several virus groups that infect vertebrates
and plants [28]. Insects may be a continuous source of novel viruses and by studying the
biology of ISVs, we may a little better understand how host shifts happen [17,28]. More
specifically, the origin of arboviruses that are able to infect phylogenetically distant hosts
remains enigmatic. Yet, the ability to cycle between invertebrates and vertebrates has been
selected independently within several viral families [5,16]. Similarities between ISVs and
arboviruses could also be explored. Studies about the diversity and abundance of ISVs could
provide information about the permissiveness of mosquitoes to viruses in general. If the
detection of ISVs can be used to assess arbovirus permissiveness, their presence in mosquito
vectors could be the basis for a warning system assessing the risk of arbovirus outbreaks.
Furthermore, studies analyzing the diversity and abundance of ISVs in different mosquito
species may help understand what is unique about some of the most efficient vectors, such as

A. aegypti and A. albopictus.



Although ISVs were perceived to lack medical relevance, recent evidence shows they may
affect vector competence of mosquitoes by direct competition with arboviruses or indirectly
affecting insect physiology (Figure 2) [30]. A good example is provided by CFAV, the first
ISV identified in mosquito cell culture [31], which was recently shown to reduce levels of
both DENV and ZIKV infections in adult mosquitoes [32]. This is likely a case of
superinfection exclusion whereby there is competition for common resources between similar
viruses especially considering that CFAV belongs to the Flaviviridae family like DENV and
ZIKV. Other examples of ISVs affecting arboviruses mostly come from experiments in cell
lines [33] and very few have been performed under more natural conditions in vivo [32,34].
We therefore still lack good examples of ISVs modulating vector competence and indirectly
affecting arboviruses in vivo. This is a challenge for the field since studies in cell lines are
unlikely to shed light into molecular mechanisms involving systemic effects and tissue

communication in vivo.

Finally, the intimate relationship between ISVs and their insect host allied to their widespread
presence could be useful to help trace mosquito speciation or the timing of separation for
different populations. The higher mutation rate of ISVs would provide a more sensitive
molecular clock compared to their host although cross-population infections could weaken
these types of analyses. Notably, a recent analysis showed that the phylogeny of CFAV in
different 4. aegypti populations did not exactly correspond to the genetics of the host [35].
This suggests we need to understand better how ISVs evolve compared to the host, especially
in cases where the virus may be transmitted to other mosquito species. It is possible that only

a few ISVs may provide a good alternative molecular clock.

Conclusions

In this review, we described current knowledge about the mosquito virome and the
importance of continuous virological surveillance of vector insects. The rate of arbovirus
discovery has diminished over the past decade , which increases the risk that we may face
unknown challenges in the future [4]. Previous knowledge of viruses that may cause massive
outbreaks can help expedite solutions and the lack of information can be a major threat to
public health worldwide. Hence, investigating the diversity of viruses in mosquitoes and
optimizing the identification of new arboviruses is a challenge for the field. To achieve this
goal, we will need to develop new metagenomic strategies that improve the detection of
arboviruses. This may be achieved through the combined use of direct sequencing coupled to
enrichment steps that favor dual host viruses. In addition, virological surveillance of

mosquitoes will expand our understanding about ISVs thus providing insights into virus



evolution and the molecular mechanisms affecting vector competence. This knowledge could
lead to potential biotechnological applications of ISVs as tools to control arbovirus

transmission.



Box 1: Endogenous viral elements in metagenomic studies

Metagenomic studies have expanded our knowledge about the diversity of viral sequences but
experimental validation is often required to confirm the presence of a real virus. Mosquitoes,
like many organisms, possess EVEs that are remnants of viral integrations into their genomes,
including many derived from RNA viruses (Figure 2) [36-38]. These EVEs are often
transcribed and can be detected by metagenomic approaches based on DNA and RNA
sequencing [20,39]. It is often not possible to distinguish between an active virus and an
integrated element based solely on sequence analysis, although EVEs tend to represent just
fragments of a viral sequence that often lost coding potential [37]. Hence, EVEs can easily
contaminate the analysis and inflate estimates of the diversity and abundance of viruses
identified in mosquitoes. For example, EVEs derived from Chuviruses such as Kaiowa virus
and Chuvirus Mos8Chu0 that are integrated into the 4. aegypti genome [36,37] have been
considered viruses in previous metagenomic studies [8,9,12]. Correctly identifying EVEs in
metagenomic studies is a challenge for the field and will also help understand possible
functions for these integrated viral sequences [40]. For example, EVEs could represent a
historical timeline of viruses that circulated in mosquito populations or species, giving a

historical perspective of the mosquito virome.

Box 2: The advantages of small RNA based-metagenomic strategies

Different metagenomic strategies have been used to characterize the virome in mosquitoes.
These included approaches based on DNA and RNA sequencing of whole mosquitoes or
filtered extracts to enrich for viral particles [6,7,11,13,17,18,22,25]. However, these
approaches can be confounded by the detection of EVEs, integrated viral sequences that do
not represent real viruses (Box 1). In 2015, our group applied an alternative approach to
analyze the virome of mosquitoes that relied on the production of virus-derived small RNAs
by the host antiviral response [14]. These small RNAs can be used to re-construct full viral
genome sequences without any loss in sensitivity compared to other methods. Furthermore
analyzing the size distribution and molecular features of small RNAs derived from each
sequence also allows the distinction between EVEs and exogenous viruses. While EVEs
generate small RNAs with sizes ranging from 24-29 nt and characteristics of PIWI-interacting
RNAs, actively replicating viruses infecting the mosquito produce small interfering RNAs

that are 20-22 nt in size [20].



Acknowledgements

We would like to thank Jean-Luc Imler, Eric Marois, Stephanie Blandin, Diwas Srivastava
and Fabien Aubry for critical reading to the manuscript. Work in the laboratory is supported
by grants from Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq),
Fundacdo de Amparo a Pesquisa do Estado de Minas Gerais (FAPEMIG), Rede Mineira de
Imunobiologicos (grant # REDE-00140-16), Instituto Nacional de Ciéncia e Tecnologia de
Vacinas (INCTV), the Institute for Advanced Studies of the University of Strasbourg (USIAS
fellowship 2019) and the Investissement d’Avenir Programs (ANR-10-LABX-0036 and
ANR-11-EQPX-0022) to JTM; and Google Latin American Research Award (LARA 2019)
to JTM and JPPA. This work was also supported by the European Union’s Horizon 2020
research and innovation programme under ZIKAlliance grant agreement No 734548. JTM is a
visiting fellow at the Institute of transdisciplinary research of UFMG. This study was
financed in part by the Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior -

Brasil (CAPES) - Finance Code 001.



References

1. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, Drake JM,
Brownstein JS, Hoen AG, Sankoh O, et al.: The global distribution and burden of
dengue. Nature 2013, 496:504-507.

2. Weaver SC, Charlier C, Vasilakis N, Lecuit M: Zika, Chikungunya, and Other
Emerging Vector-Borne Viral Diseases. Annu Rev Med 2018, 69:395-408.

3. Kraemer MUG, Reiner RC, Brady OJ, Messina JP, Gilbert M, Pigott DM, Yi D,
Johnson K, Earl L, Marczak LB, et al.: Past and future spread of the arbovirus
vectors Aedes aegypti and Aedes albopictus. Nat Microbiol 2019, 4:854-863.

4.  Rosenberg R, Johansson MA, Powers AM, Miller BR: Search strategy has influenced
the discovery rate of human viruses. Proc Natl Acad Sci U S 4 2013, 110:13961-
13964.

5. Artsob H, Lindsay R, Drebot M: Arbeviruses. In International Encyclopedia of Public
Health (Second Edition). Edited by Quah SR. Academic Press; 2017:154-160.

6. Dinsdale EA, Edwards RA, Hall D, Angly F, Breitbart M, Brulc JM, Furlan M, Desnues
C, Haynes M, Li L, et al.: Functional metagenomic profiling of nine biomes. Nature
2008, 452:629-632.

7. Ng TFF, Willner DL, Lim YW, Schmieder R, Chau B, Nilsson C, Anthony S, Ruan Y,
Rohwer F, Breitbart M: Broad surveys of DNA viral diversity obtained through

viral metagenomics of mosquitoes. PLoS One 2011, 6:¢20579.

8. Shi C, Beller L, Deboutte W, Yinda KC, Delang L, Vega-Rua A, Failloux A-B,
Matthijnssens J: Stable distinct core eukaryotic viromes in different mosquito
species from Guadeloupe, using single mosquito viral metagenomics. Microbiome

2019, 7:121.

9. Shi C, Zhao L, Atoni E, Zeng W, Hu X, Matthijnssens J, Yuan Z, Xia H: Stability of
the Virome in Lab- and Field-Collected Aedes albopictus Mosquitoes across
Different Developmental Stages and Possible Core Viruses in the Publicly

Available Virome Data of Aedes Mosquitoes. mSystems 2020, 5.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Boyles SM, Mavian CN, Finol E, Ukhanova M, Stephenson CJ, Hamerlinck G, Kang S,
Baumgartner C, Geesey M, Stinton I, et al.: Under-the-Radar Dengue Virus
Infections in Natural Populations of Aedes aegypti Mosquitoes. mSphere 2020, 5.

Ramos-Nino ME, Fitzpatrick DM, Tighe S, Eckstrom KM, Hattaway LM, Hsueh AN,
Stone DM, Dragon J, Cheetham S: High prevalence of Phasi Charoen-like virus
from wild-caught Aedes aegypti in Grenada, W.I. as revealed by metagenomic
analysis. PLoS One 2020, 15:¢0227998.

Amuzu HE, Tsyganov K, Koh C, Herbert RI, Powell DR, McGraw EA: Wolbachia
enhances insect-specific flavivirus infection in Aedes aegypti mosquitoes. Ecol Evol

2018, 8:5441-5454.

Shi M, Lin X-D, Tian J-H, Chen L-J, Chen X, Li C-X, Qin X-C, Li J, Cao J-P, Eden J-
S, et al.: Redefining the invertebrate RNA virosphere. Nature 2016, 540:539-543.

Aguiar ERGR, Olmo RP, Paro S, Ferreira FV, de Faria 1J da S, Todjro YMH, Lobo FP,
Kroon EG, Meignin C, Gatherer D, et al.: Sequence-independent characterization of
viruses based on the pattern of viral small RNAs produced by the host. Nucleic
Acids Res 2015, 43:6191-6206.

Sedda L, Vilela APP, Aguiar ERGR, Gaspar CHP, Gongalves ANA, Olmo RP, Silva
ATS, de Céssia da Silveira L, Eiras AE, Drumond BP, et al.: The spatial and temporal
scales of local dengue virus transmission in natural settings: a retrospective

analysis. Parasit Vectors 2018, 11:79.

Miller BR: Arboviruses. In Encyclopedia of Virology (Third Edition). Edited by Mahy
BWIJ, Van Regenmortel MHV. Academic Press; 2008:170—-176.

Li C-X, Shi M, Tian J-H, Lin X-D, Kang Y-J, Chen L-J, Qin X-C, Xu J, Holmes EC,
Zhang Y-Z: Unprecedented genomic diversity of RNA viruses in arthropods reveals

the ancestry of negative-sense RNA viruses. eLife 2015, 4:e05378.

Zakrzewski M, Rasi¢ G, Darbro J, Krause L, Poo YS, Filipovi¢ I, Parry R, Asgari S,
Devine G, Suhrbier A: Mapping the virome in wild-caught Aedes aegypti from
Cairns and Bangkok. Sci Rep 2018, 8:4690.

Fauver JR, Grubaugh ND, Krajacich BJ, Weger-Lucarelli J, Lakin SM, Fakoli LS,
Bolay FK, Diclaro JW, Dabiré KR, Foy BD, et al.: West African Anopheles gambiae



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

mosquitoes harbor a taxonomically diverse virome including new insect-specific

flaviviruses, mononegaviruses, and totiviruses. Virology 2016, 498:288-299.

Aguiar ERGR, Olmo RP, Marques JT: Virus-derived small RNAs: molecular
footprints of host-pathogen interactions. Wiley Interdiscip Rev RNA 2016, 7:824—
837.

Parry R, Asgari S: Aedes Anphevirus: an Insect-Specific Virus Distributed
Worldwide in Aedes aegypti Mosquitoes That Has Complex Interplays with
Wolbachia and Dengue Virus Infection in Cells. J Virol 2018, 92.

Shi C, Liu Y, Hu X, Xiong J, Zhang B, Yuan Z: A metagenomic survey of viral
abundance and diversity in mosquitoes from Hubei province. PLoS One 2015,
10:¢0129845.

Sadeghi M, Popov V, Guzman H, Phan TG, Vasilakis N, Tesh R, Delwart E: Genomes
of viral isolates derived from different mosquitos species. Virus Res 2017, 242:49—
57.

Shi M, Neville P, Nicholson J, Eden J-S, Imrie A, Holmes EC: High-Resolution
Metatranscriptomics Reveals the Ecological Dynamics of Mosquito-Associated
RNA Viruses in Western Australia. J Virol 2017, 91.

Ohlund P, Hayer J, Lundén H, Hesson JC, Blomstrém A-L: Viromics Reveal a
Number of Novel RNA Viruses in Swedish Mosquitoes. Viruses 2019, 11.

Nanfack Minkeu F, Vernick KD: A Systematic Review of the Natural Virome of
Anopheles Mosquitoes. Viruses 2018, 10.

Belda E, Nanfack-Minkeu F, Eiglmeier K, Carissimo G, Holm I, Diallo M, Diallo D,
Vantaux A, Kim S, Sharakhov IV, et al.: De novo profiling of RNA viruses in
Anopheles malaria vector mosquitoes from forest ecological zones in Senegal and

Cambodia. BMC Genomics 2019, 20:664.

Dudas G, Obbard DJ: Are arthropods at the heart of virus evolution? elLife 2015, 4:
e06837.

Marklewitz M, Zirkel F, Kurth A, Drosten C, Junglen S: Evolutionary and phenotypic
analysis of live virus isolates suggests arthropod origin of a pathogenic RNA virus
family. Proc Natl Acad Sci U S 42015, 112:7536-7541.



30.

31.

32.

33.

34.

35.

36.

37.

38.

Patterson EI, Villinger J, Muthoni JN, Dobel-Ober L, Hughes GL: Exploiting insect-
specific viruses as a novel strategy to control vector-borne disease. Curr Opin Insect

Sci 2020, 39:50-56.

Stollar V, Thomas VL: An agent in the Aedes aegypti cell line (Peleg) which causes
fusion of Aedes albopictus cells. Virology 1975, 64:367-377.

Baidaliuk A, Miot EF, Lequime S, Moltini-Conclois I, Delaigue F, Dabo S, Dickson
LB, Aubry F, Merkling SH, Cao-Lormeau V-M, et al.: Cell-Fusing Agent Virus
Reduces Arbovirus Dissemination in Aedes aegypti Mosquitoes In Vivo. J Virol
2019, 93.

Fredericks AC, Russell TA, Wallace LE, Davidson AD, Fernandez-Sesma A, Maringer
K: Aedes aegypti (Aag2)-derived clonal mosquito cell lines reveal the effects of pre-
existing persistent infection with the insect-specific bunyavirus Phasi Charoen-like
virus on arbovirus replication. PLoS Negl Trop Dis 2019, 13:¢0007346.

White AV, Fan M, Mazzara JM, Roper RL, Richards SL: Mosquito-infecting virus
Espirito Santo virus inhibits replication and spread of dengue virus. J Med Virol
2020, doi:10.1002/jmv.26686.

Baidaliuk A, Lequime S, Moltini-Conclois I, Dabo S, Dickson LB, Prot M, Duong V,
Dussart P, Boyer S, Shi C, et al.: Novel genome sequences of cell-fusing agent virus
allow comparison of virus phylogeny with the genetic structure of Aedes aegypti

populations. Virus Evol 2020, 6:veaa018.

Aguiar ERGR, de Almeida JPP, Queiroz LR, Oliveira LS, Olmo RP, de Faria 1J da S,
Imler J-L, Gruber A, Matthews BJ, Marques JT: A single unidirectional piRNA
cluster similar to the flamenco locus is the major source of EVE-derived

transcription and small RNAs in Aedes aegypti mosquitoes. RNA 2020, 26:581-594.

Whitfield ZJ, Dolan PT, Kunitomi M, Tassetto M, Seetin MG, Oh S, Heiner C, Paxinos
E, Andino R: The Diversity, Structure, and Function of Heritable Adaptive
Immunity Sequences in the Aedes aegypti Genome. Curr Biol 2017, 27:3511-
3519.¢7.

Katzourakis A, Gifford RJ: Endogenous viral elements in animal genomes. PLoS
Genet 2010, 6:¢1001191.



39.

40.

Suzuki Y, Frangeul L, Dickson LB, Blanc H, Verdier Y, Vinh J, Lambrechts L, Saleh
M-C: Uncovering the Repertoire of Endogenous Flaviviral Elements in Aedes

Mosquito Genomes. J Virol 2017, 91.

Suzuki Y, Baidaliuk A, Miesen P, Frangeul L, Crist AB, Merkling SH, Fontaine A,
Lequime S, Moltini-Conclois I, Blanc H, et al.: Non-retroviral Endogenous Viral
Element Limits Cognate Virus Replication in Aedes aegypti Ovaries. Curr Biol

2020, 30:3495-3506.¢6.



Figure Legends

Figure 1 — Overview of viruses circulating in mosquitoes. (A) Cumulative numbers of
unique entries in Genbank for viruses associated with mosquitoes. Numbers for arboviruses
and ISVs are also indicated separately. (B) Cumulative number of articles in Pubmed
containing the terms ‘mosquito metagenomics’ or ‘mosquito virome’. (C). Diversity of viral
families of arbovirus and ISVs in the list of mosquito viruses in Genbank. Unclassified
viruses are shown together. Genome structure of viral families and unclassified viruses are
indicated. The list of mosquito viruses was obtained from the NCBI Nucleotide database
(https://www.ncbi.nlm.nih.gov/nuccore/, accessed in May 07, 2020) using the query:
mosquito[All Fields] AND virus[All Fields] AND "Viruses"[Organism] AND viruses|filter].
Data were exported and parsed using in-house scripts. The list was curated to remove
redundancy, and, in the case of multiple entries, the oldest entry date was considered. The full
list of mosquito viruses is shown in Supplementary Table 2. In order to identify arboviruses,

the list obtained from Genbank was cross-referenced against the CDC arbovirus catalog

(https://wwwn.cdc.gov/arbocat/) summarized in Supplementary Table 1. Original articles
where the virus was described were also consulted to identify additional arboviruses.
Remaining viruses were considered ISVs and classified as ISV’ or ‘Probably ISV’ in

Supplementary Table 2, based on current information available in the literature.

Figure 2 — Interactions between components of the mosquito virome. Schematic view of a
mosquito, showing possible positive and negative interactions between ISVs and arboviruses.
ISVs are not infectious to vertebrates but may affect different steps of the arbovirus cycle.
ISVs may facilitate or block arbovirus replication in the mosquito thus interfering with
transmission to the vertebrate host or maintenance of infection in the vector population by
vertical transmission. Mosquito viruses, both ISVs and arboviruses, also interact with
integrated viral sequences, EVEs, that may affect replication of viruses with whom they show

sequence similarity. More details of these interactions are described in the body of the text.



Number of unique genbank entries

Number of unique pubmed entries

W

o

o
1

200

100

o
il

Virus category
~e~ arbovirus
-e- ISV

-e- mosquito viruses

150

1004

50

Searching terms

=o= mosquito & metagenomic

=@= mosquito & virome

T
2020

+ssRNA

_ssRNA  Unclassified l

ssDNA

+ssRNA Flaviviridae
—-ssRNA Peribunyaviridae
+ssRNA Togaviridae
+ssRNA Nodaviridae
+ssRNA Mesoniviridae
-ssRNA Orthomyxoviridae
dsRNA Reoviridae
+ssRNA Luteoviridae
-ssRNA Rhabdoviridae
+ssRNA Iflaviridae
dsRNA Totiviridae
+ssRNA Narnaviridae
dsRNA Chrysoviridae
+ssRNA Endornaviridae
dsRNA Partitiviridae
ssDNA Parvoviridae
-ssRNA Qinviridae

- ssRNA Bunyaviridae
-ssRNA Phenuiviridae
+ssRNA Picornaviridae
+ssRNA Tymoviridae
dsRNA Birnaviridae

- ssRNA Chuviridae
-ssRNA Phasmaviridae
+ssRNA Tombusviridae
+ssRNA Alphatetraviridae
ssDNA Anelloviridae
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—ssRNA Nyamiviridae

- ssRNAOphioviridae
+ssRNA Permutotetraviridae
+ssRNA Solemoviridae
+ssRNA Virgaviridae

- ssRNA Xinmoviridae
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