A single unidirectional piRNA cluster similar to the
flamenco locus is the major source of EVE-derived
transcription and small RNAs in Aedes aegypti mosquitoes
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ABSTRACT

Endogenous viral elements (EVEs) are found in many eukaryotic genomes. Despite considerable knowledge about geno-
mic elements such as transposons (TEs) and retroviruses, we still lack information about nonretroviral EVEs. Aedes aegypti
mosquitoes have a highly repetitive genome that is covered with EVEs. Here, we identified 129 nonretroviral EVEs in the
Aaegl5 version of the A. aegypti genome. These EVEs were significantly associated with TEs and preferentially located in
repeat-rich clusters within intergenic regions. Genome-wide transcriptome analysis showed that most EVEs generated
transcripts although only around 1.4% were sense RNAs. The majority of EVE transcription was antisense and correlated
with the generation of EVE-derived small RNAs. A single genomic cluster of EVEs located in a 143 kb repetitive region in
chromosome 2 contributed with 42% of antisense transcription and 45% of small RNAs derived from viral elements. This
region was enriched for TE-EVE hybrids organized in the same coding strand. These generated a single long antisense tran-
script that correlated with the generation of phased primary PIWIl-interacting RNAs (piRNAs). The putative promoter of
this region had a conserved binding site for the transcription factor Cubitus interruptus, a key regulator of the flamenco
locus in Drosophila melanogaster. Here, we have identified a single unidirectional piRNA cluster in the A. aegypti genome
that is the major source of EVE transcription fueling the generation of antisense small RNAs in mosquitoes. We propose
that this region is a flamenco-like locus in A. aegypti due to its relatedness to the major unidirectional piRNA cluster in
Drosophila melanogaster.
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INTRODUCTION the case with EVEs derived from RNA viruses that even lack
DNA intermediates (referred to as nonretroviral integrated
RNA virus sequences, NIRVS) (Palatini et al. 2017). Non-
retroviral EVEs exist in different eukaryotic organisms in-
cluding animals, plants, fungi, and even those that are
unicellular, such as protists, although studies on integration
mechanisms are mostly restricted to animals (Mette et al.
2002; Maori et al. 2007; Taylor and Bruenn 2009; Horie
et al. 2010; Aiewsakun and Katzourakis 2015; Li et al.

Endogenous viral elements (EVEs) are sequences derived
from viruses integrated into eukaryotic genomes. EVEs
can have either retroviral or nonretroviral origin. Retrovirus-
es integrate into the host genome as part of their replica-
tion cycle using their own machinery that includes reverse
transcriptase (RT) and integrase proteins (Wicker et al.
2007). Therefore, retroviral EVEs are autonomous ele-
ments. In contrast, integration of nonretroviral sequences
is intriguing, since these do not usually integrate into host
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2015; Parrish et al. 2015; Grybchuk et al. 2017). In mam-
mals, integration of nonretroviral sequences is likely driven
by autonomous transposable elements (TEs) (Zhdanov
1975, Geuking et al. 2009; Horie et al. 2010). In human
and mouse cell lines, chimeras of viral and Alu elements
are produced and integrated into the host genome during
virus infection (Horie et al. 2010). Alu elements are nonau-
tonomous and require long interspersed nucleotide ele-
ments (LINEs) for their mobilization and may also control
the integration of viral sequences (Dewannieux et al. 2003).

Although EVEs are found in most animal genomes, it is
unclear how these elements impact host biology. In
some cases, EVEs might be beneficial to the host by retain-
ing the ability to generate viral particles that compete with
and inhibit related exogenous viruses (Fujino et al. 2014).
EVEs may also be co-opted and give rise to new genes,
thus impacting host genome evolution (Taylor and Bruenn
2009; Belyi et al. 2010). EVEs also generate small noncod-
ing RNAs that feed into RNA interference (RNAI) pathways,
although their functions remain unclear (Parrish et al. 2015;
Whitfield et al. 2017). It has been proposed that EVE-de-
rived small RNAs represent a mechanism of sequence-spe-
cific antiviral immune memory (Tassetto et al. 2019).

In invertebrates, current knowledge about EVEs is most-
ly restricted to retroviral elements (Feschotte and Gilbert
2012). This is likely due to the absence of nonretroviral
EVEs in well-studied model organisms, such as D. mela-
nogasterand C. elegans, which hampered characterization
of mechanisms involved in the endogenization of these el-
ements (Aiewsakun and Katzourakis 2015; Kryukov et al.
2018). Possible implications of nonretroviral EVEs for verte-
brate antiviral immunity have increased the interest in
studying their functions in invertebrates, especially in dis-
ease vectors such as ticks and mosquitoes (Fort et al.
2012; Fujino et al. 2014; Parrish et al. 2015; Honda and
Tomonaga 2016; Palatini et al. 2017; Suzuki et al. 2017;
Whitfield et al. 2017; Ter Horst et al. 2019).

A. aegypti mosquitoes are important vectors for human
viruses and offer an interesting model to study EVEs since
their genome contains over 60% of repetitive elements
(Nene et al. 2007; Akbari et al. 2013; Li et al. 2015;
Palatini et al. 2017; Whitfield et al. 2017; Matthews et al.
2018). Recent studies have started to uncover the diversity
of viral families and explore possible functions of EVEs in A.
aegypti (Katzourakis and Gifford 2010; Fort et al. 2012;
Palatini et al. 2017; Suzuki et al. 2017; Whitfield et al.
2017). Nonretroviral EVEs identified in these mosquitoes
are related to viruses from different families with RNA ge-
nomes (Palatini et al. 2017; Whitfield et al. 2017). A few
mosquito EVEs correspond to coding regions within genes
although most do not seem to be translated into proteins
(Suzuki et al. 2017). Mosquito EVEs are frequently found in
piRNA-generating clusters in association with TEs and
generate abundant antisense small RNAs, similar to previ-
ous observations in vertebrates (Parrish et al. 2015; Palatini
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et al. 2017; Whitfield et al. 2017). EVE-derived piRNAs
have been suggested to play a role in mosquito immunity
against related exogenous viruses, although this still lacks
supporting evidence in vivo (Girardi et al. 2017; Whitfield
et al. 2017; Tassetto et al. 2019). Previous EVE studies in
mosquitoes were based on incomplete versions of the
A. aegypti genome (Aaegl3 based on Nene et al. 2007
and the genome of the Aag2 cell line from Whitfield
etal. 2017), which hamper inferences on abundance, inte-
gration preferences, and origin of EVEs. This could severe-
ly bias our interpretation of EVE biology. Indeed, overall
mechanisms driving the integration of viral sequences
and the possible functions of EVEs remain unclear.

Here, we carried out de novo identification of EVEs
based on the AaegL5 version of the A. aegypti genome.
This reference was assembled using long reads associated
to a Hi-C strategy to achieve high coverage and generate a
reference that is anchored end-to-end to the three
A. aegypti chromosomes. This is extremely important
since 40%~-45% of contigs from the previous version could
not be assigned to a single chromosome location (Juneja
et al. 2014; Timoshevskiy et al. 2014). In addition, the
AaeglL5 version was able to “deduplicate” a number of se-
quences found in multiple copies in previous assemblies,
thus providing a more concise reference (Matthews et al.
2018). Our EVE identification approach offered a unique
advantage of consolidating fragmented elements and pro-
vided a more reliable reference for the assessment of their
abundance and localization in the A. aegypti genome.
EVEs in the Aaegl5 version were associated with TEs
and preferentially located in repeat-rich genomic clusters
as observed in previous work (Palatini et al. 2017; Whitfield
et al. 2017). In order to gain insights into possible func-
tions, we investigated the transcriptional profile of EVEs.
We observed that ~99% of EVE transcription was antisense
and a single ~143 kb cluster in chromosome 2 generated
around 42% of RNAs derived from viral elements in
A. aegypti. This ~143 kb cluster generated a single contin-
uous antisense transcript that correlated with the accumu-
lation of abundant EVE-derived small RNAs with a clear
signature of phased primary piRNAs. These results indi-
cate this is a unidirectional piRNA cluster that reveals a
striking similarity with the flamenco locus from Drosophila
melanogaster, including a conserved binding site for the
transcription factor Cubitus interruptus. These observa-
tions have important implications for our understanding
of EVE biology in mosquitoes.

RESULTS
Comprehensive de novo identification of EVEs
in the AaeglL5 genome

Characterization of EVEs remains challenging in most or-
ganisms. Here, we applied a strategy to identify and
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characterize EVEs using sequence similarity searches over
the reference genome (Supplemental Fig. STA). We ap-
plied our strategy to the vector mosquito A. aegyptiwhose
previous genome versions has been shown to be covered
with EVEs (Nene et al. 2007; Akbari et al. 2013; Palatini
et al. 2017; Whitfield et al. 2017). In contrast, to previous
work, we analyzed the AaeglL5 version of the A. aegypti ge-
nome, which has been assembled with long reads pro-
viding significant improvement over older versions
(Matthews et al. 2018). Using this reference, we ran a de
novo prediction of open reading frames (ORFs) followed
by sequence similarity comparisons against the Genbank
database. A total of 8863 ORFs showed significant similar-
ity (E-value <1 x 107°) to viral sequences, which were re-
duced to 2168 after merging of adjacent ORFs. This was
an essential step as we noted that adjacent EVEs showed
similarity to the same virus and were likely aresult of asingle
integration event (Supplemental Fig. S1B). We confirmed
the relevance of this step by applying it to previous EVE
data sets described in the genome of Aag2 cells (Whitfield
et al. 2017). In this data set, merging of adjacent ORFs led
to a reduction in the total number of EVEs from 472 to 352.

Next, 2168 EVEs were manually curated in order to sep-
arate retroviral elements and remove misidentified TEs
and transpovirons. The latter are especially challenging
since these are transposons integrated into the genome
of DNA viruses (Desnues et al. 2012). The majority of
EVEs (83%) were retroviral with only 129 non-retroviral ele-
ments remaining after curation (Supplemental Table S2).
Our strategy yielded lower overall EVE numbers than ex-
pected based on recent reports using the genome of
Aag? cells and the Aaegl3 version (Palatini et al. 2017,
Whitfield et al. 2017). The use of a more concise and reli-
able reference genome contributed to the reduction in
the number of EVEs. Indeed, applying our own strategy
to the AaegL3 version of the A. aegypti genome resulted
in the identification of 181 non-retroviral elements, an in-
crease of more than 40% in the total number of EVEs com-
pared to Aaegl5 (Supplemental Table S3).

Correlation between diversity of EVEs
and exogenous viruses in A. aegypti

We next analyzed the diversity of elements using this con-
servative set of 129 non-retroviral EVEs identified in the
AaeglL5 version of the A. aegypti genome. Using the clos-
est viral sequence for classification, EVEs showed similarity
to at least six viral families including Rhabdoviridae,
Flaviviridae, and Phenuiviridae and numerous other un-
classified viruses. Unclassified EVEs included sequences
with similarity to many viruses recently described in insects
such as Totivirus-like, Rhabdovirus-like, Partitivirus-like,
and Virgavirus-like (Li et al. 2015; Lara Pinto et al. 2017).
We next investigated whether the diversity of viral fami-
lies represented in EVEs correlated with viruses reported to

be circulating in Aedes mosquitoes. Data mining in
GenBank databases retrieved 116 unique viral sequences
from 17 families and 40 more unclassified viruses pre-
viously described in Aedes mosquitoes. Using this data
set, there was significant correlation between the abun-
dance of viral groups in EVEs and exogenous viruses (r=
0.65, P=0.003) (Fig. 1A). We also observed significant
correlation when we restricted our analysis to sequences
derived from unclassified viruses (r=0.54, P=0.04) (Sup-
plemental Fig. S2).

EVEs only showed similarity to viruses with RNA ge-
nomes. Indeed, DNA viruses were significantly under-
represented in EVEs present in the A. aegypti genome
compared to viruses circulating in mosquitoes (P=
0.0007) (Supplemental Fig. S3).

EVEs are often associated with TEs in genomic
clusters

EVEs in the AaegL5 version of the A. aegypti genome were
preferentially located in non-coding regions although a
small percentage (15%) corresponded to exons (Fig. 1B).
In the latter case, we note that a clear enrichment com-
pared to the proportion of exons in the whole mosquito
genome (2.17%) (Fig. 1B; Supplemental Fig. S4). This sug-
gests frequent co-option of integrated EVEs by the host as
previously proposed (Palatini et al. 2017; Suzuki et al.
2017; Whitfield et al. 2017). EVEs were often found in
the vicinity of repeats and TEs (Fig. 1C). The Fisher enrich-
ment test for genomic data indicated that these EVEs are
significantly associated with TEs (P<2 x 107" but not
with repeats, as previously reported (Palatini et al. 2017;
Suzuki et al. 2017; Whitfield et al. 2017). Most EVEs
(52.17%) were within 500 nt of TEs (Fig. 1D).
Independently of TE association, EVEs were preferen-
tially found in genomic clusters with at least two elements
within a maximum 20 kb of each other. We identified a to-
tal of 21 clusters containing 91 EVEs compared to 38 single
viral elements in the A. aegypti genome. These were dis-
tributed across the three chromosomes of A. aegypti
with significant enrichment in Chr.2 (P=0.046). This is
noteworthy since we observed no specific enrichment for
TEs in any of the A. aegypti chromosomes. EVE clusters
and single elements were numbered according to the or-
der they appear from the start of Chr.1 to the end of
Chr.3 (Fig. 1E). The number of EVEs in clusters varied,
with the largest one containing 17 elements (cluster 38) lo-
cated on the end of the right arm of Chr.2 (Fig. 1E).

Disproportionate contribution of a single genomic
cluster to EVE-derived transcripts and small RNAs
in A. aegypti

Transcription of genomic elements is usually indicative of
activity (Mills et al. 2007). We analyzed long RNA libraries
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FIGURE 1. Characterization of nonretroviral EVEs in A. aegypti mosquitoes. (A) Scatter plot showing the correlation between the abundance of
viral families assigned to EVEs and exogenous viruses circulating in A. aegypti mosquitoes. r (Pearson correlation) and P-values are indicated. Viral
families represented among EVEs are highlighted with different colors. Only the most abundant viral families exclusively found among circulating
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strands of the A. aegypti genome. Significance of colocalization was computed using Fisher’s exact test for genomic data. A bin of 500 nt was
utilized. EVEs annotated as genes were not considered for this analysis. (D) Percentage of EVEs association with TEs in the A. aegypti genome.
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nome. EVEs were grouped by bins of 20 kb separated by strand. The AaegL5 version of the A. aegypti genome was used for EVE identification.

from whole mosquitoes and observed EVE-derived tran-
scription arising from several clusters and isolated ele-
ments in the A. aegypti genome (Fig. 2A). The vast
majority (98.6%) of EVE-derived RNAs were antisense to
the annotation. As expected, sense RNAs were preferen-
tially derived from EVEs annotated as exons, whose ex-
pression levels were similar to other genes.

Antisense EVE transcription occurred from different lo-
cations and there was poor correlation between transcrip-
tion and EVE density (measured as the number of EVEs per
kb) (Fig. 2B). We observed that a single location, cluster 38,
accounted for 42% of EVE-derived antisense RNAs (Fig.
2C). Although cluster 38 had the largest number of EVEs,
it had a significantly larger contribution to EVE-derived
transcription when compared to its size (Fig. 2C). In addi-
tion to cluster 38, only single EVEs 10 and 59 contributed
more than expected to EVE-derived transcription but with
lower significance (Fig. 2C). Cluster 38 stood out in its ca-
pacity to generate transcripts even when the density of
EVEs was weighed (Fig. 2B).

Antisense transcription is usually associated with mech-
anisms of regulation of gene expression such as RNA inter-
ference. We observed that several EVEs distributed across
the A. aegypti genome generated small RNAs. Similar to
our observation for transcription, EVE-derived small
RNAs were mostly antisense (~98%) (Fig. 2D). There was
poor overall correlation between EVE density and the gen-
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eration of antisense small RNAs (Fig. 2E). Here again clus-
ter 38 disproportionally contributed with ~45% of all EVE-
derived small RNAs in A. aegypti (Fig. 2F). Cluster 38 had a
significantly larger contribution to the generation of small
RNAs compared to the number of viral elements (Fig. 2F).
A larger contribution was also observed for a single EVE 56
but with lower significance.

Our data show that cluster 38 was unique in its dispro-
portionate contribution to EVE-derived transcripts and
small RNAs. The localization of EVEs within clusters and
the generation of small RNAs has been noted in previous
studies based on different reference genomes (Palatini
et al. 2017; Suzuki et al. 2017; Ter Horst et al. 2019).
However, the disproportionate contribution of a single
EVE cluster for the generation of small RNAs has not
been reported. In order to verify whether a similar EVE
cluster was present in other genome references, we ana-
lyzed version AaeglL3 using our own strategy. An EVE clus-
ter located in supercontig 1.286 of this genome reference
was similar to cluster 38 of the AaegL5 version (dotplot in
Fig. 3A). In agreement with this similarity, supercontig
1.286 was localized to a close region in Chr.2 (2g44) using
Restricted-site Associated DNA (RAD) sequencing by
Juneja et al. (2014). Nevertheless, there were substantial
differences in size and organization between the EVE clus-
ter in the two versions of the genome (Fig. 3A). These may
represent assembly errors in one of the references because
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this is a highly repetitive region that can be difficult to re-
solve. However, these differences could also reflect natural
polymorphisms between strains. In order to further analyze
these two possibilities, we took advantage of the long
reads from the latest sequencing effort (Matthews et al.
2018). We observed homogeneous long read coverage
along the cluster 38 in the Aaegl5 version opposing to
several gaps in the supercontig 1.286 of the AaeglL3 ver-
sion (Fig. 3B). For example, we observed a 5 kb block pres-
ent in the Aaegl3 assembly that is repeated four times
spanning over 20 kb in the AaeglL5 version (highlighted
in the dotplot of Fig. 3A and shown in details in Fig. 3C).
Each 5 kb block seems to represent a single copy of an
LTR retrotransposon containing putative capsid and re-
verse transcriptase/integrase genes (Fig. 3C). Close analy-
sis of local sequencing coverage of the 20 kb region in the
AaegL5 version reveals individual long reads that contain
many individual reads that spanned multiple copies of
the 5 kb block (Fig. 3D). Together, these data give support
to the structure of cluster 38 assembled in the AaegL5 ver-

sion, which is an accurate reflection of the genome from
the strain sequenced in Matthews et al. (2018). Although
supercontig 1.286 of the Aaegl3 version may represent
natural variations found in other mosquito strains, previous
available data suggests it contains assembly errors.
Indeed, Timoshevskiy et al. (2014) placed supercontig
1.286 in two separate chromosomes (Chr.1 and Chr.2) by
direct hybridization thus suggesting it is a misassembly.

Characterization of the largest EVE cluster
in A. aegypti

EVE cluster 38 in Chr.2 covered a repetitive region of ~143
kb containing three genes, 17 EVEs and 73 TEs, almost all
oriented in the same coding strand (Fig. 4A). TEs identified
in this region included LTR Retrotransposons (Pao/Bel and
Ty3/Gypsy), Cutand Paste DNA transposon (Tc1) and mTA
elements (MITE). Retrotransposons from the gypsy family
were enriched and represented the majority of TEs within
cluster 38 (~59%) (TEs with black borders in Fig. 4A).
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for the assembly in the AaegL5 version of the A. aegypti genome.

Notably, the three genes in this cluster are all A. aegypti
specific and correspond to EVEs that were annotated as
exons. These genes showed no evidence for sense tran-
scription and could be misannotations. The entire 143 kb
region had very little coverage of sense RNAs but showed
continuous coverage of antisense transcripts spanning
both TEs and EVEs (Fig. 4A). There was significant correla-
tion between transcription of adjacent EVEs and TEs inside
cluster 38 suggesting the region is transcribed as a single
unit (Supplemental Fig. S5). Genomic elements within
cluster 38, both EVEs and TEs, also had high continuous
coverage of antisense small RNAs (Fig. 4A). The genera-
tion of antisense transcription and small RNAs by TEs
and EVEs within cluster 38 were significantly correlated
(Fig. 4B). In addition, abundance of long and small RNAs
were proportional to the length of the EVE or TE (Fig.
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4B). These results are consistent with the hypothesis that
this region generates a single long transcript that is contin-
uously processed into small RNAs.

TE- and EVE-derived small RNAs from within cluster 38
had characteristics of canonical piRNAs. These were
24 to 29 nt in length and had significant enrichment for
U at the first base (Fig. 4C,D). A similar profile was ob-
served for small RNAs derived from EVEs and TEs within
cluster 38 (Fig. 4C,D). There was significant 1-nt phasing
between antisense small RNAs derived from TEs and
EVEs within cluster 38, which occurs when a single tran-
script is processed continuously into primary piRNAs
(Fig. 4E). We also observed that processing of the 3" end
of phased primary small RNAs derived from cluster 38 oc-
curs preferentially at U as described for primary piRNAs in
Drosophila (Fig. 4F; Gainetdinov et al. 2018). These data
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indicate that cluster 38 is transcribed as a long precursor
transcript that is processed into primary piRNAs.

Sense small RNAs were rare in this region, but showed
significant 10-nt overlap with antisense pairs and strong
enrichment for A at the 10th base (Fig. 4D,G). These are
signatures of the ping-pong amplification mechanism
that occurs when piRNAs find complementary targets
(Brennecke et al. 2007). These results reinforce that cluster
38 is a source of canonical primary piRNAs that can trigger
targeting of complementary RNAs. We note that the ping-
pong signal for TE-derived piRNAs (P<1x 107 was
slightly more significant than for EVEs (P <3 x 1073, sug-
gesting that targets for viral elements might be less
available.

EVE cluster 38 in A. aegypti is similar to the flamenco
locus of Drosophila melanogaster

The organization and characteristics of cluster 38 are rem-
iniscent of unidirectional or uni-strand piRNA clusters such
as the flamenco locus of D. melanogaster. The flamenco
locus is a long (>100 kb) repeat-rich region composed of
elements organized in the same coding strand that are
transcribed into a single transcript (Brennecke et al.
2007). This non-coding transcript is processed into primary
phased piRNAs that are preferentially processed at U nu-
cleotides on the transcript (Han et al. 2015). Although
the D. melanogaster genome does not contain EVEs, our
results show important similarities between the overall or-
ganization and function of EVE cluster 38 from A. aegypti
and the flamenco locus.

In Drosophila, transcription of the flamenco locus is me-
diated by the transcription factor (TF) Cubitus Interruptus
(Ci), whose binding site is located at position —385 of the
transcription start site (Goriaux et al. 2014). Analysis of
the putative promoter region of cluster 38 revealed a high-
ly conserved binding site for Ci at position —1772 from the
predicted transcription start site (Fig 4H). As a control, our
strategy was able to identify de novo the Ci binding site in
the flamenco promoter. These results suggest that Ci
could also play a role in the transcription of cluster 38 in
A. aegypti mosquitoes.

Hence, genomic organization, transcription profile and
production of small RNAs suggest that cluster 38 is a uni-
directional piRNA cluster related to the flamenco locus de-
spite a complete absence of sequence similarity between
them. Hereafter, we refer to cluster 38 as the flamenco-like
locus.

EVE- and TE-derived piRNAs from the flamenco-like
locus associate with PIWI proteins

piRNAs derived from EVEs and TEs within the flamenco-
like locus were resistant to oxidation, which indicates
they are modified at the 3" end (Fig. 5A). piRNAs are meth-
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ylated at the 3’ end after they are loaded onto PIWI pro-
teins (Horwich et al. 2007; Vodovar et al. 2012). Thus, we
used immunoprecipitation data generated from Aag?2 cells
to confirm the association of piRNAs with mosquito PIWI
proteins (Girardi et al. 2017). Although Aag?2 cells do not
express all PIWI proteins, they appear to have a fully func-
tional piRNA pathway (Vodovar et al. 2012; Akbari et al.
2013; Girardi et al. 2017). In these cells, piRNAs derived
from the flamenco-like locus were strongly associated
with PIWI5 and PIWI6, but not PIWI4 and AGO3 (Fig.
5B). In Drosophila, piRNAs derived from dual-strand clus-
ters associate with distinct PIWI proteins compared to
uni-strand clusters, such as the flamenco locus (Ozata
et al. 2019). In order to further look into the specificity of
interactions between small RNAs and PIWI proteins in
mosquitoes, we identified dual and uni-strand piRNA
clusters in Aag2 cells (Supplemental Table S4). The fla-
menco-like locus was the major uni-strand piRNA cluster
in mosquitoes as observed for the flamenco locus in
Drosophila. The top five uni-strand clusters basically
showed the same pattern as the flamenco-like locus and
associated significantly with PIWI5 and PIWI6 (Fig. 5B). In
contrast, piRNAs derived from the top five dual-strand
clusters associated more significantly to AGO3 and only
weakly with PIWIS (Fig. 5B). As a control, microRNAs
(miRNAs) did not show significant association with any
PIWI protein since they represent another class of small
RNAs (Fig. 5B). Together, these data support the idea
that the flamenco-like locus is the major uni-strand
PiRNA cluster in the mosquito genome.

TE-derived piRNAs from the flamenco-like locus showed
complementarity to over 20% of all transcriptionally active
transposons in the A. aegypti genome. Indeed, the pres-
ence of a ping-pong signal suggests active targeting of
TEs by these piRNAs (Fig. 4D,G). EVE-derived piRNAs
were also complementary to viral elements elsewhere in
the mosquito genome although most of them did not
generate sense RNAs. This lack of targets may explain
the lower abundance of sense piRNAs derived from the fla-
menco-like locus (Fig. 4A). Other groups have also report-
ed potential antiviral functions for EVE-derived piRNAs
against exogenous viruses (Fort et al. 2012; Suzuki et al.
2017; Tassetto et al. 2019). We observed that few EVE-de-
rived piRNAs (0.12%) from the flamenco-like locus showed
high complementary (>90%) to genomes of 25 circulating
viruses (Supplemental Table S5). However, we did not ob-
serve sense-derived piRNAs from these exogenous virus-
es, which would be indicative of active targeting.

DISCUSSION

Non-retroviral EVEs are repetitive elements that represent
a new frontier in genome biology. These are found in
many organisms but their functions remain unclear. Identi-
fication of EVEs in new genomes is still a challenge since
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explored to provide insights into the

biology of these elements.

EVEs identified in A. aegypti were
related to viruses with RNA genomes,
which is consistent with recent reports
(Palatini et al. 2017; Suzuki etal. 2017;
Whitfield et al. 2017). However, sever-
al EVEs corresponded to viruses that
were only recently described, sug-

gesting that the analysis could still be
limited by the availability of references
(Li et al. 2015; Shi et al. 2016). EVEs
were depleted for sequences derived
from DNA viruses, even accounting
for their underrepresentation in mos-
quitoes. This result suggests that inte-
gration is affected by the nature of the
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viral genome and its replication strat-
egy. Since retrotranscription mediat-
ed by autonomous TEs has been
shown to drive integration of viral se-
quences, the lower amounts of RNA
produced by DNA viruses in compari-
son to RNA viruses could explain their
underrepresentation (Weber et al.
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FIGURE 5. EVE-derived piRNAs from the flamenco-like locus associate with mosquito PIWI
proteins. (A) Size profile of small RNA derived from miRNAs or the flamenco-like locus in con-
trol or oxidation-treated libraries. The nt at the 5" end is indicated by color. (B) Association of
piRNAs derived from the top five uni- and dual-strand clusters (highlighted in Supplemental
Table S4) compared to microRNAs with different PIWI proteins based on immunoprecipita-
tions from mosquito Aag2 cells. The flamenco-like locus belongs to the group of uni-strand
piRNA clusters and is highlighted in red for comparison. Statistics were performed using
Wilcoxon rank-sum test. Significant P-values (P<0.01) are indicated. Small RNA libraries

from mosquito Aag2 cells were used in these analyses.

they tend to follow mutation rates of the host genome thus
accumulating changes that separate them from their origi-
nal viral source (Preston 1996; Feschotte and Gilbert 2012;
Whitfield et al. 2017). Aedes mosquitoes have recently
been the focus of several EVE studies due the repetitive na-
ture of their genome (Palatini etal. 2017; Suzuki et al. 2017,
Whitfield etal. 2017; Tassetto etal. 2019). Here, we applied
our own EVE identification strategy to the AaegL5 version
of the A. aegypti genome, which is a significant improve-
ment over previous references (Matthews et al. 2018).
This new improved genome version coupled to our strin-
gent strategy led to the identification of a highly reliable
set of EVEs in the A. aegypti genome that could be

gested that TEs likely play a role on
EVE integration (Palatini et al. 2017,
Whitfield et al. 2017). Indeed, RT
enzymes encoded by TEs are promis-
cuous in the recognition of target
sites, and may bind viral RNA during
infection thus producing TE-virus
DNA hybrids (Preston 1996; Goic
et al. 2016; Whitfield et al. 2017).
This is probably the origin of non-ret-
roviral EVEs that are integrated into
the host genome in association with
TEs. Mobilization of the associated
TE can then lead to transposition of
flanking viral sequences (Kidwell and
Lisch 1997). Accordingly, EVEs tend to be clustered, which
is consistent with the mechanism of TE mobilization (Tower
et al. 1993). We also note that EVEs were preferentially
found in the same coding direction as the closest TE
(~90%), reinforcing the idea of functional association.

A major frontier in EVE biology has been the assignment
of possible functions for these elements. Our genome-
wide analysis of EVE transcription indicated that the vast
majority of EVEs only generated antisense transcripts,
which would not be able to generate protein. Rather,
EVE-derived transcripts correlated well with the genera-
tion of antisense small RNAs with characteristics of
piRNAs. Although production of piRNAs by EVEs has
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been noted (Palatini et al. 2017; Suzuki et al. 2017;
Whitfield et al. 2017; Ter Horst et al. 2019), the analysis
of transcription and small RNAs derived from EVEs was
not done before. In our work, this analysis prompted the
identification of a single EVE cluster, number 38, covering
a 143 kb region in Chr.2 of the Aaegl5 version of the
A. aegypti genome as the major source of transcripts
and piRNAs derived from viral elements. Our data shows
that EVE cluster 38 is the major uni-strand piRNA cluster
in mosquitoes that is related to the flamenco locus from
D. melanogaster despite any sequence similarity. The
identification of genomic regions with similar organization
and function have also been described in other Drosophila
species and other organisms such as Arabidopsis (Malone
et al. 2009; Grob et al. 2014). It is noteworthy that even
within Drosophila species, there was significant sequence
divergence and the locus was only conserved considering
genomic organization and structure. In both Drosophila
and Arabidopsis, these loci are heterochromatic islands
showing elevated levels of methylation, enriched for rem-
nants of RNA-mediated TEs and production of small RNAs
(Zanni et al. 2013). These regions are preferred landing
sites for TEs, which is presumably a host strategy to
trap and promote silencing of these elements through
the production of small RNAs (Grob et al. 2014). This has
been well documented for TEs in the flamenco locus of
Drosophila.

The identification of this unique cluster that we refer to
as the flamenco-like locus has important implications for
the possible functions of EVEs. Integrations of viral se-
quences into the flamenco-like locus are likely to be a
byproduct of their association with TEs rather than driven
by specific mechanisms directed at viruses. In Drosophila,
TEs found in the flamenco locus are often non-functional
(Zanni et al. 2013). Since TE-EVE hybrids are not likely to
be functional, their integration within the flamenco-like
locus could be favored in mosquitoes. Indeed, we observed
EVE enrichment in Chr.2 although TEs are not concentrat-
ed in any specific chromosome of A. aegypti. Notably, EVE
enrichment in Chr.2 is not significant if the flamenco-like
locus is not taken into account, which suggests it is the
only region that favors integration of EVEs in Chr.2. Impor-
tantly, the association between TEs and EVEs likely occurs
by chance and TEs are homogeneously present through-
out the A. aegypti genome. Thus, our results suggest
that the enrichment of viral elements in the flamenco-like
locus is based on the selection of non-functional TEs and
not on the fact that EVE integrations may provide an ad-
vantage to the host. Hence, our work suggests that EVE-
derived small RNAs are a byproduct of their association
with non-functional TEs and do not have a direct
function. Nevertheless, further work is still required to
characterize possible functions of non-retroviral EVEs in
mosquitoes and other animals. The identification of the fla-
menco-like locus as the major source of EVE-derived piR-
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NAs in mosquitoes is an important step toward this goal.
It will be of great interest to examine the structure and se-
quence of the flamenco-like locus in distinct strains of A.
aegypti and other mosquito species to understand the
evolution of this locus. Indeed, some differences in the fla-
menco-like locus between AaeglL5 and AaegL3 versions of
the A. aegypti genome could indicate some natural poly-
morphisms in this region.

MATERIALS AND METHODS

Reference genomes

We analyzed different versions of the A. aegypti genome (AaegL3
and Aaegl5). Files were downloaded from VectorBase (www
.vectorbase.org). References of transposable elements were
downloaded from TEfam (https:/tefam.biochem.vt.edu/tefam;
accessed April 26, 2017) and VectorBase. Transposable elements
in EVE Cluster 38 were manually curated in order to remove anno-
tation redundancy.

Identification of EVEs

Genome-based identification

ORFs of at least 100 nucleotides in the A. aegypti genome were
predicted using the getorf program from EMBOSS package
(Rice et al. 2000). Sequence similarity searches were performed
with DIAMOND software (Buchfink et al. 2015) using translations
of predicted ORFs in all six frames as queries for comparison
against the nonredundant protein sequence database (NR) in
GenBank. The five best hits with maximum E-value threshold of
1.0 x 107> were considered.

ORF extension

Fragmented EVE sequences were consolidated in order to avoid
misannotation and overestimations. Here, annotated viral se-
quences that were distant up to 150 nt to each other in the
same genomic strand and showed similarity to the same exoge-
nous virus were consolidated into a single EVE using the merge
program from BEDTools package (Quinlan and Hall 2010).

Manual curation

After consolidation, putative EVEs were maintained if they did not
show significant similarity (E-value < 107%) by BLAST searches to:
(i) retroviral sequences, (i) sequences in other nonviral organisms,
and (iii) or TEs.

Comparative genomics of EVE cluster

To examine read support for the flamenco-like region across refer-
ence genomes, all PacBio reads (NCBI SRA SRS2349110) generat-
ed as part of the AaegL5 reference genome assembly (Matthews
et al. 2018) were aligned to the reference genome assembly
regions. Alignments were performed using blasr (Chaisson and
Tesler 2012) with the following flags: blasr —nproc 30 -bam —bestn
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10 -minMatch 12 -maxMatch 30 -minSubreadlLength 500
—minAlnLength 500 —minPctSimilarity 70 —minPctAccuracy 70
—hitPolicy randombest —randomSeed 1 -minPctSimilarity 70.0
-refineConcordant Alignments. PacBio alignments were filtered
using samclip (https:/github.com/tseemann/samclip) to remove
reads with clippings of >100 bp. Depth of coverage from raw
alignments or filtered reads was extracted with SAMtools “depth”
(Li et al. 2009) and plotted using R and ggplot2. To examine read
support for a repeat region located at EVE cluster 38 in AagL3 and
AagL5 versions of the mosquito genome, individual alignments
were visualized in IGV (Thorvaldsdéttir et al. 2013) to verify that
there was read support comprised of individual reads that
spanned multiple repeat copies.

Identification of circulating viruses based on NCBI
databases

In order to assess viruses circulating in mosquitoes, we performed
a comprehensive search in the NCBI Nucleotide database (http
//www.ncbi.nlm.nih.gov/nuccore/) using esearch and efetch pro-
grams from the Entrez Programming Utilities (E-utilities) (Sayers
2009). The search was performed using keywords “Aedes OR
mosquito” and txid10239 [Organism] as host and “virusesfilter]”
in order to retrieve GenBank files in XML format. Organism name
and family information of each viral sequence were retained
based on the presence of “Viruses” as the upper taxa term in
the taxonomy field and “Aedes aegypti” as the value of the
host qualifier. Viruses that did not have a determined viral family
by ICTV, referred to as unclassified, were characterized based on
the literature (Li et al. 2015; Shi et al. 2016; Lara Pinto et al. 2017).

Genomic analysis

Comparisons between the genomic origin of EVEs and features
annotated on the A. aegypti genome, including analysis of coloc-
alization, were performed using Fisher’s exact test, flank, merge,
fisher, reldist, and closest programs built into the BEDTools pack-
age (Quinlan and Hall 2010). For analysis of association with the
TE and repeats, regions up- and downstream from EVEs were an-
alyzed for the presence of annotated repetitive elements in the A.
aegypti genome (AaegL5), in which we considered association el-
ements up to 500 nt distant in the same genomic strand.

Construction and sequencing of small RNA libraries

Total RNA was extracted from Aag2 cells using TRIzol (Invitrogen).
RNA oxidation was performed according to protocols described
by the Zamore Lab (April, 2014; http://www.umassmed.edu/
zamore/resources/protocols/). Briefly, two portions of total RNA
containing 20 pg each were dissolved in borate buffer (pH 8.6)
and then mixed with 8 pL of freshly prepared 200 mM NalO4 (ox-
idizing reaction) or 8 uL of water (control reaction) in a final volume
of 40 pL. Reactions were incubated at room temperature for 30
min in the dark, and the RNA was size selected (18 to 30 nt) on
a denaturing PAGE and eluted from the gel followed by ethanol
precipitation in the presence of 300 mM NaCl and 5 ug of glyco-
gen. The recovered small RNA fraction was entirely used for li-
brary construction utilizing the TruSeq Small RNA Library Prep

Kit (lllumina). Samples were sequenced using the lllumina
HiSeq 4000 platform at the IGBMC Microarray and Sequencing
facility (Strasbourg, France).

Analysis of TE- and EVE-derived RNAs

Mapping of sequenced reads from long and small RNA libraries
was performed using Bowtie (Langmead 2010) and Bowtie 2
(Langmead and Salzberg 2012), respectively. Counts were com-
puted considering each strand separately and abundance of small
and long RNAs was normalized by reads per million (RPM) or frag-
ments per kilobase per million (FPKM), respectively. Two classes
of reads were considered: (i) single or unique mappers represent-
ing reads that mapped only once to the reference genome; and
(i) multiple mappers encompassing reads that mapped two or
more times to the reference genome. For analysis of the origin
of small RNAs, only unique mappers were considered. For analy-
sis of abundance, pondering quantification was used as previous-
ly described (Gainetdinov et al. 2018). Briefly, we considered the
number of times that a small RNA sequence appears in the library
divided by the number of mappings to the reference genome.
Analysis of EVE-derived RNAs was restricted to those elements
present in the current version of the A. aegypti genome (AaegL5).

Analysis of small RNAs' characteristics

Distances between small RNAs were calculated as previously de-
scribed (Han et al. 2015; Gainetdinov et al. 2018). Briefly, the fre-
quency of 5’ to 5’ or 5 to 3’ distances between 24- to 29-nt-long
small RNAs in the same strand or 5’ to 5’ distances between 24-
to 29-nt-long small RNAs in opposite strands was calculated
and normalized by Z-score. Sequence preferences for the geno-
mic neighborhoods of 3" ends of piRNAs were generated with
motifStack and plotted as weblogo (Ou et al. 2018). Gap occu-
pancy analysis was performed as previously described (Marques
et al. 2013). Briefly, we calculated the probability that each gap
in the coverage of the reference did not occur by chance by con-
sidering the raw small RNA coverage and the abundance of reads
in the boundaries of the gap.

Identification of transcription factor binding sites

Fasta files with transcription binding sites (TBS) motif sequences
of Cubitus Interruptus (Ci), Br (Broad), BgB (Big Brother), and
Dsx (Double sex) identified in Drosophila melanogaster
(Goriaux et al. 2014) were obtained from Fly Factor Survey data-
base (http://mccb.umassmed.edu/ffs/). We generated a PSP (po-
sition-specific priors) matrix for each TBS. We used the software
FIMO (Grant et al. 2011) to calculate the background model
and search for the target TF motif sequences in the promoter re-
gion of A. aegypti flamenco-like locus (1Kbp downstream and 2
Kbp upstream of the inferred transcription start site) in the
AaegL5 reference genome with a P-value threshold of 0.001.

Identification of piRNA clusters

For the identification of piRNA clusters, small RNA libraries from
Aag2 cells were mapped to the Aaegl5 reference genome
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divided into 2 kb segments. Segments that presented high cover-
age were selected and classified based on the preferential size of
mapped reads, as previously described (Brennecke et al. 2007).
To avoid false-positives, regions that were annotated as miRNA
genes were discarded. Genomic segments with an accumulation
of a majority of small RNAs between 24 and 30 nt, coverage of at
least 30% and a minimum of 500 reads were classified as piRNA
clusters. Adjacent segments were consolidated as a single cluster.
Clusters with piRNA coverage in both strands (ratio < 10:1) were
classified as dual-strand. Information about the top 200 piRNA
clusters identified in Aag2 cells are in Supplemental Table S4.

Evaluation of the impact of PIWI proteins
on EVE-derived piRNAs

Small RNA libraries were compared to EVEs or TEs in the mosqui-
to genome allowing for one mismatch using Bowtie. The
pondered abundance of each element was calculated and nor-
malized by RPM. A pseudocount of one was added to each EVE
or TE before calculating fold changes. Changes in abundance
of TEs and EVEs in immunoprecipitation (IP) libraries were calcu-
lated by normalizing each library by its control, GFP IP. Fold
change was plotted as a boxplot. Differences in the association
of piRNAs derived from uni- and dual-strand piRNA clusters in
IPs of each PIWI protein were calculated using Wilcoxon rank-
sum test.

Identification of potential piRNA targets

In order to identify viruses that could be potentially targeted by
piRNAs originating from the flamenco-like locus, we first identi-
fied exogenous viral genomes closely related to EVEs in this re-
gion. Through sequence similarity searches against the NCBI
NT database using BLAST software requiring E-value <1 x 107>,
we selected candidate viral references. piRNAs derived the fla-
menco-like locus were aligned to these viral genomes up to two
mismatches in total.

Statistics

Analyses of correlation were carried out using the Pearson corre-
lation test. For analysis of EVE-TE association, we applied a
Fisher's exact test modified to genomic data built into the
BEDTools package. Enrichment for production of small and
long RNAs derived from EVEs was computed using Fisher's exact
test where P<0.05 was shown.

DATA DEPOSITION

All libraries used in this work are publicly available in the SRA
NCBI repository. Access numbers and descriptions are described
in Supplemental Table S1.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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