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In a previous study we described a Helitron transposon that apparently became one of the segments in the symbi-
otic Cotesia vestalis bracovirus (CvBV) from the parasitoid wasp C. vestalis. We presented evidence that this Helitron,
named Hel_c35, invaded the C. vestalis genome through a horizontal transfer (HT) event from a dipteran and was later
transferred horizontally from C. vestalis to a lepidopteran species. Based on the phylogeny of Hel_c35, we suggested
that both HTs occurred in East Asia. We have also anticipated that, as more sequenced genomes from new species
become available, more HTs involving Hel_c35 would be detected. Although the inclusion of Hel_c35 as a CvBV seg-
ment turned out to be a methodological artifact, the fact that Hel_c35 copies are present in the genomes of C. vestalis
and other arthropods still remains. Here, we investigated the evolution of Hel_c35 in arthropods using an updated
data set to reassess our previous findings. Most species (95%) included in the present work had their genomes
sequenced after our initial study was published, thus representing new descriptions of taxa harboring Hel_c35. Our
results expand considerably the number of putative HTs involving Hel_c35, with up to dozens of previously unde-
scribed events, and suggest that the most recent HTs associated with C. vestalis took place in Europe. Considering

the phylogenetic distribution of Hel_c35, and the evidence that its DNA sequences are present in the calyx fluid of C.
vestalis and tissues from its parasitized host, we argue that many HT events were favored by the behavior of this wasp.

Introduction

Horizontal Transfer (HT) events are defined as the
exchange of DNA segments between organisms with-
out the involvement of vertical inheritance from par-
ent to offspring. Although HTs are major drivers of
evolutionary change in prokaryotes, they are consid-
erably less frequent in eukaryotes, especially in mul-
ticellular organisms. Nonetheless, more recently, HTs
have been increasingly accepted as important events
during the evolution of eukaryotes, promoting gene
exchanges between distant-related taxa and facilitating
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the gain of adaptative functions in this domain of life
(reviewed in [12, 14, 25, 27].

In contrast to most genomic components, transpo-
sons are DNA segments capable of moving from a locus
to another and are found in multiple copies scattered
across most eukaryotic genomes. These features make
transposons one of the genetic entities most likely to be
involved in successful HTs among eukaryotes. Indeed,
as the number of eukaryotic sequenced genomes
has grown considerably in the last few decades, the
described examples of horizontal transposon transfers
(HTTs) between eukaryotes have also increased, as
well as the availability of new bioinformatic methods to
detect those events [24, 28].

We previously described a Helitron transposon
from the parasitoid wasp Cotesia vestalis, which was
found to represent one of the circular segments of the
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symbiotic virus C. vestalis bracovirus (CvBV) [10].
We named this Helitron Hel_c35, as it was initially
characterized from the segment 35 (GenBank acces-
sion: HQ009558.1) of the first complete CvBV genome
assembly [4]. More recently, an update of the CvBV
genome reduced its number of actual segments from
35 to 30 [29]. Among the excluded segments was the
Hel_c35 sequence (segment 35), indicating that, in
contrast to our previous suggestion, this Helitron
is not part of the CvBV genome and thus its DNA
sequences are not enclosed in viral particles. Although
the inclusion of segment 35 in the initial version of
CvBV genome most likely derived from an assembly
artifact, it is not clear why Hel_c35 was isolated with
the purified viral DNA and even found to be one of
the most abundant segments of this bracovirus [4]. In
spite of this revision, Hel_c35 copies are present in the
C. vestalis genome, including a region with sequences
conserved in proviral loci from bracoviruses [10]. In
light of the current evidence, this insertion close to
CvBV sequences is circumstantial and is not associated
with the production of viral segments.

The first described Hel_c35 element has 5,294 bp
and appears to be autonomous, containing a 4,538 bp
gene encoding its transposase (GenBank accession:
AEE09607.1) consisting of 1,384 amino acids. Further-
more, in our previous work, we showed that, not only
this C. vestalis Helitron originated after a HTT event
(probably from a Drosophila species to C. vestalis), but
also was later transferred horizontally from C. vestalis
to the domestic silk moth (Bombyx mori). Those HTTs
probably occurred in East Asia and were likely facili-
tated by the close interaction that exists between C.
vestalis and its potential hosts, which is a fundamental
part of this wasp’s life cycle. However, we anticipated
in our study that any HT description could be inter-
preted differently in the future as more species with
sequenced genomes become available [10].

Here, we reassessed our earlier propositions using
an updated data set that includes genomes sequenced
more recently (in the last four years), providing a
larger and more diverse sample of species. Our results
reveal that Hel ¢35 elements can be found in a consid-
erably wider range of arthropod species from different
orders than it was previously suggested. Likewise, our
analysis indicates that Hel_c35 sequences in a large
number of species are the result of multiple additional
HT events, which are probably correlated with the par-
asitoid behavior of this wasp. In particular, the investi-
gation of sequences more similar to Hel_c35 elements
from C. vestalis suggests that several recent putative
HTs took place in Europe.
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Results and discussion

We searched for Hel_c35 homologs with Blastn (hits
with>80% identity covering>70% of the query) in
all arthropod genomes available on GenBank [23]
using the Hel_c35 sequence (GenBank accession:
HQO009558.1) as a query. After excluding individual
matches covering <70% of the query length, a total of
285 sequences from 117 species were selected for fur-
ther analyses (Table S1). Although the vast majority of
taxa consisted of Lepidoptera species, several different
insect orders and two spider species were found to har-
bor Hel_c35 sequences.

We aligned all the retrieved Hel_c35 sequences and con-
ducted a phylogenetic analysis using the Maximum Likeli-
hood method (see Materials and methods for details). The
resulting phylogeny shows that Hel_c35 sequences found in
specific taxa are mostly scattered across different branches,
instead of representing the overall topology expected from
the evolutionary relationships between organisms (Fig. 1).
In addition, although several lepidopterans from the same
superfamily grouped together, many of those clades contain
species from distinct families. At the same time, several
taxa from the same family did not cluster more closely with
each other, even though some of them were in superfamily-
specific clades (Fig. S1, Table S1).

Despite the diversity and incongruent topol-
ogy observed in the resulting phylogeny, all Hel ¢35
sequences included have > 80% nucleotide sequence iden-
tity, what would place its earliest origin at~ 33 million
years ago (MYA), assuming that this transposon evolves
neutrally. This divergence time is at least 15 times more
recent than the one estimated for the split between arach-
nids and insects (>500 MYA) [15] and several times more
recent than the estimated time of divergence between
most insect orders [21]. The patchy distribution of taxa,
together with the marked deviation between observed
and expected divergence times among sequences,
strongly indicate that Hel_c35 has been involved in mul-
tiple HTT events during its evolution. Even if we only
consider the topological incongruences among sequences
from distinct arthropod classes and insect orders, more
than a dozen HTs would be necessary to explain their
phylogenetic distribution. However, if we also take into
account the phylogenetic discrepancies involving spe-
cies from different superfamilies this number might be at
least three times larger (Fig. 1 and Fig. S1). It is impor-
tant to mention that artifacts associated with contamina-
tion are unlikely to explain most HTTs indicated in our
results, as the large diversity of sequences from arthro-
pods in our data belong to different genome sequencing
projects of 32 institutions and include species sampled in
at least 35 countries from 6 continents (Table S1).
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Lepidoptera superfamilies:
—— Papilionoidea

—— Geometroidea
—— Noctuoidea

—— Bombycoidea

—— Pyraloidea

—— Drepanoidea

Tortricoidea

Non-Lepidoptera taxa:

Hymenoptera

Coleoptera

Diptera (Family Diopsidae)

Diptera (Family Tachinidae)

Diptera (Family Drosophilidae)

Orthoptera

Neuroptera

ANA A>T L
|

Siphonaptera

HQ009558.1 Cotesia vestalis segment ¢35
CAJVQMO010000016.1 22902664.22907953 Pyrgus malvae
CAJHZM010000079.1 760808.766097 Pararge aegeria
CAJHZMO010000138.1 366440.371729 Pararge aegeria
CAJHZMO010000041.1 658925.664220 Pararge aegeria
CAJHZMO010000038.1 5963116.5968405 Pararge aegeria
CAJHZM010000045.1 4316124.4321413 Pararge aegeria
‘CAJHZMO010000059.1 2265283.2270572 Pararge aegeria
CAJHZN010000005.1 288029.293318 Pararge aegeria
‘CAJHZMO010000271.1 10360.15649 Pararge aegeria
UIGX01030406.1 1.5288 Pararge aegeria
CAJHZM010000011.1 2007535.2012824 Pararge aegeria
CAJHZN010000001.1 159388.164677 Pararge aegeria

- CAJHZMO010000102.1 657339.662628 Pararge aegeria
CAJHZMO010000035.1 19926.25209 Pararge aegeria

- CAJHZMO010000092.1 631160.636449 Pararge aegeria
CAJHZMO010000110.1 4418285.4423571 Pararge aegeria
CAJVQMO010000016.1 22913002.22918291 Pyrgus malvae
CAJHZNO010000001.1 169618.174907 Pararge aegeria
CAJHZMO010000080.1 261023.266312 Pararge aegeria
CAJHZMO010000036.1 7433354.7438643 Pararge aegeria
CAJHZMO010000014.1 1104039.1109328 Pararge aegeria

r CAJHZM010000130.1 1146594.1151884 Pararge aegeria
CAJHZMO010000035.1 670716.676005 Pararge aegeria
CAJHZMO010000059.1 423418.428707 Pararge aegeria
CAJHZMO010000104.1 145538.150827 Pararge aegeria
JZSA01007369.1 21189.25964 Cotesia vestalis -
CAJHZMO010000002.1 2420860.2426149 Pararge aegeria
CAJHZMO010000012.1 12234942.12240231 Pararge aegeria
CAJHZN010000006.1 22939.28228 Pararge aegeria

- CAJHZM010000024.1 3952072.3957361 Pararge aegeria
‘CAJHZM010000130.1 840737.846026 Pararge aegeria
CAJHZM010000130.1 729237.734526 Pararge aegeria
CAJHZMO010000035.1 609216.614505 Pararge aegeria
‘CAJHZMO010000035.1 617278.622567 Pararge aegeria

F Hydriomena furcata

CAJVWEO10000011.1 3500217.3505507 Campaea margaritaria
CAJVWEO10000087.1 1169967.1174606 Campaea margaritaria

{ Amphipyra tragopoginis

Laothoe populi

< Clostera curtula

[— cAJNAB010000107.1 670398.675633 Laothoe populi

L CAJNAB010000435.1 67852.73189 Laothoe populi

| —— BHWX01000022.1 752045.757343 Bombyx mori

|— BHWX01000007.1 11846872.11852161 Bombyx mori
DWHE01006833.1 1.5238 Satarupa nymphalis

|— CAJRBD010001370.1 98905.104202 Habrosyne pyritoides

L BHWX01000001.1 13148640.13153928 Bombyx mori %

Y
——— CAJHUU010000108.1 3275763.3280672 Apotomis turbidana
—— CAJQEY010000087.1 6085973.6091264 Fabriciana adippe

CAJZCT010000117.1 1734641.1739951 Eilema sororculum !
JAAAKDO010007556.1 22285728.22290784 Danaus melanippus
CAJMZR010001290.1 460177.465027 Tachina fera -.

|1DWMKD1000004A 19.5148 Katreus holocausta
WUWR01000078.1 21074.25328 Hyles vespertilio

DWLKO01000137.1 1.4747 Celaenorrhinus cf. opalinus g
- BOPP01000152.1 2643530.2648840 Gryllus bimaculatus

CAJQFW010000081.1 700146.704641 Chrysoperla carnea..,

DWAKO01008481.1 1.4253 Lepidochrysops patricia e

Pyrrhopyge (6 species)
DWPO001000177.1 2362.6863 Morvina fissimacula
DWQB01000133.1 862.6189 Gindanes brontinus
DVYD01000130.1 683.5891 Apodemia ares

DWMC01000015.1 734.5673 Ouleus salvina
DWSZ010000156.1 1.5209 Emesis lacrines

DVZB010000096.1 227.5537 Emesis aurimna

Ctenocephalides felis R
DWSV010000232.1 290.4623 Emesis ocypore

CAJQGC010000043.1 973037.977303 Schrankia costaestrigalis

Fig. 1 Phylogeny of Hel_c35 sequences. A Maximum Likelihood phylogeny including all 285 Hel_c35 sequences retrieved from arthropod
genomes is represented on the left. A clade containing sequences closely related to the C. vestalis Hel_c35 is featured on the right. Lepidoptera
species from different superfamilies are represented by different colors. Non-lepidopteran arthropods are represented in black. Branches with < 0.7
SH-alLRT statistical support were collapsed. The same phylogeny with branch supports and all taxa names is shown on Fig. S1

JAEC! .1 87239.91306 Drosophila ficusphila w

0.02

Given the large number of sequences included in our
phylogeny, we decided to focus our analysis in the main
clade containing the C. vestalis Hel ¢35 sequences
(zoomed in clade on Fig. 1). This well supported clade
(SH-aLRT branch support=0.95) (see also Fig. S1 for
support values) contains species from seven insect
orders, along with a variety of Lepidoptera species from
six different superfamilies. Similarly to the phylogeny

as a whole, most of this clade topology does not reflect
the evolutionary relationships between species. Moreo-
ver, the estimated evolutionary distances between many
sequences in this clade (Table S2) also strongly deviate
from the expected divergence times between taxa. For
example, the cat flea Ctenocephalides felis and Dros-
ophila ficusphila were the two species with the largest
number of pairwise differences per site (0.0751) between
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their Hel_c35 sequences. Using a conservative assump-
tion of one generation per year for all species, this clade
would have its origin at~12.5 MYA, which strongly con-
trasts with the estimated divergence time between most
taxa included in this clade. For instance, C. felis and D.
ficusphila are estimated to have diverged >200 MYA, and
lepidopterans are estimated to have diverged from Gryl-
lus bimaculatus (Orthoptera) >300 MYA [15]. In both
examples, if Hel ¢35 had exclusively evolved neutrally
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and inherited vertically, no homologous Hel_c35 copies
would be expected to be found between these groups.
This contrasts strikingly with the observed nucleotide
identity of > 92% between all sequences in this clade.

A deviation from the expected pairwise nucleotide
differences per site between species is even more pro-
nounced in the clade comprising taxa with sequences
more closely related to C. vestalis Hel_c35 elements
(zoomed in clade on Fig. 2). All sequences in this
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Geographical regions:

— Europe

— Central America and Northwestern South America
= North America

— South, Southeast and East Asia

— Southeastern Brazil
— Australia and New Zealand

— Sub-Saharan Africa

HQO009558.1 Cotesia vestalis bracovirus segment c35
CAJVQM010000016.1 22902664.22907953 Pyrgus malvae
CAJHZM010000079.1 760808.766097 Pararge aegeria
CAJHZMO010000138.1 366440.371729 Pararge aegeria
CAJHZM010000041.1 658925.664220 Pararge aegeria
CAJHZMO010000038.1 5963116.5968405 Pararge aegeria
CAJHZM010000045.1 4316124.4321413 Pararge aegeria
CAJHZM010000059.1 2265283.2270572 Pararge aegeria
CAJHZN010000005.1 288029.293318 Pararge aegeria
CAJHZMO010000271.1 10360.15649 Pararge aegeria
UIGX01030406.1 1.5288 Pararge aegeria
CAJHZM010000011.1 2007535.2012824 Pararge aegeria
CAJHZNO010000001.1 159388.164677 Pararge aegeria

- CAJHZM010000102.1 657339.662628 Pararge aegeria
CAJHZMO010000035.1 19926.25209 Pararge aegeria

- CAJHZM010000092.1 631160.636449 Pararge aegeria

CAJHZMO010000104.1 145538.150827 Pararge aegeria
JZSA01007369.1 21189.25964 Cotesia vestalis
CAJHZMO010000002.1 2420860.2426149 Pararge aegeria
CAJHZMO010000012.1 12234942.12240231 Pararge aegeria
CAJHZN010000006.1 22939.28228 Pararge aegeria

—
—
T CAJHZMO010000110.1 4418285.4423571 Pararge aegeria
CAJVQM010000016.1 22913002.22918291 Pyrgus malvae
CAJHZN010000001.1 169618.174907 Pararge aegeria
CAJHZMO010000080.1 261023.266312 Pararge aegeria
CAJHZMO010000036.1 7433354.7438643 Pararge aegeria
CAJHZM010000014.1 1104039.1109328 Pararge aegeria
r CAJHZMO010000130.1 1146594.1151884 Pararge aegeria
CAJHZMO010000035.1 670716.676005 Pararge aegeria
CAJHZMO010000059.1 423418.428707 Pararge aegeria

- CAJHZMO! 4.1 3952072.3957361 Pararge aegeria
CAJHZMO010000130.1 840737.846026 Pararge aegeria
CAJHZM010000130.1 729237.734526 Pararge aegeria
CAJHZMO010000035.1 609216.614505 Pararge aegeria
CAJHZMO010000035.1 617278.622567 Pararge aegeria

Hydriomena furcata
CAJVWE010000011.1 3500217.3505507 Campaea margaritaria
CAJVWE010000087.1 1169967.1174606 Campaea margaritaria

—‘ Amphipyra tragopoginis
Laothoe populi
* Clostera curtula
— CAJNABO010000107.1 670398.675633 Laothoe populi
— CAJNAB010000435.1 67852.73189 Laothoe populi
i —— BHWX01000022.1 752045.757343 Bombyx mori
|-— BHWX01000007.1 11846872.11852161 Bombyx mori
DWHEO01006833.1 1.5238 Satarupa nymphalis
—— CAJRBD010001370.1 98905.104202 Habrosyne pyritoides
— BHWX01000001.1 13148640.13153928 Bombyx mori

I! Pyrochroa serraticornis
CAJHUU010000108.1 3275763.3280672 Apotomis turbidana
—— CAJQEY010000087.1 6085973.6091264 Fabriciana adippe

0.02

names is shown on Fig. S2

0.02

Fig. 2 Geographical distribution of arthropod species containing Hel_c35. The same phylogeny of Hel_c35 sequences from Fig. 1 is
represented, but with colors corresponding to the geographical location where the species were sampled (Table S1). A clade with species
containing sequences closely related to CvBV Hel_c35 is featured expanded on the right. The same phylogeny with branch supports and all taxa
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proximal clade have>99% identity between each other,
even though they include species from three insect
orders that diverged up to>300 MYA (e.g., Hymenop-
tera and Lepidoptera) and six Lepidoptera superfamilies
that diverged up to>100 MYA (e.g., Bombycoidea and
Tortricoidea) [15]. Considering the largest value of pair-
wise nucleotide differences per site among taxa in this
clade, which is found between Apotomis turbidana and
Habrosyne pyritoides (0.00983), its earliest origin would
be~1.64 MYA, in contrast to the estimated divergence
times for some species included, which are longer by up
to two orders of magnitude.

Some of the most conspicuous examples of recent
HTTs are shown on the clade containing the Hel_c35
sequences from C. vestalis, Pararge aegeria and Pyrgus
malvae (Fig. 1). The phylogenetic relationships between
these three species are represented as a polytomy con-
taining sequences with>99.95% identity, what places
its earliest date of origin at 0.068 MYA (68 thousand
years ago). Considering that P aegeria and P. malvae
diverged >70 MYA and these two Lepidoptera species
have diverged from C. vestalis>300 MYA, these val-
ues are at least three orders of magnitude higher than
the maximum estimated divergence time for Hel_c35
sequences in this clade.

Even though the phylogenetic topology and level of
identity between Hel c35 sequences strongly suggest
the existence of multiple HT Ts, these events would also
require some degree of geographic overlap between
species to occur [19]. To verify if the geographical dis-
tribution of the analyzed species provides further evi-
dence for HTT events, we represented our phylogeny
by color coding the taxa according to the geographical
locations where the species were sampled. Sample loca-
tions were assigned into one of seven regions defined by
their biogeographic realm, bioregions and/or expected
migration barriers. As expected, many phylogenetic
incongruences (Fig. 1 and Fig. S1) involve taxa sampled
in the same major geographical region (Fig. 2 and Fig.
S2). For instance, considering 42 phylogenetic incon-
gruencies that can be unambiguously assigned in our
tree, 19 of these occur between species sampled within
the same geographical region (Fig. S3).

Although we have considered the geographical prox-
imity of samples in our analysis, it is still possible that
more phylogenetic incongruences could be identified,
as the sample location does not always correspond to
the endemic region of a species, nor the whole extent
of its geographical distribution. For example, the phylo-
genetic incongruence involving the lepidopteran Chilo
suppressalis is not associated with a proximity between
its sample region (East Asia) and the one for the closest
branches (Europe) (Fig. S3). However, C. suppressalis
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can also be found in Europe [20]. Likewise, the phylo-
genetic incongruence observed for the cat flea C. felis is
not associated with a geographical proximity between
its sample and the ones in closely associated branches
(Fig. S3). Nonetheless, C. felis is a species with a cos-
mopolitan distribution [22]. A similar case is observed
for C. vestalis (see the next paragraph). Thus, the num-
ber of phylogenetic incongruences that involve spe-
cies found in the same geographical region is probably
larger than what is indicated from sample locations.
Overall, many of the putative HTTs suggested by phy-
logenetic topological incongruences are further sup-
ported by a greater geographical proximity between the
species involved.

Interestingly, 11 from the 14 species belonging to the C.
vestalis Hel_c35 immediate clade correspond to samples
from Europe (zoomed in clade on Fig. 2). From those 11
species, nine were sampled in the island of Great Britain
(Table S1). The remaining two species were collected in
Romania (P. malvae and Fabriciana adippe) but can also
be found in Great Britain [2, 3]. Although the C. vesta-
lis samples used in our analysis derive from East Asia
(China and South Korea), this wasp species can also be
found in several European countries [7], including Great
Britain [1]. Hence, 12 out of 14 species in the immedi-
ate clade containing C. vestalis Hel_c35 sequences over-
lap geographically in Great Britain, indicating this island
as the most probable region where the most recent
HTT events involving C. vestalis Hel_c35 elements have
occurred. It is worth mentioning that sequences from
11 out of 14 species in this immediate clade belong to
assemblies provided by the Darwin Tree of Life Project
(submitted to NCBI by the Wellcome Sanger Institute)
(Table S1). This project focuses on sequencing genomes
of a large number of organisms from Great Britain and
Ireland with high quality assemblies [6]. Because a large
number of insect genomes from Great Britain became
recently available as a consequence of this project, spe-
cies from this location could be overrepresented in the C.
vestalis Hel_c35 immediate clade. However, although our
results point to Great Britain as the location where the
most recent events occurred according to the available
data, the future genome sequencing of more species from
different regions could reveal a different scenario.

Although it is difficult to infer the direction of HTTs,
the diversity of Lepidoptera superfamilies at the base
of most clades suggests that species in this order are
the earliest donors of horizontally transferred Hel_c35
sequences. However, considering the large number of
potential HTTs in the presented phylogeny, it is also pos-
sible that Lepidoptera species could have received Hel_
¢35 sequences by secondary HTT events (e.g., a HTT
from a lepidopteran to a dipteran, which later transferred
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this transposon to other Lepidoptera species). The diver-
sity and broad distribution of dipterans in the phylogeny
(Fig. 1 and Fig. S1) indicate that species from this order
were also donors of Hel ¢35 elements. Nonetheless,
because of mechanical and physiological constraints,
direct HTs between insects should be considered rare
events. In those cases, it is reasonable to expect the
involvement of species like C. vestalis as likely HT vec-
tors or intermediates, due to their life history which is
thought to facilitate those events [24, 28]. That is proba-
bly the case for putative HT Ts involving sequences more
closely related to C. vestalis Hel_c35 elements (Fig. 1).

As mentioned previously, the DNA circle identified
as segment 35 in the first CvBV genome assembly [4],
which represents the Hel_c35 sequence, in fact does
not constitute a viral segment and is not in the updated
CvBV genome [29]. However, even though Hel ¢35 is
not part of CvBV, the fact that a large amount of DNA
sequences corresponding to this transposon was iden-
tified in the calyx fluid of C. vestalis [4] suggests that
Hel_c35 could be injected into hosts when this parasi-
toid wasp lays its eggs. To further test this hypothesis,
we verified if reads corresponding to Hel_c35 sequences
could be detected in the raw genome data of hemocytes
from Plutella xylostella larvae parasitized by C. vestalis
[29]. Blastn searches against the corresponding experi-
ments in the NCBI SRA database (accession numbers:
SRR11526873, SRR11537818 and SRR11537820) revealed
thousands of reads (up to 5,000) in each SRA accession
with >99% sequence identity mapping to the whole Hel_
¢35 sequence (Fig. S4).

To confirm that these reads correspond to exogenous
DNA injected by C. vestalis and not Hel c35 elements
from the P xylostella genome, we also searched Hel_c35
sequences in the P. xylostella NCBI WGS database using
Blastn. In this case, the best hits had<67% sequence
identity covering only up to 18% of the query (Fig. S4),
indicating that P xylostella does not have Hel ¢35 ele-
ments in its genome. It is unlikely that this absence is the
result of sequencing or assembly artifacts, as the WGS
database contains nine P xylostella genome assemblies
associated with different BioProjects/BioSamples, vari-
able levels of coverage and includes distinct sequencing
platforms. For instance, we also verified if Hel_c35 could
be detected in the raw data (SRA accession numbers:
ERR7220502-ERR7220505) from the most recent P, xylos-
tella genome assembly (WGS accession: CAKOAAO1L)
using Blastn. Although a small number of hits from these
searches had >99% sequence identity with Hel_c35, most
reads had<90% sequence identity and mapped to the
query with a patchy distribution (Fig. S4), which confirms
the lack of Hel ¢35 elements in the P xylostella genome.
Hence, the presence of Hel_c35 DNA in the calyx fluid of
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C. vestalis [4] and hemocytes from parasitized P xylos-
tella larvae [29] suggests that Hel_c35 elements are rep-
licated in calyx cells and can be injected into tissues from
hosts attacked by C. vestalis. These results also indicate a
preferred direction for HTT events involving sequences
more closely related to C. vestalis Hel_c35, which is from
the parasitoid wasp to other species.

Considering the topology revealed by our phylogenetic
analysis, the geographical distribution of the species and
their natural history, we suggest the following hypothesis
to explain the putative HTTs involving sequences more
closely related to C. vestalis Hel_c35 elements. The origi-
nally Palearctic/eastern Asian distribution of C. vestalis
[11] and several other lepidopterans and dipterans har-
boring closely related Hel _c35 sequences [10] indicates
that C. vestalis acquired Hel_c35 by HT from an insect
species within those orders, less than 12.5 MYA. In our
previous work [10] we suggested a drosophilid as the
most probable donor of the C. vestalis Hel_c35, given
the evidence available at the time. Although our current
result showing eastern Asian drosophilids near the base
of the C. vestalis Hel_c35 clade provide some support for
that scenario, it is not possible to reject that lepidopter-
ans from the same geographical region could also have
been potential donors. In any case, after this initial HTT
event, Hel_c35 copies were transferred horizontally from
C. vestalis to multiple species from several insect orders
in different geographical locations, probably facilitated by
the parasitoid behavior of this wasp (Fig. 3).

Lepidoptera species are overrepresented in our phylog-
eny, what could indicate a genome sequencing bias favor-
ing this order. On the other hand, this could likewise be
a consequence of lepidopterans being more frequently
attacked by parasitoid wasps. This feature might be par-
ticularly relevant to explain the putative HT Ts indicated
in the immediate clade containing the C. vestalis Hel_c35
sequences (Fig. 1). Despite being considered a specialist
parasitoid of the diamondback moth (Plutella xylostella),
C. vestalis is known to attack lepidopterans from at least
ten different families within eight superfamilies [11].
In view of the high diversity of lepidopteran larvae that
can be targeted by C. vestalis, it is reasonable to expect
that unspecific attacks to larvae from other insect orders
could also occur in some conditions, even if rarely. In
fact, the diversity of insect orders found in the main clade
containing C. vestalis sequences in itself might be consid-
ered as evidence for the occurrence of those unspecific
attacks. As we previously suggested [10], the detection of
HTs involving parasitoid wasps and species outside the
known range of hosts targeted by those wasps could be
used to indicate potential cryptic interactions to be con-
firmed in future ecological and behavioral studies.
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clear cut

Fig. 3 Hypothesis for HTTs involving Hel_c35 sequences closely related to the one found in C. vestalis. Arrows represent the probable direction

of HTTs and numbers indicate the order which most HTTs events in each geographical region occurred. The earliest event from a Diptera or
Lepidoptera species to C. vestalis (1) was followed by HTTs from C. vestalis to multiple insects from several orders, initially to species found in
Southeast Asia (2) and more recently to species from Europe (3). Although most HTTs in 2 appear to have occurred earlier than those in 3, some
European species are interspersed with, or more basal in relation to some Southeast Asian species, indicating that this chronological division is not

Overall, there are some important differences between
the data presented here and the one presented in our
previous work [10]. In our initial analysis, the single best
hits from 24 species were included, as opposed to the
current study, in which 285 sequences from 117 species
were used, even though we used a more stringent selec-
tion criterion. For instance, here we considered the same
minimum query coverage (>70%) and identity (>80%) as
previously, but using the whole Hel_c35 (5,294 bp) as a
reference, as opposed to a region of~838 bp only con-
taining the Rep coding sequence. The sampled species
in our former analysis belonged to five insect orders,
with one spider species, in contrast to the current sam-
ple that comprises 117 species from eight insect orders
and two spider families. Therefore, not only the resulting
data set presented here is larger, but is also more diverse.
It is also worthwhile mentioning that using this more
stringent sequence selection criterion, only five out of 24
species from the previous analysis were included in the
current study. On the other hand, one of the new species
included in the present data set (Heliconius wallacei) had
its genome sequence already available before the previ-
ous study was conducted (November 2015), although we
cannot explain the reason for its absence. The remaining
111 new species all had their genome sequences made
available only after our previous work was submitted
(September 2017), thus representing 95% of the current
data set (Table S1).

The larger number of species in the present analy-
sis reveals a more complex scenario regarding the

evolutionary history of Hel ¢35 sequences more
closely related to the one found in C. vestalis. We pre-
viously suggested that East/Southeast Asia was prob-
ably the geographical region in which the most recent
HTTs of Hel_c35 involving C. vestalis had occurred
[10]. Although the evidence provided here still is con-
sistent with a scenario in which the C. vestalis Hel ¢35
originated from a HTT that probably occurred in East/
Southeast Asia<12.5 MYA, our current results add that
this Helitron was probably horizontally transferred more
recently to multiple insect species in Europe in the last
few million years. Furthermore, our results presented
here confirm the previous hypothesis that, as more
genome sequencing projects would become available,
new HT events would also probably be detected, result-
ing in different and more complete interpretations about
the evolution of Hel_c35.

Given the large amount of putative HT Ts involving C.
vestalis as a donor of Hel_c35 sequences, and the evi-
dence that Hel_c35 DNA copies are found in the calyx
of C. vestalis, the future sequencing of DNAs present in
the calyx fluid of C. vestalis from different lineages and
geographical locations will be essential to confirm our
proposed scenario. For instance, if extrachromosomal
Hel ¢35 copies turn out to be absent in European line-
ages of C. vestalis, our main hypotheses regarding the
direction and geographical location of the most recent
HTTs would be refuted, at least partially. Nevertheless,
based on the current results, we suggest that at least
some HTTs of Hel_c35 elements have been promoted by
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the replication and release of this Helitron in the calyx
lumen of C. vestalis, followed by their injection in para-
sitized hosts.

Materials and methods

We searched Hel_c35 homologs with Blastn in all arthro-
pod genomes available (as in October 2021) on the
Whole Genome Shotgun (WGS) contigs database from
GenBank [23] using the first described Hel_c35 sequence
(HQO009558.1) as a query. In order to include only highly
similar elements in our analysis, we downloaded all Blastn
aligned sequences from hits with>80% sequence iden-
tity covering >70% of the query. Those downloaded hits
are sometimes composed by multiple separate matches
which, together, cover >70% of the query, instead of con-
tinuous sequences with the minimum query cover size.
Hence, we adapted a Biopython [5] script to include only
sequences covering>70% (3,705 bp) of the query, and
also to edit sequence descriptions as to keep only the hit
accession number, sequence match range and the species
name (Data S1). The resulting 285 sequences (Data S2)
were aligned using the E-INS-i method in the MAFFT
online service [13]. For the phylogenetic analysis, the
best-fit evolutionary model (GTR+G+1) was selected
using the Smart Model Selection (SMS) in PhyML [17].
The maximum likelihood phylogeny of sequences was
inferred using the best topology from NNI and SPR
methods, six random plus one parsimony starting trees
and 10 substitution rate categories across sites, modelled
with estimated gamma-shaped distribution parameter
and a proportion of invariant sites. Branch supports were
estimated using the approximate likelihood ratio test
(aLRT) with the nonparametric Shimodaira—Hasegawa
correction (SH-aLRT). The phylogenetic analysis pro-
cedures described above were conducted on PhyML 3.1
[9]. All branches with<0.7 SH-aLRT statistical support
were collapsed using TreeGraph 2 [26], with the final tree
edited and visualized using FigTree v.1.4.2 (http://tree.
bio.ed.ac.uk/software/figtree/; last accessed December
15, 2022). The species taxonomy and sample collection
locations were obtained from their corresponding acces-
sion on GenBank [23], and additional information about
the geographical distribution of organisms included in
our analysis was obtained from various Web sources. The
average nucleotide differences per site between groups in
the main clade containing the C. vestalis Hel ¢35 (Table
S2) was calculated using MEGA X [16], and their diver-
gence time estimated using the equation:

K
T=—
2r

where T is the number of generations, K is the num-
ber of substitutions per site, and r is the nucleotide
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substitution rate. We considered that r is equal to the
mutation rate (), as expected for neutral mutations [8],
and a value of y equal to 3.0 x 10~ for insect species
[18]. To obtain a conservative estimation for the maxi-
mum time of divergence between sequences we con-
sidered one generation per year for all insect species,
which is below the values commonly found for most
taxa included in our analysis (usually from two up to
several generations per year, depending on the order).
Hence, in our estimates, the value found for T is equal
to the divergence time between species given in num-
ber of years.
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