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Integrations from non-retroviral RNA viruses (nrEVEs) have

been identified across several taxa, including mosquitoes.

Amongst all Culicinae species, the viral vectors Aedes aegypti

and Aedes albopictus stand out for their high number of

nrEVEs. In addition, Aedes nrEVEs are enriched in piRNA

clusters and generate piRNAs that can silence incoming viral

genomes. As such, nrEVEs represent a new form of inherited

antiviral immunity. To propel this discovery into novel

transmission-blocking vector control strategies, a deeper

understanding of nrEVE biology and evolution is essential

because differences in the landscape of nrEVEs have been

identified in wild-caught mosquitoes, the piRNA profile of

nrEVEs is not homogeneous and nrEVEs outside piRNA

clusters exist and are expressed at the mRNA level. Here we

summarise current knowledge on nrEVEs in mosquitoes and

we point out the many unanswered questions and potentials of

these genomic elements.
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Introduction
Host-virus coevolution is fuelled by the selective pres-

sures the two partners impose on each other leading to

reciprocal and adaptive genetic changes. In this arms-

race, the transfer of genetic material from viruses to

eukaryotic cells has long been recognised as an important

mechanism shaping host genome diversity and evolution.

As an example, 8% of the human genome is composed of

endogenous viral elements (EVEs) from retroviruses,

deriving from millions of years of coevolution. Advances

in genome sequencing and bioinformatics have shown

that EVEs arise not only from retroviruses and DNA
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viruses but also from non-retroviral (nr) RNA viruses.

Among invertebrates, Aedes spp. mosquitoes, which are

the primary vectors for arboviruses world-wide, stand out

for the number of nrEVEs and the genomic sites of

nrEVE occurrence, raising questions on the mechanisms

of viral integration and their potential biological role.

Here, we summarise our current knowledge on EVEs

in mosquito genomes. We start by describing the distri-

bution of EVEs across the currently available mosquito

genomes and in wild-caught mosquitoes. Next, we review

data on the genomic sites of integration events, from

which hypotheses regarding the function of nrEVEs have

been formulated. We close by discussing experiments

supporting an immunity role for nrEVEs and their use in

genetic-based control strategies. Throughout the review,

we highlight outstanding questions, including methodo-

logical approaches to annotate viral integrations.

An overview of mosquitoes and their viral flora
Mosquitoes belong to the Culicidae family, a monophy-

letic group including 4500 species divided into the Ano-

phelinae and Culicinae subfamilies. Anophelinae and

Culicinae separated roughly 180–250 million years ago

and present remarkable differences in their genome size,

primarily due to the larger content of transposable

elements (TEs) of Culicinae (Table 1) [1–4,5�,6�,7].
Additionally, Anophelinae comprise primarily vectors

for protozoan parasites, while Culicinae are mostly vectors

of nematodes (i.e. Dirophilaria immitis) and arboviruses

[8,9]. The mosquito species Aedes aegypti and Aedes albo-
pictus are the arboviral vectors with the highest public

health relevance worldwide based on their geographic

distribution, adaptation to live in close proximity to

humans and the fact that they are efficient vectors for

a large number of arboviruses, including Dengue, Zika,

Yellow Fever and Chikungunya viruses [10,11,12,13].

Despite differences in vector competence with respect

to arboviruses, both Anophelinae and Culicinae mosqui-

toes support replication of Insect-Specific Viruses (ISVs)

[14,15]. ISVs isolated from mosquitoes belong to the same

taxonomic categories as arboviruses, such as the Flavivir-
idae, Togaviridae, Reoviridae, and Rhabdoviridae families

and the Bunyavirales order [14,16,17]. Bunyavirales ISVs

and some Flaviviridae ISVs such as Cell Fusing Agent

Virus (CFAV), Kamiti River virus (KRV), Culex flavivi-

rus, Aedes flavivirus, Quang Binh virus, Nienokoue virus,

Nakiwogo virus, Xishuangbanna virus and Palm Creek

virus are phylogenetically ancestral to arboviruses.
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Table 1

Comparison of the more recent Culicinae genome assemblies

Species Assembly Genome size (Mbp) % TE % LTR References

Aedes aegypti AaegL5 1278.7 62 11.7 [3,4]

Aedes albopictus AaloF1 2538.4 55 5.6 [6�,7]
Culex quinquefasciatus CpipJ2 579.1 44 10 [3,5�]
Anopheles albimanus AalbS2 173.3 2.7 52 [3,5�]
Anopheles arabiensis AaraD1 246.6 9.8 22 [3,5�]
Anopheles atroparvus AatrE1 225.3 4.9 44.4 [3,5�]
Anopheles christyi AchrA1 172.7 2.2 35.5 [3,5�]
Anopheles coluzzii AcolM1 224.4 11 17 [3,5�]
Anopheles culicifacies AculA1 203 3.8 11.8 [3,5�]
Anopheles darlingi AdarC3 137 2.6 43.7 [3,5�]
Anopheles dirus AdirW1 216.3 6.4 34.2 [3,5�]
Anopheles epiroticus AepiE1 223.5 6.1 30.7 [3,5�]
Anopheles farauti AfarF2 183.1 2.2 33.3 [3,5�]
Anopheles funestus AfunF1 211 5.5 47.4 [3,5�]
Anopheles gambiae AgamP4 281.4 20 29.3 [3,5�]
Anopheles koliensis AKwgs3 151.1 0.1 43.8 [3,5�]
Anopheles maculatus AmacM1 141.9 4.4 19.3 [3,5�]
Anopheles melas AmelC2 224.2 7.8 21.3 [3,5�]
Anopheles merus AmerM2 288.1 9.8 23.5 [3,5�]
Anopheles minimus AminM1 201.8 4.8 41.7 [3,5�]
Anopheles punctulatus APwgs2 146.2 0.4 34.5 [3,5�]
Anopheles quadriannulatus AquaS1 283.8 7.9 19.9 [3,5�]
Anopheles sinensis AsinC2 220.8 10 30.2 [3,5�]
Anopheles stephensi AsteS1 225.4 5.7 35.5 [3,5�]
Besides ancestral, or classic insect-specific flaviviruses

(cISFs), numerous ISFs have been shown to be phyloge-

netically closer to mosquito-borne flaviviruses and hence

have been called dual host associated ISFs (dISFs)

[18,19].

Number and type of viral integrations in
mosquito genomes
The first nrEVEs of mosquitoes were serendipitously

discovered in the genomes of Ae. albopictus and Ae. aegypti
and bore similarity to CFAV and KRV [20,21]. The

expansion of Next Generation Sequencing (NGS) and

bioinformatic approaches allowed us and others to probe

mosquito genomes for the presence of viral integrations

[9,22,23,24��,25,26,27,28��,29��,30] (Table 2). The num-

ber of EVEs identified in Culicidae is not concordant

across studies because different genome assemblies, viral

databases, bioinformatic algorithms and thresholds (i.e.

minimum length of the putative EVE) were used to

annotate viral integrations. This heterogeneity makes

comparative analyses difficult. Having a common frame-

work for EVEs annotation would be a great advance to

obtain reproducible results and gain insights into their

biology [31,32]. For instance, a range of between 17–29

nrEVEs with similarity to flaviviruses were annotated in

the latest Ae. aegypti assembly (AaegL5) within the same

four genomic regions (Figure 1) [28��,30]. The difference

in nrEVE number resulted from the parameters used to

filter and assign blast hit results to either different inte-

grations from the same virus [30] or to group them into a

unique longer integration based on the contiguity of blast
www.sciencedirect.com 
hits on the mosquito genome [28��]. Without a clear

understanding of the mechanisms of integration, the

substrate (i.e. viral DNA fragments or other sources)

and the relative role of TEs in favouring integrations

and/or nrEVE rearrangements, we support a conservative

approach, which avoids mechanistic interpretations of

blast hit results [28��]. Overall, BLASTx-based methods

are emerging as preferable and powerful strategies to

identify nrEVEs, especially if a high stringency is used

(10�3 or lower), followed by steps to refine predictions

and eliminate false positive hits due to the presence of

low complexity sequences. This strategy can detect

EVEs regardless of their coding potential.

Despite differences in the exact number of EVEs, all

studies are concordant in finding integrations exclusively

from non-retroviral RNA viruses, which are �10-fold

more abundant in the genomes of Ae. aegypti and Ae.
albopictus than in any other tested mosquito genomes

(Table 2). In Anophelinae, the largest number of nrEVEs

(64) was identified in the genome of An. gambiae and

included predominantly integrations from unclassified

viruses [25]. Anopheles stephensi and An. minimus are the

only Anophelinae harbouring each a single, and not

orthologous, integration from ISFs [9,23]. Excluding

nrEVEs from viruses whose phylogeny is still uncertain,

the majority of Aedes nrEVEs appear to derive from

viruses of the Flaviviridae and Rhabdoviridae families.

Except for an integration with similarity to Dengue virus

1 (DENV1) in Ae. aegypti, flavivirus-like integrations of

both Aedes spp. genomes are from a limited number of
Current Opinion in Insect Science 2022, 49:22–30
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Table 2

Most-up to date list of studies describing nrEVEs in mosquito genomes, including methodology used and number of viral integrations

identified

Subfamily Species Genome assembly Method Viruses in database EVEs (in piRNA clustersa) Reference

Culicinae Aedes albopictus AaloF1 tBLASTx RNA (424), DNA (1) 72 (9) [9]

AaloF1 BLASTx RNA (na), DNA (na) 502 (3) [25] b

AaloF1 tBLASTx RNA (na) 33 [29] d

Canu_80X (C6/36) tBLASTn RNA (1933) 276 [26]

Canu_80X (C6/36) tBLASTx RNA (na) 91 [29] d

AalbF2 BLASTx RNA (1563) 456 (138) [6]

Culicinae Ae. aegypti AaegL1 tBLASTn RNA (66), DNA (21) 57 [22]

AaegL3 tBLASTx RNA (424), DNA (1) 122 (54) [9]

AaegL3 tBLASTx RNA (na) 29 [29] d

Aag2 BLASTx RNA (na) 472 (256) [24]

Aag2 BLASTx RNA (na), DNA (na) 273 (117) [25] b

Aag2 tBLASTx RNA (na) 68 [29] d

AaegL5 tBLASTn RNA (1933) 276 [26]

AaegL5 ORF prediction na 129 [27]

AaegL5 BLASTx RNA (1563) 252 (188) [28]

AaegL5 BLASTx RNA (na) 29 [30] c

Culicinae Culex quinquefasciatus CpipJ1 tBLASTn RNA (66), DNA (21) 1 [22]

CpipJ2 tBLASTx RNA (424), DNA (1) 1 [9]

CpipJ2 tBLASTn RNA (1933) 28 [26]

CpipJ2 tBLASTx RNA (na) 20 [29] d

Anophelinae Anopheles arabiensis AaraD1 tBLASTx RNA (424), DNA (1) 5 [9]

AaraD1 tBLASTx RNA (50) 0 [23] c

AaraD1 BLASTx RNA (na), DNA (na) 16 (6) [25] b

AaraD1 tBLASTx RNA (na) 2 [29] d

Anophelinae An. gambiae AgamP3 tBLASTn RNA (66), DNA (21) 0 [22]

AgamP4 tBLASTx RNA (424), DNA (1) 0 [9]

AgamP4 tBLASTx RNA (50) 0 [23] c

AgamP4 BLASTx RNA (na), DNA (na) 64 (7) [25] b

AgamP4 tBLASTn RNA (1933) 24 [26]

AgamP4 tBLASTx RNA (na) 2 [29] d

Anophelinae An. stephensi AsteI2 tBLASTx RNA (424), DNA (1) 0 [9]

AsteI2 tBLASTx RNA (50) 0 [23] c

AsteI2 BLASTx RNA (na), DNA (na) 23 (5) [25] b

AsteI2 tBLASTx RNA (na) 2 [29] d

AsteS1 tBLASTx RNA (50) 0 [23] c

AsteS1 tBLASTx RNA (na) 3 [29] d

Anophelinae An. christy AchrA1 tBLASTx RNA (424), DNA (1) 0 [9]

AchrA1 tBLASTx RNA (50) 0 [23] c

AchrA1 tBLASTx RNA (na) 0 [29] d

Anophelinae An. coluzzi AcolM1 tBLASTx RNA (424), DNA (1) 0 [9]

AcolM1 tBLASTx RNA (50) 0 [23] c

AcolM1 tBLASTx RNA (na) 1 [29] d

Anophelinae An. melas AmelC1 tBLASTx RNA (50) 0 [23] c

AmelC2 tBLASTx RNA (424), DNA (1) 0 [9]

AmelC2 tBLASTx RNA (na) 0 [29] d

Anophelinae An. merus AmerM1 tBLASTx RNA (50) 0 [23] c

AmerM2 tBLASTx RNA (424), DNA (1) 2 [9]

AmerM2 tBLASTx RNA (na) 2 [29] d

Anophelinae An. quadrianulatus A AquaS1 tBLASTx RNA (424), DNA (1) 2 [9]

AquaS1 tBLASTx RNA (50) 0 [23] c

AquaS1 tBLASTx RNA (na) 2 [29] d

Anophelinae An. epiroticus AepiE1 tBLASTx RNA (424), DNA (1) 7 [9]

AepiE1 tBLASTx RNA (50) 0 [23] c

AepiE1 tBLASTx RNA (na) 3 [29] d

Anophelinae An. maculatus B AmacM1 tBLASTx RNA (424), DNA (1) 2 [9]

AmacM1 tBLASTx RNA (50) 0 [23] c

AmacM1 tBLASTx RNA (na) 0 [29] d

Anophelinae An. culicifacies AculA1 tBLASTx RNA (424), DNA (1) 0 [9]

AculA1 tBLASTx RNA (50) 0 [23] c

AculA1 tBLASTx RNA (na) 0 [29] d

Anophelinae An. minimus A AminM1 tBLASTx RNA (424), DNA (1) 2 [9]

AminM1 tBLASTx RNA (50) 1 [23] c

AminM1 tBLASTx RNA (na) 3 [29] d

Current Opinion in Insect Science 2022, 49:22–30 www.sciencedirect.com
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Table 2 (Continued )

Subfamily Species Genome assembly Method Viruses in database EVEs (in piRNA clustersa) Reference

Anophelinae An. funestus AfunF1 tBLASTx RNA (424), DNA (1) 8 [9]

AfunF1 tBLASTx RNA (50) 0 [23] c

AfunF1 tBLASTx RNA (na) 2 [29] d

Anophelinae An. dirus AdirW1 tBLASTx RNA (424), DNA (1) 4 [9]

AdirW1 tBLASTx RNA (50) 0 [23] c

AdirW1 tBLASTx RNA (na) 7 [29] d

Anophelinae An. farauti AfarF1 tBLASTx RNA (50) 0 [23] c

AfarF1 tBLASTx RNA (424), DNA (1) 7 [9]

AfarF1 tBLASTx RNA (na) 2 [29] d

Anophelinae An. atroparvus AatrE1 tBLASTx RNA (424), DNA (1) 3 [9]

AatrE1 tBLASTx RNA (50) 0 [23] c

AatrE1 tBLASTx RNA (na) 1 [29] d

Anophelinae An. sinensis AsinS2 tBLASTx RNA (424), DNA (1) 2 [9]

AsinS2 tBLASTx RNA (50) 2 [23] c

AsinS2 tBLASTx RNA (na) 2 [29] d

AsinC2 tBLASTx RNA (50) 2 [23] c

AsinC2 tBLASTx RNA (na) 1 [29] d

Anophelinae An. albimanus AalbS1 tBLASTx RNA (424), DNA (1) 0 [9]

AalbS1 tBLASTx RNA (50) 0 [23] c

AalbS1 tBLASTx RNA (na) 3 [29] d

Anophelinae An. darlingi AdarC3 tBLASTx RNA (424), DNA (1) 0 [9]

AdarC3 tBLASTx RNA (50) 0 [23] c

AdarC3 tBLASTx RNA (na) 0 [29] d

Anophelinae An. koliensis AKwgs3 tBLASTx RNA (50) 0 [23] c

AKwgs3 tBLASTx RNA (na) 1 [29] d

Anophelinae An. nili Anili1 tBLASTx RNA (50) 0 [23] c

Anili1 tBLASTx RNA (na) 2 [29] d

Anophelinae An. punctulatus APwgs2 tBLASTx RNA (50) 0 [23] c

APwgs2 tBLASTx RNA (na) 0 [29] d

a Number of viral integrations in piRNA clusters is reported when availble.
b Search for viral integrations included ssDNA and RNA viruses.
c Search for viral integrations was limited to Flavivirus.
d Search for viral integrations was limited to Chuviruses.
cISFs and do not appear to be orthologs [6�,28��,30].
Rhabdovirus-like integrations are more variable; they

show similarity to both viruses infecting vertebrates

(Bas Congo, Chandipura, Adelaide River, Bovine ephem-

eral fever and Berrimah viruses) and arthropod-restricted

viruses (i.e. Pararge aegeria sigmavirus, Culex tritaenior-

hynchus rhabdovirus and Ohlosdorf virus) [6�,28��,30,33–
35].
Figure 1
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In several Anophelinae and in both Aedes species, the

presence of viral integrations from the recently described

Chuviridae viral family [36] is notable because Chuvir-

idae-like nrEVEs encompass primarily viral glycoprotein

sequences and are associated with, if not completely

embedded within, long-terminal repeat (LTRs) of,

mostly, the Bel/Pao family [6�,28��,29��]. These results

suggest the occurrence of a specific interaction between
610-RA
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 chromosome 2 where a different number and variety of nrEVEs have

r et al. [30], respectively.
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Chuviruses and Bel/Pao TEs, which resulted in the

endogenization of viral env genes [28��,29��]. Phyloge-

netic analyses of both Bel/Pao TEs and Chuviridae-like

nrEVEs support a single integration event before the split

between Anophelinae and Culicinae or few endogeniza-

tion events associated with an ancestral Pao element,

followed by extensive recombination events as several

Chuviridae-like nrEVEs were identified sharing high

sequence similarity and occurring both linked to different

clades of Pao TEs and not (‘solo glycoproteins’) [29��].
The estimate of the exact number of endogenization

events is uncertain because alignments of the regions

flanking integrations did not identify orthologous nrEVEs

across mosquito species [29��], contrasting with the

hypothesis of a unique endogenization event into the

ancestor of the Culicidae family. Acquisition of the env
gene by TEs can result in the gain of infectious properties

and a retrovirus-like behaviour [37]. Whether Bel/Pao

TEs, which endogenized Chuviridae-like glycoproteins,

became retroviruses has not been demonstrated yet, but a

total of 13 complete and potentially active elements,

called Anakin, have been characterised in the genomes

of Ae. aegypti, Cx. quinquefasciatus and the Ae. albopictus C6/

36 cell line thus representing an ideal substrate to test this

hypothesis [29��].

Lessons from viral integrations of wild-caught
mosquitoes
Both Ae. aegypti and Ae. albopictus are invasive species for

which detailed historical-records and extensive popula-

tion genetic studies have allowed to define the route and

timing of their global expansion from their respective

native ranges [38–40,41�]. This knowledge represents the

ideal scenario to unravel the origin and evolution of

nrEVEs. Are endogenization events ancestral and spo-

radic or frequent? Are nrEVEs maintained in mosquito

genomes by drift suggesting they are dispensable

sequences, or do they harbour signs of selection suggest-

ing a functional role?

Data on the distribution of nrEVEs in wild mosquitoes

are still limited, but differences between Ae. aegypti and

Ae. albopictus were already revealed. For instance, flavi-

virus-like nrEVEs are highly conserved across Ae. aegypti
samples, but variably distributed and less prevalent

across Ae. albopictus wild mosquitoes; the opposite trend

was observed for rhabdovirus-like nrEVEs [28��,30].
Whether differences in the number and prevalence of

nrEVEs from different viruses reflect virus-host lineage-

specific interactions or are dependent on the ecological

niches and geographic origin of the two species is still

unanswered, but the level of sequence polymorphism

seen in nrEVEs in comparison to mosquito genes sup-

ports the conclusion that not all viral integrations are

dispensable repetitive elements maintained by drift

[42].
Current Opinion in Insect Science 2022, 49:22–30 
Using a viral database of 167 viruses previously identified

as components of the mosquito virome, nrEVEs absent in

the respective reference genomes were identified in both

Ae. aegypti and Ae. albopictus wild-caught mosquitoes

[6�,28��,42,43] (Figure 2). In Ae. aegypti samples, these

newly identified integrations are composed of fragments,

which are not contiguous on the corresponding viral

genomes, suggesting rearrangements before integration

[28��] (Figure 2a). In Ae. albopictus, the newly identified

nrEVEs are shorter than 700 bp and correspond to a

portion of a single viral open reading frame (ORF)

[43,44��] (Figure 2a). In both cases, newly identified

nrEVEs include integrations from cISFs and Aedes

Anphenvirus, have >70% sequence similarity to currently

circulating viruses and are found mostly in one or few

populations [28��,43,44��] (Figure 2b). These results sup-

port the hypothesis that endogenization events are rare

and some have occurred within the past 500 years when

Ae. aegypti left Africa through the trade of slaves. These

findings also support the hypothesis that substrates for

integration are episomal viral DNA fragments that are

formed from defective viral particles after viral infections

of mosquitoes [45] and that endogenization events may

involve short (<350 bp) and long rearranged sequences,

which may be further shuffled after integration

(Figure 2a) [28��]. In support of the hypothesis that

endogenization events are rare, infection of Ae. albopictus
with Chikungunya virus did not result in any integration

event [46]. The exact frequency of integration events

could be determined using one of the available Aedes cell-

lines [47–49] and testing for multiple viral species, infec-

tion doses and passages. This experimental approach

should be complemented with parallel analyses of the

virome and the EVEome of wild caught mosquitoes to

understand whether the occurrence and/or the frequency

of integrations is viral lineage specific, correlated with the

prevalence of environmental viruses and/or their route of

infection (i.e. sexual transmission between male and

females; vertical transmission to the progeny and/or

hematophagous-dependent acquisition and

transmission).

Genomic context of viral integrations and
nrEVE functions
In the genome of Aedes spp. mosquitoes, nrEVEs are not

distributed casually, but are statistically enriched in

piRNA clusters and produce antisense primary piRNAs,

suggesting that nrEVEs-piRNAs can target incoming

viral nucleic acids [9,24��,25]. This hypothesis was

recently validated in Ae. aegypti Aag2 cells and adult

females through the identification of new CFAV integra-

tions; the newly identified integration in adult Ae. aegypti
is composed of different viral fragments, of which the

NS2 gene coding region is shared with the integration

detected in the genome of Aag2 cells [50��,51]. In both

cases, CFAV replication was controlled through the tar-

geting of viral RNA by piRNA derived from the NS2
www.sciencedirect.com
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Figure 2
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Wild-caught Aedes mosquitoes harbour different viral integrations than the reference genome.

Novel viral integrations identified in the genomes of wild-caught Aedes aegypti (orange) and Aedes albopictus (blue) mosquitoes. (a) Structure of

the newly identified nrEVEs in comparison to an archetypical Flavivirus genome. Viral integrations composed of fragments that are not contiguous

on the viral genomes are shown with dotted lines. (b) Frequency of newly identified integrations in geographic populations. Blue and orange areas

on the map show the native area of Ae. albopictus and Ae. aegypti, respectively.
region of the viral integration [50��,51]. This observation

is interesting considering that the piRNA profile of

nrEVEs is not homogeneous along the corresponding

viral genome sequence and also varies in somatic versus

germline cells, implicating sequence and tissue-specific-

ity [28��,46]. Whether the different piRNAs expression

profile of nrEVEs has functional implications should be
www.sciencedirect.com 
further investigated considering the above-mentioned

results and the redundancy of nrEVE. Redundancy is

the presence of nrEVEs with high sequence similarity or

mapping to the same regions of corresponding viral

genomes; some of these nrEVEs may represent indepen-

dent integrations whereas others are the results of rear-

rangements after integration. In adult mosquitoes,
Current Opinion in Insect Science 2022, 49:22–30
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nrEVE-derived piRNAs did not abrogate, but limited

CFAV load exclusively in ovaries [51], suggesting

nrEVEs may not have a major antiviral role against CFAV.

Whether nrEVE antiviral activity can be modulated by

the initial CFAV viral loads, the genetic background of

mosquitoes, by controlling for the sequence-specificity

with respect to cognate viruses or nrEVE location within

somatic piRNA clusters should be further investigated

given that mosquito immunity is a multifactorial process

[52,53] and that in Aedes mosquitoes, the piRNA and

siRNA pathways interact to control viral infections [51].

piRNA clusters of Aedes genomes are enriched not only of

nrEVEs, but also of LTR retrotransposons [28��]. LTR

retrotransposons replication cycle includes a cytoplas-

matic stage where recombination with foreign RNA

molecules may occur via copy-choice mechanism fol-

lowed by reverse transcription [54]. Upon infection with

RNA viruses, hybrid sequences composed of LTRs and

vDNA fragments have been identified in Aedes cells and

mosquitoes supporting the hypothesis that these

episomal fragments are the substrate for integrations,

in line with nrEVEs enrichment next to LTRs

[28��,32,50��]. However, this may not be the only

mechansim of integration as nrEVEs that are outside

piRNA clusters are predominantly flanked by Class II

transposons or no repetitive sequences as observed also

for newly identified nrEVEs [6�,24��,28��]. nrEVEs map-

ping outside piRNA clusters can encompass complete

viral ORFs and are expressed at the mRNA level

[6�,28��,42]. Functional characterization of these nrEVEs

could reveal new modes of action such as in trans compe-

tition with incoming viruses either at the mRNA or

protein levels [55–58]. Additionally, mRNAs expressed

from nrEVEs could also be degraded by the mosquito

RNAi machinery into small interfering RNAs that could

directly act on corresponding viral sequences. Unravel-

ling nrEVEs function and regulation is essential to design

genetic manipulation of nrEVEs either as direct antiviral

effectors or as sites for integration of effectors.

Conclusions
Detailed analysis of genome assemblies and next-gener-

ation sequencing data from different mosquito species

showed the widespread genomic distribution of nrEVEs.

Current studies are concordant in depicting a larger

number of nrEVEs in Aedes versus all other Culicinae

and a trend for nrEVEs to be associated to TEs within

piRNA clusters. In general, Aedes genomes harbour a

higher percentage and a larger diversity of TEs than

Anophelinae, suggesting that either transposition and

endogenization rates are higher in Aedes species or these

mosquitoes can better tolerate accumulation of repetitive

sequences, nrEVEs included. Differences in the details

of nrEVE annotation among studies are becoming rele-

vant, and should be resolved, in light of the recent

findings supporting biological roles for nrEVEs. nrEVEs
Current Opinion in Insect Science 2022, 49:22–30 
have been shown to encode for piRNAs that are able to

limit cognate viral infections; other nrEVEs encompass

complete viral ORF expressed at the mRNA level; lastly,

a complete BEL/Pao transposons with Chuviridae-like

glycoprotein has been identified bioinformatically.

Which, among the hundreds of nrEVEs of Aedes genomes,

are functionally active and how? How specific would the

nrEVEs antiviral activity be? These are some of the

outstanding questions to be answered to propel the

genetic engineering of nrEVEs for transmission-blocking

vector control strategies.
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35. Shahhosseini N, Lühken R, Jöst H, Jansen S, Börstler J, Rieger T,
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