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Abstract

Determining mechanisms that underlie reproductive isolation (RI) is key to understanding how
species boundaries are maintained in nature. Transposable elements (TES) are ubiquitous across
eukaryotic genomes. However, the role of TEs in modulating the strength of RI between species
is poorly understood. Several species of Drosophilahave been found to harbor P-elements (PES),
yet only D. simulans is known to be currently polymorphic for their presence in wild populations.
PEs can cause RI between PE-containing (P) and PE-lacking (M) lineages of the same species.
However, it is unclear whether they also contribute to the magnitude of RI between species.

Here, we use the simulans species complex to assess whether differences in PE status between D.
simulans and its sister species, which do not harbor PEs, contribute to multiple barriers to gene
flow between species. We show that crosses involving a P D. simulans father and an M mother
from a sister species exhibit lower F1 female fecundity than crosses involving an M D. simulans
father and an M sister-species mother. We also find that another TE, /-element, might play a minor
role in determining the frequency of dysgenesis between species. Our results suggest that the
presence of PEs in a species can strengthen isolation from its sister species, providing evidence
that TEs can play a role in RI.
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Impact Summary

Transposable elements (TES) are repetitive genetic units found across the tree of life. They
play a fundamental role in the evolution of each species’ genome. TEs have been implicated
in diversification, extinction, and the origin of novelty. However, their potential role in
contributing to the maintenance of species boundaries remains largely understudied. Using
whole genome sequences, we compared the relative content of TEs across the three species
of the Drosophila simulans complex. We find that the presence of one TE, ~-element

(PE), in D. simulans, and its absence in the sister taxa, differentiates the three species.

PEs cause a suite of fitness defects in Drosgphila pure-species individuals if their father

has PEs but their mother does not, a phenomenon known as hybrid dysgenesis (HD). We
thus studied the possibility that PEs enhance isolation between recently diverged species.

In particular, we studied whether the progeny from interspecific crosses was more prone

to suffer from HD than pure species. We found that the presence of paternal PEs reduces
hybrid female fecundity, similar to observations of HD described within species. The effect
of PEs is stronger in the interspecific hybrids than in pure species. A second TE, /-element,
has a weaker, but nonnegligible, effect on the magnitude of female fecundity. Our results
suggest that PEs can strengthen reproductive isolation in well-formed sister species that still
hybridize in nature and pose the question of whether other TEs are involved in the formation
of species or in their persistence over time.

Barriers to gene flow can be categorized depending on when in the reproductive cycle they
occur (Dobzhansky 1937; Ramsey et al. 2003; Sobel et al. 2010). Prezygotic isolation
includes all reproductiveisolation (RI) traits that preclude the formation of a hybrid
zygote, such as ecological, behavioral, and gametic incompatibilities (Dobzhansky 1937).
Postzygotic barriers occur after a hybrid zygote is formed and include phenotypes as
extreme as hybrid sterility and inviability (Orr and Presgraves 2000; Orr 2005), but also
more nuanced traits, such as hybrid behavioral defects (Turissini et al. 2017; McQuillan

et al. 2018) and delays in development (Matute and Coyne 2010; Ishikawa et al. 2011).
Although both types of barriers can lead to speciation, prezygotic barriers tend to be
completed faster than postzygotic ones (Sasa et al. 1998; Moyle et al. 2004; Turissini et

al. 2018). Nonetheless, postzygotic barriers seem to be crucial to the persistence of species
in the face of gene flow once lineages come into secondary contact (Rosenblum et al. 2012;
Coughlan and Matute 2020).

The genetic basis of postzygotic isolation usually stems from deleterious interactions
between parental genomes in hybrids, which can occur at the allelic level (reviewed in
Maheshwari and Barbash, 2011; Nosil and Schluter, 2011) or the genomic level (i.e.,
“genome clashes”; Nolte et al. 2009; Dion-C6té et al. 2014; Dion-C6té and Barbash 2017).
Transposable elements (TES) are a candidate to cause the latter (Ginzburg et al. 1984;
Castillo and Moyle 2012; Watson and Demuth 2013; Serrato-Capuchina and Matute 2018).
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TEs are repetitive genetic units found ubiquitously across taxa and have been linked to
molecular and phenotypic novelty (McClintock 1953; Werren 2011). TEs can facilitate rapid
genetic change by causing genic interruptions, duplications, or gene expression changes
through their transposition (Trizzino et al. 2017). In pure species, TEs are repressed by

the interaction between PIWI genes and noncoding RNAs called PIWI-interacting RNAS
(piRNAS). piRNAs are small (24-35 nucleotides long) and suppress TE expression across
multiple taxa (reviewed in Michalak 2009). Derepression of TEs through a mismatch of
regulatory systems might activate dormant transposons, which in turn can have deleterious
fitness implications in hybrids (Kelleher 2016; Kelleher et al. 2020). Comparative gene
expression surveys suggest TE misexpression is common in hybrids but not in pure species
(Pélissier et al. 1995, 1996; Metcalfe et al. 2007; Dion-C6té et al. 2014), which might be an
indication of the role of TE derepression in hybrid breakdown.

P-elements (PES) in Drosophila melanogaster are one of the best-studied TEs in terms

of molecular mechanisms and phenotypic consequences (reviewed in Kelleher 2016). The
invasion of PEs into all populations of D. melanogaster occurred rapidly (Kidwell et al.
1977). PEs in D. melanogaster cause a variety of phenotypes collectively named hybrid
dysgenesis (HD), a syndrome of deleterious effects in F1s from crosses between a mother
who lacks PEs (2M) and a father who carries them (5'P). F1s from these crosses show

a suite of defects that include sterility, chromosomal breaks, and increased mutation rates
(Kidwell and Kidwell 1975; Kidwell et al. 1977; Schaefer et al. 1979; Engels and Preston
1980; Kidwell 1983a). Conversely, in crosses where the mother carries PEs (?P), F1s do not
show HD, regardless of the genotype of the father, because piRNAs and associated PIWI
genes inherited from the mother confer protection from deleterious effects of paternally
inherited PEs. Additionally, environmental conditions also affect the severity of HD,
which tends to be stronger at higher temperatures (Hill et al. 2016; Kidwell 1983b). This
multiway interaction between paternally inherited PEs, maternally inherited piRNAs, and
temperature ultimately determines whether an F1 suffers from HD due to this TE (Slotkin
and Martienssen 2007; Siomi et al. 2011; Saito 2013).

Although it is clear that PEs can cause HD within D. melanogasterand D. simulans (Kidwell
et al. 1977; Bingham et al. 1982; Hill et al. 2016), the role of PEs in contributing to RI
between well-formed species remains largely untested. If two potentially hybridizing species
differ in their TE content (e.g., PES), hybrid progeny might suffer from HD, likely due

to TE and suppression system mismatch (Serrato-Capuchina and Matute 2018). Examining
the potential effect of the presence versus absence of PEs on RI between species requires

the study of a group of species in which: (/) some species harbor PEs while others do

not, (7)) species hybridize, and (//f) interspecific crosses yield fertile progeny. Drosophila
melanogaster, the classical model for the study of HD, can intercross with several other
species, but all viable hybrids are sterile and consequently do not fulfill these criteria (but
see Davis et al. 1996; Barbash and Ashburner 2003; Brideau et al. 2006). Species from the
willistoni and saltans species groups all seem to have PEs (Mizrokhi and Mazo 1990; Clark
et al. 1995; Brookfield and Badge 1997; Silva and Kidwell 2000; De Setta et al. 2007) and
thus do not satisfy the criteria either.
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The simulans species group, which contains D. simulans, D. sechellia, and D. mauritiana, is
an ideal system to assess the potential effects of TEs in RI for at least three reasons. First,
PEs recently invaded D. simulans (Kofler et al. 2015). Longitudinal sampling from 1988

to 2014 and genome-wide screening revealed PEs invaded D. simulansin the early 2000s
and to date remain polymorphic (i.e., are only present in some lines). Although most D.
simulans individuals collected after 2015 harbor functional PEs, to date neither D. sechellia
nor D. mauritiana have shown any evidence for their presence, past or present (Kofler et

al. 2015). Second, all pairwise crosses of species in this group produce fertile female F1
hybrids (Turissini et al. 2018). Third, there is evidence of hybridization and admixture

in nature among these three species. Drosophila simulans and D. sechellia hybridize in

the central islands of the Seychelles archipelago (Matute and Ayroles 2014) and show
signatures of gene flow (Garrigan et al. 2012; Schrider et al. 2018). Despite the absence

of a contemporary hybrid zone between D. mauritianaand D. simulans, these two species
also show evidence of introgression (Garrigan et al. 2012; Brand et al. 2013; Meiklejohn

et al. 2018). The simulans species group is thus a powerful system to assess whether TEs
modulate the strength of RI in nature because the natural variation in D. simulans lines
allows for the test of whether populations with PEs show stronger RI toward the sister
species than populations without PEs do.

Here, we leverage the recent PE invasion of D. simulans to test whether the presence of PEs
and environmental temperature affects the magnitude of postzygotic RI between species that
differ in their PE content. We first compared relative content of TES across species to assess
the extent to which PE uniquely explains TE variance across species. Next, we found that
PEs do affect F1 female fecundity, particularly at high temperature, mirroring observations
of HD described within species (i.e., HD only occurs in @M/gP F1s). This effect is only
observable in F1 females, as F1 males from interspecific crosses between species of the
simulans species complex are invariably sterile. As observed in pure species, progeny from
fathers with higher PE copy numbers showed stronger HD, but this effect was stronger in
the interspecific hybrids. Our results serve as a formal test for the putative role of PEs in
strengthening RI between sister species.

Materials and Methods
TE DETECTION: SEQUENCING AND READ MAPPING

Genome sequencing, short reads—To assess the number of TE copies in each of the
three species in the simulans complex, we used short reads of 115 lines (42 D. sechellia,

15 D. mauritiana, and 58 D. simulans). Table S1 describes which lines were previously
sequenced and lists the accession numbers of all lines. To sequence new lines (two D.
sechelliaand two D. mauritiana), we obtained genomic DNA using the Qiagen®DNeasy®
96 Tissue Kit following the protocol and recommendations from the manufacturer. Next, we
outsourced library construction and sequencing to the High Throughput Sequencing Facility
at the University of North Carolina, Chapel Hill. The libraries were built using the Nextera
protocol as specified by the manufacturer. We obtained read quality information using HiSeq
Control Software 2.0.5 and RTA 1.17.20.0 (real-time analysis). CASAVA-1.8.2 generated
and reported run statistics of each of the final FASTQ files. Resulting reads ranged from 100
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to 150 bp, and the target average coverage for each line was 20x. The mean coverage and
accession numbers for these sequences is listed in Table S1.

Genome sequencing, single-molecule sequencing—We sequenced two D.
sechellia (Anro71 and Denis72) and two D. mauritiana lines (R42 and R50) with Oxford
Nanopore Technology (ONT) to assess if any of these lines harbored complete PE copies.
For each of these four lines, we extracted DNA from 20 whole male flies of each line

using a modified phenol:chloroform protocol (Sambrook and Russell 2006). We prepared
libraries using the Ligation Sequencing Kit 1D with native barcoding (SQK-LSK109 and
EXP-NBD104, Oxford Nanopore) according to the manufacturer’s protocol. Libraries were
sequenced on six R9.4 flow cells with an average of 1526 available pores and run for

48 h, or until no pores were available, on a GridION running MinKNOW version 3.1.8.
Reads were basecalled using Guppy (ONT) with the dna_r9.4.1_450bps_flipflop model. For
each line, we mapped reads in a pairwise fashion using Minimap2 version 2.15-r905 (Li
2018) and assembled them using Miniasm version 0.3-r179 (Li 2016). We then corrected
and generated consensus assemblies with four iterations of Racon version 1.3.2 (Vaser et

al. 2017), followed by Medaka version 0.6.2 (https://github.com/nanoporetech/medaka). The
mean coverage and accession numbers for these sequences are listed in Table S2.

TE relative frequency—We aligned Illumina short-read data from the lines sequenced

to a list of canonical Drosophila TE sequences (version 10.1; https://github.com/bergmanlab/
transposons/blob/master/current/transposon_sequence_set.fa) using minimap2 (Li 2018)
with the short-read option (“-cx sr”). We then tabulated the number of base pairs from

each sample aligning to each TE and calculated the effective copy number per TE per
sample by first dividing that quantity by the canonical length of the TE. This, in turn,

was normalized for the depth of sequencing by dividing by the ratio of total base pairs
sequenced to genome size. For the latter, we used a fixed estimate of 125 Mb. We generated
consensus sequences per TE per line, defining each base as the major allele mapping to that
site and leaving as undefined any site for which no allele had more than five supporting
reads. This approach differs from previous approaches (Serrato-Capuchina et al. 2020), in
that we used the total number of mapped base pairs to calculate the TE copy number and
not the number of mapped reads. The results were similar with the two approaches (see
below). To assess whether our inference was affected by the way we scored copy number,
we tried two different cutoff schemes and counted a copy as complete if it was missing (i.e.,
the alignment to the reference contained ambiguous bases for) no more than 0% and 25%
of the sequence. This approach potentially reveals the number of copies in each isofemale
at the time of sequencing. We verified the results from this approach with the long-read
sequencing.

TE DETECTION: STATISTICAL ANALYSES

To determine whether the three species of the simulans species complex differed in TE
content, we used a linear discriminant analysis (LDA) for the species group. We used the
function “/da” (library MASS, Venables et al. 2003) to find the best two linear discriminant
(LD) functions, LD1 and LD2. For these analyses, we only retained TEs for which we

had inferred at least one full copy in more than one sequenced line. We plotted the scores
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of these two functions using the function plot (library graphics, R Core Team 2016). We
extracted the relative contribution of each PE from the object scaling. To determine which
TEs differed between species, we fit a one-way ANOVAs for each TE using /m (library
“stats”; R Core Team 2016) where estimated copy number was the response, and species
was the fixed factor. We then performed pairwise comparisons using a Tukey HSD test using
the function g/ht (library “multcomp’; Hothorn et al. 2008).

FLY STOCKS

All experiments reported in this manuscript used isofemale lines; all the lines have been
previously used and reported elsewhere. We used at least seven lines for each species of the
simulans species group. The details of each line are listed in Table S3 and are described by
species as follows.

Drosophila simulans—PEs have been present in D. simulans for the last 15 years and
have rapidly increased in frequency during that time (Kofler et al. 2015). For crosses, we
used seven lines that showed evidence of harboring PEs (denoted as P): 18MPALA11,
cascadel, 18MUO05, 18KARI10, 18MPALAL13, 18MPALA02C, and BiokoLB1. We also
used seven lines with no evidence for the presence of PEs (denoted as M): Md06, Md105,
Md106, Md199, NS05, NS40, and NS113. Donors and collections details of the lines are
listed in Table S3. These lines were collected in Africa between 2000 and 2019 (Rogers
et al. 2014; Comeault et al. 2017) and those that contain PEs vary in their copy number
(Serrato-Capuchina et al. 2020). All of these lines have been sequenced; Tables S1 and S2
lists the SRA number of each line.

Drosophila sechellia—Unlike D. simulans, D. sechellialacks functional PEs (Daniels et
al. 1990; Kofler et al. 2015; Hill et al. 2016; see Results). For crosses (see below), we used
seven lines collected on the islands of La Digué, Denis, and Mahé (Anse Royale Beach) by
D. R. Matute and J. F. Ayroles in 2012: LD11, LD16, Denis72, DenisNF13, DenisNF100,
Denis124, and Anro71. Instead of banana-yeast traps, females were collected using bottles
seeded with ripe Morinda fruits, due to resource preference. Additional details for the lines
have been published elsewhere (Matute and Ayroles 2014). Six lines have been previously
sequenced (Turissini et al. 2017; Schrider et al. 2018). We obtained short-read and long-read
sequencing data for Anro71 and Denis72 (see above). Tables S1 and S2 list the collection
location, collectors, and SRA number of each line.

Drosophila mauritiana—Similar to D. sechellia, D. mauritiana shows no evidence of
PE presence (Brookfield et al. 1984; Daniels et al. 1990; Kofler et al. 2015; see Results).
For crosses, we used seven lines collected in the islands of Mauritius and Rodrigues: R8,
R23, R31, R32, R61, R42, and R50. Donors and details of the lines are listed in Table

S3. The first five lines have been previously sequenced (Garrigan et al. 2012; Brand et al.
2013; Meiklejohn et al. 2018; Matute et al. 2020). We obtained sequencing data (short- and
long-read) for R42 and R50 (see above).
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F1 PRODUCTION

Our goal was to study the effect of TEs in interspecific F1 fecundity (see below) at two
different temperatures. In all instances, we present all crosses ordered as female x male.

For @M x g'P and @M x &'M crosses, we crossed females from seven lines of each of

M D. simulans, seven D. mauritiana, and seven D. sechellia lines to males from seven

M and seven P D. simulans lines for a total of 294 types of crosses (21 x 14). For 9P

x d'M crosses, we crossed females from seven lines of each of M and P D. simulans to
seven lines of each of M D. simulans, D. sechellia, and D. mauritiana, for a total of 294
types of crosses (14 x 21). For both within- and between-species crosses, we placed 4- to
9-day-old virgins of each species in 30-mL bottles with yeast and cornmeal medium. For
conspecific crosses, we used a 1:1 ratio of females to males in each cross. For heterospecific
crosses, we used a 1:2 ratio of females to males in each cross to account for greater female
choosiness (Lachaise et al. 1986; Turissini et al. 2018), with no more than 50 total flies per
vial. Right after mixing, we maintained the vials at 24°C for 24 h. After this time, vials
were placed in a 25 or 29°C incubator (Percival DR-36VL; Percival Scientific Inc., Boone,
NC). Every 6 days, we transferred the adults to a new vial and inserted a pupation substrate
(KimWipes; Kimberly-Clark, Roswell, NM) treated with 0.5% propionic acid to the old vial.
Vials were inspected daily for the production of progeny. F1s were collected for up to 25
days after parentals were removed. Our goal was to study at least 20 individuals per cross.
We dissected 20 females for each cross with the exception of the crosses listed in Table S4,
for which we dissected 40 females per cross.

OVARY NUMBER, COUNTS

One of the most pronounced phenotypes of the HD syndrome is reduced female fecundity,
as evidenced by the presence of atrophied gonads (ovaries). We scored the number of
functional ovaries in pure species and F1 hybrids in the simulans species complex at

two temperatures. The procedure for conspecific and heterospecific crosses was identical.
We produced F1 females as described above (see F1 PRODUCTION). To score female
fecundity, we counted the number of functional gonads in each F1 female (i.e., 0, 1, or 2
ovaries). We collected females aged 4-9 days posteclosion, anesthetized them with CO,, and
extracted their reproductive tracts using forceps (Wong and Schedl 2006). The ovaries from
each individual were then fixed on a precleaned glass slide with chilled Drosophila Ringer’s
solution (Cold Spring Harbor Protocols; Serrato-Capuchina et al. 2020). We counted the
number of functional and atrophied gonads for each individual. An ovary was considered
functional if it contained at least one ovariole (egg chamber). We used a Leica S6E
stereoscopic microscope (Leica Microsystems, Bragnshgj, Denmark) to score all dissections.
We scored 20 females for each of the conspecific and heterospecific combinations (Table S4
lists the exceptions).

OVARY NUMBER, STATISTICAL ANALYSIS

PE effect—A distinct trait of HD is a reduced number of ovaries in females from M

x g'P crosses (Kidwell et al. 1977; Engels and Preston 1980; Rubin et al. 1982; Kidwell
1985; Hill et al. 2016). Our goal was to assess whether the presence of PEs led to a

more pronounced HD phenotype in heterospecifics than in conspecifics. First, we compared

Evolution. Author manuscript; available in PMC 2022 January 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Serrato-Capuchina et al. Page 8

whether different crosses (e.g., M x P vs. @M x M) showed differences in the proportion
of dysgenic females they produced. We pooled the observations for all crosses that involved
the same maternal line and the same type of male (i.e., same species, either &M or oP),

and calculated the binomial confidence interval of each proportion using the function
“binom.cloglog” (library binom;, Dorai-Raj 2015) and plotted the means and confidence
intervals using the function “plofCr’ (library gplots, Warnes; Warnes et al. 2016). We
compared whether proportions of dysgenic progeny differed between @ simM x & mau
and @ simP x & mau, between @ simM x & sechand @ simP x & sech, between @ mau

x & simM and @ mau x & simP, and between Q sech x & simM and @ sechx & sim

P using two-sample tests for equality of proportions with continuity correction (2sEP) as
implemented in the function “prop.test’ (library stats; R Core Team 2016).

I-elements and hobo effect—PEs are not the only type of TE that can be involved in
HD. We studied whether the presence of any of two other TEs known to cause dysgenesis—
hobo (Blackman et al. 1987; Ladeveze et al. 1998) and /element (IE; Picard et al. 1978;
Orsi et al. 2010)—varied among species and was involved in HD in F1 hybrid females.
Ideally, we would be able to compare the prevalence of HD in a combination of crosses in
which both females and males have all the possible combinations of TEs. This was not the
case for our sample. The experimental crosses were originally designed to study the effect
of PEs on HD. A small sample of our @sim x & sim crosses involved females who were IE”,
whereas the majority involved females who were IE*. We used the same approach described
for PEs, using 2sEPs, to assess whether females from QIE~ x J'IE* crosses were more likely
to show HD than females from QIE™ x JIE™ crosses. We compared the power of these
comparisons and the ones involving PEs (described immediately above) with the function
“pwr.2p2n.test’ (library pwr, Champely et al. 2018). A similar approach was not possible
for hobo because all the assayed D. simulans lines were hoba* (i.e., our experiment did not
include Aobo~ females). We restricted our analyses to the two crosses that showed dysgenic
progeny: @mau x &'sim, and 2sech x & sim.

Copy number effect—We studied the effect of PE, /0bo, and IE copy number in the
paternal genome in crosses with D. simulans M, D. mauritiana, and D. sechellia females. For
each of two types of interspecific crosses for which we observed evidence of HD (i.e., ?sech
x g'simand @mau x J&sim) and for each temperature, we fitted a Generalized Linear Mixed
Model using Markov chain Monte Carlo where the response of the model was whether a
female was dysgenic or not, the type of cross (either conspecific or heterospecific) was a
fixed effect, and the number of TE copies in the paternal genome (of each of PE, /0b0,

and IE with a 0% missing sequence threshold) was a continuous variable. We included three
interactions between the type of cross and TE type. We also included two random effects,
one for the mother line identity and one for the father line identity. Each of these datasets
included interspecific data and intraspecific data (within D. simulans). We fitted a regression
using the function “MCMCglmm” (library MCMCglmm, Hadfield 2010). Each of the four
fully factorial models followed the form:
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ovary number ~ type of cross; + PE copy numberj + hobo copy numbery + IE copy number
+ (type of cross X PE copy number)jj + (type of cross X hobo copy number);k
+ (type of cross x IE copy number);] + Errorijkl .

To determine if the MCMC chains had converged, we used the “ge/man.diag” function
(library MCMCglmm, Hadfield 2010) for two chains ran in parallel. To quantify the
significance of each effect, we used the function summary and determined whether the
regression coefficient differed from zero by examining the confidence interval of each
interaction and their associated pMCMC value.

MALE HYBRID STERILITY

Results

F1 hybrid males between all interspecific crosses in the simulans species subgroup are
sterile (Turissini et al. 2018; Lachaise et al. 1986). We evaluated whether PE infection
status affected this barrier. We made hybrid males as described above at two different
temperatures: 25 and 29°C. Four- to 8-day-old males from conspecific and heterospecific
crosses were then lightly anesthetized with CO5. Their testes were then extracted with
Dumont #5 forceps and mounted in chilled Drosophila Ringer’s solution (Cold Spring
Harbor Protocols; Serrato-Capuchina et al. 2020). An average of five to 10 pairs of testes
were mounted per slide. Using a microscope, we scored whether each pair of testes had
motile sperm within 5 min of having mounted the samples. For each interspecific genotype
combination, we scored sperm motility for 100 males per cross (398 combinations: 39,800
total males).

TE SURVEY IN THE simulans SPECIES COMPLEX

First, we explored whether the genomes of the three species from the simulans complex
differed in their TE content. Figure 1A shows an LDA of the TEs that contribute to
differences among genotypes (i.e., species and lines). We show the results when we allowed
for up to 25% of a sequence to be missing in a TE to count it as present in that line.

The first discriminant function, LD1, separates the three species (86% of the trace) more
effectively than LD2 (14% of the trace). Figure 1B shows the loadings in LD1 for 27 TEs.
Of the three TEs that have been implicated in HD (PE, /#obo, and IE), PE has the largest
contribution to the discriminant function (Fig. 1B). Figure S1 shows the loadings for LD2,
but this function is at least five times less effective at separating species than LD1. These
results suggest that the differences in overall TE content in the simulans species group are
multifaceted, and cannot be explained by a single type of TE. Figures S2 and S3 show LDAs
for a different, and more stringent, cutoff to estimate TE copy number (0% of the consensus
sequence missing to count it as present in that line); regardless of the cutoff, TE content
differs between species in the simulans complex, and PE copy number is a large contributor
to that total difference.

Next, we studied whether any TE was present in one of the species of the simulans clade
but not in the other ones. Figure 2 shows the estimated number of copies for the 12 TEs that
explain most of the variance in LD1 (listed in Fig. 1B). Figures S4 and S5 show the other
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38 TEs. The majority of TEs were either present in all the three species—but in different
copy numbers (Fig. 2)—or absent in the three species (Fig. S4). This similarity reflects the
close genealogical relationship between the triad of species. Different cutoffs had no effect
on our results. Figure S5 shows boxplots for a more stringent cutoff to estimate TE copy
number. Unlike D. simulans, which carry complete and incomplete copies of PEs (Kofler
et al. 2015; Hill et al. 2016; Serrato-Capuchina et al. 2020), the latter two species have no
traces of the PE sequence (i.e., no read coverage). The use of different cutoffs of sequence
completeness to infer TE copy number had no effect on the inference of PE copy number
(Fig. 2A vs. S5). Long-reads confirmed that a subset of D. mauritianaand D. sechellia do
not have complete—or incomplete—copies of PE (Table S5).

It is worth noting that two other TEs have been implicated in HD in Drosophila. hobo
(Blackman et al. 1987; Ladeveze et al. 1998) and IE (Picard et al. 1978; Orsi et al. 2010).
When we used short-reads and a 25% missing sequence cutoff, IE and Aobo were inferred
to be polymorphic in the three species of the simulans complex (Fig. S4). Long-read data
(with a 60% and 70% accuracy threshold) indicated that functional copies of IE and /#obo
might be present in all species of the simulans species complex depending on the accuracy
threshold (Table S5). When we used short-reads and a more stringent cutoff (0% missing
sequence), IE was inferred to be absent in D. sechelliaand D. mauritiana;, hobo was inferred
to be absent in D. sechelliaand polymorphic in D. mauritiana. These results emphasize the
importance of reporting the relevant thresholds used for the detection in TEs.

The species difference in the presence of PEs and D. simulans’ polymorphism for PE copy
number make the simulans species complex ideal to study the effects of different types of
TEs in RI in well-formed species.

EFFECTS OF PE ON FEMALE FECUNDITY

PEs have been associated with reduced fecundity and higher rates of female sterility in
crosses within D. melanogasterand D. simulans (Bingham et al. 1982; Kidwell 1983b; Hill
et al. 2016). PEs also differ in presence—absence between D. simulans and the other two
species of the simulans complex (see above). We studied whether PEs had an effect on
female hybrid fecundity. Specifically, we studied whether F1 hybrid females from @mau

x g'simand ?sech x &'sim crosses were more likely to show atrophied ovaries, a proxy

of HD if the fathers carried PEs. Figure 3 shows examples of progeny with atrophied
ovaries from conspecific and heterospecific crosses. Three results are notable from these
counts. First, females from @M x oM crosses showed few females with atrophied gonads in
both conspecific and heterospecific crosses (~0.1%; Table 1). Second, M/g'P females from
heterospecific crosses showed a higher rate of gonad atrophy than females from conspecific
crosses at both temperatures (Fig. 4; Table 1). @M/g'P F1 females from interspecific crosses
were more likely to have atrophied ovaries than @M/g'P females from crosses within D.
simulans (Table 1). Third, we found dysgenic females in all M x g'P crosses at both
temperatures but, as expected (Kidwell and Novy 1979), the frequency of gonad atrophy

in @M x g'P crosses is higher at 29°C than at 25°C in conspecific crosses (2sEP: /1/2 =
159.37, df = 1, P <1 x 10719) and heterospecific crosses (2SEP a, x sim: x> = 122.76, df
=1, P<1x10710; 2SEP sorpx sim 1% = 18.593, df = 1, P=1.618 x 107°; Fig. 4A vs.
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4C and Fig. 4B vs. 4D). Previous studies have shown that temperature increases the severity
of HD in conspecific crosses (Kidwell 1983b; Serrato-Capuchina et al. 2020). These results
suggest that PE-induced HD—at least in the form of ovary atrophy—is more pronounced in
heterospecific than in conspecific crosses.

An additional prediction of PE-induced HD is that F1 females from 2P x o'M crosses
(?P/3'M) should show similar ovary counts to F1 ?M/d'M females in conspecific and
heterospecific crosses. Regardless of the cross and the temperature, the vast majority of
conspecific and hybrid females with a D. simulans mother had two ovaries (Table S6). As
predicted, P/d'M F1s from either conspecific or heterospecific crosses are nondysgenic.

POTENTIAL EFFECT OF OTHER TES IN HD

Two other TEs, IE and hobo, have been implicated in HD in D. melanogaster (IE: Bucheton
et al. 1984, Chaboissier et al. 1995, Orsi et al. 2010; /obo: Blackman et al. 1987,
Yannopoulos et al. 1987). Our experiment was designed to assess the effect of PEs in
interspecific hybrids but a subset of the data in which the mother had no complete copies

of IE (as determined by the 0% missing filter) allowed us to inquire whether IE is also
associated with the prevalence of HD. In spite of being a subset of the whole dataset, the
power of the 2sEP involving IE was similar to the ones involving PE (powerg = 0.865,
powerpg = 0.821). Please note that for consistency, we included two D. mauritiana (R42 and
R50) and D. sechellia (Anro71 and Denis72) lines as IE™ because the short-read calculations
allowing for a 0% of missing sequence threshold showed no functional copies, even though
the long-read estimates and the short-read calculations allowing for a 25% of missing
sequence show they might harbor IEs. The expectation was that if IEs cause HD, then

the presence of IE should increase the prevalence of dysgenic females in crosses between
females without IE (IE™) and males with IE (IE*). First, we assessed whether IEs cause

HD in either pure D. simulans crosses or any of the two interspecific crosses at any of the
two studied temperatures. The results for these pairwise comparisons are shown in Table

3. We find no differences in the proportion of dysgenic females between any type of cross
at any of the two studied temperatures. This result ran contrary to the expectation that IE
would cause HD in the simulans species group. A similar analysis was not possible for #obo
because all surveyed D. simulans had evidence of complete /obo elements, even with the
most astringent filter (number of copies estimated with 0% sequence missing). Similarly,
we did not conduct this analysis for IE allowing for a 25% of missing sequence because all
assayed lines showed the potential of harboring IEs at this more permissive threshold.

TE COPY NUMBER EFFECT ON FEMALE FECUNDITY

Paternal lines with more PEs cause stronger HD in conspecific crosses with M females
(Bingham et al. 1982; Hill et al. 2016; Srivastav and Kelleher 2017; Serrato-Capuchina

et al. 2020 but see Bergman et al. 2017; Srivastav et al. 2019). We next assessed, using
MCMC linear models, whether the paternal copy number of PE, /#0b0, and IE each had an
effect on the likelihood of HD in the progeny produced when crossed to M lines. We used
a 0% missing sequence threshold for these analyses. Table 2 shows all the results for the
linear models. The comparisons between F1(? simM x & sim) and F1(? mau x & sim)
crosses yielded qualitatively similar results at the two temperatures. PE copy number was
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the only significant continuous variable at both temperatures. The only interaction that was
significant was between cross and number of PE copies. These results suggest that a higher
PE copy number increases the likelihood of dysgenesis more pronouncedly in hybrid F1(?
mau % & sim) females than in (2 simM x & sim) crosses. More generally, in F1(? maux &
sim) female hybrids the copy number of PE, and not of other TEs, is a crucial determinant of
the frequency of HD.

The comparisons between F1(? sim x & sim) and F1(? sechx & sim) crosses differed
between the two temperatures, and from the results in F1(? mau x & sim) crosses. At

25°C, copy number of the three TEs significantly affected the likelihood of dysgenesis

but not in the same way. Although increasing the PE and IE copy number increased the
likelihood of HD, increasing the #obo copy number decreased it. PE copy number showed a
significant interaction with the type of cross. Unlike for F1(? mau x & sim) female hybrids,
IE copy number also showed a significant interaction with cross type. For both PE and

IE, the propensity of HD to increase with copy number was higher in F1(® sech x & sim)
hybrids than in (? simM x & sim) females. At 29°C, only PE copy number increased the
likelihood of dysgenesis; PE copy number had no strong interaction with cross indicating
no difference in the effect of copy number between within-species and interspecific crosses.
We found a significant interaction between cross and /0bo copy number, which suggested
that the effect of #oboin the prevalence of dysgenesis was more severe in (2 simM x

d sim) than in F1(? sechx & sim) hybrids. The results from the comparisons between
within-species D. simulans and F1(? sechx & sim) hybrid females suggest that the nature
of HD in interspecific hybrids is multifaceted, and several TEs play a role in determining
its relative occurrence. Collectively, the study of HD in F1(® mau x & sim), F1(? sech x &
sim), and pure D. simulans females suggests that the factors that determine the occurrence
of HD in hybrids vary across species and that not a single TE is responsible for the totality
of the phenotype, at least in the different interspecific hybridizations of the simulans species
complex.

EFFECTS OF PE ON MALE FECUNDITY

We scored sperm motility in hybrid males involving D. sechellia, or D. mauritiana, mothers
and P D. simulans fathers. All F1 males, from all interspecific crosses (A= 100 per cross),

were completely sterile and produced no sperm, regardless of the identity of the cross. The

PE status of D. simulans did not affect hybrid male fertility.

Discussion

PEs in Drosophila cause HD and remain one of the best-understood cases of how TEs
interact with their host genome (reviewed in Kelleher 2016). In this report, we studied the
role of PEs in RI between three closely related species of the simulans species complex by
crossing D. simulans lines that varied in whether they carry PEs to two sister species that

do not carry PEs. We find that PE status of the father (and the number of PE copies) affects
F1 female fertility in interspecific crosses. HD in F1 @M/g'P females is stronger in hybrid
females than in within-species females, suggesting that hybrids are more susceptible to the
effects of HD than pure-species individuals. We find some evidence that IE also might affect
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the likelihood of HD in F1(?sech x & sim) hybrid females but only at 25°C. Although it is
certainly possible that other TEs different from PEs might modulate the magnitude of RI in
hybrids from the simulans clade species, PE is the most clear example of this phenomenon
in our survey.

Our study has caveats worth mentioning. First, TE count varies slightly on sequencing
technology (Serrato-Capuchina et al. 2020). Because the magnitude and direction of the
inferred patterns of HD are similar between short- and long-read data, this is not a major
concern. Second, although we find that PEs are associated with the strength of HD, it
remains possible that polymorphic genetic incompatibilities may account for some of the
reduced fertility in M x P crosses. Differences in the genetic background among isofemale
lines might contribute to the strength of isolation in interspecific crosses. If alleles involved
in polymorphic hybrid incompatibilities were to explain the results we observed here, then
they would have to be more frequent in individuals with higher PE copy number and their
action should be temperature dependent. Both of these requirements seem unlikely.

The importance of TEs in the speciation process remains largely unexplored (Watson and
Demuth 2013; Serrato-Capuchina and Matute 2018). In the case reported here, PEs cause
HD in both pure species and hybrid F1 females. F1 2M/g'P females should suffer the
deleterious effects of PEs because they do not have the maternally deposited piRNAs

that confer protection against TE misregulation (Michalak 2009; Majumdar and Rio 2015;
Kelleher 2016). This should be true of M/3'P F1s from either pure-species or interspecific
crosses. Our results show that even though PEs induce female HD in conspecific and
interspecific @M/g'P F1s, the magnitude of HD is moderately stronger in interspecific
hybrids than in within-species 2M/g'P F1s. There must, therefore, be genetic interactions
between the two parental genomes and PEs that affect the magnitude of HD in F1s. There
is precedent supporting this hypothesis. In interspecific crosses involving a D. lummei
mother and a D. virilis father, interspecific hybrids show exacerbated gonadal dystrophy (a
proxy of HD) when the father has the TE Penelope. Genetic analyses suggest that Penelope
interacts with other autosomal and sex-linked elements by modifying the penetrance of
hybrid incompatibilities (Castillo and Moyle, 2019).

TE expression is regularly higher in hybrids than in pure species. In hybrid rice (Shan et
al. 2005), hybrid sunflowers (Ungerer et al. 2006), and hybrid fish (Dion-C6té et al. 2014;
Dennenmoser et al. 2019; Carleton et al. 2020), there is extensive TE mobilization and
proliferation, indicating that these defects might be common among hybrids. In Drosophila,
TEs are often over-expressed in Drosophila hybrids (Kelleher et al. 2012; Lopez-Maestre
et al. 2017; Romero-Soriano et al. 2017). Misregulation of TEs in hybrids might be

related to the divergence of PIWI and piRNA pathways across species, either by natural
selection, genetic conflict, or systems drift (i.e., divergence in the molecular underpinnings
of homologous traits not due directly to selection; reviewed in True and Haag 2001).
Genes from the PIWI pathway show signatures of positive selection since the divergence
between D. simulansand D. melanogaster (Vermaak et al. 2005; Heger and Ponting 2007;
Obbard et al. 2009; Kolaczkowski et al. 2011; Lee and Langley 2012; Simkin et al. 2013;
Wang et al. 2020 reviewed in Blumenstiel et al. 2016). At least five piRNA-interacting
genes—aubergine (Kelleher et al. 2012; Wang et al. 2020), rhino, deadlock (Parhad et al.
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2017), Armitage, and Spindle-E (Wang et al. 2020)—have functionally diverged between

D. simulans and D. melanogaster. Functional divergence in these proteins leads to off-target
effects on host transcripts in D. melanogastertransgenics carrying the D. simulans allele.
This divergence might also play a role in reduced hybrid fitness. A decrease in genomic
autoimmunity in hybrids caused by adaptive divergence of genes in the PIWI pathway might
be a cause of PE-induced HD in interspecific hybrids and conspecific F1s.

The relatively recent invasions of PEs in both D. simulansand D. melanogaster seem to be
explained by horizontal gene transfer through an unknown vehicle, which poses the question
of how often TEs move between species and establish successfully in the host genome.

A similarly intriguing question is why PEs have not been found in D. mauritianaand D.
sechellia. In both of these island endemics, there is evidence for interspecific introgression
with D. simulans (Garrigan et al. 2012; Brand et al. 2013; Meiklejohn et al. 2018), and

even though alleles have crossed those species boundaries, PEs have not been transferred
from D. simulansto D. mauritiana. Hybridization can be an effective mechanism of TE
transfer across species boundaries (Vela et al. 2014). One possibility is that introgression

is ancient and precedes the invasion of PEs in D. simulans. The case of D. sechellia

is even more puzzling. Not only do D. sechelliaand D. simulans show signatures of
reciprocal introgression (Schrider et al. 2018), these two species form a contemporary hybrid
zone in the central islands of the Seychelles archipelago (Matute and Ayroles 2014). This
indicates that, at present, there is ample opportunity for gene exchange and for interspecific
transfer of PEs. Alternatively, the D. sechelliaand D. mauritiana genomes could be more
refractory to the invasion of PEs than D. simulans. The evolutionary dynamics of TE copy
number in admixed lineages can differ strongly even among evolutionarily closely related
hybrids (Hénault et al. 2020, Heil et al. 2021). Experimental infections with PEs showed the
potential of D. simulansto host PEs (Daniels et al. 1989). The same type of experiments
could reveal if PEs are less successful at invading some genomes than others, and this, in
turn, could explain the absence of PEs in the D. sechelliaand D. mauritiana genomes.

The relative importance of different mechanisms of successful genome invasion by TEs
(horizontal gene transfer vs. introgression) remains largely unexplored. Multiple epistatic
and gene by environment interactions affect the magnitude of effects caused by TE
transposition, both between and within species, and the extent to which these patterns affect
the evolution of species remains underexplored. It is likely that multiple mechanisms play a
role in the transmission of PEs, and only a systematic assessment of the relative frequency
of PEs in different species of Drosophilaand their putative vectors will reveal the relative
importance of each mechanism in the spread of PEs within and between species. Our results
show that the dynamics of PEs, and possibly of TEs in general, should not only be addressed
exclusively with a lens on the fitness effects that PEs have on within-species crosses, but
also on the effects that they might have on interspecific hybrids.
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Figure 1.

Linear discriminant analysis (LDA) of TEs present in the three species of the simulans
species complex. (A) Discriminant function scores of individuals from the three species

of the simulans species complex. D. sechellia: red; D. mauritiana: purple; D. simulans.
green. The axes show the proportion of trace (i.e., separation achieved) by each of the two
discriminant functions. Arrows show the 10 TEs with the largest loadings. (B) LD1 relative
loadings by each of the 23 included TEs. Figure S1 shows the LD?2 relative loadings.
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Figure 2.
The abundance of TEs varies in the three species of the simulans complex. We filtered out

copies in which at least 25% of the sequence of the TE was missing. We show the 12 TEs
with the largest loadings in LD1; other 11 TEs are shown in Figure S4. Results from a
different filtering scheme are shown in Figure S5. Please note that the y~axes differ across
panels. The only TE present in one species but completely absent in the others is P-element
(panel A). Asterisks show instances where one species differed from the other two at a given
TE copy number (Tukey post hoc test).
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Figure 3.
Examples of nondysgenic and dysgenic female reproductive tracts from conspecific and

heterospecific F1s. (A) Nondysgenic ®M/SM D. simulans/D. simulans F1 female. (B)
Nondysgenic ?M/dM F1 D. mauritiana female. (C) Dysgenic ®M/SP D. simulans! D.

simulans F1 female. (D) Dysgenic ®M/SP D. mauritianal D. simulans F1 female. Both
2M/gP females (C and D) have only one functional ovary.
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Figure 4.

The proportion of dysgenic progeny is higher in heterospecific than in conspecific ?M/g'P
crosses. Left panels: Solid black circles represent conspecific crosses within D. simulans

(? D. simulans x & D. simulans); open squares represent interspecific crosses (either @ D.
mauritiana x & D. simulans or @ D. sechelliax & D. simulans). Bars show the Bayesian
confidence interval of the proportion. Right panels: Violin plots showing the distribution of
the means for each maternal line (shown in left panels) for each type of cross (conspecific
vs. heterospecific). (A) @ simM x & simP and @ mauM x & simP at 25°C. (B) @ simM

x g simP and @ mauM x & simP at 29°C. (C) @ sim M x & simP and @ sechM x &

simP at 25°C. (D) @ simM x & simP and @ sechM x & simP at 29°C. S1: Md06, S2:
Md105, S3: Md106, S4: Md199, S5: NS05, S6: NS113, and S7: NS40; D. mauritiana lines:
M1: R23, M2: R31, M3: R32, M4: R42, M5: R50, M6: R61, and M7: R8; D. sechellialines:
Sel: Anro71, Se2: Denis124, Se3: Denis72, Se4: DenisNF100, Se5: DenisNF13, Se6: LD11,
and Se7: LD16.
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