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Abstract

We provide an overview of the currently known diversity of viral sequences integrated into insect
genomes. Such endogenous viral elements (EVE) have so far been annotated in at least eight insect
orders and can be assigned to at least three families of large double-stranded (ds) DNA viruses, at
least 22 families of RNA viruses, and three families of single-stranded DNA viruses. The study of these
EVE has already produced important insights into insect-virus interactions, including the discovery of
a new form of adaptive antiviral immunity. Insect EVE diversity will continue to increase as new
insect genomes and exogenous viruses are sequenced, which will continue to make paleovirology a
vibrant research field in this group of animals in the years to come.

Highlights

e Insect endogenous viral elements (EVE) belong to at least 28 viral families.

e The number of EVE is correlated to insect genome size.

e So far most insect EVE derive from ss(-)RNA viruses

e EVE studies inform us on insect-virus interactions, including antiviral immunity.

e  EVE diversity will further grow with the number of insect genomes and metagenomes.

Declarations of interest: none.



Introduction

Endogenous viral elements (EVE) are viral genomes or fragments of viral genomes integrated into the
genomes of their hosts [1]. Early studies of EVE were mainly focused on endogenous retroviruses
(Retroviridae) and caulimoviruses (Caulimoviridae) which are abundant in vertebrate and plant
genomes, respectively [2,3]. A few reports of EVE derived from other viral families were published in
the late 1990’s and early 2000’s including some in insects [4-7], followed by larger scale studies of
EVE originating from multiple viral families in various eukaryote lineages [1,8—10]. From then on, it
quickly became apparent that any type of virus could undergo accidental chromosomal integration in
any eukaryotic host and that annotating and analyzing EVE could yield important insights into the
ancestry of viral families, virus host ranges and host-virus interactions [11]. Molecular dating using
EVE as calibration points revealed unexpectedly deep origins of current viruses. For example,
Bornaviridae and Hepadnaviridae were inferred to circulate in vertebrates for 300 and 100 million
years, respectively, and insect large dsDNA viruses were shown to be as old as 300 million years [12—
14]. Functional studies unveiled spectacular cases of EVE domestication, with vertebrate syncytin
genes involved in placentation derived from multiple retroviral lineages [15], and gene/protein
delivery agents from parasitoid wasps derived from several large dsDNA viruses [16]. Molecular
domestication of EVE was also shown to fuel a variety of antiviral immune functions in eukaryotes,
with the characterization of Bornaviridae- and Retroviridae-derived antiviral proteins [17,18] as well
as of Retroviridae-derived interferon inducible enhancers in mammals [19]. Another remarkable case
of EVE-derived antiviral immunity was recently reported in Aedes mosquitoes, whereby EVE-derived
piRNA limit replication of viruses with complementary genomes [20,21]. It has been proposed that
this form of heritable adaptive antiviral immunity may have induced a strong selective pressure on
vertically-transmitted insect-specific viruses in the mosquito germline, in turn triggering the
emergence of horizontally transmitted arboviruses [20].

Deciphering the role of EVE in mosquito antiviral immunity heavily relied on a comprehensive EVE
annotation [22,23]. Such annotation was made possible not only thanks to high-quality mosquito
genome assemblies but also because our knowledge of the insect virosphere has recently expanded,
owing to several large-scale viral metagenomic studies [24—28]. One of these studies reported 1,445
RNA viruses from transcriptomes of over 220 invertebrate species [24]. These viruses were assigned
to 16 large clades merging previously defined virus families, and five new clades were introduced to
accommodate viruses showing extreme divergence to previously known viruses. These findings were
then again considerably augmented by the characterization of another 1,213 RNA viruses belonging
to at least 40 viral families, that were recovered in transcriptomes of more than 600 insect species
from 32 orders [25]. In addition to these large-scale efforts, many viral metagenomics studies
targeting species of interest such as Drosophila melanogaster [29], Apis mellifera [30] or Aedes
mosquitoes [31] also contributed to expanding the catalogue of insect viruses. While these studies
challenge the classical way viruses are characterized, they also offer unprecedented opportunities to
better understand virus evolution and ecology, as well as the way by which host-virus interactions
have shaped eukaryote evolution, including through viral endogenization [32,33]. Here we aim at
complementing previous reviews on insect EVE [34,35] by providing an overview of the diversity of
EVE that has so far been unearthed from insect genomes, putting this diversity into perspective of
that of insect exogenous viruses. We present separately EVE deriving from large dsDNA viruses and
those deriving from other viruses because these two types of EVE have generally been reported in
separate publications owing to the different methods employed to characterize them.

Large dsDNA viruses



Large dsDNA viruses currently known to circulate in insects belong to three families of eukaryotic
nucleo-cytoplasmic large DNA viruses (NCLDVs) (Ascoviridae, Iridoviridae, Poxviridae) and three
families of viruses characterized by a circular genome and rod-shaped nucleocapsids (Baculoviridae,
Hytrosaviridae, Nudiviridae) [36]. While irido-, pox- and nudi- viruses are widespread in several insect
orders, baculoviruses have only been reported in Lepidoptera, Hemiptera and Diptera and
hytrosaviruses are only known in Diptera and Hymenoptera. Ascoviruses are known to infect only
lepidopteran larvae, mainly from the Noctuidae family [36]. Large dsDNA viruses are often excluded
from EVE annotation studies because they possess many accessory genes that underwent recurrent
host-to-virus and virus-to-virus horizontal transfer [37]. EVE annotation typically involves a first
similarity search between viral proteins and genomes of interest using blast or related algorithms.
This search is followed by a second, reciprocal similarity search between all viral protein-like
sequences identified in the first search and a database including both viral and non-viral proteins.
The reciprocal search ensures that viral-like proteins identified in the first search on viral-only
proteins are not more similar to non-viral proteins. In the case of host sequences showing similarity
to large dsDNA virus accessory proteins, it is often difficult to rule out non-viral origin, even when in-
depth phylogenetic analyses involving dense sampling of host species are performed. Thus, most
studies reporting large dsDNA virus EVE have so far focused on the detailed characterization of a
single virus in one or a few host species. These include the discovery of multiple independent EVE
domestication events underpinning the emergence of gene and/or protein delivery agents playing a
role in host immune-suppression in parasitoid wasps (Ichneumonoidea and Cynipoidea) (Figure 1). So
far, six domesticated large dsDNA viruses have been reported in parasitoid wasps, two of which are
related to alphanudiviruses (in Fopius arisanus and Venturia canescens) [38,39], two are of unclear
origin but possibly related to NCLDVs (in Campopleginae and Banchinae) [38,40-42], one is distantly
related to hytrosaviruses (in Leptopilina spp.) [43] and one shares common ancestry with
betanudiviruses (in microgastroid wasps) [16]. Multigene, large dsDNA virus-derived EVE with no
evidence for domestication were also reported in a number of species, including three
alphanudivirus-related EVE in the aphid Aphis glycines [44], the planthopper Nilaparvata lugens [45],
and the chalcid parasitoid wasp Eurytoma brunniventris [46]. A betanudivirus-like EVE was also found
in the Eurytemora brunniventris genome [46]. More recently, two larger-scale studies reported
robust evidence for the presence of multigene alphanudivirus-like EVE in several other aphid species
and in the whitefly Bemisia tabaci, as well as for hytrosavirus-like EVE in the wasps Cotesia vestalis
and Dolichomitus sp [41,47]. In total, considering that all EVE found in aphids likely derive from
independent integration events, at least 15 independent endogenization events involving multiple
(>10) genes of large dsDNA viruses have so far been reported in insects (Figure 1).

In addition to these multi-gene EVE, 20 single-gene putative EVE similar to large dsDNA viruses have
been reported in ants [48], including one showing similarity to the RNA polymerase RP0147, a core
poxvirus gene shared by invertebrate and vertebrate poxviruses [49], and 16 showing similarity to
PIF1, PIF2 or PIF3 genes, which are core baculovirus genes shared with hytrosaviruses [50]. These
genes are all located in scaffolds longer than 10 kb, most of which also contain one or more host
genes, indicating they are part of the ant genome. Yet, given the distant amino acid similarity of
these putative EVE to viral proteins (31% on average) and their single-gene nature, definitive
conclusion on their origin must await further analyses. This is also true for a number of putative
single-gene EVE found in six dipterans, two lepidopterans and five other arthropod species, for which
no definitive evidence of viral origin could be found [47]. The parasitoid killing factor genes, recently
discovered in lepidopteran genomes may also be added to the list of EVE deriving from large dsDNA
viruses [51], but more work is needed to assess whether these genes were indeed horizontally
transferred from viruses to their hosts or whether viruses repeatedly captured them from their



hosts. Thus, we feel that robust evidence of endogenization exists only for three out of the six
families of large dsDNA viruses known to infect insects and in only two insect orders (Hemiptera and
Hymenoptera). These patterns are at least in part due to a bias in searching efforts, but we note that
while whole-genome sequences of 240 arthropod species were screened for endogenous nudiviruses
in [47], including 197 insect species from 14 orders, strongly-supported EVE have only been retrieved
from hemipterans and hymenopterans. On the virus side, most insect large dsDNA EVE so far
characterized derive from nudiviruses (11/15; Figure 1). Some properties of these viruses may
facilitate endogenization, including the fact that they replicate into host cell nuclei and that one
exogenous nudivirus is known both to replicate specifically in the gonads of its hosts and to undergo
chromosomal integration in a host cell line [52].

RNA and small DNA viruses

The diversity of RNA and small DNA viruses for which partial or complete genomes have been
sequenced in insects is extensive, with RNA viruses belonging to at least 40 families merged in 22
larger clades [24,25] and small DNA viruses from at least five families and many unclassified lineages
[27,53]. Many studies of EVE deriving from RNA and small DNA viruses have been performed in
insects, most of which focus on one or a few insect species. To provide an overview of the diversity of
insect EVE and how it compares to that of exogenous viruses, we have chosen to illustrate the results
of a large-scale EVE characterization in insects [54] and to discuss these results in light of other
studies focusing on fewer insect species. We assigned EVE retrieved by ter Horst et al. [54] from 37
insect genomes to the 22 clades of RNA viruses proposed in Shi et al. [24] and to small DNA virus
families [55], as well as to corresponding viral Classes of the International Committee on Taxonomy
of Viruses (ICTV) [55]. To be conservative, we only kept EVE located in scaffolds longer than 10,000
bp and we merged EVE belonging to the same clade and located less than 50 bp away from each
other. We retained 1,876 EVE from species belonging to six insect orders (Figure 2), which together
with a few EVE retrieved in Isoptera [26] and Thysanoptera [56] brings to at least eight the number of
insect orders in which EVE were found. These EVE fall into 14 of the 22 clades of RNA viruses
proposed in [24] and three families of ssDNA viruses (Figure 2; supplementary table 1). The nine
clades of RNA viruses totaling more than 10 EVE include members of 22 virus families. Importantly,
EVE are distantly related to exogenous viruses (mean amino acid identity = 31% [SD=11%]), with only
12 EVE being more than 80% identical to their cognate exogenous virus (supplementary table 1).

The numbers reported in Figure 2 should not be seen as definitive because large-scale EVE screening
depends on parameter tuning of similarity searches and on the quality of genome assemblies.
However, the general trends outlined in Figure 2 are in line with other studies focusing on one or a
few insect species. The number of EVE clades/families per species varies between 0 (in Drosophila
erecta, D. melanogaster, D. simulans and Apis mellifera) to more than 250 in Aedes mosquitoes. The
low number and diversity of EVE in Drosophila species is in agreement with a study reporting only
one dsRNA partitivirus-like EVE segregating at low frequency in European D. melanogaster
populations [29]. Also, in agreement with the results of [54] illustrated in Figure 2, all EVE screenings
performed in Aedes mosquitoes revealed high numbers of highly diverse EVE [22,23,57,58],
contrasting with low EVE prevalence in anopheline mosquitoes [59]. For example, in A. aegypti,
Russo et al. [57] retrieved 242 EVE belonging to nine of the viral groups considered here, compared
to 262 from 10 viral groups in Figure 2. The large number of EVE detected in the pea aphid
Acyrthosiphon pisum is largely driven by Parvoviridae (n=114 in Figure 2), echoing earlier findings
[10,53]. The high diversity of EVE in the ter Horst et al. [54] dataset is upheld by another large-scale
EVE screening study of 20 ant species, in which EVE were assigned to eight of the RNA viral groups
considered here and two families of small DNA viruses [48]. Overall, the number of EVE appears



strongly correlated to genome size in insects (Pearson’s r=0.72, p-value=3.8x10 for filtered EVE
dataset; Pearson’s r =0.7, p-value=9.3x10"% for unfiltered dataset; supplementary table 2), a trend
reminiscent to that observed for transposable elements (TEs) and other repeats [60,61]. The majority
of insect EVE annotated in [54] derive from negative sense RNA viruses (n = 934 versus 450, 258 and
233 for positive sense RNA viruses, double-stranded RNA viruses and small DNA viruses, respectively)
(Figure 2). However, this overall trend is heavily driven by EVE landscapes from the two Aedes
species (which total 534 EVE deriving from negative sense viruses) and EVE deriving from negative
sense RNA viruses outnumber other EVEs in only 15 out of the 35 species included in the study.

The number of independent endogenization events in insect genomes cannot be directly inferred
from the number of EVE as many EVE underwent post-endogenization duplications, likely mediated
by (TEs) [22,56,57,59,62]. One way this has occurred is by amplification of retrotransposons that
have co-opted virus-derived protein domains [63,64]. In fact, most Chuviridae EVE likely result from
retrotransposition of long terminal repeat (LTR) elements containing co-opted chuvirus-like
glycoprotein domains [64], hence their separation from other EVE in Figure 2. Likewise, many Hepe-
Virga EVE observed in two lepidopteran species (Figure 2) were produced by retrotransposition-
mediated amplification of Virgaviridae helicase-bearing retrotransposons [56,63]. That said, EVE
clades/families are generally widespread among insects (eight of twelve are found in at least ten
species) and relatively few insect EVE have been shown to be shared at orthologous loci among
species. This indicates that endogenization of most viral groups considered here occurred
independently and repeatedly along the insect tree.

A general trend emerging from the annotation of RNA and small DNA virus-derived EVE is that they
tend to be enriched near retrotransposons, suggesting that endogenization often occurs through
template-switching during retrotransposition. Furthermore, EVE are enriched in piRNA clusters in
various species, setting endogenization as a possible source of heritable antiviral piRNA in several
insect and other arthropod lineages [22,23,54,57,59]. While support for this hypothesis exists in
Aedes mosquitoes, which possess an extended set of PIWI proteins [20,21], the ubiquity of EVE-
derived piRNA-mediated antiviral immunity among other insects remains to be assessed [65].
Antiviral piRNA production is not the only function for which EVE have been domesticated in insects,
as several EVE shared at orthologous loci between species were shown to evolve under purifying
selection, pointing towards protein-level domestication. This is true for a Rhabdoviridae-derived EVE
shared between worldwide populations of Aedes aegypti [62], for a Phasmaviridae- and a
Virgaviridae-derived EVE shared between Sophophora and Drosophila flies [9,66] and for a
Mesoniviridae-like EVE shared among widely-divergent dipterans species [57]. Based on the
divergence time of their respective hosts, such orthologous EVE provide direct evidence for the
antiquity of their cognate viral families, which circulated among insects millions of years ago
[9,57,62,66]. Finally, there is strong evidence supporting the role of two densovirus-derived EVE in
the ability of the pea aphid to produce winged offspring [67]. Remarkably, the two EVE are closely
related to a mutualist exogenous densovirus found in rosy apple aphids, in which production of
winged individuals is only possible in the presence of the virus. This suggested that the two viral
genes endogenized in the pea aphid retained their function after endogenization [67].

Conclusion and perspectives

The diversity of insect EVE so far includes viruses related to three large dsDNA virus families, at least
14 of the 22 large clades of RNA viruses proposed in Shi et al. [24] and three families of ssDNA
viruses. This diversity is not exceptional among arthropods [54,57,68] but is much higher than in
vertebrates, in which EVE from only two families of non-retroviral RNA viruses and four families of



DNA viruses have been found to date [1,69,70]. Yet, the diversity of insect EVE is inherently
underestimated given that most EVE are distantly related to current exogenous viruses and many
could be placed in their own new family, some of which may have gone extinct. Furthermore, the
catalogue of insect EVE will increase rapidly in the future, as new viruses identified by large-scale
metagenomics are included as bait in similarity searches. The insect EVE landscape thus appears
highly diverse and dynamic, and its study will undoubtedly yield new important contributions to our
understanding of insect-virus interactions in the next few years. The development of new EVE
screening pipelines will facilitate screening for the presence of multigene EVE derived from
Poxviridae and Iridoviridae, which like nudiviruses are widespread in insects, and deciphering the
history of large dsDNA virus domestication in both hymenopteran and non-hymenopteran insects. It
will also be interesting to measure the proportion of EVE which have an impact on host fitness and
the functions they may fulfill, two questions that will benefit from population genetics approaches,
as illustrated by the case of Aedes mosquitoes [23,71]. A key question is to what extent EVE-derived
antiviral immunity plays a role in natural mosquito populations, whether the evolution of this
pathway has triggered the emergence of arboviruses [20] and whether variations in it affect vector
competence [34]. Finally, the EVE landscape appears highly variable among insect species and
characterizing the factors underpinning this variability — besides genome size and quality of genome
assemblies [48] — will be a stimulating task.

Figure Legends

Species name EVE name
Cotlesia congregata CcBV
M‘C“’M'——': Colesia vestalis CvBV @nd CVEFVE—Hytrosavirus (LbFV)-like (Burke et al. 2021)
Microgastroid complex Microplitis demalitor MdBV Bracavirus (Betanudivirus)**
. 3 PhBY (Gauthier et al, 2021; Burke et al, 2018
Braconidae 4”“9'0”'”39 Phanerotoma sp Burke et al. 2021; Bézier et al. 2009)

Chelonus inanitus CiBV

o] . : L

pnee Fopius arisanus FaENV Alphanudivirus® (Burke etal, 2018)
Ichneumonoidea Hyposoter didymator  HdlV Ichnovirus (NCLDV?)™ (Legeai et al, 2021)
Campopleginae) L Campoletis sonorensis CslV
. Alphanudivirus® + vestigial ichnovirus (NCLDV?)

Venturia canescens VCENV (Pichun atal 2015)

Banchina Lissonota sp. - i

HYMENOPTERA lchneTmonidas &: Glvota f : GV Ichnovirus (NCLDV?)** (Béliveau et al. 2015; Burke et al, 2021)
lypta fumiferanae
Pimplinae Dolichomitus sp. DoEFV Hytrosavirus (LbFV)-like (surks et al. 2021)
Chalcidoideali Eurytoma brunniventris EbrENY -aand 8 Alpha= and Beta= nudiviruses (zhang et al, 2020)

Cynipnideal— Leptopilina LbEFV Hytrosavirus (LbFV)<ike® (Di Giovanni et al, 2020)

Aphis glycines AgENV
4|——|: Melanaphis sacchari  MSENV
Aphidoidea Diuraphis noxia - Alphanudiviruses (Liu et al. 2020; Cheng et al, 2014;
. . I
Acythosiphon pisum - Cheng =t al. 2020)
HEMIPTERA| Aleyrodoidea

Bemisia tabaci -

Fulgoroidea

Nilaparvata lugens NIENV

Figure 1. Diversity of endogenous viral elements (EVE) derived from large double-stranded DNA
viruses. The tree of insects in which EVE were identified was built after [72,73]. Branch lengths are
not proportional to divergence. References in which each EVE was characterized are indicated.
*indicates that EVE present in the group of species delineated by colored rectangles are orthologous
or likely orthologous. findicates domesticated EVE.
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Figure 2. Diversity of endogenous viral elements (EVE) derived from RNA and small DNA viruses in
insects. The tree and divergence times of insects in which EVE were searched in [54] was built after
[74]. Numbers of EVE for each insect species are taken from Datasets S1 and S2 provided in [54].
Only EVE present in scaffolds longer than 10,000 bp were retained. EVE belonging to the same viral
clade and separated by less than 50 bp were conservatively merged. Viral clades or families for which
less than 10 EVE were identified in total were lumped in the “Others” category, which includes the
following clades and families: Astro-Poty, Benyviridae, Bidnaviridae, Geminiviridae, Kitaviridae,
Luteo-Sobemo, Mayoviridae, Narna-Levi, Picorna-Calici, Tombus-Noda. Heliconius melpomene is not
included because the whole genome sequence used in [54] for this species could not be retrieved.
EVE were classified by matching information of the closest viral blastx hit (GenBank Accession no.
and/or viral protein and/or viral species) and the classification proposed in [24]. The Mono-Chu clade
was split in Mononegavirales and Chuviridae because many putative Chuviridae-derived EVE may in
fact correspond to glycoproteins of retrotransposons [64]. The corresponding viral Class proposed by
the ICTV classification is shown in italics below each clade. Fetaures of filtered EVE retained to build
this figure are described in Supplementary Table 1.

Supplementary Table 1. Features of endogenous viral elements retained to build Figure 2. EVE
were retrieved from Dataset 1 and 2 in ter Horst et al. (2018). Only EVE located on scaffolds longer
than 10.000bp were retained. EVE were further merged if they were located less than 50 bp from
each other on the same scaffold and belonged to the same virus clade. EVE for which taxonomy
could not be retrieved in NCBI using the taxonomizr R package were assigned to a virus clade based
on the supplementary table provided in Shi et al. (2016).

Supplementary Table 2: Number of EVE and genome size of insect species included in ter Horst et
al. (2018). These values were used to assess whether genome size is correlated to EVE number in
insects. We tested correlation with both the number of EVE provided in ter Horst et al. (2018) ("EVE
not merged") and the number of EVE we have retained here after removing all EVE located on
scaffolds smaller than 10000 bp and after merging EVE belonging to the same viral clade and located
less than 50 bp away from each other.
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