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Meiotic recombination is a prominent force shaping genome evolution, and understand-
ing why recombination rates vary within and between species has remained a central,
though challenging, question. Variation in recombination is widely thought to influence
the efficacy of selection in purging transposable elements (TEs), prevalent selfish genetic
elements, leading to widely observed negative correlations between TE abundance and
recombination rates across taxa. However, accumulating evidence suggests that TEs
could instead be the cause rather than the consequence of this relationship. To test this
prediction, we formally investigated the influence of polymorphic, putatively active TEs
on recombination rates. We developed and benchmarked an approach that uses PacBio
long-read sequencing to efficiently, accurately, and cost-effectively identify crossovers
(COs), a key recombination product, among large numbers of pooled recombinant
individuals. By applying this approach to Drosophila strains with distinct TE insertion
profiles, we found that polymorphic TEs, especially RNA-based TEs and TEs with
local enrichment of repressive marks, reduce the occurrence of COs. Such an effect
leads to different CO frequencies between homologous sequences with and without
TEs, contributing to varying CO maps between individuals. The suppressive effect of
TEs on CO is further supported by two orthogonal approaches—analyzing the distri-
butions of COs in panels of recombinant inbred lines in relation to TE polymorphism
and applying marker-assisted estimations of CO frequencies to isogenic strains with
and without transgenically inserted TEs. Our investigations reveal how the constantly
changing TE landscape can actively modify recombination, shaping genome evolution
within and between species.

transposable elements | recombination | epigenetic silencing | polymorphism |
long-read sequencing

Homologous recombination, the exchange of genetic information between homologous
chromosomes in sexually reproducing organisms, is a prominent force shaping genome
evolution. During meiosis, recombination is initiated by programmed double-strand
breaks (DSBs). When DSBs are repaired using homologous chromosomes and resolved
into crossovers (COs), large blocks of homologous chromosomes are reciprocally
exchanged, shuffling neighboring alleles into new combinations (1). This process allows
for the purging of deleterious mutations (2, 3), facilitates adaptive evolution by bringing
together beneficial variants (4, 5), and influences the efficacy of natural selection (6, 7).
Given the critical evolutionary role of recombination, researchers have been studying its
rate and distribution within genomes since the early days of genetics (8). However, robust
estimation of these patterns of recombination is challenging and requires genotyping of
large numbers of recombinant individuals (9). Despite this challenge, after decades of
study, clear patterns have emerged: both the rates of recombination and the distribution
of recombination events within a genome vary significantly across taxa (10), species (11),
populations (12), and even among individuals of the same species (13). Understanding
the mechanistic basis of this variability is essential for understanding how and why recom-
bination landscapes evolve (9, 10, 14) and the consequential impact on genome
evolution.

Variation in recombination is widely thought to influence the abundance and distri-
bution of transposable elements (TEs) (15-17), prevalent selfish genetic elements found
in nearly all eukaryotic genomes that can profoundly affect the function, fitness, and
evolution of organisms (18, 19). In particular, the negative correlation between TE
abundance and recombination rate within genomes is one of the few general, ubiqui-
tously observed patterns of genome evolution across eukaryotes (reviewed in ref. 20).
This prevalent association has largely been interpreted as a consequence of selection
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being unable to effectively purge TEs from genomic regions with
low recombination rates (20-22). However, accumulating obser-
vations suggest that the causality might be reversed, and TE
accumulation might cause, instead of result from, low recombi-
nation rates (20, 23). The potential suppressive impact of TEs
on recombination is hinted by the widely observed low recom-
bination rates in TE-infested pericentromeric heterochromatin
(24-27). Within chromosome arms, clusters of TEs or high TE
density are also less likely to co-occur with COs (28-30) or
DSBs (31-33).

Several mechanisms could mediate the potential suppressive
effects of TEs on COs. Polymorphic TEs are essentially insertions
or deletions of several kilobases, and thus may have similar sup-
pressive effects on COs as other structural DNA variants (34-36).
In addition, as a consequence of host-directed epigenetic silencing
of TEs, TEs within chromosome arms are oftentimes enriched
with repressive epigenetic marks, particularly DNA methylation
and H3K9me2/3 histone modifications (37). These repressive
marks enriched at TEs could “spread” in c¢is, making TEs appear
as islands of heterochromatin within the euchromatic genome
(reviewed in ref. 23). In pericentromeric heterochromatin, the
very same repressive marks have been demonstrated to suppress
the formation of DSBs (33, 38) and the resolution of DSBs into
COs (27, 39, 40). While the repressive marks associated with TEs
in the euchromatic genome are less extensive than those in peri-
centromeric heterochromatin (several kilobases vs. several megab-
ases), they may influence recombination through a similar
mechanism. Consistent with this prediction, in mice, TEs lose the
ability to suppress the formation of DSBs when their repressive
epigenetic marks are removed in mutants (41). In humans, TEs
with motifs of CO hotspots are converted to coldspots upon
acquiring repressive epigenetic marks (42). While strongly sug-
gestive, these studies infer the effects of TE on recombination
through comparisons of different genomic regions or by examin-
ing mutant backgrounds. Such approaches make it challenging to
exclude potential confounding influences from local sequence or
chromatin context and to accurately assess the impact of TEs in
natural populations. Moreover, many TEs identified as recombi-
nation modifiers are fragmented and likely inactive (43), and thus
unlikely to contribute to natural variation and ongoing evolution
of recombination landscapes.

Here, we directly test whether active, polymorphic TEs influ-
ence CO occurrence and drive variation in recombination land-
scapes between individuals of the same species. To this end, we
developed an approach using long-read PacBio sequencing on
pools of recombinant offspring to efficiently, accurately, and
cost-effectively identify COs in wild-type Drosophila melano-
gaster strains. Using this method, we identified nearly 3,000 COs
with a few DNA extractions and PacBio SMRT cell sequencing.
We then studied the distributions of identified COs between
homologous sequences with and without TE insertions in two
D. melanogaster strains with distinct TE insertion profiles.
Because of the near identity of homologous sequences, any
observed differences in CO distributions could be attributed to
the presence of TEs rather than other local sequence contexts.
In addition, we employed two other approaches—examining the
distributions of COs in panels of recombinant inbred lines
[RILs; (44)] in relation to TE polymorphism and applying
marker-assisted estimations of CO frequencies (45) to isogenic
strains differing in transgenically inserted TEs. These three
orthogonal approaches collectively support the suppressive
impact of TEs on CO occurrence, thereby contributing to the
varying recombination landscapes observed between wild-type
individuals of the same species.

https://doi.org/10.1073/pnas.2427312122

Results

Proposed Long-Read Pool-Sequencing Approach Accurately
Identifies Crossovers. A typical approach to identify
recombination events starts with crossing two inbred strains,
followed by backcrossing the F1 to one of the parents and
profiling genetic markers in the backcross offspring (Fig. 14).
The haplotype information of F2 offspring is critical for inferring
CO events, but is labor-intensive and cost-prohibitive to acquire,
requiring separate DNA extraction and genotyping for every F2
individual. To circumvent this limitation, we proposed to sequence
F2 offspring in pools using PacBio long-read sequencing, which
enables efficient assaying of large numbers of individuals while
preserving the local haplotype information (Fig. 14).

To investigate the feasibility of our approach, we generated a
“benchmark” dataset (Fig. 14). We performed crosses between
two highly inbred Drosophila synthetic population resource
(DSPR) founder strains (strains A4 and A6, ref. 46), which have
been fully sequenced with PacBio long-read sequencing (47). We
sequenced the DNA of 192 F2 female individuals both individ-
ually using Illumina short-read sequencing (short-read approach;
with an average 11.5x depth of each individual) and as a pool
using PacBio continuous long read (CLR) sequencing (pool-seq
approach; with a read depth of 1,156x; Materials and Methods).
COs were inferred by the transitions of SNP alleles originating
from one parent to the other in the assembly (short-read
approach) or within a read (pool-seq approach; Materials and
Methods). The short distance between SNPs (an average of 204
+ 5 bp) allows us to narrow down crossover events to within 1
kb (81 Appendix, Fig. S1).

We identified 538 CO events among 191 F2 individuals using
their short-read-based genome assemblies (one individual failed
[llumina sequencing despite multiple attempts). From the same
pool of 192 F2 individuals, our PacBio pool-seq approach detected
736 read containing CO events. Because the sequencing depth
per haplotype in the pool-seq method (3.01x) allowed for poten-
tial multiple-read capture of a single CO event, we merged COs
within 100 bp, yielding 363 potentially unique CO events.
Assuming that the short-read approach exhaustively and accurately
identified all COs in the F2 individuals, we estimated the false
positive rate of the pool-seq approach to be 6.5% per read and
8.3% per event. Some of these false positive events could result
from COs missed by the short-read approach.

Conversely, 203 of the 538 COs identified by the short-read
approach were also detected using the pool-seq method. The COs
not detected by our pool-seq approach (false negatives) were ran-
domly distributed across the genome (S Appendix, Fig. S2), indi-
cating that such an approach shows no bias for or against particular
genomic regions in CO detection. The relatively low recall rate of
the long-read-based pool-seq approach (37.7%) is likely due to our
stringent CO calling criteria, which include removing reads with
potential gene conversion events and requiring identified COs to
be at least 2 kb away from alignment boundaries (Materials and
Methods). Relaxing these criteria, however, significantly increases
not only the recall rate, but also the false positive rate (S Appendix,
Table S2). Therefore, for subsequent analyses, we maintained strin-
gent criteria for calling COs in F2 pools to ensure high accuracy.

Proposed Long-Read Pool-Sequencing Approach Efficiently
Identifies Large Numbers of Crossovers. To test the predicted
suppressive effects of TEs on recombination, we aimed to
compare the distribution of COs between strains with different
TE insertion profiles. We chose three DSPR founder strains that
have short average distances between SNPs (204 bp between
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Fig. 1. Experimental design and CO maps inferred by the proposed pool-seq approach. (A) For the benchmark data, DNA was extracted individually from 192 F2
female backcrossed offspring of A6 x A4 crosses. Half of the DNA from each individual was sequenced by lllumina short-read sequencing, while the remaining
DNA from all individuals was pooled in equal molar ratios and sequenced with PacBio CLR sequencing. (B) For the experimental pools, we set up two backcross
experiments (A6 x A4 and A7 x A4). For each cross, over 7,000 F2 female backcrossed offspring were collected, pooled, DNA extracted en masse, and sequenced
with PacBio CLR. (C) The read-depth normalized CO numbers identified in our experimental pools (in every 100 windows and combining the two experimental
crosses) for each chromosome is shown on the top, and a previously generated recombination map based on a short-read lllumina sequencing approach
(replotting from ref. 13) is showing on the bottom. The distribution of COs was smoothed by a sliding window of 1 Mb with a step size of 100 kb and LOESS with
a 20% span. See SI Appendlix, Fig. S3 for the distribution of CO numbers of individual strains.

A4 vs. A6 and 217 bp between A4 vs. A7) and conducted two
backeross experiments (Fig. 1B). For each cross, we pooled more
than 7,000 F2 females and sequenced them using PacBio CLR,
with a final read depth of over 1,500x after filtering reads based
on mapping quality and read length (Fig. 1B; Materials and
Methods). To estimate the recall rate for our proposed method,
we calculated the maximum number of gametes we could have
detected with these sequencing runs, which equals half of the
sequencing depth because the remaining reads originated from
the backcross parents. Based on the average number of 2.5 CO
events per female meiosis in Drosophila (48), our approach should
on average detect 2.5 CO events per sequenced recombinant

PNAS 2025 Vol.122 No.12 2427312122

gamete under perfect sensitivity, or 1,936 COs at 1,549X
sequencing depth (A6) and 2,415 COs at 1,932X sequencing
depth (A7). This calculation indicates a ~65% recall rate for our
proposed method (71% for A6 cross and 59% for A7 cross),
much higher than that observed in the benchmark data (37.7%,
also see below).

We compared the distribution of COs identified here to the
most detailed currently available CO map, which was generated
by using Illumina short-read sequencing to genotype F2 individ-
uals separately (13). We found that the correlation between our
maps and the published ones [Spearman rank p: 53.7% (A6 cross),
50.6% (A7 cross), and 55.3% (averaged between the two crosses),
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P < 10_16, Fig. 1C and SI Appendix, Fig. S3] is comparable in
strength to previously reported correlations for different Drosophila
strains [~45%, (13)]. This observation suggests that our proposed
approach effectively and efficiently recapitulates the genome-wide
variation in CO locations.

Best Practice for Detecting Crossovers Using the Proposed Long-
Read Pool-Sequencing Approach. To ensure that any observed
association between CO occurrence and TE presence is not due
to CO detection biases, we conducted simulations to investigate
potential confounding factors (see SI Appendix, Supporting Text
for details about the simulations). Our analysis found no falsely
identified COs when reads were simulated from nonrecombinant
parental genomes, indicating the high precision of our approach.
Using simulations with CO events, our approach achieved an
81.4% recall rate per read for reads that are properly mapped,
overlap with CO events, and pass our stringent filtering criteria.
Relaxation of these filtering criteria further increased the recall rate
(SI Appendix, Table S2). Interestingly, we found that simulated
reads that span TEs identify COs at a significantly higher rate than
reads aligned to genomic regions without TEs (see SI Appendix,
Supporting Text for details), which should make any observed
negative association between the CO occurrence and TE presence
conservative. Finally, while read length showed limited impact on
CO detection, we observed that both higher sequencing depth
and SNP density significantly increase CO detection rates (see
SI Appendix, Supporting Text for details), and these two factors
should be accounted for in the downstream analysis.

'The substantial difference in recall rates between the benchmark
data (37.7%) and experimental pool (65%) motivated us to inves-
tigate the underlying cause and cost-effective approaches for imple-
menting our proposed method. One major difference between the
two is the DNA pooling methods. In the benchmark data, DNA
of F2 individuals was pooled post hoc after individual extraction.
In contrast, DNA in the experimental pool was extracted en masse
from a large number of F2 individuals. The former is likely to result
in an unequal contribution of F2 DNA to the final sequencing pool,
which is evidenced by many COs being detected by more than the
expected number of reads in the benchmark pool (SI Appendix,
Fig. S4 A and B), but not in the experimental pool (57 Appendix,
Fig. S4C). Another major difference is the ratio of sequencing depth
per recombinant F2 haplotype (referred to as depth-per-haplotype
ratio hereafter; 3x for the benchmark data vs. 0.12x for the exper-
imental pool). Our additional simulations (see S/ Appendix,
Supporting Text for details) showed that as the depth-per-haplotype
ratio increases, not only does the recall rate increase (S/ Appendix,
Fig. S5A4), but also the number of simulated reads recovering the
same CO event increases (S Appendix, Fig. S5B). Such an obser-
vation suggests that higher depth-per-haplotype ratios lead to inef-
ficient use of sequencing reads, as they repeatedly identify the same
COs (SI Appendix, Fig. S5C). Given the random distribution of
false negative events across the genome (SI Appendix, Fig. S2), we
argue that the implementation of our method should prioritize
maximizing CO detections per unit of sequencing depth rather than
complete CO recovery. Accordingly, we recommend extracting
DNA from many individuals and gradually increasing sequencing
depth while maintaining low depth-per-haplotype ratios until reach-
ing the desired CO count. This strategy balances sequencing costs
and CO detection efficiency. See SI Appendix, Supporting Text for

detailed discussions.
CO Occurrence Is Suppressed Around Euchromatic TEs When

Compared to Other Euchromatic Regions. We first investigated
the predicted negative impact of TEs on CO occurrence by

https://doi.org/10.1073/pnas.2427312122

comparing euchromatic windows with and without TEs within
the individual strain. We annotated TEs using RepeatModeler2
(49) and identified 620 (A6) and 501 (A7) TEs in the euchromatic
regions after filtering TEs with short lengths, in large clusters, or
shared between strains (Materials and Methods). We estimated
the number of COs detected in the F2 recombinant pools in
5 kb windows upstream and downstream to TEs (TE flanking
windows). After filtering windows that overlap or contain fewer
than five SNPs, we analyzed 509 and 376 TE-flanking windows
in A6 and A7 crosses respectively, representing 7.7% and 5.7%
of the euchromatic sequences. Because of the large number
of F2 recombinant individuals (~7,000) and high sequencing
depth (>1,500x) in each pool, more than one CO event could
be detected within a given window (Fig. 24). We used the
number of COs in 10 kb windows that are at least 30 kb away
from TEs as controls (control windows, Fig. 24). TE flanking
windows tend to have lower sequencing depth and fewer SNPs
than the control windows (Mann—Whitney U test, P < 0.05 for
all comparisons; S/ Appendix, Fig. S6). These differences could
potentially confound our analysis because, similar to observations
with simulated data (see above), the number of COs identified
across non-TE windows are positively correlated with sequencing
depth [Spearman rank p = 0.018, P = 0.12 (A6) and p = 0.055,
P<107°(A7)] and SNP numbers [Spearman rank p = 0.095, P =
6.0x 107" (A6) and p = 0.10, P = 6.7 x 107"2]. Accordingly, we
included sequencing depth and the number of SNPs as covariables
when assaying the impacts of TEs on the distributions of COs.
On the other hand, read length would not have confounded our
analysis because we found no associations between that and the
number of COs detected [Spearman rank correlation tests, P =
0.15 (A6) and 0.14 (A7)].

For both strains, we found that TE flanking windows have
significantly lower numbers of CO than control windows [Mann—
Whitney U test, P = 0.017 (A6) and 1.5 x 10™* (A7); Fig. 2B], a
result that is robust when controlling for the confounding effects
of sequencing depth and number of SNPs using generalized linear
models [regression coeflicients of TE effect: -0.20, P = 0.24 (A6)
and -0.71, P = 0.00083 (A7); Materials and Methods). We also
compared the physical distance from the focal site to the nearest
CO events, which should be longer when CO occurrence is sup-
pressed around the focal site. Consistent with analysis comparing
CO numbers, the distance from the TE insertion site to the nearest
CO is significantly longer than that of the control site in both
strains [Mann—Whitney U test, P = 8.6 x 107 (A6) and P = 6.9 x
107 (A7); Re?ression coeflicient for TE effect: 1.52 (A6) and 1.29
(A7), P< 10" for both; Fig. 2C]. These observations support the
prediction that TEs suppress the occurrence of COs.

We next investigated what biological attributes make a TE exert
stronger suppressive effects on COs. The two strains have a slightly
different relative abundance of different classes and types of TEs,
with A6 having many more DNA-based TIR than other RNA-based
TE families (A6: 255 TIR, 228 LTR, and 137 non-LTR; A7: 95
TIR, 230 LTR, and 176 non-LTR). While we did not find differ-
ences in the numbers of COs near different classes of TEs (RNA
vs. DNA, and I'TR vs. non-LTR vs. TIR, regression coefficient P
> 0.05 for all pairwise comparisons; S/ Appendix, Table S3), we did
find significantly longer distances to the nearest CO around
RNA-based TEs when compared to DNA-based TEs in one strain
[AG; Regression coefficient: 0.506 (RNA vs. DNA), 0.508 (LTR
vs. DNA), and 0.505 (non-LTR vs. DNA), P < 0.01; SI Appendix,
Table S3]. We then tested whether the enrichment of H3K9me3
may act as a driver for the suppressive effects of TEs on COs. Two
measures for the enrichment of H3K9me3 were used: the average
H3K9me3 enrichment level in TE flanking windows (adjacent
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H3K9me3 enrichment) and accumulated H3K9me3 across the
entire extent of H3K9me3 spread from TEs (H3K9me3 mass;
SI Appendix, Fig. S7). We used the former measure for analysis
using CO numbers and the latter for analyzing distance to the
nearest CO, because the extent of the suppressive effect of
H3K9me3 is unknown. We found significant negative associations
between adjacent H3K9me3 enrichment and the number of COs
identified in one strain (A6: Spearman rank p = -0.097, P = 0.028;
regression coefficient of H3K9me3 enrichment -0.42, P = 0.047;
Fig. 2D), while associations using H3K9me3 mass were not signif-
icant (Fig. 2 and SI Appendix, Table S3).

Because previous studies found that RNA-based TEs have
stronger enrichment of H3K9me3 (50, 51), which we also
observed (SI Appendix, Table S4), we sought to differentiate
whether the observed negative association between H3K9me3
enrichment and CO occurrence is due to TE class or the enrich-
ment of H3K9me3 itself. We repeated the above analysis within
TE class, and still found significantly negative correlations between
the enrichment of H3K9me3 and CO number for RNA-based
TEs [A6: Spearman rank p = -0.18, P=0.0014 (RNA-based TE),
p=-0.18, P =0.015 (LTR), p = -0.18, P = 0.057 (non-LTR);
regression coefficient of H3K9me3 enrichment -0.59, P = 0.057
(RNA-based TE), -0.46, P = 0.12 (LTR), and -1.90, P = 0.053
(non-LTR); all other comparisons, including analysis using dis-
tance to CO, have P> 0.05; see S/ Appendix, Table S3 for details].
Such a result confirms the impact of TE-induced enrichment of
repressive marks on CO occurrence.

Interestingly, even for TEs without H3K9me3 enrichment, they
are also associated with fewer CO numbers [regression coeflicient
of TE presence -0.086, P = 0.68 (A6) and -0.684, P = 0.031
(A7)] and show longer distance to the nearest CO [regression
coefficient of TE presence 1.38 (A6) and 1.44 (A7), P< 107" for
both] than the control windows. These TEs may impact CO
occurrence similar to other SVs, an effect expected to be stronger
for longer TEs. We tested this possibility by focusing on TEs
without the enrichment of H3K9me3, but found no significant
associations between TE length and the number of COs detected
nor distance to the nearest COs (Spearman rank correlation anal-
ysis and regression analysis, P > 0.05 for all comparisons,
SI Appendix, Table S3). In summary, our observations suggest that
TEs, especially RNA-based TEs and TEs with high local enrich-
ment of repressive marks, suppress the occurrence of COs in their
vicinity.

CO Occurrence Is Suppressed in the Presence of Euchromatic
TEs When Compared to Homologous Sequences Without TEs.
While our above analysis found a reduced occurrence of COs
around TEs when compared to TE-free genomic regions within a
strain, similar patterns could also be driven by other local features
influencing CO occurrence, as well as TE insertion preference or
differential selection against TEs (reviewed in ref. 20). To investigate
the suppressive impacts of TEs on CO while accounting for these
potential confounding effects, we compared the distributions of
COs around homologous alleles with and without TEs. Given that
homologous sequences are nearly identical, observed differences
in CO occurrence can be primarily attributed to the major
distinguishing feature between alleles: the presence/absence of
TEs. Specifically, we tested the association of TE presence with the
differences in two indexes, the number of COs within windows and
the distance to the nearest CO (Fig. 2F). Because of the pronounced
impacts of sequencing depth on the detection of COs (see above),
we inferred indexes of CO distribution after downsampling
sequencing reads to ensure equal sequencing coverage between
homologous alleles with and without TEs (TE set). These estimates

PNAS 2025 Vol.122 No.12 2427312122

were compared to those from control sites at least 30 kb away from
TEs (control set) to account for the difference in recall rate and,
potentially, genetic map length between the two strains (Mazerials
and Methods). In addition, our analysis controlled for SNP number
(Materials and Methods) because the ratio of the number of SNPs
between homologous alleles is marginally significantly smaller for
the TE set than the control set [Mann—Whitney U test, P=0.06 (A6)
and 0.08 (A7)], Significance levels of differences in CO distribution
between homologous alleles with and without TEs were determined
by two approaches: 1) the median Mann—Whitney U test P-values for
the comparisons between the TE set and control set across 1,000
downsampled data and 2) comparing the observed difference in
CO indexes of the TE set to the null distribution generated by
bootstrapping control sets (Materials and Methods).

W first tested whether the presence of TEs negatively impacts
CO occurrence, which should be reflected as smaller values for
the difference in CO number but larger values for the ratios of
distance to the nearest CO for the TE set than those of the control
set (Fig. 2F). Consistently, compared to the control set, the TE
set has a significantly lower difference in CO number [Mann—
Whitney U test, median p: 0.24 (A6) and 0.00052 (A7); bootstrap-
ping P: 0.25 (A6) and <0.001 (A7), Fig. 2G and SI Appendix,
Fig. S8] and larger ratios of distance to CO [Mann—Whitney U
test, median P: 0.17 (A6) and 0.0071 (A7); bootstrapping P: 0.501
(A6) and 0.246 (A7), Fig. 2H and SI Appendix, Fig. S8]. We found
limited differences in the suppressive impact of TEs of different
classes and types, with non-LTR showing significantly larger ratios
in the distance to COs than TIRs in one of the two strains (Mann—
Whitney U test, median P = 0.037, all other comparisons P> 0.05;
see ST Appendix, Table S5).

To investigate whether the enrichment of H3K9me3 around TEs
contributes to varying suppressive effects of TEs on COs, we com-
pared the differences in CO numbers between TEs with and with-
out H3K9me3 enrichment in their 5 kb flanking window (adjacent
enrichment level > 1). Notably, non-TE induced enrichment of
repressive marks does occur in the euchromatic genomic region
(e.g., ref. 52), and, to mitigate the consequential confounding effect,
we excluded windows where alleles without TEs similarly show
enrichment of H3K9me3. TEs with H3K9me3 enrichment tend
to have lower differences in CO number than TEs without, although
the difference is not statistically significant [Mann—Whitmey U test,
median P: 0.11 (A6) and 0.43 (A7); bootstrapping P: 0.18 (A6) and
0.45 (A7), Fig. 21 and SI Appendix, Fig. S9]. Alternatively, we cor-
related the level of H3K9me3 enrichment to the difference in CO
number and found a significant negative association for one of the
two strains [median Spearman correlation coefficient. -0.12 (A6,
median P = 0.043) and -0.03 (A7, median P = 0.36), SI Appendix,
Fig. S10]. Removing four Roo elements near COs, despite being
highly enriched with H3K9me3, in the insignificant strain leads to
a stronger correlation (median Spearman correlation coefficient:
-0.10, median P=0.11 in A7). We also performed a similar analysis
using ratios of the distance to the nearest CO and used the total
H3K9me3 mass to categorize TEs (high and low H3K9me3 enrich-
ment), excluding those with enrichment for H3K9me3 in the
TE-free homologous alleles (Materials and Methods). TEs with high
H3K9me3 mass show significantly larger ratios of the distance to
the nearest CO, especially in one of the two strains [Mann—Whitney
U test, median P: 0.015 (AG) and 0.438 (A7); bootstrapping P: 0.005
(A6) and 0.078 (A7), Fig. 2/ and SI Appendix, Fig. S9]. In the same
strain, we also found a significant positive correlation between
H3K9me3 mass and the ratios of the distance to the nearest CO
[median Spearman correlation coefficient: 0.11, P = 0.041 (AG);
SI Appendix, Fig. S10]. Importantly, significant negative associations
between TE-induced enrichment of H3K9me3 and difference in
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Fig. 2. Euchromatic TEs
suppress CO occurrence.
(A-E) Within-strain analysis
to investigate the impact of
TEs on the occurrence of
COs. (A) Cartoon illustrating
measures for the occurrence
of COs: CO numbers of 5 kb
windows flanking focal sites
and the physical distance
from the focal site to the
nearest CO. (B) Within-strain
comparisons of the number
of COs detected in the F2
recombinant pools for TE
windows (509 and 376 win-
dows for A6 and A7, respec-
tively) and control windows
without TEs (4,185 and 4,720
windows for A6 and A7 re-
spectively). The stacked bar
indicates the proportion of
windows with a certain CO
number. (€) Within-strain
comparisons of the distance
to the nearest COs TEs (620
and 501 TEs for A6 and A7,
respectively) and controls
(4,256 and 4,924 control
sites for A6 and A7, respec-
tively). A significant level was
obtained via both the Mann-
Whitney U test (p1) and the
regression analysis (p2). (D
and E) Associations between
TE-induced H3K9me3 en-
richment and CO numbers
(D) and the distance to the
nearest CO (E). A significant
level was obtained via both
the Spearman correlation
(p1) and the regression anal-
ysis (p2). (F-/) Between strain
analysis to test the impact
of TEs on the occurrence of
COs. (F) Cartoon illustrating
measures for the impacts
of TEs on CO occurrence:
difference in CO numbers in
the TE flanking windows (Left)
and log2 ratio of the distance
to nearest CO (Right) between
homologous alleles with and
without TEs. (G) Shown distri-
butions compare the mean
differences in CO numbers
for 1,000 downsampled sets
of TE pairs that have equal
sequencing coverage be-
tween homologous alleles
with and without TEs (345
and 232 TEs for A6 and A7,
respectively) and the same
number of downsampled
control window pairs as TEs
(bootstrapped from 1,434
and 1,507 control windows in

A6 and A7, respectively). Because most windows overlap with no COs, the distribution of the median difference in CO number is less visually informative than the
mean presented here. (H) Shown distributions compare the mean differences in distance to the nearest COs for 1,000 downsampled sets of TE pairs (489 and 360
TEs in A6 and A7, respectively) and the same number of control windows as TEs (bootstrapped from 1,831 and 2,041 control windows in A6 and A7, respectively).
() Comparisons for the difference in CO numbers between TE pairs with (70 and 61 TEs in A6 and A7, respectively) and without H3K9me3 enrichment (135 and 90
TEs in A6 and A7, respectively). (/) Comparisons for the ratios of the distance to nearest CO between TE pairs with high and low H3K9me3 mass (123 and 93 TEs
in either category for A6 and A7, respectively). A significant level was obtained via both the Mann-Whitney U test (p1) and the bootstrapping test (p2) for between-
strain analysis (see main text). The numbers of TEs in (B and G) differ from those of (C and H) because, for CO number, we required at least five SNPs within both
5 kb flanking windows (B and G), while for analysis using distance to nearest CO (C and H), this criterion was not required. The smaller number of TEs studied in (/
and ) analysis when compared to (G and H) is due to the stringent filtering of TE pairs whose without TE alleles also show some enrichment of H3K9me3. w/ TE: TE

windows/sites; w/o TE: control windows/sites without TEs; w/ K9: with H3K9me3 enrichment; w/o K9: without H3K9me3 enrichment.

CO numbers remain when restricting the analysis to RNA-based
TEs [median Spearman correlation coefficient. -0.24, P = 0.003
(RNA-based TEs), -0.26, P = 0.005 (LTR), -0.24, P = 0.1
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(non-L'TR); see ST Appendix, Table S5 for all other comparisons],
suggesting such an association is not due to difference in H3K9me3

enrichment between TE classes (S Appendix, Table S4). Finally,
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similar to within-strain analysis, we found that even TEs without
H3K9me3 show suppressive effects on COs in one of the strains
[CO number: Mann—Whitney U test median P = 0.030 and boot-
strapping P = 0.016 (A7); SI Appendix, Table S5], but found no
correlations between TE length and difference in CO distribution
for TE insertions where alleles with and without TEs are both
depleted of H3K9me3 enrichment (2 > 0.05 for all comparisons,
SI Appendix, Fig. S11 and Table S5). Overall, our between-strain
analyses that compare the distribution of COs between homologous
alleles with and without TEs corroborate our findings observed
within strains: TEs, especially those that lead to local enrichment
of repressive marks, suppress the occurrence of COs in the euchro-
matic genome.

TE-Mediated Suppressive Effects Contribute to Between-Strain
Differences in CO Landscapes. Having established that the presence
of TEs significantly reduces the occurrence of COs, we aim
to quantify these TE-mediated effects. We first estimated how
much reduction in CO occurrence could be driven by TEs when
compared to the homologous TE-free alleles. To control for factors
that could potentially confound the detection of COs, we selected
TE-free control windows with similar between-homolog SNP
ratios to those of TE windows and performed downsampling to
acquire comparable sequencing depth between alleles. These control
windows allow the estimation of normalizing factors that correct
for the varying total CO map length while accounting for the
above-mentioned potential confounding factors, enabling direct
comparisons of COs between homologous alleles with and without
TEs (SI Appendix, Supporting Téxt and Fig. S124). We found that,
compared to homologous TE-free alleles, the presence of TEs led to
an average 36.2% reduction in COs (95% bootstrapped CI: -58.2
to -10.4%; SI Appendix, Fig. S12B), with TEs showing enrichment
of H3K9me3 leading to an even stronger effect (-49.5%, 95%
bootstrapped CI: -78.3 to -0.6%; SI Appendix, Fig. S12B). These
estimates further corroborate that TE-mediated suppressive effects
on COs could be substantial.

To quantify how much between-strain variation in CO land-
scapes may be attributed to the suppressive effects of TEs, we
analyzed TE prevalence in euchromatic windows that show CO
differences between the two studied strains. After normalizing for
potential confounding factors (see SI Appendix, Supporting Text
for details), we identified 2,082 10 kb windows with between-strain
differences in CO numbers, representing 22.0% of all euchromatic
windows. Among windows with CO differences, TEs are found
in 12.2% (n = 254) of them, and within these TE-containing
windows, TE-mediated suppressive effects accounted for 61.3%
of the CO differences (95% bootstrapped CI: 55.3 to 67.2%;
Fisher’s Exact Test, P-value < 107, odds ratio = 3.5). Collectively,
TEs explained 7.5% (95% bootstrapped CI: 6.4 to 8.6%) of the
total between-strain CO variation by reducing CO occurrence in
the strain where they were present. These estimations point to TEs
as an important contributor to varying CO landscapes between
individuals.

Suppressive Effect of TEs on Recombination Is Supported by
Orthogonal Approaches. To further corroborate our observed
suppressive effects of TEs on COs in the euchromatic genome,
we used two orthogonal approaches to independently test this
finding. In the first approach, we investigated the distributions
of CO breakpoints in the RIL panel of DSPRs (44) with respect
to the presence/absence of TE insertions. We inferred the CO
breakpoints in the subset of Illumina-sequenced RILs, estimated
the distance between an euchromatic TE insertion site to the
nearest recombination breakpoint, and compared such distances
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between homologous alleles with and without TEs (Materials and
Methods). Consistently, alleles with TEs have a significantly longer
physical distance to the nearest CO breakpoints than homologous
alleles Wlthout TEs (Fig. 3 A and B; paired Mann—Whitney U test,
P<107'°), with the presence of TEs adding a median of 207,894
bp to the nearest breakpoints. Analysis focusing on insertion
sites where the median distance to breakpoint is within 100 kb
reaches the same conclusion (presence of TEs add 230,454 bp,
paired Mann—Whitney U test, P < 10 16). Among all TE insertion
sites studied, 66.82% of them have longer physical distances to
the nearest CO breakpoint when the TE is present than when
the TE is absent, a proportion that is significantly larger than
randomly sampled genomic locations with matching chromosomal
distributions and numbers (Fig. 3C, permutation test P < 0.001).
However, we did not find differences in the suppressive effects of
TEs of different classes (Mann—Whitney U test, P > 0.05 for all
comparisons).

In the other approach to test the causal impacts of TEs on
recombination, we compared the distribution of COs around
alleles with and without transgenically introduced TEs in a con-
trolled genetic background. Such an approach mitigates the poten-
tial difference in genetic background, which is hard to ascertain
in the above genome-wide approaches. Specifically, we inserted
mCherry containing transgenic constructs with different TE
sequences into the same euchromatic location (Materials and
Methods). To assess local changes in recombination rate in the
presence of TE sequences, we employed a recently developed tech-
nique that infers chromosome-wide recombination rates from
bulk sequencing of marker-selected pools (45). We chose to inte-
grate two RNA-based TEs that showed the strongest cis spreading
of repressive marks in our previous study [ro0 and copia, (50, 51)],
and a DNA-based TE identified to exert cis epigenetic effects
(1360, (53)]. In an F2 recombinant backcross (Fig. 3D), we
selected F2 homozygotes with the visible black marker, which is
~7 Mb from the transgenic insertion site. In the selected F2 pool,
the allele frequency of the inserted chromosome (blue in Fig. 3D)
will increase as a function of increased genetic distance from black
(Fig. 3E), and we extrapolated the local recombination rate as the
rate of change in genetic distance after accounting for paternal
contribution and secondary fitness effects. Within the 500 kb
flanking windows of different transgenic constructs, there is sig-
nificant variation in the recombination rate (ANOVA F = 7.2,
P = 0.017), with RNA-based TEs having significantly lower
recombination rate than the control (TukeyHSD test, adjusted
P = 0.02; Fig. 3F). It is worth noting that the transgenic back-
ground coincidentally shares several large haplotype blocks with
the black mutant strain just downstream of the transgenic insertion
site, leading to a sharp decrease in informative SNP sites, and,
therefore, suboptimal estimation of allele frequency. Nevertheless,
both approaches provide orthogonal support for the suppressive
effects of TEs on local recombination rate.

Discussion

By developing a long-read-based method to identify COs among
pools of recombinant individuals, we compared the distribution
0f ~2,800 COs with respect to TE insertions. Our analysis revealed
that the presence of TEs, especially RNA-based TEs and TEs with
enrichment of repressive epigenetic marks, significantly reduces
the occurrence of COs. These TE-mediated suppressive effects
cause substantive reductions in CO occurrence (36.2%) and con-
tribute to 7.5% of all the between-strain variation in CO distri-
bution, despite TEs occupying only 12.2% of the analyzed
euchromatic windows. Our two other approaches that compare
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Fig. 3. Orthogonal approaches support the conclusion that TEs suppress CO occurrence. (A-C) Comparisons of the distance to nearest CO between homologous
alleles with and without TEs using RILs of DSPR. (A) log 10 distance to the nearest CO breakpoints from TE insertion sites between alleles without (w/o, x axis)
and with (y axis) TEs, which is biased toward larger distance for with TE alleles. Insert: boxplot showcasing the differences in distance to the nearest breakpoint
between homologous alleles with and without TEs. (B) The distribution of fold change in the distance to the nearest CO breakpoints from TE insertion sites
between homologous alleles with and without TEs. (C) Comparisons of the observed proportion of TE insertions with (w/) TE alleles having a farther distance to
the nearest CO breakpoints than the homologous alleles (dashed green line) to the distribution of that of randomly sampled genome locations with matching
properties (gray). (D) Cartoon representation of the transgenic strains used and how genetic distance is captured in allele frequency of marker selected pool. (E)
After sequencing, allele frequency is estimated at every diagnostic SNP site where the parental strains are fixed for different alleles. The density of such sites is
displayed in the Top panel (in 100 kb windows). Decay of allele frequency around black is then used to estimate the recombinant fraction, which approximates the
genetic distance (red). The rate of change (slope) then approximates the recombination rate. (F) Estimated recombination rate using SNPs +500 kb of the selected
locus black in crosses with different transgenically introduced TEs. Significance differences between different TE insertions were estimated using a linear model:
COrates ~ class + genotype. Because the genotype effect was not significant (P = 0.98), only the class effect was analyzed using the ANOVA and TukeyHSD tests.

CO distributions in panels of RILs or isogenic strains differing in library preparation, and two PacBio SMRT cell sequencing. The
transgenically inserted TEs reached the same conclusion, further  entire process cost roughly $4,000 several years ago and is likely

corroborating the suppressive effects of TEs on recombination.  much cheaper now. In contrast, identifying a similar number of
These three orthogonal approaches compare nearly, if not com-  COs using the short-read sequencing approach would require over
pletely, identical homologous sequences with and without TEs,  five hundred separate DNA extractions and library preparations,
effectively excluding the confounding influence of sequence con- ~ more than doubling the costs in reagents and sequencing alone
text in driving differences in CO occurrence. Importantly, all the ~ while also demanding significantly more labor and time.

TEs included in our study are polymorphic and likely still active. Importantly, our benchmark data and in silico simulations not
This is in contrast to TEs suggested to be recombination hotspots  only allow us to estimate the accuracy of the approach, but also

in plants and mammals, where most of those TEs are no longer  to identify potential sources of false-negative events and inform
active and oftentimes share similar genetic features (e.g., DNA  practices to maximize the efficiency of our approach. Our analyses
motifs) with other non-TE recombination hotspots (42, 43, 54). reveal that, while a high sequencing depth per F2 recombinant

Our method of applying PacBio long-read sequencing on  haplotype leads to improved CO recall, it also results in redundant
pooled recombinant F2 is similar in concept to previous work  capture of the same COs, an inefficient use of sequencing efforts
using linked reads to detect COs in gametic pools (55, 56) but (SI Appendix, Fig. S6 A-C). In addition, such a high
with higher accuracy (false positive rate 6.5% vs. 14.9%), easier  depth-to-haplotype ratio is susceptible to unequal sampling of F2

analysis, and greater cost-effectiveness. Our algorithm identifies  individuals. Considering the randomly distributed false negative
COs by detecting the transition of SNPs from one parent to the  events in the benchmark data (S7 Appendix, Fig. S2) and the nearly
other within a single PacBio read, eliminating the need to recon- linear relationship between sequencing depth and the number of
struct sequencing molecules and filter shared barcodes as required ~ unique COs detected in the experimental pools (S/ Appendix,
with linked-read sequencing (e.g., refs. 55 and 57). For individual Fig. S6E), we recommend extracting DNA en masse from thou-
Drosophila strains, our approach can detect COs of over five hun-  sands of F2 recombinant individuals and sequencing the DNA in
dred meiosis events with just one DNA extraction, one PacBio  batches until the desired number of COs is detected. Crucially, a
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low sequencing depth-to-haplotype ratio should be maintained
to help maximize the number of COs detected per unit of sequenc-
ing effort. It is worth noting that we were unable to infer gene
conversion events accurately due to the relatively high error rate
of PacBio CLR [~10%, (58)], the distance between SNPs in the
parental strains, and the typically short track length of gene con-
version events [~500 bp, (13, 40)]. Recent applications of the
much more accurate, but shorter, PacBio HiFi sequencing demon-
strate the possibility of identifying other recombination products
from gametic pools (59, 60). Further benchmarking, like those
developed in this study, will help assess the specificity and sensi-
tivity of using PacBio HiFi sequencing to detect various recom-
bination products.

Our findings reveal that RNA-based TEs are more likely to
suppress CO occurrence. This finding aligns with previously
reported heterogeneity in the effects of different TE classes on
recombination, particularly the more pronounced negative asso-
ciations of RN A-based TEs with the formation of DSBs (32, 33)
and the occurrence of CO (30, 54). However, RNA-based TEs
tend to result in stronger local enrichment of repressive marks in
Drosophila (51). Their negative effects on COs might be mediated
by the known suppressive impacts of these marks on the various
steps of COs (33, 38, 39), which is supported by our observed
negative associations between the H3K9me3 enrichment around
TEs and CO occurrence within TEs classes.

Interestingly, TEs without the enrichment of H3K9me3 are
also significantly associated with reduced CO occurrence in one
of the two strains, indicating that other mechanisms also mediate
the suppressive effects. One possibility is that, similar to the
reported effects of other structural variants (34, 61), sequence
heterogeneity introduced by TEs interferes with homolog pairing,
leading to the resolution of DSBs into non-CO products.
Alternatively, because our approach can only detect COs in sur-
viving adults, COs that reduce an individual’s survival are likely
underrepresented in the F2 pools. This bias is particularly likely
when nonhomologous TE sequences serve as templates for DSB
repair. The resulting “ectopic recombination” between nonallelic
TEs can generate chromosomal rearrangements, causing signifi-
cant fitness reductions in affected individuals (62, 63) and, con-
sequently, the underrepresentation of detected COs around TEs.
Longer TEs may present a more significant challenge to the
homology required for DSB repair (64) or be more likely to
undergo ectopic recombination (65). Yet, our analyses found no
associations between CO occurrence and the length of TEs with-
out enrichment of H3K9me3, suggesting that other mechanisms
may mediate the CO-suppressing effects of TEs. It is important
to note that these potential mechanisms can only arise because we
estimated the CO-suppressing impacts of heterozygous TEs,
which likely resemble the situation in natural populations given
the predominantly low population frequencies of TEs (66, 67).

The observed suppressive effect of TEs on recombination may
have a multifold impact on the evolution of both TEs and host
genomes. Such an effect could influence TE evolutionary dynamics
by limiting their potential for ectopic recombination (20, 23) and,
in turn, shape the evolution of host-mediated epigenetic silencing
targeting TEs (68). Given the prevalence of TEs in the gene-rich
euchromatic genome, their suppressive effects on recombination
could fundamentally influence genic evolution, hindering the fix-
ation of adaptive variants or the removal of deleterious alleles due
to selective interference (6, 7). Considering the abundance of TEs
in D. melanogaster (67), the estimated 36.5% TE-mediated reduc-
tion in CO occurrence would translate to a roughly 4% decrease
in population recombination rate (4Nr or p) for the entire euchro-
matic genome. While this rate may seem modest, the distribution
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of TEs across the euchromatic genome is not uniform, and some
regions may be especially susceptible to such TE-mediated sup-
pressive effects. For example, in genomic regions where TEs pref-
erentially insert (69), p may be sufficiently reduced to have a
substantial evolutionary impact. In other genomic regions, the
influences of TEs on p would depend jointly on their suppressive
effects on recombination and population frequencies. TEs with
moderate enrichment of repressive marks that have minimum fit-
ness impacts (e.g., in intergenic sequences) should have higher
population frequencies and, thus, a greater overall impact on p. In
cither case, the consequentially reduced selection efficacy against
TEs due to suppressed recombination should increase TE popula-
tion frequencies and drive the accumulation of new TE insertions.
This process can further extend and exacerbate the suppression of
recombination, eventually resulting in blocks of genomes with
diminished recombination rates. These effects may be especially
important for generating microhaplotypes that help maintain coad-
apted alleles (70) or the evolution of chromosomes with nearly
complete suppression of recombination (20, 71). It is worth noting
that higher TE density (72) and stronger TE-mediated spreading
of repressive marks (51) have been observed in other Drosophila
species, where the suppressive effects of TEs on population recom-
bination rate could be even more pronounced.

The ability of TEs to self-replicate and move between genomic
locations generates substantial variation in the abundance, compo-
sition, and location of TE insertions between individuals (66, 73,
74) and species (18), making them a significant force shaping the
eukaryotic genome. Beyond their previously known role in con-
tributing to varying epigenome (50, 74) and transcriptome (75),
our findings reveal that dynamically changing TEs can actively alter
recombination landscapes. This effect contributes to varying recom-
bination within genome, between individuals, and likely across time
and even between species, underscoring their critical role in driving
genome evolution through diverse mechanisms.

Materials and Methods

Generation of Benchmark Data and Experimental Pool. We chose three
DSPR founder strains (76) that have the maximum differences in SNPs and set up
two crosses: Ad x A6 and A4 x A7.These three strains were originally collected
from Zimbabwe, Africa (A4), Georgia, USA (A6), and Kenting, Taiwan (A7).To gen-
erate F2 recombinants, F1 female offspring from each cross were backcrossed to
A4.192 F2 backcross females were collected for the benchmark experiment, while
7,166 and 7,141 F2 backcross female offspring were collected for A4 x A6 and
A4 x A7 experimental pools, respectively.

For the benchmark data, high-molecular weight (HMW) DNA was extracted
individually using Qiagen MagAttract HMW DNA Kit. The DNA of each individ-
ual was divided equally for standard Illumina short-read sequencing (using the
[llumina Nextera DNA Flex Library Prep Kit and Illumina NovaSeq 6000) and
pooled with equal molar ratios for PacBio CLR sequencing. For the experimental
pool, HMW DNA was extracted en masse (~7,000 F2 females) for each cross
using Qiagen Blood & Cell Culture DNA Midi Kit and sequenced with PacBio CLR.

Annotation of TEs in the Assembled Genomes of Parental Strains. For all
sequence analysis, we used the following genome assemblies from ref. 77: NCBI
GCA_003401745.1 (A4), GCA_003401885.1(Ab), and GCA_003401915.1 (A7).
To annotate TEs, we ran Repeatmodeler2 [version 2.0.3; (49)] and used blastn
(78) to assign candidate TEs to the family level. We excluded TEs shorter than
200 bp, of INE-1, which is mostly fixed in D. melanogaster (67), in clusters larger
than 10 kb, and shared between strains [inferred using minimap2 (v. 2.24(79))
to identify homologous alleles of TE insertions].

Identification of COs with Short-Read and Long-Read Sequencing Data.
We first filtered heterozygous sites in each parental strain by resequencing these
strains with Illumina NovaSeq 6000 and used minimap2 to call SNPs between
two parental genome assemblies. To identify COs in each F2 individual in the
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benchmark data, we mapped Illumina short reads to A6 genome, used 50-SNP
sliding windows to identify the transition in parental origin (i.e., switch between
homozygous A4 origin and heterozygous A6 origin), called a CO event when
the parental tracks are consistent for at least 200 SNPs, and visually inspected
each called event. To identify CO in PacBio pools, we mapped CLR reads to both
parental genomes separately using minimap2. We used 10-SNP sliding windows
along each read to identify transitions in parental origin that are characteristic
of CO events. For a read to be considered containing a CO event, each parental
haplotype/track needs to cover at least 5 SNPs, and the CO event is at least 2 kb
from the edge of the alignment. Reads with more than one switch in parental
origin were filtered due to them likely being caused by sequencing error, gene
conversion, or, rarely, double crossovers.

CUT&Tag Experiment and Analysis. We followed the CUT&Tag@home protocol
[V.3,(80,81)] using H3K9me3 rabbit antibody (Abcam EPR16601) and anti-rabbit
Secondary Antibody binding (EpiCypher 13-0047) to profile the distribution of
H3K9me3 in A6 and A7 16 to 18 h embryos. The final CUT&Tag libraries were
sequenced with Illumina NovaSeq 6000. We followed CUT&Tag Data Processing
and Analysis Tutorial (81, 82) to analyze the generated data and estimated
histone-modification magnitude (HM) for each position as the sequencing cov-
erage. For H3K9me3 enrichment around TEs, we calculated the mean HM for
5 kb upstream and downstream flanking each TE normalized by the mean HM
in 20 to 40 kb upstream and downstream windows of the respective TE, follow-
ing ref. 50. Normalized HM above one is deemed enriched with H3K9me3.The
H3K9me3 total mass is the sum of normalized HM across 1 kb windows where
the normalized HM is above one.

Testing the Associations Between the Presence of TEs and CO Occurrence.
For within-strain comparisons, we employed Mann-Whitney U tests and glm
models to compare CO numbers and Mann-Whitney Utests and linear regression
to compare the distance to the nearest CO between TE and control windows.
Both regression analyses included type (whethera window is with or without TE),
sequencing depth, and SNP density in a window as predictors.

For between-strain analysis, we selected control windows that were 1) >10 kb
fromTEs in both strains, 2) lacking H3K9me3 enrichment (< 1) in both alleles, and
3) having similar SNP density ratios to TE windows. We compared CO differences
(TE minus non-TE allele) between TE and control windows using two methods.
First, we downsampled sequencing depth for TEs and control windows, performed
one-tailed Mann-Whitney U tests, and repeated the process 1,000 times to geta
median P for the Mann-Whitney U tests. Second, we bootstrapped control win-
dows to match TE window counts per arm, downsampled a bootstrapped set,
calculated mean CO differences for downsampled sets, and generated a null
distribution of the median of the mean differences in CO number for 1,000
bootstrapped sets. One-tailed P-values were then estimated by comparing the
median of mean differences in CO for downsampled TE windows. For analysis
using distance to the nearest CO, if the nearest CO was unsampled during down-
sampling, we used the next nearest CO instead. All other analysis procedures are
the same as those for analysis using CO numbers.

We classified TEs into those with and without H3K9me3 enrichment (adjacent
H3K9me3 enrichment > 1 or not) or high/low H3K9me3 mass (use 50% quantile
of H3K9me3 mass), depending on the analysis. TEs whose non-TE homologous
alleles have adjacent H3K9me3 enrichment > 1 or H3K9me3 mass > 3 were
excluded. We used the same two approaches as above to investigate whether TEs
with H3K9me3 enrichment show significantly stronger suppression on CO occur-
rence, with the only difference being the null distribution was generated from
bootstrapped non-H3K9me3 enriched TEs. For Spearman correlation tests, we
used the median correlation coefficientand P-values of 1,000 downsampled sets.
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