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Abstract

Horizontal gene transfer from viruses to eukaryotic cells is a pervasive phenomenon.
Somatic viral integrations are linked to persistent viral infection whereas integrations
into germline cells are maintained in host genomes by vertical transmission and may
be co-opted for host functions. In the arboviral vector Aedes aegypti, an endogenous
viral element from a nonretroviral RNA virus (nrEVE) was shown to produce PIWI-
interacting RNAs (piRNAS) to limit infection with a cognate virus. Thus, nrEVEs may
constitute a heritable, sequence-specific mechanism for antiviral immunity, analogous
to piRNA-mediated silencing of transposable elements. Here, we combine popula-
tion genomics and evolutionary approaches to analyse the genomic architecture of
nrEVEs in A. aegypti. We conducted a genome-wide screen for adaptive nrEVEs and
searched for novel population-specific nrEVEs in the genomes of 80 individual wild-
caught mosquitoes from five geographical populations. We show a dynamic land-
scape of nrEVEs in mosquito genomes and identified five novel nrEVEs derived from

two currently circulating viruses, providing evidence of the environmental-dependent
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1 | INTRODUCTION

Horizontal gene transfer (HGT) provides gene flow between
evolutionary remote lineages, which may be instrumental in the
adaptation of the recipient organism to novel ecological niches
(Keeling & Palmer, 2008). In this context, virus-eukaryote HGT is
particularly interesting as a growing body of genomics studies pro-
vides evidence that virus-to-host HGT occurs frequently (Gilbert
& Cordaux, 2017). Endogenization of viral sequences into germ-
line cells leads to the vertical inheritance of the inserted DNA in
the host genome. These new genomic features are expected to
be mostly deleterious and thus eliminated in a few generations
(Aswad & Katzourakis, 2012). Still, a small proportion of endoge-
nous viral elements (EVEs) are co-opted by the host, allowing the
recipient species to restrict and better tolerate cognate viral in-
fections (Blair et al., 2020; Ophinni et al., 2019). In mammals, the
best-known EVE-based antiviral mechanism is based on the direct
interaction between EVE-encoded proteins and viral or host pro-
teins that control viral replication (Frank & Feschotte, 2017). In
insects, EVEs from nonretroviral RNA viruses (nrEVEs) are tran-
scribed as precursors of antiviral PIWI-interacting RNAs (piRNAs)
(Arensburger et al., 2011; Palatini et al., 2017; Russo et al., 2019;
Suzuki et al.,, 2017, 2020; Tassetto et al., 2019; ter Horst et al.,
2019; Whitfield et al., 2017).

piRNAs are a class of small RNAs of around 25-30 nt that guide
PIWI proteins onto complementary target RNAs, resulting in gene
silencing at the transcriptional or post-transcriptional level (Ozata
et al., 2019). In the model organism Drosophila melanogaster, piRNA
precursors are generated from genomic loci called piRNA clusters
(Czech & Hannon, 2016). These regions are enriched for (remnants
of) sequences of transposable elements (TEs) and, consequently,
cluster-derived piRNAs show sequence complementarity to TEs.
piRNA clusters have been proposed to act as traps for new TE inva-
sions, and the composition of piRNA clusters thus reflects the his-
tory of past TE mobilization (Brennecke et al., 2007; Khurana et al.,
2011; Parhad & Theurkauf, 2019).

Cluster-derived piRNA precursors are processed into primary
piRNAs, which associate with the PIWI protein Aubergine in the
cytoplasm and direct cleavage of sense TE RNAs (Brennecke et al.,
2007). The cleaved fragments are processed into secondary piRNAs,
which associate with the PIWI protein Ago3 and direct cleavage of
piRNA precursors, leading to the so-called ping-pong amplification
cycle (Brennecke et al., 2007). Due to the bias for uridine at the first
nucleotide of primary piRNAs, secondary piRNAs are enriched for

modification of a piRNA cluster. Overall, our results show that virus endogenization

events are complex with only a few nrEVEs contributing to adaptive evolution in A.

Aedes aegypti, endogenous viral elements, mosquito genomes, piRNA cluster

an adenine at the tenth nucleotide, referred to as the 1U/10A bias
for pong-pong amplified piRNAs (Brennecke et al., 2007).

The genome of the mosquito Aedes aegypti, a major arboviral
vector, harbours hundreds of nrEVEs, which are mostly embedded
in piRNA clusters in association with long terminal repeat (LTR) TEs
and produce primary piRNAs in antisense orientation to viral RNA
(Arensburger et al., 2011; Palatini et al., 2017; Russo et al., 2019; ter
Horst et al., 2019; Whitfield et al., 2017). Endogenization of nonret-
roviral sequences probably occurs through reverse transcription of
viral RNA by host LTR TEs (Tassetto et al., 2019). A recent genome
engineering study demonstrated that an nrEVE derived from cell
fusing agent virus (CFAV) produces piRNAs that engage in ping-pong
amplification with viral target RNA to limit replication of the cognate
virus in ovaries (Suzuki et al., 2020).

Based on the production of nrEVE-derived piRNAs, the phys-
ical contiguity of nrEVEs and TEs in piRNA clusters, and the re-
cent discovery of piRNA-mediated antiviral activity of selected
nrEVEs (Palatini et al., 2017; Suzuki et al., 2020; Tassetto et al.,
2019; Whitfield et al., 2017), nrEVEs have been hypothesized to
constitute an adaptive antiviral immune system in A. aegypti, func-
tionally analogous to the defence function of the piRNA pathway
against TEs in D. melanogaster (Blair et al., 2020; Whitfield et al.,
2017). Hence, like D. melanogaster piRNA clusters that record the
history of TE mobilization and provide a heritable source of piR-
NAs to silence active TEs, we expect the repertoire of nrEVEs
(nrEVEome) to diversify across wild mosquitoes depending on
virus exposure.

Here, we addressed this hypothesis from the bottom up: we
first characterized the nrEVEome and piRNA clusters in the
newest reference A. aegypti genome (AaeglL5). We then used a
genome-wide analysis to systematically identify novel nrEVEs that
are not present in the reference genome by sequencing the ge-
nomes of 80 wild mosquitoes from five populations from regions
endemic for arboviruses. Finally, we ran a genome-wide screen to
identify reference nrEVEs probably involved in adaptive evolution,
calculating three different statistics to detect candidate adaptive
nrEVEs. We used these data to address three major questions: how
widespread are virus endogenization events among wild-collected
mosquitoes? Are nrEVEs viral fossils without function or are they
maintained in the genome by adaptive evolution? What is the re-
lationship between piRNA clusters and nrEVEs with signs of adap-
tive evolution?

We identified five novel nrEVEs derived from two currently cir-
culating A. aegypti-infecting viruses. These novel nrEVEs occurred
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both within and outside reference piRNA clusters, and with and
without concomitant insertion of TEs. Our genome-wide screen
identified few adaptive nrEVEs across populations. Our analysis is
the first systematic search to identify novel nrEVEs in wild mosqui-
toes and to study adaptive evolution of nrEVEs in A. aegypti. Our
results suggest a dynamic landscape of viral integrations in mosquito
genomes and identify nrEVEs that may mediate adaptive antiviral

immunity.

2 | MATERIAL AND METHODS

2.1 | nrEVE annotation in the A. aegypti genome
assembly AaeglL5

The latest Aedes aegypti genome assembly (AaeglL5) (Matthews et al.,
2018) was used to identify nrEVEs using iterative standalone BLAsTX
searches. A viral database was composed at the end of August 2018
using ssRNA, dsRNA and unclassified viral amino acid sequences
available in the NCBI RefSeq viral database with host flag inverte-
brates plus two Aedes anphevirus (AeAV) sequences available from
GenBank (ID AWW13507 and AWW13504) (DataS1). Initial BLAsTX
was run using the viral database and the A. aegypti genome as query
with a conservative e-value of 107, Multicopy nrEVEs were then
merged using the EVE FINDER pipeline (Whitfield et al., 2017). A
second BLAsTX search (e-value 107%) with newly identified viral in-
tegrations as a query was run against the whole RefSeq amino acid
database. Predicted viral integrations that had the highest identity
to eukaryotic genes were manually discarded. Viral taxonomy was
then assigned to each nrEVE based on the top hit retrieved by BLASTX
searches against the nonredundant (NR) database, which was used
to extract the corresponding viral family from the NCBI taxonomy
database. When a viral family could not be extracted from the NCBI
database, that viral integration was annotated as “unclassified.”

The BED file containing all TEs annotated in the A. aegypti genome
(AaeglL5 assembly) (Matthews et al., 2018) was parsed with sebtooLs
to find TEs overlapping each viral integration (Quinlan & Hall, 2010).
Maximum observed overlap between nrEVEs and TEs was 100 bp and
we removed the overlapping region from the annotation of the nrEVE
sequence. BeptooLs was further used to identify the closest genomic
feature (i.e., a TE, another nrEVE or a coding sequence) to each nrEVE.
The presence of Chuviridae-like EVEs within a TE was analysed using a
combination of BebtooLs closest and BebtooLs intersect.

2.2 | piRNA cluster annotation in the A. aegypti
genome assembly AaeglL5

Clusters were annotated on the current A. aegypti genome assem-
bly (AaeglL5) (Matthews et al., 2018) using two publicly available
small RNAseq data sets from blood-fed female A. aegypti germline
(ovaries) and female somatic tissues (carcasses) (SRR5961506 and
SRR5961505, respectively) (Lewis et al., 2018). Adapters were

clipped from reads with cutabapT (version 1.18) (Martin, 2011) and
the reads were then mapped with BowTIE version 1.2.2 without al-
lowing for any mismatches over the whole length of the small RNA
(Langmead et al., 2009). Therefore, ambiguously mapping reads
were randomly distributed across all possible mapping positions (-
-best --strata -M 1 -seed 123) or discarded to retain only uniquely
mapping reads associated with single-copy piRNA loci (-m 1).

piRNA clusters were annotated analogously to the approach
used in Drosophila melanogaster (Brennecke et al., 2007), with mini-
mal requirements adjusted for mosquito genomes. Briefly, only the
first 5’ nucleotide of each piRNA sized read (23-32 nt) was used and
normalized to the total number of mapped piRNAs per million (ppm)
within each library to account for the higher fraction of piRNAs in
germline tissues relative to other small RNA classes. The genome
was scanned with nonoverlapping 5-kb sliding windows, applying
and optimizing various threshold values such as piRNA density per
window, unambiguity of piRNA mapping, as well as size and mini-
mal piRNA density per cluster. For the final cluster annotation all
windows with 10 or more ppm (Figure S1) and a maximum distance
of 5 kb were merged into a single cluster. Clusters were required
to contain at least five single-copy (unique) piRNA loci, and to be
covered by at least five uniquely mapping piRNAs per million (Figure
S1). The 5’ and 3’ ends of the cluster were defined by the most dis-
tant piRNAs within the merged windows. Finally, all clusters that
were either very small (< 1 kb) or had a very low read coverage (av-
erage coverage < 10 ppm kb™!) were filtered out (Figure S1). Initial
piRNA cluster annotation was performed separately for ovary and
somatic tissues to recover also clusters that are expressed in only
one of soma and germline tissue, and these results were merged to
reach the final cluster annotation. As the sRNA populations in the
size range of 23-32 nt in the used libraries show general character-
istic features of mature, PIWI-bound piRNAs (1U bias, 10 nt 5'-5’
offset, resistance to p-elimination) (Lewis et al., 2018), all reads from
this population were used for our analysis. Annotation of piRNA
clusters was only guided by piRNA coverage without taking into
account strand asymmetry or nucleotide bias. While the latter two
characteristics had been used for cluster annotation in Aag2 cells
(Whitfield et al., 2017), this leads to exclusion of clusters that do
not show these characteristics, such as the satellite repeat-derived
piRNA cluster with important functions in embryonic development
in culicine mosquitoes (Halbach et al., 2020).

Ping-pong signature for each individual piRNA cluster was eval-
uated with a published python script (Antoniewski, 2014), and se-
quence biases were plotted with ceseqroco (Wagih, 2017) with the
absolute number of each nucleotide per position as input. For the
latter, orientation of the piRNAs was considered relative to anno-
tated features (e.g., genes, repeats, nrEVEs), and thus piRNAs within
a cluster that did not map to any feature were not included in the
analysis. The z-score at position 10 as well as number of pairs un-
derlying the score, and fraction of 1U-harbouring piRNAs and total
number for antisense mapping piRNAs, as well as fraction of 10A-
harbouring piRNAs and total number of sense-mapping piRNAs for
each cluster is provided in Data S2.
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2.3 | Analysis of piRNA production from nrEVEs

The same small RNAseq data sets (SRR5961506 and SRR5961505)
used for piRNA cluster prediction were mapped to the A. aegypti
genome (AaeglL5 assembly) using sBowTiE with a minimum seed
match of 18 nt. Aligned reads were filtered by length using BBmMAP
reformat.sh (https://sourceforge.net/projects/bbmap/), keep-
ing only piRNA-sized reads (23-32 nt) (Czech & Hannon, 2016).
BeDTOOLS Intersect (Quinlan & Hall, 2010) removed reads mapping
outside annotated nrEVEs. Finally, all reads with 100% identity
were collapsed with rastx-TooLkiT (Hannon, 2009) and used for
quantification. Due to sequence similarity and overlap among
nrEVEs, it is impossible to quantify reads mapping uniquely to
single nrEVEs. To avoid any bias, we used custom scripts to ex-
tract piRNA-sized sequence from each original fastq file and
then identified all the viral integrations to which each piRNA
could be mapped. Counts for each experiment were normalized
based on the library size by Quantile-to-Quantile Normalization
as implemented in ebcer (McCarthy et al.,, 2012). For piRNAs
mapping to nrEVEs, signs of overlap and ping-pong amplifica-
tion were assessed and plotted using the small RNA signature
tool (Antoniewski, 2014); in pairs, 10A bias was assessed with
PINGPONGPRO (Uhrig & Klein, 2019).

24 | Geographical samples

A. aegypti mosquitoes were sampled as adults by BG-sentinel
traps or as larvae in the summer and autumn of 2017 in Tapachula
(Mexico), Franceville (Gabon), Larabanga (Ghana), M’barakani
village near Rabai (Kenya), and Tafuna Village, Tutuila Island
(America Samoa). Larvae were reared to adulthood in situ and
ethanol-preserved adults were shipped to the University of Pavia
(Italy).

2.5 | Genome sequence generation

Genomic DNA was extracted individually from each mosquito
with the Promega Wizard Genomic DNA Purification Kit, accord-
ing to the manufacturer’s protocol. Individual DNA libraries were
prepared with TruSeq DNA PCR-free reagents and sequenced to
a minimum 20x coverage (average 24x) on the Illumina HiSeq X
Ten platform by Macrogen to generate paired-end 150-nt reads.
Raw reads were trimmed with TRiIMMoMATIC version 0.38 (Bolger
et al.,, 2014).

2.6 | Identification of novel nrEVEs
We used vy-prer followed by vir to search for novel viral integrations

(Forster et al., 2015; Pischedda et al., 2020). Because vy-per uses
BLAT (Kent, 2002) which recognizes sequences of 95% and greater

sequence similarity of at least 40 bp in length, we restricted our
search for novel viral integrations to 167 viral species already identi-
fied as part of the mosquito virome (Data S3). De novo assembled

novel nrEVEs are available as Data S4.

2.7 | Mining of A. aegypti linked-read
sequencing data

For those novel nrEVEs for which we could not identify the ge-
nome integration site by remapping the flanking regions to the A.
aegypti genome, we investigated a set of 28 sequences, represent-
ing a broad geographical and genetic distribution of A. aegypti, that
had been sequenced with linked-read (10x) sequencing that gen-
erated libraries in which reads that derived from a single strand of
DNA are tagged with a unique barcode to map the new nrEVE in
the A. aegypti genome (Redmond et al., 2020). Comparison of com-
mon barcodes allows inference of proximity between reads up to
80 kb apart. Each read set was aligned to novel nrEVEs to identify
any reads that might comprise these viral integrations; following de-
tection of novel nrEVEs, reads that were linked to these sequences
were then aligned to the Aaegl5 genome identifying the sequence
flanking the viral integration. Background signal can derive from
misalignment or multiple occupancy of 10x droplets; for each 1-MB
window we calculated the sequence covered by flanking reads, and
positions of viral integrations were determined as those within the
0.999t" percentile.

2.8 | Molecular analysis to confirm novel nrEVEs

Novel nrEVEs and their flanking regions were amplified by PCR
(polymerase chain reaction) and Sanger-sequenced to confirm
their presence in the mosquito genome. PCR was carried out with
the DreamTaq Green PCR Master Mix (ThermoFisher) using 1 pl of
1:10 dilution of the DNA that had been used for next-generation
sequencing. Amplified bands were purified with an ExoSAP-IT kit
(ThermoFisher) and Sanger-sequenced (Macrogen). Sequences were
analysed with sioepiT (T. Hall, 1999). After confirming the identity of
each viral integration, PCR was used to analyse the distribution of
these nrEVEs in the tested populations. Primers used are listed in
Table S1.

2.9 | Bioinformatic pipeline to detect
reference nrEVEs

The presence or absence of each viral integration character-
ized from the A. aegypti reference genome (AaeglL5 assembly)
was analysed in genomic resequencing of individual mosquitoes
using an in-house bioinformatic pipeline (Pischedda et al., 2019).
The pipeline allows us to detect the presence of nrEVEs in each
tested individual, but not to distinguish between heterozygote and
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homozygote status. Hence, we approximated allele frequency as
the number of viral integrations normalized by the total number of
individuals. Because of the stringency used in the call for nrEVE
presence (Pischedda et al., 2019), a short sequence that shares
sequence identity with a longer one could be erroneously called
as absent in all individuals tested because of reads shared with
the longer nrEVE. For this reason, a total of 29 viral integrations,
which were called as absent in all individuals, were excluded from

further analyses.

2.10 | Analysis of nrEVE polymorphism

nrEVE polymorphism was analysed at two levels. First, the fre-
quency distribution of each nrEVE was analysed by investigating
its presence or absence in each tested mosquito. nrEVE distribution
across geographical samples was visualized using convex logistic
principal components analysis (PCA) from the R package logisticPCA
(Landgraf & Lee, 2015). Heterogeneity in the occurrence of nrEVEs
among populations was evaluated using a maximum likelihood pro-
cedure adapted from a study on the distribution of TEs in D. mela-
nogaster (Gonzalez et al., 2008). Thus, the data for each nrEVE can
be described as {m1,m2} where m1 is the number of individuals in
which an nrEVE was present, independently of its genotypic status,
and m2 is the number of individuals in which that nrEVE is absent.
The log-likelihood of observing such data conditional to the fre-

quency p is:
In(L(m1,m2|p)) = mlin(p) + m2In(1 —p)

The L (p) is maximized at the value p :

ml

p:m1+m2

To determine whether the frequencies were different among
populations, a likelihood ratio test (LRT) test was used that com-
pares two models. Under the null hypothesis, we assumed that the
frequencies of viral integrations were the same in all populations
and estimated p using combined data from all populations. Under
H1, we assumed that nrEVE frequencies were different among pop-
ulations and estimated p for each population, separately. We then
calculated maximum log-likelihood for both p and they were com-

pared as:
Ho

Heterogeneity was detected when LTR was greater than 9.49
corresponding to 5% of the y2 test with four degrees of freedom.

Second, sequence polymorphism of each nrEVE was estimated
in single individuals by analysing their single nucleotide polymor-
phisms (SNPs) and calculating the level of polymorphism (LoP), as
previously described (Pischedda et al., 2019).

2.11 | Signature of selection

Different methods were used to test for signatures of positive
selection. The presence of hard selective sweep was predicted
using sweep (Pavlidis et al., 2013) on a window size of 100 kb
(50 kb upstream and 50 kb downstream of the nrEVE) using SNP
and INDEL data sets called with samTooLs-mpiLeup (H. Li, 2011). For
each data set, the composite-likelihood ratio (CLR) was calculated
over a grid of 250, which resulted in estimates over ~400 bp.
CLR estimates were visualized with rsTupio. Candidate nrEVEs
harbouring a signature of a selective sweep were selected when
their CLR values were higher than the 9oth percentile of their cor-
responding window distribution. Signatures of soft sweep were
predicted using the G12 statistics implemented in the seLecTION-
HAPSTAT software (Garud et al., 2015) after having identified SNP
variants using FrReeBAYEs (Garrison & Marth, 2012). The H12_2H1.
py script was run using 50 SNPs as the window size for each
of the three A. aegypti chromosomes in each population, with
overlaps of 25 bp for each window. We used small and overlap-
ping window sizes to avoid biases from recombination; linkage
disequilibrium in A. aegypti is estimated to 52-67 kb (Matthews
et al., 2018). Windows in the top 15% most extreme G12 values
were selected (Table S2) and analysed for the presence of viral
integrations (Rech et al., 2019).

Selection in nrEVEs was also tested by calculating Tajima’s D
values (Tajima, 1989), a procedure previously applied to test for se-
lection in fixed TEs (Kofler et al., 2012; Rech et al., 2019). Tajima’s
D values were calculated in nonoverlapping 500-bp windows using
vcrTooLs version 0.1.15 (Danecek et al., 2011). The approach of Rech
et al. (2019) was used to identify windows with significantly low
Tajima’s D values. Average Tajima’s D values were first calculated per
chromosome and population and windows with Tajima’s D values
lower than the 5th percentile of the whole chromosome distribu-
tion were then analysed (Table S3). Finally, significant windows were
screened for the presence of nrEVEs.

3 | RESULTS

3.1 | Atlas of viral integrations in the newest Aedes
aegypti genome

We annotated the nrEVEome of the highly contiguous Aaegl5 ref-
erence genome (Matthews et al., 2018) to systematically assess
their role in adaptive evolution through a genome-wide screen.
We annotated 252 nrEVEs from seven viral families (Flaviviridae,
Rhabdoviridae,
Phenuiviridae and Mesoniviridae) plus several viruses that are still

Xinmoviridae, Chuviridae, Phasmaviridae,
unclassified (Figure 1a; Data S5 and available at http://www.nreves.
com/). Most nrEVEs derived from Rhabdoviridae (Rhabdo-nrEVEs),
followed by Xinmoviridae (Xinmo-nrEVESs), Chuviridae (Chuvi-

nrEVEs) and Flaviviridae (Flavi-nrEVEs). The composition of the
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FIGURE 1 Atlas of Aedes aegypti nrEVEs. (a) Violin plot showing nrEVEs identified in the A. aegypti genome (AaeglL5 assembly). (b) Scatter
plot representing the amino acid identity of each nrEVE and its best hit retrieved by BLAsTX searches against the NR database grouped by
viral family. Whiskers represent the median and the interquartile range. Red dots are the novel nrEVEs discovered in the geographical
populations. (c) Bar plots showing the type of the closest transposable element (TE) upstream and downstream of all nrEVEs (upper panel),
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Abbreviations: LTR (long terminal repeat), UD (unclassified TEs). (d) Pie charts indicating the transposon composition of TEs in the whole
genome or piRNA clusters [Colour figure can be viewed at wileyonlinelibrary.com]

AaeglL5 nrEVEome resembles those obtained with earlier A. aegypti
genome assemblies (Aaegl3, Aag2) (Palatini et al., 2017; ter Horst
et al., 2019; Whitfield et al., 2017), although the uneven quality of
assemblies impairs a comparative analysis. nrEVEs distribute evenly
on the three chromosomes, without enrichment at telomeric or cen-
tromeric regions (Figure S2).

Predicted amino acid identity of nrEVEs to the most simi-
lar virus ranges from 23% to 91%, with Xinmo-nrEVEs generally
showing higher amino acid identity (average 83.9%) than Flavi-
nrEVEs (68.8%), Chuvi-nrEVEs (57%), Rhadbo-nrEVEs (35.4%) and
unclassified nrEVEs (38%) (Figure 1b). Low amino acid identities
probably reflect ancient integrations of sequences of viruses that
are now extinct but may also be due to recent integration events
of currently circulating viruses that have not yet been identified.
Mapping nrEVEs to a representative viral genome for each fam-
ily showed that nrEVEs are not evenly distributed across viral
genomes (Figure 2; Figures S3-S4). For example, Rhabdo-nrEVEs
primarily originated from the nucleoprotein and glycoprotein

sequences (Figure S3) whereas Flavi-nrEVEs derived mainly from
regions encoding nonstructural proteins, primarily NS1 an

d NS2 (Figure 2). We also identified few nrEVEs (i.e., Fla5, Fla7,
Flal6, Flal7 and Rha73) that are composed of adjacent sequences
that are not consecutive in the source viral genome (hereafter, com-
posite nrEVEs), which we hypothesize to be due to recombination
and circularization events that probably occurred before integration
(Tassetto et al., 2019).

nrEVEs annotated in the AaeglL5 assembly are flanked by TEs,
often LTR retrotransposons (Figure 1c), similar to what was observed
in earlier, higher fragmented, genome assemblies (Palatini et al.,
2017; Whitfield et al., 2017). Chuvi-nrEVEs are an exception as all 39
members are completely embedded within four different elements
of the Bel/Pao family. Strikingly, all Chuvi-nrEVEs derive from viral
glycoprotein sequences, which cluster together according to the
Bel/Pao element in which they are embedded (Figure S5). LTR ret-
rotransposons normally do not possess an envelope gene (env), but
can acquire env-like genes from disparate viral sources and, through
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that, acquire properties of infectious retroviruses (Hayward, 2017,
Malik et al., 2000). Because a feature unique to Chuvi-nrEVEs is the
presence of nrEVEs that contain a whole open reading frame (ORF;
Figure S6), we speculate that Bel/Pao TEs might have gained infec-
tiousness through the acquisition of Chuviridae-derived glycopro-
tein sequences.

3.2 | piRNA clusters are enriched for nrEVEs and
LTR retrotransposons

We systematically predicted piRNA clusters in Aaegl5 with a
methodology analogous to that used in Drosophila melanogaster
(Brennecke et al., 2007) and using small RNAs from thorax (somatic)
and ovaries (germline) of female A. aegypti (Lewis et al., 2018) (see
Methods). We identified 1,158 clusters occupying less than 0.1%
of the A. aegypti genome (Data S2). Of these, 108 and 38 clusters
are predominantly expressed in germline or somatic tissues, respec-
tively, whereas the rest are expressed in both (Figure 3a). In total,
188 nrEVEs were located within 67 piRNA clusters spanning 277 kb
(2% of the total piRNA cluster length of 14 Mb) (Figure 3b), repre-
senting a strong nrEVE enrichment in piRNA clusters relative to the
whole genome (x% = 12 x 10%, df = 1, p < .00001) as observed in
other A. aegypti genome assemblies (Palatini et al., 2017; ter Horst
et al., 2019; Whitfield et al., 2017). Five piRNA clusters harbour
>10 nrEVEs (Figure 3c), mostly from different viral families, includ-
ing all Flavi-nrEVEs (Figure 2). There is a clear distinction between
piRNA clusters harbouring a single nrEVE and piRNA clusters with
three or more nrEVES. The latter (except 1p12.1 and 2p12.17) are

active in both soma and ovaries where they tend to produce piR-
NAs with a 1U bias from one dominant strand (uni-strand clusters)
(Figure S7 (e.g., the flamenco-like piRNA cluster 2q44.4, Figure 3d).
piRNA clusters harbouring a single nrEVE are mainly dual-strand
clusters and are mostly active in the germline (e.g., piRNA cluster
3p14.2; Figure 3e), except those harbouring a single Chuvi-nrEVE,
which are uni-strand and active in both tissues. In D. melanogaster,
primary piRNAs produced by ovarian germline cells mostly derive
from dual-strand piRNA clusters as opposed to uni-strand clusters
in surrounding somatic cells (Théron et al., 2014). This seems to be
conserved in A. aegypti (Figure S8), but it remains to be elucidated
whether there is a link between the presence of nrEVEs in uni- or
dual-strand clusters and their function.

nrEVEs are often embedded between Ty3/Gypsy and Bel/Pao
elements (Figure 1c). This is possibly due to the specific incorpora-
tion of viral RNA into LTR retrotransposon replication complexes,
followed by reverse transcription and recombination between trans-
poson and virus sequences (Tassetto et al., 2019). We observed
that the relationship between nrEVEs and LTR retrotransposons is
linked to the location of an nrEVE within or outside a piRNA cluster.
More than half (58.5%) of the TEs adjacent to nrEVEs within piRNA
clusters are LTR retroelements, whereas nrEVEs are predominantly
flanked by Class Il transposons outside piRNA clusters (Figure 1c).
Thus, the physical contiguity between nrEVEs and LTR retrotrans-
posons can be explained by the overall enrichment of LTR elements
in piRNA clusters (Fisher's exact test p < .001) (Figure 1d). This find-
ing implies that integration of viral DNA can equally happen for hy-
brids between viral DNA and LTR retrotransposon sequences as well
as for viral fragments alone.
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FIGURE 3 Aedes aegypti piRNA clusters. (a) Expression of piRNA clusters in germline and somatic tissues. piRNA coverage per million
mapped small RNAs (rpm) plus a pseudo-count of 1 is plotted in order to include values of zero. Colour indicates the likelihood of a cluster
being expressed with the same strand bias in both tissues. (b) Bar plots showing the distribution of nrEVEs from different viral families
within (IN) and outside (OUT) piRNA clusters. (c) Table listing the top-10 most highly expressed piRNA clusters based on their highest overall
expression in either germline or soma, with at least 5% uniquely mapping piRNA reads. (d) Coverage plot of a piRNA cluster with strand

bias towards expression from one strand (uni-strand). (e) Coverage plot of a piRNA cluster without strong strand bias (dual-strand). Log,
coverage in both germline (ovaries) and somatic tissues is shown. Genes are indicated with black arrows, transposons are indicated with light
grey (plus strand) or red (minus strand) boxes, and nrEVEs are depicted with dark grey boxes (plus strand) [Colour figure can be viewed at

wileyonlinelibrary.com]

3.3 | nrEVEs produce different piRNAs in soma and
germline tissues

Previous studies revealed that nrEVEs serve as templates for piRNA
production (Palatini et al., 2017; Suzuki et al., 2020; Tassetto et al.,
2019; Whitfield et al., 2017). We used small RNA populations in
the size range of 23-32 nt from libraries from somatic and germline
tissues (ovaries), which were demonstrated to show general charac-
teristic features of mature, PIWI-bound piRNAs (1U bias, 10-nt 5'-
5' offset, resistance to p-elimination) (Lewis et al., 2018), to identify
nrEVE-derived piRNAs and compare their expression profile be-
tween tissues. These piRNAs mapped to all nrEVEs, with the excep-
tion of Chu10, Chulé, Xin23, Xin24, Rhal7, Rha45, Rha60, Rha69
and Meso1, consistent with their location outside piRNA clusters.

We built a library of nrEVE-derived piRNAs consisting of 56,999
unique sequences (Data S6). The majority of nrEVE-derived piRNAs
are expressed in the soma (85.1%), whereas 11.9% of nrEVE-derived
piRNAs are germline exclusive, and only a small fraction (3%) are ex-
pressed in both tissues (Figure S8). Somatic nrEVE-piRNAs are largely
dominated by piRNAs mapping to Flavi-nrEVEs and Xinmo-nrEVEs
(51.6% and 42.6% respectively), whereas their fraction decreased to
20.1% in germline where almost half of the nrEVE piRNAs (48.3%)
derive from Rhabdo-nrEVEs instead. Only germline nrEVE-derived
piRNAs displayed the ping-pong amplification signature (Figure S9).
Recent research showed ping-pong amplification signals in ovaries
of a CFAV-derived nrEVE in the presence of cognate virus infection
(Suzuki et al., 2020). We cannot exclude that some insect-specific vi-
ruses that persistently infect mosquitos, such as CFAV (Bolling et al.,
2015; R. A. Hall et al., 2016), were affecting the individuals used for
sRNA sequencing, albeit we did not see a clear pick of 21-nt viral
siRNAs suggesting absence of active infection.

Within each viral family, there are nrEVEs that share 100%
nucleotide identity, probably originating from duplications in
the host genome after integration (multi-copy nrEVEs), as well
as nrEVEs that correspond to the same viral region with nucleo-
tide identity below 60%, probably representing different endog-
enization events. To assess whether multi-copy nrEVEs produce
more piRNAs than single-copy nrEVEs, we mapped Flavi-nrEVEs
and Rhabdo-nrEVEs along with their corresponding piRNAs to a
representative viral sequence (Figure 2; Figure S3). We observed
that piRNAs are not evenly distributed across the virus sequence
covered by nrEVEs, but that they spike in distinct portions inde-
pendently of the number of corresponding nrEVEs. Discontinuous
piRNA expression was also observed for piRNA clusters in

Drosophila and proposed to be defined by the local and long-range
sequence context (Muerdter et al., 2012). For Flavi-nrEVEs, piRNA
hotspots are in regions corresponding to flavivirus NS1, NS2 and
NS3 sequences and piRNA profiles of soma and germline are
roughly similar (Figure 2). In contrast, Rhabdo-EVE-derived piR-
NAs differ between the two tissues: germline piRNAs span the
nucleoprotein (N), glycoprotein (G) and polymerase (L) sequences
whereas low piRNAs levels are seen mapping to the L sequence in
the soma (Figure S3).

3.4 | Endogenization of two currently circulating
insect-specific viruses in wild mosquitoes

To test for virus endogenization in a natural system, we analysed
the genomes of 80 individual mosquitoes sampled from five geo-
graphical populations and searched for nrEVEs that are absent from
the A. aegypti reference nrEVEome. Samples included three popula-
tions from Africa, one from Mexico and one from American Samoa,
regions with frequent arboviral outbreaks or considered high-risk
zones for arboviral transmission (Cotter et al., 2018; Guerbois et al.,
2016; Weetman et al., 2018).

Our genome-wide analysis identified five nrEVEs not present in
the reference nrEVEome, which are variably distributed across 49 of
the 80 tested genomes (Figure 4). Of these, 11 individuals concur-
rently harbour two novel nrEVEs. Four novel nrEVEs have similarity
to the insect-specific flavivirus CFAV, with a nucleotide identity of
over 97% to the Galveston reference strain (Figure 1b). The fifth
novel nrEVE has 85% identity to another insect-specific virus, AeAV.
Both CFAV and AeAV infections are widespread in A. aegypti cell
lines, laboratory colonies and wild-caught mosquitoes (Baidaliuk
et al.,, 2020; Parry & Asgari, 2018).

CFAV-derived nrEVEs correspond to different genomic re-
gions of the viral genome and three of them (CFAV-EVE-1, CFAV-
EVE-2 and CFAV-EVE-3) probably arose from recombination of
CFAV sequences that are not contiguous in the CFAV genome
(Figure 4a). The longest novel viral integration (i.e., CFAV-EVE-1)
is a 3,909-bp sequence composed by three regions, including
the complete NS1 sequence. A second novel CFAV-derived in-
tegration (CFAV-EVE-2) is 1,259 bp long and is composed of two
parts of similar length that include sequences of the E protein,
the glycoprotein NS1 and a central part of the NS3 sequence.
A third novel CFAV-derived integration (CFAV-EVE-3) is 734 bp
long and is composed of four parts (two of them inserted in
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FIGURE 4 Novel viral integrations in wild-collected Aedes aegypti mosquitoes. (a) Scheme of the novel nrEVEs with similarity to cell
fusing agent virus (CFAV) and Aedes anphevirus (AeAV) identified in the genome of wild-collected mosquitoes. CFAV-EVEs are mapped

to the genome of CFAV Galveston strain (NCBI Reference Sequence: NC_001564.2) and the AeAV-like nrEVE to the genome of AeAV

strain MRL-12 (MH037149.1). Dotted lines represent part of CFAV-EVE-3 that integrated in the opposite direction compared to the CFAV
genome. (b) Scheme of the integration points and endogenized sequences. nrEVE sequences are represented by grey boxes; flanking TE
sequences (if any) are represented with colours as indicated. Dotted TE boxes indicate flanking TEs for which we could not distinguish if
they integrated together with the viral sequences or were already present in the integration point. (c) Frequency distribution of novel nrEVEs
tested with PCR in 24 mosquitoes from each site (Kenya, Ghana, Gabon, American Samoa and Mexico) [Colour figure can be viewed at
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reverse orientation compared to the CFAV genome) spanning
part of the NS2A, NS2B, NS4A, NS4B and NS5 coding sequences.
CFAV-EVE-3 was recently identified by mining publicly available
A. aegypti genomic and transcriptomic data, and proven to con-
fer tolerance to CFAV infection in ovaries (Suzuki et al., 2020).
The shortest CFAV-derived integration (CFAV-EVE-4) is a 328-
bp sequence, corresponding to part of the NS2A coding region
(Figure 4a). The novel AeAV-like integration contains a single ge-
nomic sequence that corresponds to a portion of the viral nuc-
leoprotein (Figure 4a). None of the novel CFAV-like integrations
displays polymorphism or indels among samples and populations.
All novel nrEVE sequences were amplified by PCR and Sanger-
sequenced, providing independent molecular validation of the
bioinformatic-based identification (Figure $10).

For three of the five novel nrEVEs, chromosomal integration
sites were deduced in silico by de novo assembly of sequence
reads, and further confirmed by PCR and Sanger sequencing for
two of them (Figure 4b). CFAV-EVE-1 is inserted in chromosome 2,
at position 294,058,716, and is embedded between fragments of
the LTR Bel/Pao 277 element (Matthews et al., 2018), resulting in
a hybrid sequence longer than 5,900 bp. CFAV-EVE-3is inserted in
chromosome 3, at position 137,741,235. CFAV-EVE-4 is inserted

between genomic positions 106,043,272 and 106,043,299 on
chromosome 3 within piRNA cluster 3p23.4 (Figure 5), leading
to the loss of a 27-nt sequence. Notably, CFAV-EVE-3 and CFAV-
EVE-4 were generated by the insertion of viral sequences without
co-integration of LTR TE fragments (Figure 4b). In Aag2 cells, frag-
ments of Sindbis virus are reverse-transcribed during LTR TE ret-
rotransposition, forming hybrid episomes (Tassetto et al., 2019).
Our data suggest that viral RNA-derived DNA fragments can in-
tegrate into the A. aegypti genome either alone (such as CFAV-
EVE-3 and 4) or as hybrid sequences with LTR TE fragments (such
as CFAV-EVE-1).

Regions flanking CFAV-EVE-2 correspond to Gypsy245, an
LTR Ty3/Gypsy TE that is present in multiple copies in AaeglL5
assembly (Matthews et al., 2018). The repetitive nature of these
sequences along with the lack of knowledge of the TE landscape
in our samples prevented mapping of the CFAV-EVE2 integration
site. To overcome this issue, we mined data from linked-read (10X
Genomics) libraries (Redmond et al., 2020). This analysis identified
a clean signal of a presumably single-copy viral insertion around
461 MB on chromosome 2, at the far end of the g arm, in two
mosquitoes from Africa (Figure S11). Unexpectedly, in a third
mosquito from Gabon, CFAV-EVE-2 is integrated in chromosome
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FIGURE 5 Acquisition of a novel nrEVE by a piRNA cluster. Coverage plot of piRNA cluster 3p23.4. Genes are indicated with black arrows,
and transposons and nrEVEs are indicated with light and dark grey (plus strand) or light and dark red (minus strand) boxes, respectively. Arrows
indicate variably distributed nrEVEs which are present only in some individual mosquitoes [Colour figure can be viewed at wileyonlinelibrary.com]

3, suggesting a possible chromosome rearrangement. The AeAV-
like EVE was flanked by mTA element 38c, a DNA transposon of
the miniature inverted-repeat transposable element (MITE) family
that is present in multiple copies in the genome (Matthews et al.,
2018). Similar to CFAV-EVE-2, we mined linked-read libraries to
identify the integration site, but AeAV-like EVE sequences were
not present in these libraries.

3.5 | Novelviral integrations are mostly
population-specific

Novel nrEVEs displayed a population-specific pattern. CFAV-EVE-2
and AevAV-like EVE were present only in samples from Africa (the
latter only in samples from Gabon and Kenya). CFAV-EVE-1 was ex-
clusively detected in individuals collected in American Samoa, and
CFAV-EVE-4 was only found in mosquitoes from Mexico (Figure 4c).
In contrast, CFAV-EVE-3 was present in multiple populations span-
ning three continents. The same integration was also found in a labo-
ratory population from Thailand (Suzuki et al., 2020), confirming the
ubiquitous distribution of this nrEVE.

3.6 | Wild mosquitoes have a variable landscape of
reference viral integrations

To gain insights into nrEVE evolution, we analysed patterns of inser-
tional polymorphism of reference nrEVEs in the genomes of wild-
collected mosquitoes. We reasoned that, if viral integrations result
from fortuitous events and are viral fossils, their distribution should
be governed by drift and additionally, their sequence polymorphisms
should evolve at a neutral rate (Aswad & Katzourakis, 2012). If viral

integrations behave like immunity effectors, their presence/ab-
sence pattern is expected to be variable across host genomes and
sequence polymorphism to be under natural selection (Frank &
Feschotte, 2017).

We first analysed the presence/absence pattern of reference
nrEVEs, classifying them as fixed, when they do not display any in-
sertional polymorphism among geographical populations, and vari-
ably distributed (VD-nrEVEs) when they are absent in the genome of
at least one wild-caught mosquito (Figure 6a). We identified a total
of 114 VD-nrEVEs. Their overall frequency distribution separates
samples according to their geographical origin (Figure 6b), although
population frequencies were not statistically different based on the
LRT for any of the VD-nrEVEs (Table S4). Still, the overall level of
polymorphism (LoP) of VD-nrEVEs was comparable to that of a set
of conserved genes in the A. aegypti genome (Pischedda et al., 2019)
in all the tested populations (Figure 6c), indicating that some of them
may have contributed to adaptation. Sixty-nine viral integrations ap-
pear to be shared across all populations (fixed nrEVEs) (Figure 6a).
These may represent a conserved core of viral integrations that
have reached fixation through processes other than positive selec-
tion. However, the LoP of fixed nrEVEs was suggestive of selection
in all the populations tested (Figure 6c; Figure 512). Both fixed and
VD-nrEVEs have similar LoP values across populations, which is far
lower than LoP values of A. aegypti fast evolving genes. This result
indicates that fixed and VD-nrEVEs may be under similar selective
forces and that the different frequency patterns may reflect differ-
ent integration times (old nrEVEs have reached fixation whereas
VD-nrEVEs are younger insertions). There is a strong bias for Flavi-
nrEVEs among the fixed nrEVEs as 92% of them are present in all in-
dividuals and in all populations (Data S5). Thus, the high frequency of
the reference Flavi-nrEVEs may result from strong purifying selec-
tion. We analysed the distribution of SNPs vs. singletons (i.e., SNPs
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FIGURE 6 Genome-wide screen of reference nrEVEs. (a) Outline of the distribution of reference nrEVEs annotated in the AaeglL5
assembly. Fixed nrEVEs have been observed in all populations and variably distributed (VD)-nrEVEs have been observed only in some
populations. Mesoni- and Chuvi-nrEVEs are not included in this analysis. (b) Convex logistic principal component analysis (PCA) of VD-nrEVE
frequencies based on their geographical origin. Each dot indicates an individual mosquito, colour-coded based on geographical location.

(c) Whisker plots comparing the level of nucleotide polymorphism among Aedes aegypti populations in conserved genes (CG), fast-evolving
genes (VG), fixed nrEVEs and VD-nrEVEs. Each dot represents the average value of an individual mosquito, boxes span the interquartile
range, marked lines within the boxes represent the median, and whiskers represent the minimum and the maximum. Dotted lines are
colour-coded according the population they represent and depict the median value of the level of polymorphism of fast-evolving genes. (d)
Composite likelihood ratio (CLR) signal around the indicated nrEVEs in mosquito populations. CLR signal around Rha44 in Ghana, Rha53 in
American Samoa and Rhaé9 in Mexico is higher than the 99th percentile of their corresponding window distribution and thus indicative of
positive selection. (e) Comparison of the number of singletons (i.e., SNPs found only in one individual) vs. SNPs in Flavi- or Rhabdo-nrEVEs in
each population. Statistical differences were established by the Wilcoxon rank sum test (ns, not significant; *p < .05; **p < .01; ***p < .0001)
[Colour figure can be viewed at wileyonlinelibrary.com]

found only in one mosquito) across nrEVEs in each population. An
excess of singletons is consistent with purifying selection (Bourgeois
& Boissinot, 2019). This was not observed in Flavi-nrEVEs in any

in all the tested populations (Figure 6e).

population, but their singletons/SNPs ratio was higher than that of
Rhabo-nrEVEs, which have significantly fewer singletons than SNPs
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FIGURE 7 nrEVEs with signal of selection. Tajima’s D and G12 values in the indicated nrEVEs in geographical populations of Aedes
aegypti. Red indicates lower Tajima’s D or higher G12 values than the cutoffs for each chromosome in each population (Tables S2 and S3).
Blue boxes indicate high Tajima’s D values (i.e., values higher than the 95% percentile for each chromosome in each population). Light grey
boxes indicate nonsignificant tests. Only nrEVEs fixed in all tested populations and with either a significant Tajima’s D or a significant G12
values in at least one of the tested populations are shown [Colour figure can be viewed at wileyonlinelibrary.com]

3.7 | Signs of positive selection on viral
integrations

The spectrum of nucleotide polymorphism spanning a DNA se-
quence can be used to infer its evolutionary history under the prem-
ises of the theory of neutral molecular evolution (Kimura, 1983). The

theory states that most of the polymorphism at the DNA sequence
level is a neutral balance between two forces: mutation, which in-
troduces new variants, and genetic drift, which randomly eliminates
polymorphism. A number of statistical tests are available to com-
pare the observed polymorphism of a region to that expected under
neutral evolution given assumptions of population size, demography,
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random mating and recombination (for a review, see Booker et al.,
2017; Pavlidis & Alachiotis, 2017). Deviations from expectations
under the null hypothesis of neutral evolution are interpreted as
signs of selection. An increase in the frequency of a variant, associ-
ated with reduced variability in the neighbouring region due to ge-
netic hitchhiking, generates a hard-selective sweep, which indicates
positive or adaptive selection. The power of detecting signatures of
hard selective sweeps using SNPs is sufficiently strong when they
occurred less than ~0.1 Ne generations ago (Kim & Stephan, 2000;
Przeworski, 2002), where Ne is the effective population size. Given
that A. aegypti has around 11 generations per year and an Ne of
roughly 500 (Saarman et al., 2017), this translates into the ability to
detect only very recent hard sweeps, in the order of ~4 to 8 years.
Thus, selective sweeps detected are likely to be population-specific
and, in the case of nrEVEs, probably associated with locally circulat-
ing viruses. Signatures of hard sweeps were detected for Rha44 in
Ghana, Rhaé9 in Mexico and Rha53 in American Samoa (Figure 6d).
Rha44 and Rhaé9 are fixed in the populations where a hard sweep
was predicted and Rha53 is close to fixation in American Samoa
(Freq = 0.938), supporting the hypothesis that the increase in fre-
quency of these three nrEVEs is probably due to positive selection
acting on the population.

Adaptive evolution at nrEVE loci was also tested by estimating
the Tajima’s D statistic genome-wide and analysing whether refer-
ence nrEVEs map in windows with significantly negative Tajima’s D
values (Kofler et al., 2012; Rech et al., 2019). Tajima’s D compares
the polymorphism and the segregating sites in a region under the
premises of the neutral evolution theory: a low Tajima’s D value
indicates an excess of low-frequency variants resulting from a
bottleneck or a selective sweep; whereas a Tajima’s D value sig-
nificantly higher than O indicates a scarcity of rare variants, in-
terpreted as balancing selection or recent population admixture
(Stephan, 2019). Consistent with results of hard sweep, Rhaé9
showed significantly negative Tajima’s D values in Mexico (Tajima’s
D = -0.62). Rha44 and Rha53 showed lower than chromosome-
average Tajima’s D values in Ghana and American Samoa, although
the values were not statistically significant (Tables S3 and S5).
Among these three nrEVEs, only Rha44 maps in a piRNA cluster,
2p21.18, which is active only in the germline (Data S2). Eight ad-
ditional nrEVEs showed significantly negative Tajima’s D values in
different populations, with Rha35, Rha86 and Un33 consistently
in two African populations (Figure 7). These Rhabdo-nrEVEs de-
rive from different viral regions from probably different viruses
and all map in piRNA clusters active in both somatic and germline
tissues (Data S4).

An allele may be present in a population along with other vari-
ants and segregate neutrally, until an environmental change arises
that favours its segregation. This situation will result in a soft selec-
tive sweep, detectable through ad hoc statistics such as the G12 and
G1/2 method (Garud et al., 2015; Harris et al., 2018). We calculated
the G12 and G1/2 statistics genome-wide and analysed whether
nrEVEs occurred in windows with the top 15% most extreme G12
values, following a reference (Rech et al., 2019). Signatures of soft

sweeps were identified in 13 fixed nrEVEs, primarily in African pop-
ulations (Figure 7). Overall, these results highlight nrEVEs present
in the reference AaeglL5 assembly that are evolving under different
scenarios in some selected populations and thus may be considered
candidate adaptive nrEVEs.

4 | DISCUSSION

Experimental genetic approaches recently demonstrated that se-
lected nrEVEs mediate piRNA-based antiviral activity in A. aegypti
(Suzuki et al., 2020; Tassetto et al.,, 2019), expanding the immu-
nity functions of viral sequences acquired by HGT and suggest-
ing similarities to both prokaryotic CRISPR-Cas9 immunity and
piRNA-mediated genome defence against TE movement (Ophinni
et al., 2019). A system analogous to CRISPR-Cas9 immunity implies
“adaptation,” the modification of immune features (i.e., properties
of immune cells, genomic loci or effectors) in response to environ-
mental stimuli in a way that influence their subsequent responses
to the same stimulus (Natoli & Ostuni, 2019). Here we tested a key
feature of both piRNA-mediated genome defence and CRISPR-Cas9
immunity in the genomes of wild-caught mosquitoes: variability in
the repertoire of foreign nucleic acids acquired by HGTs (Amitai
& Sorek, 2016; Brennecke et al., 2007; Khurana et al., 2011). We
demonstrate that mosquitoes have a variable landscape of nrEVEs,
including modification of the composition of piRNA clusters, and we
provide evidence that nrEVEs are evolving under different selective

scenarios.

4.1 | Annotation of the reference nrEVEome of
A. aegypti

While we were finishing our study, another annotation of the nrE-
VEome of Aaegl5 assembly was published (Russo et al., 2019). The
number of nrEVEs and the phylogenetic classification in the two stud-
ies are roughly similar (252 vs. 277). However, around one-fifth of
the nrEVEs annotated in our study (46) have not been annotated by
Russo et al. (2019). Conversely, 43 nrEVEs annotated by Russo are not
present in our data set (Data S7). nrEVEs that have been missed by
one of the two studies are dominated by unclassified nrEVEs. A wide
variety of RNA viruses has been unearthed by metagenomics (C.-X. Li
et al., 2015; Zhang et al., 2019), many of which are awaiting classifica-
tion. Hence, the differences in nrEVEs repertoires of the two studies
probably reflect the diversity of viruses included in databases used to
annotate nrEVEomes and it is likely that ongoing identification of new
mosquito viruses will require regular updates of nrEVE annotation.
Of the 277 nrEVEs annotated by Russo et al. (2019), 234 correspond
to 206 nrEVEs annotated in our study, which could be attributed to
longer nrEVE sequences generated by our annotation pipeline.

Of the 252 nrEVEs annotated in our study, 243 nrEVEs probably
produce piRNAs. Among nrEVEs that do not produce piRNAs, Mesol
is the only Mesoniviridae-derived nrEVE (Meso-nrEVE) annotated in
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the AaeglL5 assembly. This nrEVE is inserted in a sequence encoding a
hypothetical protein present in other dipteran species, and a previous
study proposed that it probably represents an unusual “nido-like” do-
main conserved across the Diptera lineage (Russo et al., 2019).
Considering the overall genomic architecture of nrEVEs and
their piRNA profile, it is tempting to speculate that nrEVEs are or-
ganized through a redundant system with few viral regions being
over-represented by multiple overlapping nrEVEs and showing
hotspots in their piRNA profile. The majority of nrEVE-derived piR-
NAs are soma-specific, and only a small fraction (3%) is expressed in
both soma and germline. Recent research suggests that the piRNA-
mediated antiviral effect of a CFAV-derived nrEVE is strongest in
the ovaries (Suzuki et al., 2020). Thus, different piRNA expression
patterns between germline and soma could reflect the specialization
of some nrEVEs in mediating antiviral immunity specifically in germ-

line or somatic tissue.

4.2 | Identification and timing of novel nrEVEs

Investigation of the genome sequences of 80 wild-collected mos-
quitoes resulted in the identification of five novel nrEVEs similar to
either CFAV or AeAV and occurring both within and outside piRNA
clusters. Among the novel CFAV-EVEs identified, only CFAV-EVE-4
inserted within a piRNA cluster (namely 3p23.4), which is highly active
in both soma and germline and hosts 13 other viral integrations (eight
Rhabdo-nrEVEs, one Xinmo-nrEVE, two Chuvi-nrEVEs and two un-
classified nrEVESs) (Figure 5). This is the first demonstration of inser-
tional polymorphism of an nrEVE within a piRNA cluster in nature. This
“invasion” occurred in the germline, constituting a vertically inherited
trait that is subject to evolutionary selection. Something similar was
observed in Drosophila melanogaster, where invading soma-specific
TEs can be trapped into germline piRNA clusters (Duc et al., 2019).
Insertion of an nrEVE outside a piRNA cluster can also trigger piRNA
production, as illustrated by CFAV-EVE-3, which produces piRNAs
but integrated outside annotated piRNA clusters (Suzuki et al., 2020).

Novel nrEVEs are not fixed in any population and their frequen-
cies range from 8.3% (AevAV-like EVE in Gabon) to 58.3% (CFAV-
EVE-3 in American Samoa). This distribution pattern, the high
identity between the viral integrations and their corresponding viral
genomes, and the absence of polymorphism in the identified nrEVEs,
suggest that these novel integrations are recent events. The pos-
sibility remains that the lack of polymorphisms is due to selection,
although in this case we would have expected novel integrations to
be present at higher than the detected frequencies (Gonzalez et al.,
2008; Keightley & Eyre-Walker, 2007). Overall, the detection of only
five novel viral integrations across 80 tested genomes suggests inte-
gration events are rare.

The absence of polymorphism and the absence of orthologous
nrEVEs in Aedes albopictus (Palatini et al., 2017; Whitfield et al., 2017)
prevents us from precisely dating integration events (Aiewsakun &
Katzourakis, 2015). However, the timing of viral endogenization
events can be partly deduced from the natural history of A. aegypti.

Throughout Africa, mosquitoes occur predominantly as a darker form,
called A. aegypti formosus (Aaf), which feeds on animals and uses nat-
ural water collections including tree holes for larval development.
Outside of Africa, a lighter, domesticated form of A. aegypti, called
A. aegypti aegypti (Aaa), occurs, which feeds on humans and uses an-
thropogenic containers as larval breeding sites (Crawford et al., 2017).
The divergence between Aaf and Aaa is estimated to have occurred
in Africa less than 1,000 years ago, prior to the global Aaa expan-
sion that has been dated to ~400-600 years ago (Crawford et al.,
2017; Soghigian et al., 2020). The population-specific occurrence of
nrEVEs suggests that these integrations probably occurred after Aaa
invasion into new areas rather than representing multiple losses of
ancestral nrEVEs. The first records of A. aegypti in Mexico are from
the 17th century and A. aegypti populations from Oceania and sur-
rounding islands are derived from American populations, proba-
bly through navigation routes well established by the 19th century
(Powell et al., 2018). Thus, CFAV-EVE-4 and CFAV-EVE-1 (detected
in Mexico and American Samoa, respectively) should be posterior to
the establishment of these two invasive populations. On the same
basis, we hypothesize that CFAV-EVE-2 and the AeAV-like EVE (both
present only in African populations) endogenized after the first out-
of-Africa colonization event. The ubiquitous presence of CFAV-EVE-3
in genomes of mosquitoes from Mexico, American Samoa, Kenya
and Thailand (Suzuki et al., 2020) points to an endogenization event
prior to the split between Aaf and Aaa. However, the lack of poly-
morphisms and the low frequency of CFAV-EVES in some populations
(i.e., 12.5% in Kenya) support the hypothesis that CFAV-EVE3 is not
an ancestral integration. The most likely phylogeographical scenario
predicts that Aaa arrived in Asia from the New World ~150 years ago
(Powell et al., 2018). This agrees with the presence of CFAV-EVE-3
in Mexico, American Samoa and Thailand. African individuals har-
bouring CFAV-EVE-3 are present exclusively in mosquitoes collected
in Rabai (Kenya). Here, Aaa mosquitoes are sympatric to Aaf (Brown
et al., 2014). The origin of this unique Aaa form is still debated and
previous research hypothesized that it was introduced to coastal East
Africa, including Rabai, after the subspeciation event (Brown et al.,
2014; Powell & Tabachnick, 2013). The presence of CFAV-EVE-3 in
mosquitoes from Rabai, Mexico, Polynesia and Asia is consistent with
a common origin of these populations, and thus an endogenization
event posterior to the out-of-Africa colonization. However, in Rabai,
mosquitoes with a peridomestic behaviour, closer to that of Aaf mos-
quitoes, were also identified suggesting mosquitoes from this location
are mixed (Xia et al., 2020). We received ethanol-preserved mosqui-
toes from Rabai, and thus could not verify the coloration of the body

which is the main visible character differentiating Aaa and Aaf.

4.3 | Selected nrEVEs show signs of
positive selection

Our results suggest a dynamic landscape of viral integrations in
mosquito genomes and identify adaptive nrEVEs both within and
outside piRNA clusters. Overall, our data demonstrate that nrEVEs
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are a complex component of the mosquito repeatome being main-
tained through both drift and selection. Thus, selected, but not all
nrEVEs may play important functions in the virus-mosquito arms
race, rather than being simply viral fossils in the mosquito genomes.
Forward genetic approaches targeting candidate adaptive nrEVEs
will be needed to understand their role in adaptive viral immunity.
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