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Abstract

The replicative nature and generally deleterious effects of transposable elements (TEs) raise an outstanding question about how TE copy
number is stably contained in host populations. Classic theoretical analyses predict that, when the decline in fitness due to each additional
TE insertion is greater than linear, or when there is synergistic epistasis, selection against TEs can result in a stable equilibrium of TE copy
number. While several mechanisms are predicted to yield synergistic deleterious effects of TEs, we lack empirical investigations of the pres-
ence of such epistatic interactions. Purifying selection with synergistic epistasis generates repulsion linkage between deleterious alleles.
We investigated this population genetic signal in the likely ancestral Drosophila melanogaster population and found evidence supporting
the presence of synergistic epistasis among TE insertions, especially TEs expected to exert large fitness impacts. Even though synergistic
epistasis of TEs has been predicted to arise through ectopic recombination and TE-mediated epigenetic silencing mechanisms, we only
found mixed support for the associated predictions. We observed signals of synergistic epistasis for a large number of TE families, which is
consistent with the expectation that such epistatic interaction mainly happens among copies of the same family. Curiously, significant repul-
sion linkage was also found among TE insertions from different families, suggesting the possibility that synergism of TEs’ deleterious fitness
effects could arise above the family level and through mechanisms similar to those of simple mutations. Our findings set the stage for inves-
tigating the prevalence and importance of epistatic interactions in the evolutionary dynamics of TEs.
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Introduction

Transposable elements (TEs) are genetic elements that copy
themselves and move to new genomic locations (Wells and
Feschotte 2020). Their replicative nature and generally harmful
impacts on host functions (Langley et al. 1988; Montgomery et al.
1991; Maksakova et al. 2006; Hollister and Gaut 2009; Bellen et al.
2011; Rebollo et al. 2011; Robberecht et al. 2013; Lee 2015) make
TEs commonly known as “genomic parasites.” To counteract the
selfish replication of TEs, a process that depends on the tran-
scription of TE sequences, various hosts have evolved mecha-
nisms to transcriptionally or post-transcriptionally silence TEs
(Yang et al. 2017; Deniz et al. 2019; Ozata et al. 2019). In addition,
TEs can be excised from the genome during transposition or
through ectopic recombination among repeats within or between
TE insertions (Devos et al. 2002; Lagemaat et al. 2005). While tran-
scriptional and post-transcriptional silencing is expected to limit
the selfish increase of TEs in host genomes, mutation accumula-
tion experiments still found an appreciable rate of TE replication
(transposition rate, 107>~10"* per copy per genome per genera-
tion; Nuzhdin and Mackay 1995; Maside et al. 2000; Pasyukova
et al. 2004; Diaz-Gonzélez et al. 2011; Adrion et al. 2017).
Furthermore, this rate of TE increase is at least two orders of

magnitude higher than the estimated rate of TE excision
(Nuzhdin and Mackay 1995; Maside et al. 2000; Pasyukova et al.
2004; Adrion et al. 2017), implying an appreciable net rate of TE
increase. At the same time, many eukaryotic genomes only have
limited TE abundance (e.g., <1% in honeybee, Wells and
Feschotte 2020). Together, these facts pose an outstanding ques-
tion—how is TE copy number contained in host populations?
Selection against the deleterious fitness effects of TEs has
been theoretically proposed as an answer to this puzzle, as it can
be a potent evolutionary mechanism counterbalancing the self-
ish replication of TEs in natural populations (Charlesworth and
Charlesworth 1983; Charlesworth and Langley 1989; Lee and
Langley 2010; Barrén et al. 2014). Empirical investigations have
supported the idea that most TE insertions are deleterious and
removed from the populations by purifying selection. For exam-
ple, a dearth of TEs in or near coding sequences is observed
across taxa (Kaminker et al. 2002; Stuart et al. 2016; Laricchia et al.
2017). TEs also have frequency spectra that are highly skewed to-
ward rare insertions (Nelldker et al. 2012; Cridland et al. 2013;
Kofler et al. 2015; Quadrana et al. 2016; Laricchia et al. 2017), which
is typical for deleterious mutations. Classic theoretical analyses
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suggest that when natural selection removing TEs cancels out
TEs’ selfish increase, TE copy number can reach a balance in host
populations (Charlesworth and Charlesworth 1983). It was fur-
ther predicted that, whether TE copy number is stably contained
in host populations depends on the mode of epistatic interactions
among deleterious TE insertions (Charlesworth and
Charlesworth 1983, reviewed in Choi and Lee 2020; Kelleher et al.
2020). Specifically, when every additional TE exacerbates host fit-
ness with a larger effect, or synergistic epistasis among the dele-
terious fitness effects of TEs, it is possible to have an equilibrium
TE copy number that is stable even with other forces perturbating
TE evolutionary dynamics.

Synergism among the deleterious fitness effects of TEs has
been predicted to arise through two mechanisms. For one, the il-
legitimate recombination between nonhomologous TE insertions,
or ectopic recombination, generates highly deleterious chromo-
somal rearrangements (Davis et al. 1987; Kupiec and Petes 1988;
Montgomery et al. 1991; Lim and Simmons 1994; Mieczkowski
et al. 2006). Empirical evidence suggests that selection against ec-
topic recombination between TEs is a critical force limiting the
selfish increase of TEs in host populations (Langley et al. 1988;
Montgomery et al. 1991; Petrov et al. 2003, 2011). Because ectopic
recombination happens between two TE insertions, the fre-
quency of the event and the resultant decline in host fitness
would naturally depend on the square of TE copy number
(Montgomery et al. 1987; Langley et al. 1988). In other words, each
additional TE would incur a higher fitness cost, exhibiting syner-
gistic epistasis. For another, TE-induced changes of local chroma-
tin states are also predicted to give rise to synergistic fitness
effects (Lee and Langley 2010; Lee 2015). Small-RNA directed en-
richment of repressive epigenetic marks at euchromatic TEs has
been identified as a near-universal mechanism to transcription-
ally silence TEs in multicellular eukaryotes (Aravin et al. 2008;
Sienski et al. 2012; Le Thomas et al. 2013; Mari-Ordoénez et al. 2013;
McCue et al. 2015, reviewed in Czech et al. 2018; Deniz et al. 2019).
Interestingly, these repressive marks could spread to TE-adjacent
genic sequences, influencing host functions and, accordingly, fit-
ness (reviewed in Choi and Lee 2020). Small RNAs that initiate
TE-transcriptional silencing are generated from TE transcripts ei-
ther directly (e.g., in plants, Xie et al. 2004; Kasschau et al. 2007) or
indirectly (e.g., via feed-forward “ping-pong cycle” in animals,
Aravin et al. 2007; Brennecke et al. 2007; Gunawardane et al. 2007).
With the assumption that the amount of small RNA is in excess,
the probability of a TE being targeted by small RNA will depend on
the TE copy number. Accordingly, the number of TEs that will be
epigenetically silenced and thus impair host fitness will grow
quadratically with increased TE copy number, leading to syner-
gism among the deleterious fitness impacts of TEs (Lee and
Langley 2010; Choi and Lee 2020). Interestingly, due to the differ-
ences in molecular mechanisms, deleterious ectopic recombina-
tion and epigenetic effects of TEs have different predictions
about which types of TEs are more likely to exhibit synergistic fit-
ness effects.

Although synergism among the harmful impacts of TEs has
been long predicted to be an important theoretical requirement
for the stable containment of TE copy number, empirical investi-
gations for its presence and extent in natural populations are still
lacking (reviewed in Kelleher et al. 2020). A direct test for the pro-
posed synergistic fitness effects would come from associations
between TE copy number and individual fitness. Even though
there is an overall negative association between the copy number
of a specific TE family and measurements of fitness components
(Mackay 1989; Houle and Nuzhdin 2004; Pasyukova et al. 2004),

inferring the underlying mode of epistatic interactions from these
data is challenging. Fitness is multifaceted, and it is hard to iden-
tify a priori fitness components impacted by the synergistic
effects of TEs. The mode of epistatic interactions may also de-
pend on environmental conditions (Peters and Keightley 2000;
Kishony and Leibler 2003; Killick et al. 2006), further complicating
experimental approaches to infer epistatic fitness effects directly.
And importantly, subtle effects on fitness (e.g., 1%) are challeng-
ing to measure experimentally, but are expected to strongly in-
fluence the population dynamics of TEs in nature. Therefore, an
orthogonal approach that does not rely on the direct measure-
ment of individual fitness is needed to investigate the predicted
synergistic fitness effects of TEs.

To test the presence of epistasis among single-nucleotide var-
iants, several methods that do not rely on direct measurements
of fitness have been proposed. These methods infer the mode of
epistasis from the nonrandom clustering of variants either within
species (Sohail et al. 2017; Sandler et al. 2021) or between species
(Callahan et al. 2011). In particular, Sohail et al. (2017) and Sandler
et al. (2021) used the correlation between allele frequencies at dif-
ferent sites, or linkage disequilibrium (LD), to demonstrate the
presence of synergistic epistasis among nonsense and missense
single-nucleotide mutations in human and Drosophila popula-
tions. To test the predicted synergism among TE insertions, we
applied this population genetic framework to TE presence/ab-
sence polymorphism in a Drosophila melanogaster Zambian popu-
lation (Lack et al. 2015). This population inhabits the likely
ancestral range of the species (Pool et al. 2012; Sprengelmeyer
et al. 2020) and would less likely be influenced by recent demo-
graphic history, which could create LD between variants even in
the absence of epistatic interactions (Ewens and Spielman 1995;
Zavattari et al. 2000; Rogers 2014). Importantly, these sequenced
D. melanogaster strains did not go through intensive inbreeding to
establish homozygous lines and were sequenced as haploid em-
bryos (Lack et al. 2015). Accordingly, TEs that incur large fitness
effects would likely still be represented in the data. Overall, by
examining the LD distribution of TE insertions, we tested for the
presence of the predicted synergistic epistasis among TEs and in-
ferred the likely source of such synergism.

Materials and methods
Population genomic data

We used DPGP3 Zambian D. melanogaster strains sequenced with
Ilumina paired-end short reads (Lack et al. 2015). This dataset
includes 197 genomes, and we excluded those that were excluded
from Sohail et al. (2017) due to an extreme number of SNPs
detected (six genomes), with read length smaller than 100bp
(four genomes), or being sequenced in two separate runs (six
genomes). An additional eight genomes were removed due to too
many missing TE calls (see below). In total, 173 genomes were in-
cluded in our final analysis. A list of genomes included in the
analysis can be found in Supplementary Table S1.

Identification, calling presence/absence, and
filtering of TE insertions

To identify TE insertions and determine their presence/absence
status in all genomes, we used approaches developed in Lee and
Karpen (2017), which combined TE calling pipeline, TIDAL
(Rahman et al. 2015), and methods of Cridland et al. (2013) (also
see Supplementary Figure S1 for a flowchart). The reason to em-
ploy this two-step approach is that TIDAL only calls the presence
of a nonreference TE insertion, but not whether that specific
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nonreference TE insertion is absent in other genomes. For our
analysis, it is important to distinguish, when a TE insertion is not
called by TIDAL in another genome, whether this is due to the
true absence of that TE insertion or not enough information to re-
solve (missing data). These two scenarios (true absence vs miss-
ing data) can be distinguished using methods developed by
Cridland et al. (2013). It is worth mentioning that both (Cridland
et al. 2013; Rahman et al. 2015) used PCR to validate subsets of the
TE calls and confirm the high accuracy of their methods.

Raw reads of DPGP3 genomes were processed by TrimGalore
(https://github.com/FelixKrueger/TrimGalore) to remove adap-
tors and low-quality sequences. We used TIDAL (Rahman et al.
2015) to identify nonreference TE insertions in these DPGP3
genomes with respect to Release 6 reference genome coordinates.
All possible TE calls, irrespective of coverage ratio (an index for
the confidence of a TE call in TIDAL) and from all genomes, were
combined to generate a list of potential TE insertions. We ex-
cluded INE-1, a TE family that experienced an ancient burst of ac-
tivities and whose copies are mostly fixed in D. melanogaster
(Kapitonov and Jurka 2003; Singh and Petrov 2004). We also ex-
cluded TEs on the 4th chromosome, which is nearly entirely het-
erochromatic (Riddle and Elgin 2018). This yielded 39,084
potential TE insertion sites.

We used methods developed in Cridland et al. (2013) to call the
presence/absence of TEs at potential insertion sites, including the
genome in which the TE was identified as an insertion by TIDAL
to ensure that alleles in all genomes were called the same way.
Briefly, we aligned processed reads to Release 6 D. melanogaster
reference genome using bwa with default parameters (Li and
Durbin 2010). Reads that aligned 500bp around identified TE
breakpoints were parsed out using samtools (Li 2011) and assem-
bled into contigs using Phrap (Ewing et al. 1998) following parame-
ters in Cridland et al. (2013). The assembled contigs were aligned
to TE-masked reference genome using blastn (Camacho et al
2009). A TE is identified as absent if a contig is aligned across the
TE insertion site. If no contig spanned over the TE insertion site,
contigs were blasted to a sequence database that include canoni-
cal TEs and all TEs annotated in the reference genome (retrieved
from Flybase (http://flybase.org/)). A TE is called present if there
were blast hits to TEs and if a contig aligns to the right or left side
of the TE insertion site but does not span across the insertion
site. All other scenarios were deemed as missing data (i.e., pres-
ence/absence status cannot be determined). We excluded TE
insertions that are called present, but the contigs aligned to mul-
tiple TE families or aligned to a different TE family from the
TIDAL calls, making the family identity of the insertion could not
be determined (see Supplementary Figure S1 for an example). We
used this filtering criterion because an important aspect of our
analysis relies on TE family identity (see below). In total, this pro-
cedure resulted in 25,998 possible polymorphic (presence/ab-
sence) TE insertions.

The TE insertion dataset was further filtered with the follow-
ing criteria. The strong suppression of recombination in pericen-
tromeric regions is, by itself, expected to generate LD among
variants. Accordingly, we excluded TEs in or near the heterochro-
matic regions of the genomes [0.5 Mb inward of the epigenetic eu-
chromatin/heterochromatin boundaries identified in Riddle et al.
(2011)]. Polymorphic inversions account for a large proportion of
population structure (Corbett-Detig and Hartl 2012; Huang et al.
2014) and could also create LD among variants. We thus excluded
TEs in inversions segregating in the DPGP3 genomes (Lack et al.
2015), using inversion breakpoints identified from Corbett-Detig
and Hartl (2012) and Huang et al. (2014). TE insertions that are

within 1kb to each other, are assigned to the same TE family, and
have the same presence/absence calls among all individuals
could be two separate TE insertions or one TE insertion that was
called twice due to the uncertainty of TE breakpoint identifica-
tions. Because we could not distinguish these two possibilities,
these 443 TEs were also removed. Following the DPGP3 recom-
mendations, we masked genomic regions with residual heterozy-
gosity, identical by descent, or cosmopolitan admixture (Lack
et al. 2015). TEs in these regions are considered “missing data.”
We then excluded eight genomes whose number of missing TE
calls were outliers to other genomes (more than 4000 missing TE
calls, see Supplementary Table S1). It is worth noting that the se-
quencing coverage of DPGP3 is uniform across genomes, and we
did not find associations between average sequencing coverage
and the number of identified TE insertions (Supplementary
Figure S2). We further filtered out TE insertions that are called
missing data in more than 10% of the genomes or are monomor-
phic (have the same presence/absence calls among individuals).
In total, 11,527 polymorphic TEs passed these filtering (see
Supplementary Data S1 for TE calls). Following (Sohail et al. 2017),
we further restricted our analysis to rare TEs present in equal or
fewer than five individuals (11,396 TEs).

Identification of SNP variants

We used genome assemblies of the same 173 strains (see above)
from Drosophila Genome Nexus (Lack et al. 2015) (in Release 5
reference genome coordinates). We used Flybase annotation 6.07
[converted to Release 5 coordinates by Liftover (https://genome.
ucsc.edu)| to parse out the coding sequence of the longest iso-
form and then identified synonymous, nonsynonymous, and pre-
mature stop codon (loss-of-function or LoF) variants. We
excluded genes whose annotation in the reference genome con-
tain putative errors (premature stop codon, lacking canonical
stop codon, or having a coding sequence length not multiple of
three), following (Sohail et al. 2017). Multi-allelic variants (a site
with more than two alleles), codons with more than two variants
(and thus cannot be assigned as either nonsynonymous or synon-
ymous variants), and SNPs with missing data were excluded from
the analysis.

Estimation of 62/V,

For both TEs and SNPs, we restricted the analysis to variants with
minor allele counts equal to or smaller than five TEs/SNPs be-
cause alleles with counts higher than this are less likely to have
deleterious fitness effects. The mutational burden for each indi-
vidual was estimated as the number of minor alleles of the spe-
cific type of variants considered in the genome (Sohail et al. 2017).
¢’ is estimated as the variance of mutational burden across
genomes. Additive genetic variance (V,) was estimated as
>°i2pi(1 — pi), where p; is the minor allele frequency (MAF) of lo-
cus/TE insertion i.

Estimation of mean LD

To estimate LD per pair of TEs (mean LD), we used PLINK (Purcell
et al. 2007) to compute pairwise correlation coefficients (r?) and
used the following equation to back-calculate LD between pairs
of TEs: Dyj = \/ri_j?pl-(l —pi)p;(1 —p;), where p; and p; are the MAF
of TE i and j. By assuming that TE presence is the derived state, the
sign of D;; depends on the coupling of TE present alleles, with D;; >
0 if TE present alleles are on the same haplotype and D;; < 0 for
the opposite situation. This information is retrieved by using the in-
phase option of PLINK. By default, PLINK only reports large
estimated LD (2 > 0.2). We set -1d-window-12 to 0.00001 (i.e., r? >
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0.00001) in order for PLINK to report a more representative
distribution of pairwise LD. We also estimated LD among pairs of
TEs on different chromosomes using —inter-chr option. We then es-
timated the mean LD by binning TE pairs according to their physical
distance on the same chromosome (<1kb, 1-10kb, 10-100kb,
100kb-1Mb) or as TEs on different chromosomes. For each cate-
gory/bin of TEs, we required at least five pairs of TEs that have
PLINK-calculated r? to be included in the analysis.

Annotations of TE insertions

Synergistic epistasis, if present, should more likely be observed
among TE insertions with large fitness effects. Accordingly, we
categorized TEs according to their insertion locations, essentiali-
ties of the nearest gene (evolutionary constraints and mutant
phenotypes), and local recombination rates. Using Flybase anno-
tation 6.07 and bedtools (Quinlan and Hall 2010), we identified
TEs located within coding sequences, UTRs, and introns, and in-
ferred their distance to the nearest gene. To categorize TEs
according to evolutionary constraints of their nearest genes, we
estimated dN/dS ratios along the D. melanogaster linage using
maximum likelihood methods implemented in PAML [v4.9 (Yang
2007)] with alleles from D. melanogaster, D. simulans (Hu et al.
2013), and D. yakuba (Clark et al. 2007). Genes with fewer than 100
codons or with dS < 0.0001 were treated as missing data. Genes
with dN/dS estimates were binned into four categories according
quartiles of dN/dS estimates: [0, 0.0341), [0.0341, 0.0877), [0.0877,
0.1932) and [0.1932, 15.28). To identify genes with essential func-
tions, we used mutant phenotypes identified by either genetic
disruptions or RNAi-mediated expression knockdown (down-
loaded from Flybase 08/22/2018). We focused on three categories
related to survival: “lethal,” “semi-lethal,” or “viable.” For genes
that have different reported effects on survival, we chose the
most severe phenotype. Local recombination rates around TE
insertions were interpolated from the estimates of (Comeron
et al. 2012). We categorized TEs into four bins according to quar-
tiles of local recombination rates (cM/Mbp): [0, 1.344), [1.344,
2.354), [2.354, 3.64), and [3.64, 14.58).

For our analysis that estimated mean LD of individual TE fam-
ilies, we compared biological attributes of TE families with and
without evidence of synergistic epistasis—specifically, their copy
number, length, and sequence similarity. TE family copy num-
bers were estimated from TEs in the reference genome, excluding
those in the heterochromatic regions (see above), and from our
TE dataset. The mean length of a TE family was estimated by av-
eraging the length of euchromatic copies of the same TE family
in the reference genome. To estimate average pairwise sequence
difference, we aligned euchromatic TE insertions of the same TE
family in the reference genome using MUSCLE (Edgar 2004), cal-
culated the percentage of pairwise difference (excluding gaps),
and averaged that over all pairwise comparisons. TEs shorter
than 100bp were excluded from the estimation. We also com-
pared TE families for their propensity to be targeted by piRNAs
and to exert epigenetic effects. For indexes of TE-mediated epige-
netic effects (the proportion of TEs with the effect, the extent and
magnitude of the effect), we used estimates from Lee and Karpen
(2017). We used small RNA data of two Zimbabwe strains (ZW155
and ZW184) from Luo et al. (2020) and followed methods de-
scribed in the study to identify piRNA reads. The amount of
PiRNAs corresponding to a TE family (estimated as per million TE
reads) and ping-pong fractions were estimated according to
Kelleher and Barbash (2013).

Results

We first identified possible TE insertion positions in the Zambian
genomes and then determined the presence/absence status of
these TEs in individual genomes. In addition to removing TEs
with ambiguous family identity or high rates of missing data, we
filtered TEs in cosmopolitan inversions or heterochromatin,
whose suppressed recombination could bias the distribution of
LD among variants even in the absence of epistasis (see Materials
and Methods). Overall, we identified 11,527 polymorphic TEs in the
euchromatic regions of the genome. Consistent with strong selec-
tion acting against TE insertions, identified TEs have a frequency
spectrum that is highly skewed toward rare variants (Figure 1A).
This frequency spectrum for TE insertions is more skewed than
that of SNPs in the same genomes, even when compared to SNPs
resulting in highly deleterious premature stop codons (Lee and
Reinhardt 2012) (Figure 1A). Thus, despite few cases of adaptive
TEs (e.g., Daborn et al. 2002; Schmidt et al. 2010; Hof et al. 2016,
reviewed in Gonzdlez and Petrov 2009), the majority of TE inser-
tions in Drosophila appear to be deleterious and are strongly se-
lected against (reviewed in Charlesworth and Langley 1989;
Barrén et al. 2014).

Approach for inferring synergistic epistasis
among TE insertions

In the absence of epistatic interactions, each mutation decreases
individual fitness to the same extent, and selection acts on each
mutation independently. Under this circumstance, the variance
of mutational burden (¢?), which could be approximated by the
number of deleterious mutations in a genome, would equal the
sum of genetic variance across all loci (V) (Sohail et al. 2017). In
contrast, with epistasis, there is interdependency between the fit-
ness effects of mutations, and purifying selection removing them
will result in LD between alleles (Lewontin and Kojima 1960;
Eshel and Feldman 1970; Barton 1995). In particular, selection
with synergistic epistasis creates repulsion, or negative, LD
among deleterious variants. The mutational burden will thus
have an underdispersed distribution, or smaller variance than
would be expected in the absence of epistatic interactions
(Charlesworth 1990; Kondrashov 1995).

We estimated “TE burden” as the number of rare TEs in the in-
dividual genome (see Materials and Methods). In the absence of
other factors that impact the distribution of mutational burden,
a reduced variance of TE burden when compared to additive ge-
netic variance (¢%2/V, < 1) would support synergistic fitness
effects of TEs. For all euchromatic TE insertions, we found an
overdispersed distribution of TE burden (6?/V, = 2.23, mean LD
per pair of TEs = 1.53 x 107°, Figure 1B). Yet, even for synony-
mous variants, which are putatively neutral and should have no
epistatic interactions, we also found an overdispersed distribu-
tion of mutation burden (¢?/V, = 7.13, mean LD per pair of loci =
2.98 x 107°). This is similar to previously observed overdispersion
of synonymous mutational burden using the same population
genomes (Sohail et al. 2017) and could result from positive LD
generated by an unknown demographic history of the population
or other yet-to-be-identified sources.

If demographic processes overdisperse the mutational burden
of neutral and selected variants similarly, significantly smaller
a®/V of selected variants than that of bootstrapped neutral var-
iants could support the presence of synergistic epistasis among
selected variants. Yet, simulations have found that, even in the
absence of epistasis (i.e., multiplicative fitness effects), the build-
up of positive LD driven by demographic processes is more severe
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Figure 1 Distributions of allele frequencies and pairwise LD of TEs. (A) Frequency spectra of all the TEs that passed filtering and other SNP variants [loss-
of-function (LoF), nonsynonymous, and synonymous]. All the alleles, irrespective of MAF, are included. (B) The distribution of TE burden (TEs with MAF
< 5) among 173 genomes. (C) Mean LD among pairs of TEs that are of different physical distance (1 bp-1kb, 1-10kb, 10-100kb, 100 kb-1 Mb) or on
different chromosomes. Positive mean LD is shown in gray, while negative mean LD is shown in orange. Only TEs with MAF smaller than five are

included. Error bars are 95% confidence intervals.

for less selected sites (Sohail et al. 2017; Sandler et al. 2021). In
other words, even in the absence of synergistic epistasis, demo-
graphic processes alone could generate less positive LD of se-
lected sites than that of neutral sites.

Alternatively, one could use permutation tests that randomize
allele associations to investigate if the observed mean LD of the
selected variants is significantly negative (i.e., smaller than zero,
Sandler et al. 2021). However, as shown by simulations, even with
strong selection, demographic processes can still generate appre-
ciable amounts of positive LD among selected sites (Sohail et al.
2017; Sandler et al. 2021), making this test conservative. In addi-
tion, our dataset have a large number of TEs with missing data in
at least one genome (99.61%). Missing data are expected to inflate
the estimated variance of mutational burden (Sohail et al. 2017).
In our dataset, the distribution of the number of missing data per
genome has a highly skewed L-shape (Supplementary Figure S3),
which could have led to the excess of individuals with few TE
insertions and overdispersed TE burden (Figure 1B). Indeed, we
found a significant negative correlation between TE burden and
the amount of missing data per genome (p = —0.32, P<107%,
Supplementary Figure S4). Accordingly, using permutation to in-
vestigate if the mean LD of TEs is significantly negative is not
ideal for our dataset either. It is important to note that excluding
TEs with any missing data, which was implemented in previous
studies focusing on SNPs (Sohail et al. 2017), would reduce the
number of polymorphic TEs to only 44 insertions.

Still another possible approach to test for the presence of syn-
ergistic epistasis is by investigating the distribution of LD among
variants that are of different genetic distances. LD generated by
demographic processes is expected to persist over a short genetic
distance, given that recombination constantly breaks up associa-
tions among alleles (Sandler et al. 2021). On the other hand, LD
generated by purifying selection with epistasis could persist over
a long genetic distance (Ragsdale 2021). In addition, besides puri-
fying selection with synergistic epistasis, repulsion LD could arise
through selective interference among variants that are separated
by small genetic distances (Hill and Robertson 1966; Felsenstein
1974; Garcia and Lohmueller 2020). In either case, negative LD
among variants that are of a large genetic distance would provide
stronger support for the presence of synergistic epistasis than
that of between nearby variants.

To investigate the mode of epistatic fitness effects of TEs, we
calculated mean LD among TE pairs that are on different chro-
mosomes or of different physical distances (1bp-1kb, 1-10kb,
10-100kb, 100 kb-1 Mb), which serve as proxies for genetic distan-
ces. We then estimated the associated 95% confidence interval
of mean LD and considered TEs whose confidence interval is

entirely negative to show evidence for synergistic epistasis. We
focused on rare TEs (present in at most five individuals) to maxi-
mize the potential deleterious fitness impacts of TEs.
Nevertheless, results based on other TE frequency cutoffs gave
consistent results (Supplementary Table S2).

We found very strong positive LD for TE pairs that are within
1kb, and the associated 95% confidence interval suggests that
the observed positive LD is significantly different from zero
(Figure 1C). This echoes previously observed strong positive LD
among nearby nonsense and missense mutations (Ragsdale 2021;
Sandler et al. 2021), which could have been generated by demo-
graphic processes. On the other hand, pairs of TEs that are
1-10 kb apart, 10-100 kb apart, or on different chromosomes
have negative mean LD, although their 95% confidence intervals
overlap with zero (Figure 1C, Supplementary Table S2). We fur-
ther categorized TEs according to their class (DNA or RNA) and
type (TIR, non-LTR, or LTR). Again, mean LD for most categories
of TEs that are within 1kb is significantly positive (DNA, RNA,
TIR, and LTR, Figure 2A, Supplementary Table S2). On the other
hand, for RNA and LTR TEs, pairs of TEs that are on different
chromosomes exhibit significant negative mean LD (Figure 2A,
Supplementary Table S2). Given that associations between alleles
on different chromosomes should quickly break up each genera-
tion, this observation suggests strong purifying selection on syn-
ergistic fitness effects of RNA and LTR TEs. Overall, we observed
that, similar to previous studies on other types of variants, the
distribution of LD among pairs of TEs strongly depends on their
physical distance. We identified significant negative LD among
physically unlinked RNA and LTR TEs, an observation that is
consistent with the presence of synergistic epistasis among
these TEs.

Physically distant TEs that likely have large
fitness effects exhibit significant negative
mean LD

In the presence of synergistic epistasis, stronger purifying selec-
tion is expected to generate more negative LD among deleterious
variants than weaker selection (Sohail et al. 2017; Ragsdale 2021).
Accordingly, if present, repulsion LD should more likely be identi-
fied with TEs that exert large harmful fitness impacts. We thus
categorized TEs according to their potential fitness effects and
examined their distributions of LD separately. By classifying TEs
according to their insertion locations, we found that TEs inside
coding sequences have significant negative mean LD for pairs of
TEs that are more than 100kb apart or on different chromosomes
(Figure 2B, Supplementary Table S2). This is consistent with
the expectation that TEs inserted into coding sequences could
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abolish gene function (Bellen et al. 2004, 2011) and support the
presence of synergistic epistasis among these TEs.

We also categorized TEs according to the evolutionary con-
straints of their nearest gene. Genes with low ratios of nonsynon-
ymous to synonymous substitution rates, or dN/dS ratios, are
evolutionarily conserved and generally expected to have essen-
tial functions (Larracuente et al. 2008; Waterhouse et al. 2011).
Therefore, TEs in or near these genes could potentially incur large
fitness costs. Consistently, we found significant negative mean
LD among 1-10 kb TEs whose nearest genes have the second-
lowest quartile of dN/dS ratio (Figure 3A, Supplementary Table
S2). The potentially deleterious effects of TEs could also be in-
ferred from the known mutant phenotypes of their nearest genes
[lethal, semi-lethal, inviable (lethal and semi-lethal), and viable
(see Materials and Methods)]. Similar to analysis based on dN/dS ra-
tios, TEs whose nearest genes have known semi-lethal (1-10kb
bin) or inviable (100kb-1Mb bin) mutant phenotypes exhibit sig-
nificant negative mean LD (Figure 3B, Supplementary Table S2).
By further restricting to TE insertions within exons, we found sig-
nificant repulsion LD with more bins of TEs whose nearest genes
have known inviable mutant phenotypes (lethal: 100 kb-1 Mb bin;
semi-lethal: 1-10kb, 10-100kb bins; inviable: 100kb-1Mb bin,
Figure 3D, Supplementary Table S2). Intriguingly, similar analy-
ses based on dN/dS ratio found that mainly exonic TEs whose
nearest genes have the largest quartile of dN/dS ratio, or being
least constrained, have significant negative LD (Figure 3C,
Supplementary Table S2, also see Discussions).

In addition to TEs inserting into and disrupting exonic sequen-
ces, intergenic TEs could impair host fitness either by disrupting
regulatory sequences or through the spreading of repressive epi-
genetic marks to nearby functional sequences (reviewed in Choi
and Lee 2020; Kelleher et al. 2020). These effects are similarly
expected to result in higher fitness costs when TEs are near es-
sential genes. Consistent with this prediction, physically distant,
intergenic TEs show significant negative mean LD if their nearest
genes have known inviable mutant phenotypes (for lethal, semi-
lethal, and inviable: 1-10kb and 10-100kb bins, Figure 3F,
Supplementary Table S2). On the other hand, for analyses based
on dN/dS ratio, we observed negative mean LD among intergenic
TEs near genes with all four quartiles of dN/dS ratios, instead of
mainly among TEs near evolutionarily constrained genes
(Figure 3E, Supplementary Table S2, see Discussions). Overall,
our analyses that compare the distributions of LD among TEs of
different physical distances found significant repulsion LD for
TEs expected to have large fitness impacts, especially those in-
side coding sequences or near genes with known inviable mutant
phenotypes.

Due to the low frequencies of TEs included in the analysis, LD
among TEs would have a highly skewed distribution, such that
most of the observed LD will be negative with occasional positive
values. Therefore, when the mean LD is estimated from few pairs
of TEs, it is not unlikely to wrongly infer a slightly negative value
even in the absence of LD. To evaluate the robustness of our find-
ings concerning this issue, we identified significant negative
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mean LD that was inferred from fewer than a hundred pairs of
TEs (Supplementary Table S2). While LD for several categories of
TEs that are within 1kb was based on few TE pairs, its value is
strongly positive and thus unlikely to be influenced by the issue
raised (Figure 2 and Supplementary Table S2). On the other hand,
for all distance bins, fewer than a hundred TE pairs were included
in the analyses for TEs in coding sequences or intergenic TEs
near genes with known semi-lethal phenotype (Supplementary
Table S2), which could have contributed to their observed nega-
tive mean LD. Nevertheless, for intergenic TEs whose nearest
genes have known lethal or inviable (lethal and semi-lethal) phe-
notypes, their significant negative mean LD was estimated from
more than a hundred TE pairs, providing robust support for the

presence of synergistic epistasis among intergenic TEs that likely
have large fitness effects.

Mean LD of physically distant TEs is significantly
negative for many TE families

Both ectopic recombination and epigenetic effects of TEs depend
on sequence homology among TE insertions. Mainly copies of the
same TE family ectopically recombine, and small RNAs generated
from a particular TE family are most effective on insertions of
the very same TE family. Accordingly, both models predict that
the synergistic epistasis would arise among insertions of the same
TE family (Montgomery et al. 1987; Langley et al. 1988; Lee and
Langley 2010; Lee 2015). We thus investigated whether TEs of
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individual families exhibit repulsion LD. Specifically, given the
predominantly positive LD among nearby TEs (Figures 1C, 2, and
3, Supplementary Table S2), we estimated the mean LD for each
TE family, excluding pairs of TEs that are within 1kb. Following
our other analysis, mean LD whose 95% confidence interval is en-
tirely smaller than zero is considered significantly negative.

We found that slightly more than half (55.6%) of TE families
(out of 37) have significant negative LD (Supplementary Table
S3). This proportion is higher when restricting to TE insertions
whose nearest genes have the lowest quartile of dN/dS ratio (73%)
or have known lethal or inviable mutant phenotypes [80.8% (le-
thal) and 75.9% (inviable), Supplementary Table S3]. This obser-
vation suggests that there may be a mixture of fitness effects
among copies of the same TE families, and repulsion LD is more
readily detectable among those likely to exert large fitness
effects.

Mixed support for the possible source of
synergism among the deleterious effects of TEs

To infer the possible source of synergism among the deleterious
fitness effects of TEs, we tested several predictions of the ectopic
recombination and epigenetic effects models about which
categories or families of TEs are more likely to exert synergistic
epistasis and thus exhibit repulsion LD. Assuming that the rates
of ectopic recombination closely follow that of homologous
recombination (Lichten et al. 1987), TEs in high recombining
regions of the genome should be prone to be involved in ectopic
recombination, and if present, synergistic epistasis should more
likely be observed among TEs in those genomic regions. Yet, we
only observed significant negative mean LD among TEs that are
in the lowest quartile of recombination rates (Figure 4A,
Supplementary Table S2), which fails to support the prediction of
the ectopic recombination model.

On a family level, ectopic recombination and epigenetic effect
models share some predictions about which TE families are more
likely to exhibit synergistic fitness effects. Both models predict
that abundant TE families would elicit higher fitness costs per TE

copy (Langley et al. 1988; Lee and Langley 2010). Because both
mechanisms depend on sequence homology, TEs that are long or
have high sequence identity with other copies would represent
larger targets for both ectopic recombination and small-RNA me-
diated epigenetic silencing. Accordingly, it is predicted that TE
families that are longer in length or have higher sequence identi-
ties among copies should be more likely to exert synergistic epis-
tasis (Lee and Langley 2010).

To test these predictions, we compared copy numbers, length,
and within-family sequence identities between TE families with
and without significant negative mean LD. We categorized TE
families according to mean LD estimated from all physically dis-
tant (>1kb) TE insertions and physically distant insertions near
genes with known inviable mutant phenotypes, which are more
likely to exert deleterious fitness effects (see above). We used two
estimates of euchromatic TE copy numbers: from our data, which
is representative of natural populations, and from the reference
genome annotation (Kaminker et al. 2002; Hoskins et al. 2015),
which is comprehensive. Because we were unable to assemble in-
ternal sequences of TEs with short-read Illumina data of the fo-
cused population, we used annotated euchromatic TEs in the
reference genome to estimate the average insertion length and
sequence divergence of TEs (see Materials and Methods). For both
estimates of TE copy number, TE families with significant nega-
tive mean LD have fewer TEs than other families, which is the op-
posite of the predicted direction [Mann-Whitney test, P=0.0169
(euchromatic TE copy number in the reference genome) and 6.9
x 107" (TE copy number estimated in our dataset), Table 1,
Figure 4B, and Supplementary Figure S5]. When categorizing fam-
ilies according to estimated mean LD among TEs near genes with
inviable mutant phenotypes, we observed a similar trend
(Figure 4C and Supplementary Figure S5). Yet, it is worth noting
that rare TE families are also those that have fewer pairs of TEs
included in the LD estimation (Supplementary Table S3). The
small number of TE pairs could lead to misleadingly negative LD
estimates (see above), resulting in the observed positive associa-
tions between TE family abundance and mean LD. While there is
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Figure 4 Identification of the possible source of TEs’ synergistic deleterious effects. (A) Distribution of LD among TEs in genomic regions with different
rates of recombination. Error bars are 95% confidence intervals and * denotes 95% confidence intervals that are entirely negative. (B,C) Comparisons of
different attributes of TE families (copy number, mean pairwise difference, and ping-pong fraction) with and without mean negative LD estimated from
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**P < 0.001. n.s. denotes statistically insignificant.
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Table 1 Comparisons of biological properties of TE families with and without negative mean LD

All TEs Inviable phenotype?®
Mann-Whitney U-test, P-value Direction Mann-Whitney U-test, P-value Direction

TE family copy number

Reference genome 1.69E-02 Negative LD lower 1.04E-01

DPGP3 genomes 6.90E—-05 Negative LD lower 2.04E-03
TE family average length

Reference genome 8.51E-01 7.31E-01
TE family mean pairwise difference

Reference genome 1.56E-01 6.74E—-02 Negative LD lower
TE family epigenetic effects

Proportion of TEs with epi. effect 2.81E-01 1.56E-01

Median extent of epi. effect 4.71E-01 8.64E—-01

Median increase of epi. effect 3.23E-01 4.92E-01
PiRNAs correspond to a TE family

Sense piRNA (strain ZW155) 6.59E—-01 2.96E-01

Sense piRNA (strain ZW184) 7.56E-01 7.56E-01

Anti-sense piRNA (strain ZW155) 3.33E-01 2.72E-01

Anti-sense piRNA (strain ZW184) 3.85E-01 3.48E-01

Ping-pong fraction (strain ZW155) 3.14E-02 Negative LD lower 8.77E-01

Ping-pong fraction (strain ZW184) 1.65E—02 Negative LD lower 9.59E-01

@ TEs whose nearest gene have known inviable mutant phenotype. These are p-values and those mentioned in the text are in bold.

no difference between TE families with and without negative
mean LD in terms of average TE length (Mann-Whitney U-test,
P>0.05, Table 1), TE families with significant negative mean LD
have lower within-family sequence divergence (for TEs near
genes with inviable mutant phenotypes, Mann-Whitney test,
P=0.067, Table 1, Figure 4C, and Supplementary Figure S5).
Overall, by comparing attributes of TE families with and without
negative mean LD, we found mixed support for the common pre-
dictions of the ectopic recombination and epigenetic effect mod-
els about which TE families are more likely to exert synergistic
fitness effects.

In addition to predictions shared with the ectopic recombina-
tion model, the epigenetic effect model has several unique pre-
dictions about which TE families are prone to exhibit synergistic
fitness effects. The propensity to elicit epigenetic effects varies
significantly among TE families (reviewed in Choi and Lee 2020),
and intuitively, TE families that exert stronger such effects are
more likely to interact synergistically. In addition, the synergism
among the deleterious epigenetic effects of TEs in Drosophila was
predicted to arise through the molecular details for piRNA pro-
duction (Lee and Langley 2010). While other mechanisms also
generate piRNAs (Malone et al. 2009, reviewed in Czech et al
2018), the “ping-pong cycle” is thought to be responsible for the
majority of the piRNA amplification in flies. In this feed-forward
cycle, TE transcripts, which are a source of sense piRNA precur-
sors, and anti-sense piRNA precursors are reciprocally cleaved to
generate mature sense and anti-sense piRNAs (Brennecke et al.
2007; Gunawardane et al. 2007), reviewed in Czech and Hannon
2016; Czech et al. 2018). The amount of piRNAs, and accordingly
the number of epigenetically silenced TEs and their associated
deleterious effects, should grow quadratically or even exponen-
tially with TE copy number (Lee and Langley 2010; Lee 2015).
Interestingly, the involvement of the ping-pong cycle in the gen-
eration of piRNA significantly varies between TE families (Li et al.
2009; Malone et al. 2009; Kelleher and Barbash 2013). Synergism is
thus expected to have a higher tendency to arise for TE families
targeted by more piRNAs generated via the ping-pong cycle.

To test these predictions, for each TE family, we used previ-
ously reported indexes for the strength of epigenetic effects (Lee
and Karpen 2017) and estimated the amount of corresponding

PiRNAs and ping-pong fractions using ovarian small RNA
sequences from two Zimbabwe strains (Luo et al. 2020, see
Materials and Methods). For all three indexes of TEs’ epigenetic
effects (the proportion of TEs resulting in cis spreading of repres-
sive marks, the median extent of this spreading, and the median
magnitude of TE-induced increased enrichment of repressive
marks), we observed no difference between TE families with and
without negative mean LD (Mann-Whitney U-test, P> 0.05 for all
comparisons, Table 1, also see Supplementary Figure S6).
Similarly, there are no significant differences in the abundance of
sense and anti-sense piRNAs targeting TE families with and with-
out negative mean LD (Mann-Whitney U-test, P>0.05 for all
comparisons, Table 1, also see Supplementary Figure S7).
Intriguingly, contrary to prediction, TE families with negative
mean LD have significantly lower ping-pong fraction (Mann-
Whitney U-test, P=0.0314 (ZW155) and 0.0165 (ZW184),
Figure 4B, Table 1). Yet, when estimating mean LD from TEs
whose nearest genes have inviable mutant phenotypes and are
thus more likely to have deleterious fitness effects, we observed
the opposite, though statistically insignificant, trend (i.e., TE fam-
ilies with negative mean LD have larger ping-pong fractions than
other TE families, Mann-Whitney U-test, P> 0.05 for both strains,
Figure 4C, Table 1).

It is worth noting that TE families differ in the average delete-
riousness of their insertions (Charlesworth and Langley 1989;
Barrdn et al. 2014), which could be inferred from varying TE popu-
lation frequencies (e.g., Cridland et al. 2013; Kofler et al. 2015). The
overdispersing effect of demographic processes is expected to in-
fluence less selected variants more strongly. If our analysis fails
to completely exclude the impacts of recent demographic events,
the mean LD of less deleterious TE families would be prone to be
inflated and less probable to be observed negative even in the
presence of synergistic epistasis. Accordingly, associations be-
tween the deleteriousness and various attributes of TE families
could also drive patterns observed in Figure 4, B and C. To ex-
clude this possibility, we categorized TE families according to
attributes that varied between TE families with and without neg-
ative LD and compared their population frequencies. We found
no significant differences in population frequencies between TE
families with high/low copy numbers in the reference genome or
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large/small within-family sequence divergence (Mann-Whitney
U-test and Student’s t-test, P>0.05 for all comparisons,
Supplementary Table S4). Also, TE families with low DPGP3 TE
copy numbers, which were observed to have negative mean LD,
have marginally significantly higher TE frequencies (Mann-—
Whitney U-test, P=0.046, Supplementary Table S4). Thus, these
TE families should have lower deleteriousness of TE insertions,
which would not have confounded our inference. On the con-
trary, TE families with larger ping-pong fractions also have signif-
icantly higher population frequencies (Mann-Whitney U-test and
Student’s t-test, P<107® for all comparisons, Supplementary
Table S4). Insertions of these TE families are expected to have
lower average deleteriousness, and their mean LD is prone to be
inflated by demographic processes. We are thus unable to ex-
clude the possibilities that our observed associations between
mean negative LD and lower ping pong fractions across TE fami-
lies are driven by confounding factors unrelated to the mode of
TE epistatic interactions. In short, our comparisons of the epige-
netic effects and piRNA targeting of TE families with and without
negative mean LD do not support the predictions of the epige-
netic effects model.

Discussion

Theoretical analysis has predicted that, to stably contain the self-
ish increase of TEs, each additional TE insertion needs to impose
a larger fitness cost than the last one, leading to purifying selec-
tion accelerating the removal of TEs with increased TE copy num-
ber (Charlesworth and Charlesworth 1983). This theoretical
requirement has been extensively discussed in the context of TE
evolutionary dynamics (Charlesworth and Langley 1989; Lee and
Langley 2010; Choi and Lee 2020; Kelleher et al. 2020) and is pre-
dicted to be biologically plausible under several deleterious
mechanisms of TEs, including TE-mediated ectopic recombina-
tion (Montgomery et al. 1987; Langley et al. 1988) and the spread-
ing of silencing marks (Lee and Langley 2010; Lee 2015). However,
the presence and prevalence of synergistic fitness effects among
TEs are yet to be empirically tested.

Purifying selection with synergistic epistasis generates repul-
sion linkage among variants (Charlesworth 1990; Kondrashov
1995; Sohail et al. 2017). By leveraging this population genetic sig-
nal and examining the distribution of LD among TE insertions
with different physical distances, we investigated the predicted
synergistic epistasis among potentially deleterious TE insertions
in the likely ancestral population of D. melanogaster. Pairs of TEs
that are within 1kb tend to have significantly positive mean LD,
which excluded the potential role of selective interference (Hill
and Robertson 1966; Felsenstein 1974) in shaping the distribution
of LD among TEs and could have been generated by recent demo-
graphic processes (Sandler et al. 2021). On the other hand, we ob-
served significant negative mean LD among physically distant
TEs (>1kb apart), especially those who likely exert large fitness
effects. Even more, for some categories of TEs, we observed sig-
nificant negative mean LD among TE insertions on different chro-
mosomes, where meiosis breaks up linkage among variants every
generation. These observations provide strong empirical support
for the synergism of the deleterious fitness effects of D. mela-
nogaster TEs. It is worth noting that the strong suppression of re-
combination in heterochromatic regions and chromosomal
inversions is expected to generate extensive LD even in the ab-
sence of epistatic fitness impacts, and we excluded TEs in these
regions from our analysis. Thus, observations made from our

studies may not be applicable to TEs in the heterochromatic
regions or inside inversions.

The negative LD generated from purifying selection with syn-
ergistic epistasis should mainly be observed among TE insertions
exerting harmful fitness effects. Consistently, we observed preva-
lent negative mean LD among TEs inside coding sequences or in/
near genes that are evolutionarily constrained or have known in-
viable mutant phenotypes. Interestingly, negative mean LD
among TEs in/near genes with known inviable phenotypes is ob-
served for both genic and intergenic TEs. The latter could be
driven by TE deleterious mechanisms that impair host fitness
from a distance to genes, such as insertion into regulatory ele-
ments or through the spreading of repressive epigenetic marks
(reviewed in Choi and Lee 2020; Kelleher et al. 2020). On the con-
trary, when categorizing intergenic TEs according to the dN/dS ra-
tio of their nearest genes, we observed negative mean LD among
TEs near genes with both low and high dN/dS ratios. While this
observation seems paradoxical at first glance, fast-evolving genes
are recently found to be crucial to organismal survival and play
important roles in essential functions (Chen et al. 2010; Lee et al.
2019; Xia et al. 2021).

Supporting the prediction that synergistic epistasis of TEs
arises among copies of the same TE families (Montgomery et al.
1987; Langley et al. 1988; Lee and Langley 2010; Lee 2015), we
found that more than half of the TE families have significant neg-
ative mean LD. Even more, this proportion increases when re-
stricted to TEs that likely exert large fitness effects. Intriguingly,
if purifying selection against synergistic deleterious TEs is key to
the stable containment of TE copy numbers, why did we fail to
find significant negative LD in some families? Synergistic epista-
sis should only occur among TEs that impair host fitness. It is
plausible that not all the identified TEs are deleterious.
Accordingly, including all insertions in the analysis could have
weakened our ability to detect negative mean LD among subsets
of TEs that are truly deleterious. This conjecture is supported by
the observation that some TE families only exhibit significant
negative LD when restricted to insertions that likely have large
fitness effects (Supplementary Table S2). Also, our analysis could
only identify the locations, but not the internal sequences, of TE
insertions. Some of the identified TEs could have degenerated
and are no longer involved in the population dynamics of its fam-
ily. Alternatively, the containment of TE copy number could hap-
pen above the family levels (see below).

Different from the proposed source of synergistic epistasis of
simple mutations (de Visser et al. 2011), synergistic fitness effects
of TEs have been predicted to arise through unique mechanisms
by which TEs impair host fitness. The illegitimate recombination
between nonallelic TEs is predicted to lead to an accelerated re-
moval of TEs with increased TE copy number, or synergistic epis-
tasis (Montgomery et al. 1987; Langley et al. 1988). Under this
model, TEs prone to be involved in ectopic recombination should
be more likely to exhibit synergistic epistasis (Langley et al. 1988).
While we did not find evidence supporting that TEs in genomic
regions with high rates of meiotic recombination are more likely
to have significant negative LD, several assumptions of our
analysis could have confounded the results. Recombination land-
scapes vary between individuals (Dumont et al. 2009; Comeron
et al. 2012; Hunter et al. 2016) and populations (Samuk et al. 2020),
and could have been different between our studied Zambian pop-
ulation and the cosmopolitan population from which the recom-
bination rate was estimated (Comeron et al. 2012). We also
assumed that the rate of ectopic recombination closely mirrors
that of homologous recombination (Lichten et al. 1987). This
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assumption has been questioned based on the observed lack of
TEs at the tip of the D. melanogaster X chromosome, where homol-
ogous recombination is strongly suppressed and TEs are expected
to accumulate (Langley et al. 1988; Charlesworth and Lapid 1989).
Furthermore, we excluded TEs in genomic regions with sup-
pressed recombination, which removes the largest axis of varia-
tion in recombination rates and could have limited the power of
our analysis.

We also tested other predictions of the ectopic recombination
model about which TE families are more likely to exert synergis-
tic epistatic effects, including being larger in abundance
(Montgomery et al. 1987; Langley et al. 1988), longer in length
(Petrov et al. 2003), or having higher sequence homology within
families (Lee and Langley 2010; Petrov et al. 2011). While TE fami-
lies with significant repulsion LD have higher sequence identity
within families (consistent with prediction), they also have fewer
copies (opposite to prediction). The observed mixed support for
the ectopic recombination model could result from that the esti-
mates of TE family properties used in our study (the reference ge-
nome) are not representative of the studied population (an
African population). On the other hand, our results may suggest
that predictions of the ectopic recombination model need to be
revised by incorporating additional biological details. It is recently
proposed that the dependency of ectopic recombination on TE
copy number should plateau when the number of TE insertions
in the genome is large, and the process is unlikely limited by the
number of potential recombining targets (Kelleher et al. 2020).
According to this revised model, synergistic epistasis should only
arise when TE copy number is below a certain threshold. In addi-
tion, the efficiency of recombination is observed to jointly depend
on the length and sequence similarities of (reviewed in Radman
and Wagner 1993; Waldman 2008), as well as the spatial distance
between and orientation of, recombining partners (reviewed in
Renkawitz et al. 2014). A model that incorporates these biological
details may provide better predictions for the conditions by which
synergistic epistasis may arise via ectopic recombination.

TE-mediated spreading of silencing marks is another mecha-
nism by which synergistic epistasis was predicted to arise (Lee
and Langley 2010; Lee 2015). In Drosophila, piRNA targeting ini-
tiates the epigenetic silencing of TEs (Sienski et al. 2012; Le
Thomas et al. 2013) (reviewed in Czech et al. 2018). Accordingly,
many predictions of the model depend on how piRNAs are gener-
ated and target TE sequences. These include predictions shared
with the ectopic recombination model—TE families that are
abundant (Lee and Langley 2010; Lee 2015; Lee and Karpen 2017),
long (Lee 2015), and homogenous in sequences (Lee and Langley
2010) are more likely to exert synergistic epistasis, which we
failed to find support for. We also did not find support for the
unique predictions of the epigenetic effects model that TE fami-
lies with stronger epigenetic effects or targeted by more piRNAs
are more likely to exhibit synergistic fitness effects. Again, esti-
mates for the strength of epigenetic effects from a North
American population (Lee and Karpen 2017) may not be represen-
tative of the focused African population. Similarly, due to the
strong population structure (Coughlan et al. 2021), piRNA indexes
calculated from the Zimbabwe population may differ from those
of the Zambia population. Importantly, the complexities of
PiRNA generation and targeting that are not considered in the
current epigenetic effect model could also have led to discrepan-
cies between predictions and observations. For instance, trun-
cated TEs that lost the ability to transcribe would not contribute
to piRNA generations through the ping-pong cycle (Sienski et al.
2012; Olovnikov et al. 2013; Shpiz et al. 2014). In addition, targeting

of TEs by piRNAs is particularly sensitive to mismatches at spe-
cific positions within the piRNA sequences (Wang et al. 2014;
Mohn et al. 2015). Accordingly, simple monotonic relationships
could not fully capture how the copy number, length, sequence
homology, and piRNA biology of TE families influence the occur-
rence of piRNA-targeting of TEs and the associated deleterious
epigenetic effects.

Still another possibility for why we did not observe unequivo-
cal support for the predictions about which TE families are more
likely to show synergism is—such epistatic fitness effects may
arise above the family level. Consistently, significant negative
mean LD was observed among insertions of different TE families
(Figures 1-3, Supplementary Table S2). Furthermore, several del-
eterious effects of TEs, such as disruptions of coding sequences
(Bellen et al. 2004, 2011) or altering gene expression through
inserting into regulatory sequences (Chuong et al. 2017), could be
functionally equivalent to that of deleterious SNPs. Recently, syn-
ergistic fitness effects have been inferred for loss-of-function
(Sohail et al. 2017) and missense (Sandler et al. 2021) SNPs.
Though the underlying molecular details for these identified epi-
static interactions among SNPs are still unclear, TEs may exert
synergistic epistasis through similar mechanisms irrespective of
their family identity. Indeed, negative mean LD among TEs is of a
similar order of magnitude to that of loss-of-function SNPs [the
most negative mean LD of TEs in Supplementary Table S2—
mean: —5.96 x 107>, 95% CI: (—6.54 x 107>, =5.14 x 107°) vs 1-
10kb bin of LoF has significant negative mean LD—mean: —1.08 x
107%, 95% CI: (—=1.27 x 107*, —9.16 x 107°)] and radical missense
SNPs in biological networks (Sandler et al. 2021). Such observation
suggests a similar extent of synergistic fitness effects between
TEs and deleterious SNPs. The containment of TEs could thus de-
pend on synergistic epistasis both within and between TE fami-
lies, or even between TEs and other types of deleterious variants.
Studies of the population dynamics of TEs may need to go beyond
the usually presumed “within-family” regulation and jointly con-
sider other TE families as well as broader genomic contexts.

It is worth noting that the statistical power for some of our
current analyses may be limited due to challenges associated
with studying TEs. For example, TEs have a frequency spectrum
thatis highly skewed toward rare variants (Supplementary Figure
S1, also see Stewart et al. 2011; Nellaker et al. 2012; Cridland et al.
2013; Kofler et al. 2015; Quadrana et al. 2016; Laricchia et al. 2017).
This low allele frequency would limit the range of possible LD
estimates (Sved and Hill 2018), potentially restricting our ability
to detect repulsion LD even if synergistic epistasis among delete-
rious TEs is present. Also, our ability to identify TEs and infer
their biological properties (e.g., length and sequence identity) is
restricted with short-read sequencing data. Some of these limita-
tions may be alleviated in the near future with the growing num-
ber of genomes sequenced by 3rd-generation long reads, which
could significantly improve the identification of TEs and the as-
sembly of their sequences (e.g., Debladis et al. 2017; Chakraborty
et al. 2019; Ellison and Cao 2020).

By leveraging population genetic signals to circumvent direct
measurements of individual fitness, we provided empirical evi-
dence for the presence of synergistic epistasis among potentially
deleterious TE insertions. Our mixed support for the predictions
of ectopic recombination and epigenetic effect models suggests a
need to incorporate additional biological details to refine the
models for how synergistic fitness effects of TEs may arise within
and, perhaps, between TE families. With revised models and the
expanding capacity of TE identifications with long-read sequenc-
ing, our analysis framework could provide a path forward to
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investigate the mode, prevalence, and importance of epistatic
interactions in the evolutionary dynamics of TEs.

Data availability

The presence and absence status of 11,396 TEs included in the
analysis could be found in Supplementary Data S1.
Supplementary material is available at GENETICS online.
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