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ABSTRACT

Transposons are mobile genetic elements prevalent
in the genomes of most species. The distribution
of transposons within a genome reflects the ac-
tions of two opposing processes: initial insertion
site selection, and selective pressure from the host.
By analyzing whole-genome sequencing data from
transposon-activated Drosophila melanogaster, we
identified 43 316 de novo and 237 germline insertions
from four long-terminal-repeat (LTR) transposons,
one LINE transposon (I-element), and one DNA trans-
poson (P-element). We found that all transposon
types favored insertion into promoters de novo, but
otherwise displayed distinct insertion patterns. De
novo and germline P-element insertions preferred
replication origins, often landing in a narrow region
around transcription start sites and in regions of high
chromatin accessibility. De novo LTR transposon in-
sertions preferred regions with high H3K36me3, pro-
moters and exons of active genes; within genes, LTR
insertion frequency correlated with gene expression.
De novo l-element insertion density increased with
distance from the centromere. Germline I-element
and LTR transposon insertions were depleted in
promoters and exons, suggesting strong selective
pressure to remove transposons from functional el-
ements. Transposon movement is associated with
genome evolution and disease; therefore, our results
can improve our understanding of genome and dis-
ease biology.

INTRODUCTION

Transposons are mobile genetic elements that can compose
up to 85% of a metazoan genome (1). Transposon move-

ment can introduce genetic variations and drive genome
evolution (2-4), but insertions into genes and regulatory ele-
ments are often detrimental to the host, causing diseases like
infertility and cancer (5-8). Therefore, understanding trans-
poson movement provides valuable insights into genome
function and disease biology (9).

Transposons differ in how they mobilize. DNA trans-
posons use a ‘cut-and-paste’ mechanism: a transposase ex-
cises a progenitor copy and integrates it directly into a
new target site (10,11). In contrast, retrotransposons repli-
cate using a ‘copy-and-paste’ mechanism via an RNA
intermediate made by transcribing an existing genomic
copy of the transposon. The RNA is then converted to
DNA in the cytoplasm by a transposon-encoded reverse
transcriptase, and the resulting DNA is inserted into the
genome by a mechanism that differs between subfami-
lies of retrotransposons. For example, long terminal repeat
(LTR) transposons behave like retroviruses, using an inte-
grase to insert the reverse-transcribed DNA (12). In con-
trast, long interspersed nuclear elements (LINEs) perform
target-primed reverse transcription by nicking one genomic
strand of the target site and exposing a 3’ hydroxyl, which
then serves as the primer for reverse transcription, and
the resulting DNA is directly incorporated into the target
site (13).

The target sites of different transposons exhibit distinct
structural and sequence characteristics (14). Deciphering
insertion site preferences is challenging because most ge-
nomic transposon copies have been rendered immobile by
mutations and truncations or repressed by DNA methy-
lation, piRNAs (in germ cells), and siRNAs (in somatic
cells) (15-19). The distribution of transposon copies in the
genome reflects two ongoing processes: initial insertion and
subsequent selection by the host. Some transposons actively
produce new copies, but distinguishing new insertions from
pre-existing ones is challenging (20). Sequencing of cells
transfected with mobilization-competent transposons or in-
fected with retroviruses has revealed initial insertion site
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preferences for a few transposons (21-28), but the prefer-
ences of many others remain unknown.

P-element (a DNA transposon), used by the Gene Dis-
ruption project to generate a public resource of Drosophila
melanogaster strains with disrupted genes, is one of the best-
studied fly transposons. More than ten independent screens
using a variety of engineered P-elements have resulted in 18
214 fly lines with unselected insertions (29,30). Seventy per-
cent of P-element insertions were reported to be near gene
promoters, with most of them in 200-400 ‘hotspot’ loci (30).
However, Spradling et al. analyzed the P-element insertions
in the Gene Disruption project and showed that these inser-
tions were most enriched in the sites bound by origin recog-
nition complex (ORC) proteins which function as replica-
tion origins in tissue-culture cells (26); the apparent en-
richment of P-element insertions in promoters occurred be-
cause a subset of promoters also functions as replication
origins. Their study provided a mechanistic model for how
P-element increases its copy number in the D. melanogaster
genome (26). Subsequently, this enrichment in replication
origins was reported for P-element insertions in D. simulans
(31).

In D. melanogaster ovaries, piRNAs guide their PIWI
protein partners, providing sequence-specific repression of
transposons (15,32); lack of complementary maternal piR-
NAs can derepress a transposon in the ovaries of the
progeny and cause hybrid dysgenesis. Alternatively, disrupt-
ing the piRNA pathway can activate multiple endogenous
transposons and lead to sterility (33-35). Zhang and col-
leagues used such approaches to mobilize three families of
transposons: the DNA transposon P-element, I-element in
the LINE family, and four LTR transposons—HMS-Beagle
and blood in the Gypsy subfamily, and 3S18 and Max-
element in the BEL-Pao subfamily (36,37). They concluded
that I-element and LTR transposons did not share insertion
hotspots, but they did not perform a detailed analysis of in-
sertion site preferences for these transposons.

The whole-genome sequencing data by Zhang et al.
(36,37) provide a unique opportunity to study de novo inser-
tions of transposons belonging to all three major families in
vivo. Therefore, we used our recently developed TEMP?2 al-
gorithm (38) to identify 43 316 de novo and 237 germline
insertions of these six transposons. We found that although
the different families of transposons shared a preference
for euchromatin and active promoters, in other ways in-
sertion patterns for each family were distinct. Subsequent
host selection alters these initial insertion patterns, resulting
in substantially different germline patterns. We confirmed
Spradling et al.’s finding that P-element preferred replica-
tion origins (26). We found that de novo insertions of LTR
transposons were enriched in the promoters and exons of
highly expressed genes and that the histone modifications
H3K4me3 and H3K36me3 likely direct LTR transposons
to their targets. For I-element, a very different target site
preference emerged; more insertions were observed toward
the telomeres of each chromosome.

Our study provides new insight into transposon insertion
site preferences, revealing substantial differences among
DNA, LINE and LTR transposons. Furthermore, our find-
ings highlight two opposing forces: the innate preferences
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of transposon movement and the evolutionary pressure to
maintain a functional genome for the host.

MATERIALS AND METHODS
Annotations

Centromere-adjacent heterochromatin regions, defined by
H3K9me3 ChIP-seq in ovaries, were downloaded from our
previous study (39), and the remaining regions were de-
fined as euchromatin. Transposon and gene annotations
were downloaded from Flybase (version 104).

Source of data

Accessions and mappability statistics for DNA-seq, RNA-
seq, ChIP-seq and ATAC-seq data used in this study are
listed in Supplementary Table S1.

Detection of de novo and germline transposon insertions

To detect new transposon insertion events, we used “TEMP2
insertion’ (version 0.1.4) with default parameters (38).
TEMP2 detects insertions that are present in input sam-
ples and absent in the D. Melanogaster reference (dmo6)
genome. Insertions with any supporting reads were pre-
served. We used the insertion sites identified by TEMP2
for downstream analyses. To determine the genomic inter-
val for transposon insertions that could not be precisely lo-
cated because of insufficient split reads (reads that cover the
boundary between the transposon and the surrounding ge-
nomic sequence), we applied a method that involved calcu-
lating the 95th percentile of fragment length (the length of
the DNA fragments used to create the sequencing library,
also known as the insert size) minus the read length of the
library and 25 bp (the minimum sequence alignment length
needed to accurately map a transposon to the genome). In
the DNA-seq datasets analyzed in this study, the intervals
were 183-409 bp and they were used directly to identify de
novo insertions as described below. For the insertions in po-
tential insertion intervals, we used the centers of the inser-
tion intervals computed by TEMP?2 as the insertion sites for
enrichment analysis in various types of genomic regions, e.g.
promoters, replication origins, exons, introns and intergenic
regions. For these enrichment analyses, the inaccuracy of
insertion site identification could be as large as half of the
interval (92-205 bp).

For each transposon, we defined de novo insertions as
those that were present in the offspring but not at the
same locus in the corresponding parents (Figure 1A). Using
BEDTools, we compared insertion sites/intervals from the
offspring (F2 eggs for I-element and LTR transposons; F1
ovaries for P-element) with the insertion sites/intervals in
their corresponding parents (F1 eggs) (Supplementary Fig-
ure S1; Supplementary Table S1), and only retained those
insertion sites/intervals in the offspring that did not over-
lap any insertion site/intervals in the parent (40). For exam-
ple, to identify I-element insertions, we used F1 eggs from
the wX female to w///® male cross as the parents and F2
eggs from the F1 female to sperm-less w* male cross as the
offspring (Supplementary Figure S1A). Similarly, for LTR
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Figure 1. Identification of de novo and germline transposon insertions. (A) A workflow for detecting de novo and germline transposon insertions, illustrated
as orange and purple boxes, respectively. First, new insertions were identified by comparison with the reference fly genome using TEMP2. Then, de novo
and germline insertions were identified by comparing parent and offspring genomes. (B) Numbers of de novo and germline transposon insertions identified
by our workflow. In the right panel, newly detected germline transposon insertions are marked in dark colors, and those germline insertions present in both
the reference genome and the fly genome we used are marked in light colors. LTR transposons (3S18, blood, HMS-Beagle and Max-element) are colored
in different shades of blue; LINE (I-element) in red; and DNA transposon (P-element) in green. This color scheme is used throughout the paper.

transposons, we used F1 eggs from the untreated female to
Ago3&Aub-depleted male cross as the parents, and F2 eggs
from the F1 female to sperm-less male cross as the offspring
(Supplementary Figure S1B). For de novo P-element inser-
tions, we considered F1 ovaries from the w! female to Har
male cross as the offspring and compared them with F1 eggs
as the parents (Supplementary Figure S1C).

Germline insertions were defined as those shared by the
offspring and the parents (Figure 1A). Due to the large
number of reads covering germline insertions, we identified
most (86.1%) of them at the resolution of target-site dupli-
cations (3—10 bp); we defined two insertions as shared when
they overlapped by at least 1 bp. We supplemented our iden-
tified germline insertions with the insertions that are anno-
tated in the fly reference genome and also present in our

samples (both offspring and parents). To identify the latter,
we used “TEMP2 absence’ (version 0.1.4) with default pa-
rameters to detect the reverse—insertions that are present
in the fly reference genome but absent in our samples—and
then subtracted them from the insertions annotated in the
reference genome.

Assessing the false discovery rate (FDR) for identifying de
novo transposon insertions

Because the number of false-positive insertions correlates
with the sequencing depth of the parent sample (e.g. F1 eggs
for I-element) and negatively correlates with the sequencing
depth of the offspring sample (e.g. F2 eggs for I-element),
and because we want to be on the conservative side with



FDR calculations, for I-element and P-element false posi-
tive insertion detection by the first strategy (Supplementary
Table S2B), we downsampled the offspring dataset to the
same level of genome coverage (corrected for PCR dupli-
cation bias) as the parent dataset. To determine the num-
ber of insertions for each transposon type identified in the
parent sample but not in the depth-matched offspring sam-
ple (Neontrol), We then identified I-element and LTR trans-
poson insertions for each pair of parent-offspring com-
parisons. Finally, we computed FDR by dividing Nconrol
over the number of de novo insertions identified in the off-
spring sample but not in the parent sample (N nor0), With
the latter normalized by the ratio of the PCR-duplication-
corrected depth of the parent sample (F1 eggs) over the
PCR-duplication-corrected depth of the offspring sample
(F2 eggs).

To calculate the FDR for detecting de novo I-element and
LTR transposon insertions, we used two strategies based
on the knowledge that these transposons are silenced in
the FO germline, F1 carcasses, and F1 eggs (they only be-
come activated in the F1 germline, i.e. F2 eggs): (i) we re-
ciprocally identified the insertions in the parents but not
in the offspring and (ii) we identified the insertions in the
matching F1 carcasses but not in F1 eggs (Supplementary
Figure S1; Supplementary Table S2; sample information
listed in Supplementary Table S1). For I-element and P-
element false positive insertion detection by the first strat-
egy (Supplementary Table S2B), we downsampled the off-
spring dataset to the same level of genome coverage (cor-
rected for PCR duplication bias) as the parent dataset. To
determine the number of insertions for each transposon
type identified in the parent sample but not in the depth-
matched offspring sample (Ncontro1), We then identified I-
element and LTR transposon insertions for each pair of
parent-offspring comparisons. Finally, we computed FDR
by dividing Ncontror Over the number of de novo insertions
identified in the offspring sample but not in the parent sam-
ple (Nge novo), With the latter normalized by the ratio of the
PCR-duplication-corrected depth of the parent sample (F1
eggs) over the PCR-duplication-corrected depth of the off-
spring sample (F2 eggs):

]vcontrol « detth eggs
Nde novo depth

FDRI—element or LTR =
F1 eggs

To compute FDR for the second strategy, we first calcu-
lated Ncontror @s the number of insertions for each transpo-
son type identified in the F1 carcass sample but not in the
depth-matched F1 egg sample, Ny 000 as the number of in-
sertions for each transposon type identified in the F2 egg
sample but not in the F1 eggs sample, and computed FDR
as:

depthFZ eggs
depthFl carcass

N control

FDleelement or LTR =
Nde novo

For P-element, we used two similar strategies to estimate
the FDR of de novo insertions: (i) comparing F1 carcasses
versus F1 eggs and (i) comparing the ovaries of F1 females
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versus F1 ovaries. The following equations were used:

Neontrol depthFl ovaries
FDRP—element =

Nde novo depthFl eggs

Neontrol depthFl ovaries
FDRP—element =

]vde novo depthFl carcass

Calculation of PCR duplication rates for DNA-seq datasets

We first aligned each DNA-seq dataset to the D.
Melanogaster reference genome (dmo6) using BWA mem
(41) with the parameter ‘-T 20°. We then used picard
MarkDuplicates (42) to assess PCR duplication rates for
each dataset.

Normalization of de novo and germline insertion numbers for
genome mappability using simulated random insertions

The detection of transposon insertions using short-read
whole-genome sequencing relies on finding read pairs in
which one read aligns uniquely to the reference genome
while the other aligns to the transposon consensus se-
quence. This approach is more successful in detecting trans-
poson insertions in genomic regions with high mappabil-
ity, where short reads can be uniquely aligned. We asked
whether the insertions are enriched or depleted in certain
types of genomic regions, including exons, introns, pro-
moters, intergenic regions, euchromatin regions, and het-
erochromatin regions. Because only read pairs with one
read mapping uniquely to a single location in the refer-
ence genome can be used to support transposon insertions,
we needed to account for the varying levels of mappability
across different genomic regions.

To quantify the mappability variation across the fly
genome, we divided the genome into 100-bp nonoverlap-
ping bins and simulated sequencing reads using the ART
tool (43) by uniformly sampling the genome sequence. We
then used these simulated reads to compute a mappability
score for each genomic bin. Specifically, we simulated 75-
bp paired-end Illumina reads (the read length in our actual
sequencing data) totaling 30x genome coverage using ART
(43) with parameters ‘-ss MSv3 -p -na -1 75 -f 30 -m 450 -
s 10°. The simulated reads were aligned to the fly reference
genome dmo6 using BWA mem with parameter ‘-T 20°. If a
read mapped uniquely to the loci from which it was orig-
inally obtained, the read was assigned to the correspond-
ing 100-bp non-overlapping genomic bin. We considered a
read uniquely aligned when its second-best alignment score
was lower than 80% of the best alignment score (the same
as the TEMP2 default). We defined the mappability scores
for a genomic bin as the percentage of reads from the bin
that can be uniquely aligned back to the bin. As shown
in Supplementary Figure S2C, the mappability score is 0
for 12.7% of bins in the fly genome and 1 for 82.2% of the
bins. However, the distributions are very different between
euchromatin and heterochromatin portions of the genome,
highlighting the need for normalization.

To determine whether transposon insertions are enriched
or depleted in certain types of genomic regions, we simu-
lated random insertions in each genomic bin and compared
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them with the actual insertions. Because most de novo in-
sertions are supported by only one read, while germline in-
sertions are supported by multiple reads (Supplementary
Figure S2A), we used slightly different strategies to sim-
ulate random insertions for comparison with de novo and
germline insertions.

For comparison with de novo insertions, we generated
random insertions from each genomic bin with a probabil-
ity proportional to the mappability score of the bin. This
is because the likelihood of detecting a de novo insertion
supported by only one read is directly correlated with the
mappability of the bin in which it occurs. For example, no
random insertions were generated from bins with 0% map-
pability, and 50% fewer random insertions were generated
from bins with 50% mappability compared with bins with
100% mappability.

For comparison with germline insertions, we generated
random insertions with equal probability from the map-
pable genomic bins, which have mappability scores greater
than zero (i.e. at least one simulated read can be uniquely
aligned to that bin). As expected, all 237 new germline in-
sertions we identified are located in mappable bins. We did
not scale the probability of random insertions in a bin by
the bin’s mappability score because most germline inser-
tions are supported by multiple reads (Supplementary Fig-
ure S2A), while just one uniquely anchored supporting read
is sufficient to detect an insertion. Another way to think
about it is that for a certain probability (P) that a read
can map to a genomic bin (defined by the bin’s mappability
score, as shown in Supplementary Figure S2C), the proba-
bility that at least one of n supporting reads can map to the
binis 1 — (1 — P)", which approaches 1 quickly when 7 is
large.

Assigning insertions to genomic elements

We assigned each transposon insertion to one of the fol-
lowing genomic elements according to their coordinates in
the reference genome in decreasing priority: protein-coding
gene promoters, protein-coding gene exons, protein-coding
gene introns, IncRNA promoters, IncRNA exons, IncRNA
introns, small noncoding RNA promoters, small noncod-
ing RNA exons, and intergenic regions. Promoters were de-
fined as regions +500 bp of TSSs. Transposon insertions in
protein-coding gene exons were further assigned to CDSs,
5'-UTRs, and 3’-UTRs in decreasing priority. To deter-
mine whether insertion sites were enriched in key epige-
netic marks, we divided insertions into five groups: protein-
coding gene promoters, protein-coding gene exons, protein-
coding gene introns, promoters and gene bodies of noncod-
ing RNAs, and intergenic regions. Furthermore, through-
out our study, we used the replication origins defined by
Spradling et al. using ChIP-seq data of ORC proteins in fly
cell lines (26).

Assessing sequencing coverage at different genomic elements

We filtered out repetitive regions identified by Repeat-
Masker (44) and low-mappability regions as described
above. Using only properly paired reads with BWA (41) map

scores higher than 10, we then calculated the sequencing
coverage for all 19 datasets we used in defining de novo in-
sertions in promoters, exons and introns of protein-coding
genes and intergenic regions and replication origins (41). In
addition, we calculated the average coverages at replication
origins £1k bp and the transcription start sites (TSSs) of
protein-coding genes £ 1k bp. To account for the difference
in sequence depths across datasets, we further normalized
the coverages by the average sequencing depth of the ge-
nomic regions, excluding repetitive and low-mappability re-
gions.

Random simulation of promoters with de novo P-element in-
sertions

To test whether de novo P-element insertions and EY P-
element insertions tend to land in the same promoters, we
first randomly drew two sets of promoters as those with de
novo or EY insertions (e.g. n = 2349 for de novo and n = 3347
for EY when a promoter is defined as TSS 4+ 500 bp). We
then compared these two sets of randomly drawn promot-
ers with each other to calculate the numbers of shared pro-
moters, promoters unique to each set, as well as the per-
centages of the promoters in each of these three groups that
overlapped replication origins. We repeated this procedure
1000 times and reported the mean and standard deviations
of these measures.

RNA-seq data analysis

We collected six RNA-seq datasets in fly ovaries from Moon
et al. and three RNA-seq datasets in fly oocytes from Ho-
caoglu et al. (37,45). RNA-seq data was processed by first
removing reads mapping to rRNAs using Bowtie2 (ver-
sion 2.3.5.1) with default parameters (46). After filtering,
reads were aligned to the dm6 genome using STAR (version
020201) with default parameters (47). Here, and through-
out the study, SAMtools (version 1.10) was used to convert
alignment results files from SAM to BAM format (48). HT-
Seq (version 0.11.1) with default parameters was then used
to count uniquely mapped reads (49). For each gene, we cal-
culated its expression level (in RPKM) by normalizing the
number of uniquely mapped reads to the full length of the
gene transcript. Pearson’s correlation coefficients of logged
gene expression were >0.96 between the three oocyte RNA-
seq datasets (45) and >0.97 between the six ovary RNA-seq
datasets (37) (Supplementary Table S3); therefore, we used
the average gene expressions for oocytes and ovaries, respec-
tively, for downstream analyses (Pearson’s correlation coef-
ficient between them is 0.83).

To assess the enrichment of transposon insertions near
TSSs (£5 kb; Supplementary Figure S6A) or protein-
coding genes (+500 bp; Supplementary Figure S6B), we
divided the gene list into five groups based on expres-
sion level (measured in RPKM: <0.1, [0.1-1), [1-10), [10-
100) and >100). Meta-analysis was then performed on each
group. To analyze the enrichment of transposon insertions
at each genomic element (promoters, exons, introns, CDS,
5'-UTR, 3-UTR), protein-coding genes were divided into
20 equal groups by expression level from low to high.



ChIP-seq and ATAC-seq data analysis

To process ChIP-seq and ATAC-seq data, we mapped
reads to the dm6 genome using Bowtie2 with the pa-
rameter ‘very-sensitive’. Fold enrichment of ChIP sig-
nal over input was computed from the alignment files
(.bam) using MACS2 (version 2.2.7.1) bdgemp with de-
fault parameters (50). Enrichment of ATAC signal was
calculated by normalizing read density with sequencing
depth. For peak calling of ATAC-seq and ChIP-seq of Pol
II, H3K4mel, H3K4me2, H3K4me3, H3K9ac, H3K 18ac,
H3K27ac, H4K8ac, HI1, H2AV, H2B and H3, we iden-
tified narrow peaks using MACS2 callpeak with default
parameters. For CHIP-seq of H3K36mel, H3K36me2,
H3K36me3, H3K36, H3K9mel, H3K9me2, H3K9me3,
H3K27mel, H3K27me2 and H3K27me3, we used MACS2
callpeak with the parameter ‘broad’.

Assessing insertions and epigenetic marks across protein-
coding genes

We separated exons into three categories: first, intermedi-
ate and last exon. Exons of single-exon genes were classi-
fied as both first and last exons. Using the same classifica-
tion, we separated introns into first, intermediate, and last
introns. To produce an overview of the profile of transposon
insertions and epigenetic marks, we aggregated the enrich-
ment in the following order: first exon, first intron, interme-
diate exon, intermediate intron, intermediate exon, last in-
tron and last exon. We separated each exon and intron into
20 equally sized bins. We then calculated the enrichment of
transposon insertions over random insertions, enrichment
of ChIP-seq signal over input, and normalized ATAC-seq
signal in each exon and intron bin. Exons and introns were
normalized by size using the formula,

N N
Y EXxS)YS

i=1 i=1

where E denotes enrichment or signal of insertions or epi-
genetic marks, S bin size and N total number of exons or in-
trons. Finally, enrichment or signal was aggregated for each
bin of each type of exon or intron. Size normalization en-
ables longer exons and introns to contribute more to the
aggregated signal than short exons and introns.

Investigating possible truncations of new I-element and P-
element insertions

We wanted to determine if de novo and new germline inser-
tions were truncated. To do this, we analyzed the distribu-
tion of the locations of insertion-supporting reads relative
to the transposon’s consensus sequence. To minimize the
impact of chimeric reads, TEMP2 usually removes single-
ton supporting reads that map to the center of the consensus
sequence when analyzing de novo insertions (38); However,
we did not perform this step while analyzing transposon
truncation. Instead, to determine the frequency of transpo-
son truncation we used all singleton insertion-supporting
reads to compute the distribution of their positions relative
to the consensus sequence. For germline insertions, which
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are typically supported by multiple reads, TEMP2 does not
filter out supporting reads that map to the transposon cen-
ter, and these reads were included in our analysis of trans-
poson truncation by default.

RESULTS
Identification of de novo transposon insertion sites

Two forces shape the transposon profiles of metazoan
genomes: initial insertion and post-insertion selection
(14,51-52). Therefore, to determine initial insertion site
preferences, we must locate de novo insertions before they
are subject to selection pressures. Here, we investigate trans-
position site preferences using data from two published
studies in which Zhang and colleagues experimentally ac-
tivated transposons in D. melanogaster ovaries using hy-
brid dysgenic crosses (36,37). Wang et al. used two meth-
ods to activate transposons. First, they created a hybrid dys-
genic cross using two fly strains: w!''® males, which had I-
element transposons and I-eclement-targeting piRNAs, and
wk females, which did not have either. Without maternal I-
element-targeting piRNAs, I-element became active in the
progeny gonads, causing infertility. Second, they depleted
the core piIRNA pathway proteins Ago3 and Aub, leading to
uncontrolled transposition in the oocytes. Similarly, Moon
et al. mobilized P-elements by mating P-element-lacking w’
females with P-element-containing Har males, causing in-
fertility in their progeny (F1).

We re-analyzed the whole-genome resequencing data
from these transposon reactivated flies using our recently
developed transposition detection software TEMP2 and
classified transposon insertions into de novo and germline
insertions by comparing offspring with their correspond-
ing parents (Figure 1A; Supplementary Figure S1; see Ma-
terials and Methods) (38). We focused on highly activated
transposons with >1000 de novo insertions, altogether iden-
tifying 43 316 de novo insertions in oocytes or ovaries for
three transposon families: 12 226 insertions for I-element,
which belongs to the LINE family, 7286 insertions of P-
element, which is a DNA transposon; and for the LTR
family, we identified 7756 HMS-Beagle, 7505 3S18, 5696
blood and 2847 Max-element insertions (Figure 1B, left
panel; Supplementary Table S4). In addition to the de novo
insertions, we detected 237 new (i.e. not in the reference
D. melanogaster genome) insertions shared between the
progeny and a parent sample (Figure 1B, right panel; Sup-
plementary Table S4). Of these germline insertions, 138
were P-elements, and 99 were from the other five trans-
posons. Only wild flies possess P-element, and the reference
genome is from a laboratory strain; therefore, the reference
genome lacks P-element insertions but contains insertions
for the other transposons. For insertions supported by many
sequencing reads (36,37), we combined the newly identified
inherited insertions and the reference-genome-annotated
insertions supported by our sequencing reads (Methods),
collectively calling them germline insertions. Such germline
insertions should be under selective pressure from the host
(Figure 1B, right panel; Supplementary Table S4).

De novo insertions were present in only a few cells; there-
fore, 79.7% were singleton insertions, supported by a sin-
gle paired-end read (Supplementary Figure S2A). Conse-
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quently, the median frequency of the identified de novo in-
sertions was 0.042. The 20.3% de novo insertions supported
by multiple reads could be caused by mosaicism (insertions
at an early developmental stage) or PCR duplicates in the
sequencing libraries. High PCR duplication rates (22-57%)
in the F2 egg libraries (Supplementary Figure S2B) suggest
that many of their multi-read de novo LTR and I-element
insertions were introduced by PCR. In contrast, the ovary
libraries showed <10% PCR duplication rates (Supplemen-
tary Figure S2B), indicating the existence of de novo P-
element insertions at early developmental stages, likely be-
cause P-element is an active transposon.

In contrast, the median frequencies of the newly identi-
fied germline insertions were 0.48 for 3S18, 0.37 for blood,
0.55 for HMS-Beagle, 0.39 for Max-element, 0.28 for I-
element and 0.33 for P-element. Only four of the 237 were
singleton insertions, revealing a significantly broader dis-
tribution for germline insertion frequencies in oocytes and
ovaries (Supplementary Figure S2A). There are several rea-
sons that the frequency of a germline insertion might be
lower than 0.5 in F1 ovaries. One reason is that some
germline insertions are absent in some sequenced individ-
uals. Among the 138 germline P-element insertions in the
Har strain, 29 have frequencies <0.9, and 17 have frequen-
cies <0.5. The frequencies of all P-element insertions are
halved in the dysgenic F1 (w! x Har) ovaries (Supplemen-
tary Figure S3B), as previously shown in a similar data set
(38). The mean frequency for monomorphic P-element in-
sertions in Har ovaries was 0.38 in the dysgenic F1 ovaries,
still lower than the expected value of 0.5. A similar pat-
tern is observed for the germline insertions of other trans-
posons, but the mean frequency for monomorphic inser-
tions of non-P-element transposons in Har ovaries is 0.45
in the dysgenic F1 ovaries, close to the expected value of 0.5
(Supplementary Figure S3C). The lower-than-expected in-
sertion frequency of P-element in the dysgenic F1 ovaries
may be because P-eclement is derepressed in these ovaries.
P-element is a DNA transposon, and it moves through a
cut-and-paste mechanism. A germline P-element can excise
itself from the genome of a fly and reinsert itself into another
location in the genome, resulting in a de novo insertion. This
process could lead to a decrease in the frequency of the
germline P-clement. To test this hypothesis, we analyzed
the data on the non-dysgenic, reciprocal-cross F1 (Har x
w!) ovaries, where P-element remains repressed. Indeed, the
mean frequency of monomorphic P-element insertions in
Har ovaries is 0.44 in the non-dysgenic F1 ovaries, which
is close to the expected value of 0.5 (Supplementary Fig-
ure S3D). Another reason is that newly inserted P-elements
may contain large internal truncations, which can hinder
the detection of some insertion-supporting reads and lead
to a decrease in the computed insertion frequencies. Finally,
some germline insertions, particularly paternally inherited
P-element or I-element insertions, may be under selection,
which can cause their frequencies to be lower than 0.5 in F1
ovaries.

Because most de novo insertions are supported by a sin-
gle paired-end read, either chimeric reads in the progeny li-
brary or false-negative detection in the parent library could
lead to false positives (38,53). To investigate the FDR of
our pipeline for identifying de novo insertions, we took ad-

vantage of the fact that LTR transposons and I-element
are inactive in the parents (F1 eggs) and the soma (F1 car-
casses). Therefore, we used our pipeline to identify inser-
tions present in parent or soma samples but not in the
progeny sample—false positives—and calculated the FDR
for each transposon (Supplementary Figure S3A; Materials
and Methods). After normalization by sequencing depth,
we found fewer than seven false-positive LTR or I-element
insertions among all the comparisons, corresponding to
FDRs <6.31 x 10~* (Supplementary Table S2). Despite the
repression by P-element-targeting piRNAs, P-element is ac-
tive in the germline of all flies that it has invaded, includ-
ing in F1 eggs and carcasses (presumably from the pater-
nal (Har) germline), albeit at a much lower level than in F1
ovaries, which also lack maternal P-element-targeting piR-
NAs. We identified 34 P-element insertions in the F1 egg
sample that were absent in the F1 ovary sample and 135
non-overlapping insertions in the F1 carcass sample that
were absent in the F1 ovary sample (333 and 361 insertions,
respectively, after normalizing by sequencing depth, to be
compared with the 7286 de novo P-element insertions in F1
ovaries and not in F1 eggs), corresponding to FDR esti-
mates of 0.045 and 0.050, respectively (Supplementary Ta-
ble S2). However, some of these 34 and 135 false-positive
P-element insertions may be bona fide de novo insertions;
thus, the true FDR of our pipeline for detecting de novo
P-element insertions is lower than 0.05. Further support-
ing our approach of FDR estimation, we detected similar
numbers of insertions in the parent or the soma sample but
not in the progeny sample to those in the progeny sample
but not in the parent sample for other transposons (Sup-
plementary Figure S3A, gray dots fall on the diagonal),. In
conclusion, with an FDR of less than 0.05, we are confident
in most of the 43 316 de novo transposon insertions identi-
fied by our pipeline.

In summary, we identified 43 316 de novo insertions at
an FDR of <0.05 and 237 new germline insertions for six
transposons from three transposon families. The de novo in-
sertions occur at low frequencies and have few supporting
reads, suggesting that they are not subject to post-insertion
selection.

De novo P-element insertions are enriched in replication
origins

To examine the insertion preferences for all six transposons
at the gene level, we divided the D. melanogaster genome
into promoters (TSS + 500 bp), exons, introns, and inter-
genic regions and measured the percentage of each transpo-
son’s insertions in each type of regions. For comparison, we
simulated 10 000 random insertions across the genome re-
peatedly 100 times and assigned them to genic or intergenic
regions (Materials and Methods). Insertions around long-
noncoding RNAs (IncRNAs) or small noncoding RNAs
(ncRNAs) were uncommon. All six transposons exhibited
lower enrichment in ncRNA genes than in protein-coding
genes (Figures 2A and 3D). One explanation for this re-
sult is that IncRNAs and small ncRNAs are expressed at
substantially lower levels than protein-coding genes in D.
melanogaster ovaries (median expression = 0.006, 0.02 and
2.97 RPKM for IncRNAs, small ncRNAs, and protein-
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Figure 2. De novo insertions prefer while germline insertions disfavor promoters and exons. (A) Fold enrichment of de novo and germline transposon inser-
tions in promoters, exons, and introns of protein-coding genes and intergenic regions. The fold enrichment in each genomic element has been normalized
by their mappability, i.e. the percentage of mappable nucleotides. For all transposons, insertions in each genomic element differ significantly from random
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coding genes, respectively; Wilcoxon rank-sum test P-values element insertions clustered tightly around TSSs (Figures
< 2.2 x 107'%) and oocytes (median expression = 0.05, 0 2B and 3A). Spradling et al. analyzed the EY collection of
and 8.12 RPKM for IncRNAs, small ncRNAs, and protein- 18 213 independent P-element insertions in the Gene Dis-
coding genes, respectively; P-values < 2.2 x 1019). There- ruption project (30). They showed high enrichment of these

fore, we focused on protein-coding genes in subsequent insertions in the sites bound by ORC proteins, and these
analyses. sites function as replication origins in cultured cells (26).

De novo insertion of all six transposons primarily tar- Although they observed enrichment of these insertions in
geted promoters of protein-coding genes, but the degree promoters (defined by them as TSS £ 100 bp), they ar-
and enrichment patterns differed among the transposons. gued that many promoters functioned as replication origins.
Most (60.8%) de novo P-element insertions were in promot- The 7286 de novo and 138 germline P-element insertions
ers, with a 4.73-fold enrichment over random insertions; we identified were highly enriched in promoters (also de-

germline insertions exhibited a similar level of enrichment fined as TSS £ 100 bp), albeit not as enriched as the EY P-
(Figure 2A and Supplementary Figure S5C). De novo P- element insertions. Using wider promoter definitions (TSS
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4 500 bp or TSS £ 1000 bp), P-element insertions in pro-
moters approached that of EY P-element insertions (Sup-
plementary Figure S4A). The EY P-element insertions were
identified using inverse PCR followed by direct sequenc-
ing of the flanking sequences (29), while our de novo inser-
tions were identified using short-read DNA-seq data, which
did not contain sufficient split read-pairs to identify break-
points accurately. This difference likely explains the lower
enrichment of our de novo insertions in the narrowly-defined
promoters. Thus, we used TSS + 500 bp as the default def-
inition for promoters. For both EY and our de novo in-
sertions, the more insertions that fell into a promoter, the
more likely the promoter was to overlap a replication origin
(Supplementary Figure S4B). Both EY and de novo inser-
tions strongly preferred the promoters of genes expressed in
ovaries; however, as was reported for EY P-elements (26),
for genes with expression levels above the 50th percentile,
we did not observe a significant correlation between gene
expression level and the number of de novo insertions in a
promoter (Pearson’s correlation coefficient = 0.32; P-value
= 0.37; Figure 3B; Supplementary Figure S4C).

We next asked whether our de novo P-element insertions
and EY P-element insertions tended to land in an over-
lapping set of promoters (TSS £ 500 bp). Using randomly
drawn promoters from expressed genes (expression level >1
RPKM in ovaries) as controls, we found that promoters
with de novo insertions were twice more likely than ran-
dom to also have EY insertions (Figure 2C). Specifically,
1527 promoters contained both de novo and EY insertions,
whereas random simulation yielded only 1122 + 20 shared
promoters (z-test P-value < 2.2 x 10'%). Accordingly, sig-
nificantly fewer promoters contained only de novo or only
EY insertions than random simulation (z-test P-values <
2.2 x 1071%). Promoters with both de novo and EY inser-
tions were more likely to overlap replication origins (76%)
than randomly chosen, expressed promoters with EY inser-
tions (27 & 1.3%; t-test P-value < 2.2 x 107'%). Further-
more, even though promoters with EY insertions but no de
novo insertions and promoters with de novo insertions but
no EY insertions were less likely to overlap replication ori-
gins than promoters with both de novo and EY insertions
(53% and 49% versus 76%; chi-squared test P-values < 1.1
x 10719), they were significantly more likely to overlap repli-
cation origins than randomly selected, expressed promoters
(27% for random; P-values < 2.2 x 10'%). These results
held for the narrow promoter definition (TSS £ 100 bp;
Supplementary Figure S4D). The 138 germline P-element
insertions also exhibited significant co-localization with EY
P-element insertions in promoters, and germline-insertion-
containing promoters exhibited high enrichment in repli-
cation origins (Supplementary Figure S4E). Furthermore,
de novo P-element insertions showed significant enrich-
ment at replication origins genomewide (Supplementary
Figure S4F).

The similarity and extensive overlap between the P-
element insertions identified by our pipeline and the EY col-
lection confirm the previous finding that P-element inser-
tions target replication origins (26). These results also vali-
date our approach to identifying new transposon insertions,
including challenging-to-detect de novo insertions.
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De novo LTR transposon insertions favor active promoters
and expressed exons

Like P-element, LTR transposons preferentially integrated
into promoters, although their enrichment (1.94-2.28-fold
higher than random insertions) was much lower than P-
element enrichment (4.73-fold; Figures 2A and 3A; r-test
P-values < 2.2 x 10719). I-element insertions also showed a
modest enrichment in promoters (1.74-fold higher than ran-
dom insertions; Figure 2A; t-test P-values < 2.2 x 1071¢).
Although the coverage of DNA-seq reads depends on nu-
cleotide composition of a genomic region and could be af-
fected by the replication timing of the cells used for prepar-
ing the DNA-seq library (54-57), we found no coverage bias
at replication origins or promoters and only small biases
at exons (1.11-fold), introns (1.05-fold), and intergenic re-
gions (0.87-fold; Supplementary Figure SSA; Materials and
Methods). There is also little variation in coverage around
replication origins and TSSs (Supplementary Figure S5B).
Thus, the 1.74-2.28-fold enrichment of LTR transposon
and I-element insertions in promoters was not an artifact
introduced by biased sequencing read coverage. In contrast
to de novo P-element insertions, which were clustered tightly
around TSS (both upstream and downstream), de novo in-
sertions of I-element and LTR transposons frequently local-
ized to proximal promoters (~150 bp upstream TSS) (Fig-
ures 2B and 3A). The differences in promoter enrichment
and preferred position relative to TSSs between I-element
and LTR transposons, and P-element, suggest that, unlike
P-element, I-element and LTR transposons do not use an
ORC-dependent insertion mechanism.

All four LTR transposons exhibited similar gene-level in-
sertion preferences, often targeting promoters and exons
of protein-coding genes for de novo insertions. Exons ac-
counted for 46.8-53.5% of de novo LTR insertions, 2.15-
2.46-fold higher than random insertions at 21.8% (z-test
P-value < 2.2 x 107'6; Figures 2A, 3A, and Supplemen-
tary Figure S5C). Two of the LTR transposons, 3S18 and
Max-element, which both belong to the BEL-Pao subfam-
ily, also showed enrichments in their de novo insertions at
the end of genes, which might suggest interactions between
the integrase of BEL-Pao family transposons, RNA poly-
merase I, and the poly-adenylation machinery (Figure 3A).
Compared with random insertions (Figure 2A and Sup-
plementary Figure S5C), the percentage of de novo inser-
tions in exons was significantly lower for P-element (6.0%;
t-test P-value < 2.2 x 107'%) and I-element (15.1%; t-test
P-value < 2.2 x 107'%). Exons include protein-coding se-
quences (CDSs) and untranslated regions (UTRs), and de
novo LTR insertions exhibited enrichment in both (2.17-
2.52-fold higher in CDS, 1.34-1.82-fold higher in 5-UTR
and 1.83-3.39-fold higher in 3'-UTR; Figure 3D). In con-
trast, de novo LTR insertions were depleted in introns and
intergenic regions—2.10-2.53-fold lower in introns (z-test
P-value < 2.2 x 1071%) and 3.58-5.04-fold lower in inter-
genic regions (t-test P-value < 2.2 x 107!%). Finally, de novo
P-element insertions displayed similar depletion in introns
and intergenic regions, whereas [-element insertion levels in
these regions were comparable to random insertions (Fig-
ures 2A, 3A, and Supplementary Figure S5C). It is impor-
tant to note that these are relative levels of enrichment or
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depletion for transposon insertions in each type of genomic
region. This is because the various types of genomic regions
are interdependent, and their percentages sum to one, repre-
senting the entire genome. Therefore, an enrichment in one
region type may result in a corresponding depletion in an-
other region type.

The preference of LTR transposons for inserting into pro-
moters and exons suggested that gene transcription might
influence their insertion site selection. To examine this pos-
sibility, we divided 13 950 protein-coding genes into 20
equal-sized sets by their expression levels in oocytes; since
LTR transposons and I-element become active in oocytes
(36), we assessed the enrichment of de novo LTR transpo-
son and I-element insertions in each gene set (Supplemen-
tary Table S5; see Methods). Because P-element is generally
active in ovaries (37), we similarly assessed the enrichment
of de novo P-element insertions using gene expression in
ovaries. For genes with expression levels above the 50th per-
centile (the 3 RPKM bin for ovaries and the 8 RPKM bin
for oocytes), we observed a strong correlation between gene
expression level and enrichment of de novo LTR insertions
in promoter and exons (Pearson’s correlation coefficient =
0.78-0.99; P-values = 7.2 x 1073-2.9 x 10~%; Figure 3B,
C). In contrast, as described above, de novo P-element inser-
tions strongly favored active promoters and were enriched
in promoters where the expression level exceeded a thresh-
old (above the 0.32 RPKM bin for ovaries). However, above
the 3 RPKM bin, de novo P-element insertions did not cor-
relate with gene expression (Pearson’s correlation coefficient
= 0.32; P-value = 0.37; Figure 3B; see also Supplementary
Figure S4C). The density of replication origins in promot-
ers follows the same trend as the enrichment of P-element
insertions—it is much higher in active promoters than inac-
tive promoters but is not highly correlated with the strength
of the promoters (Supplementary Figure S5D). The two
quantities are highly correlated (Pearson’s correlation co-
efficient = 0.92), lending further support to the idea that
the preference of P-element insertions for the promoters of
high-expression genes is the result of the ORCs. In promot-
ers, de novo I-element insertions increased moderately with
expression level (Figure 3B). However, in exons we observed
no correlation between either P-element or I-element in-
sertions and gene expression. Dividing genes into five bins
with an equal range of log-expression yielded the same con-
clusions (Supplementary Figures S6A, B). Compared with
random insertions, de novo P-elements preferred promoters,
even in the low expression group (0.1-1 RPKM), exhibit-
ing a five-fold enrichment around TSSs; LTR transposon
insertions were rare at such promoters (Supplementary Fig-
ure S6A). The enrichment of de novo I-element insertions in
the most highly expressed promoters (six times the random
level) was much lower than the enrichment of P-element and
LTR transposons in such promoters (~15 fold). These re-
sults suggest that LTR transposons are highly dependent
on gene expression for insertion. Finally, we asked whether
LTR and other transposons preferred inserting into the
sense (i.e. coding) or antisense strand of genes, as LINEs
reportedly show such a preference (I-element is a LINE)
(20,58). In protein-coding genes, 3S18 and blood showed
slight but opposite strand preferences but no overall strand
bias, nor did I-element and P-element (Figure 2D), suggest-

ing that for the six transposons we investigated, the process
of de novo insertion is not directly coupled to transcription.

In summary, LTR transposons prefer to integrate into the
promoters and exons of transcribed protein-coding genes,
and their de novo insertion rates are strongly correlated with
gene expression without showing strand bias. [-element and
LTR transposons prefer active proximal promoters (~150
bp upstream TSS), while P-element insertions occur pre-
dominantly around TSSs (both upstream and downstream),
including those of genes expressed at low levels. I-element
is less discriminating about the non-promoter genomic re-
gions into which it integrates.

Germline P-element insertions are enriched in promoters but
depleted in exons

To examine the effects of post-insertion selection, we com-
pared de novo and germline insertions for the six trans-
posons (Figure 1B, right panel). In promoters, there was lit-
tle difference in enrichment between de novo and germline
P-element insertions (Figure 2A and Supplementary Figure
S4A; also compare Figure 2C with Supplementary Figure
S4E). This similarity suggests that de novo P-element inser-
tions into replication origins that function as promoters are
not under stringent natural selection. Supporting this no-
tion, genes with germline P-element insertions in their pro-
moters were not depleted of genes identified as cell essential
using a CRISPR screen (59).

Although both de novo and germline P-element inser-
tions were depleted in exons, introns, and intergenic regions,
germline insertions were far more depleted in exons (15.00-
fold depletion) than other genomic regions (#-test P-value <
2.2 x 107'%, Figure 2A). Moreover, germline P-element fa-
vors insertion upstream of TSSs rather than downstream of
TSSs (83 versus 38 insertions in the 500 bp TSS-upstream
versus 500 bp TSS-downstream windows; Supplementary
Figure S6C). Together, these suggest that evolutionary pres-
sure acts against germline P-element insertions in exons.

Germline LTR transposon and I-element insertions are de-
pleted in promoters and exons

In sharp contrast to the enrichment of de novo LTR
insertions in promoters and exons of protein-coding
genes, germline LTR insertions were 5.57-6.92-fold de-
pleted in promoters and 2.70-43.72-fold depleted in ex-
ons compared with random insertions (Figure 2A; ¢-test P-
values < 2.2 x 107'%). While de novo LTR insertions were
depleted in introns and intergenic regions, the frequency of
germline LTR insertions in introns was the same as that of
random insertions. Germline LTR insertion levels in inter-
genic regions were 1.70-2.66-fold higher than random (Fig-
ure 2A; t-test P-value < 2.2 x 1071°).

De novo I-element insertions were moderately enriched in
promoters, slightly depleted in exons, and at random levels
in introns and intergenic regions. In comparison, germline
I-element insertions were 7.08-fold depleted in promoters
(t-test P-value < 2.2 x 10716), 12.03-fold depleted in exons
(t-test P-value < 2.2 x 10719), at a random level in introns,
and 2.36-fold enriched in intergenic regions (Figure 2A; ¢-
test P-value < 2.2 x 10'%). These results indicate that al-
though I-element prefers to insert into promoters, and LTR



transposons prefer to insert into promoters and exons, these
insertions are detrimental to the host and strongly selected
against.

Finally, we examined the preferences of germline in-
sertions in components of protein-coding genes. Unlike
de novo insertions, which showed no preference for the
sense/antisense strand or exon/UTR /intron (Figure 2D,
left panel), the germline insertions of all six transposons
showed a strong bias against the protein-coding portion of
the sense strand (CDS)—almost no sense strand insertions
were in CDS (zero for 3S18, two blood, one HMS-Beagle,
zero Max-element, one I-element, and one P-element), com-
pared with 270-1631 de novo insertions in the sense strand
of CDS (Figure 2D, right versus left panel). Furthermore,
there were only a few germline insertions in UTRs (Supple-
mentary Figure S5E). While there were fewer sense than an-
tisense germline insertions in introns for some of the trans-
posons, the differences were not statistically significant after
multiple-testing correction (Supplementary Figure S5E). In
conclusion, transposon insertions in both CDS and UTRs
are under strong negative selection.

De novo P-element insertions are enriched in high chromatin
accessibility regions, which likely contain additional replica-
tion origins

Chromatin state, histone modifications and transcription
factor binding are correlated with transposon insertion
site selection (25,27,60-61); therefore, we assessed the ef-
fects of different epigenetic marks on de novo insertion site
preference by examining chromatin accessibility (ATAC-
seq), binding of RNA polymerase II (ChIP-seq), and hi-
stone modifications in fly ovaries (ChIP-seq; see Materi-
als and Methods; Supplementary Table S1) (62-67). Fig-
ure 4A shows the insertion frequency in the peaks of each
epigenetic mark assessed in this study for each transpo-
son. [-element transposition was not highly correlated with
any epigenetic mark—none of the marks accounted for
>25% of I-element insertions in their peaks. In contrast,
de novo P-element insertions strongly correlated with chro-
matin accessibility—74.3% of its de novo insertions were in
ATAC-seq peaks (6.34-fold higher than random; t-test P-
value < 2.2 x 1071°). De novo P-element insertions were also
highly enriched in Pol II (14.27-fold higher than random;
t-test P-value < 2.2 x 107'%), H3K4me3 (4.25-fold higher
than random; t-test P-value < 2.2 x 107!%), and H3K27ac
peaks (4.13-fold higher than random; ¢-test P-value < 2.2
x 10719). As a reciprocal analysis, we examined the enrich-
ment of the signals of epigenetic marks in the £5 kb win-
dows centered on the de novo insertions of each transposon.
Again, we observed strong enrichment for ATAC, Pol IT and
H3K27ac signals sharply centered on de novo P-element in-
sertions (Figure 4B).

To investigate which genomic regions contributed the
most to the enrichments, we refined our analysis by di-
viding epigenetic peaks into five gene-level categories: pro-
moters, exons, introns, intergenic regions, and noncoding
genes (Materials and Methods). The enrichment of de novo
P-element insertions in ATAC and H3K27ac peaks was
the strongest in promoters and remained strong outside
promoters, e.g. 4.20-6.30-fold over random in introns and

Nucleic Acids Research, 2023, Vol. 51, No. 5 2077

6.25-7.42-fold over random in intergenic regions (z-test P-
values < 2.2 x 107'%; Supplementary Figure S7). Fur-
thermore, we observed enrichment of de novo P-element
insertions in the H3K27ac peaks of intronic and inter-
genic regions (Supplementary Figure S7); H3K27ac is a
histone mark characteristic of TSS-distal enhancers (68).
The reciprocal analysis confirmed the enrichment of ATAC,
H3K27ac and H3K4mel signals around the de novo P-
element insertions in introns and intergenic regions, while
the signals of Pol IT and the promoter mark H3K4me3 were
mainly restricted to promoter insertions (Figure 4C and
Supplementary Figure S§). We further quantified the aver-
age epigenetic signals £500 bp around de novo transposon
insertions and observed statistical enrichment for ATAC,
Pol IT and H3K27ac signals at de novo P-element insertions
in promoters and ATAC and H3K27ac signals such inser-
tions outside promoters (Supplementary Figure S9).

The enrichment in Pol II and H3K4me3 peaks reflects
the known enrichment of P-clement insertions at replication
origin-overlapping promoters. As replication origins are
characterized by open chromatin, we hypothesized that the
enrichment of P-element insertions in ATAC peaks would
reveal additional replication origins in fly ovaries not cap-
tured in the set of replication origins curated by Spradling
et al. using ORC ChIP-seq data in cell lines (26) (ORC
ChIP-seq data are not available for fly ovaries). Indeed,
46.7% of de novo P-element insertions fell inside ATAC
peaks that did not overlap replication origins, and these
ATAC-only peaks were as enriched in de novo P-element in-
sertions as replication origins that did not overlap ATAC
peaks. Germline and EY P-clement insertions (26) were
similar in this regard (Figure 4D and Supplementary Fig-
ure S4G).

In summary, chromatin accessibility and the epigenetic
marks associated with open chromatin regions are the most
enriched epigenetic features of de novo P-element insertions.
Nearly half of P-element insertions fall in ATAC peaks
that did not overlap previously annotated replication ori-
gins (26), and many of these ATAC peaks are likely used as
replication origins in fly ovaries.

De novo LTR transposon insertions are most enriched in re-
gions with high H3K36me3 signals

H3K4me3 and H3K36me3 (and the related H3K36me2)
were two epigenetic marks that showed the highest sig-
nals in the genome regions with LTR transposon insertions
(Figure 4A). These results are consistent with the above-
described enrichment of de novo LTR transposon insertions
in the promoters and exons of expressed genes (Figure 3A,
C). Nucleosomes at the promoters of actively transcribed
genes are highly enriched in H3K4me3, while H3K36me3
is enriched in nucleosomes toward the end of actively tran-
scribed genes (69,70). Like the H3K36me3 signal, there is
also an increasing trend of de novo LTR transposon in-
sertions from the beginning to the end of a gene (Supple-
mentary Figure S7F). Furthermore, H3K36me3 and other
histone marks are known to be at higher levels in exons
than in introns (71,72), and indeed we observe the elevated
H3K36me3 levels at exons (Supplementary Figure S6D),
which further underscores the consistency between the en-
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richments of de novo LTR transposon insertions in exons
and H3K36me3 peaks. Roughly half of the de novo LTR in-
sertions (46.1-56.3%) were localized to H3K36me3 peaks,
3.00-3.66-fold higher than random (z-test P-value < 2.2 x
10~1%), and aggregation plots centered on the breakpoints
of all four LTR transposons displayed high H3K36me3 sig-
nals (Figure 4A, B).

Only 17.5-22.4% of LTR insertions were outside promot-
ers and exons, and most of these insertions were in introns
(70.1-75.2%), with the remaining insertions in intergenic re-
gions (21.6-25.8%) and noncoding RNAs (3.1-5.4%). De-
spite the overall low H3K36me3 signal in introns (Supple-
mentary Figure S6D), there was a significant enrichment of
the H3K36me3 signal around the de novo insertions of LTR
transposons in introns (Figure SA), further suggesting that
high H3K 36me3 may directly recruit the integration of LTR
transposons.

Figure 5B illustrates the de novo transposon insertions
near Vhal6-1, which codes for the vacuolar H* ATPase
16kD subunit 1, a membrane channel protein highly ex-
pressed in oocytes (89.4 RPKM). High H3K36me3 marks
the last two exons of this gene, and 11 de novo LTR transpo-
son insertions fall in this region; 14 more de novo LTR trans-
poson insertions nearby loosely colocalize with H3K36me3
and H3K4me3 peaks. In contrast, de novo P-element in-
sertions were more segregated, forming three clumps, two
with two high ATAC regions containing replication origin-
overlapping peaks. The larger high-ATAC region covers the
long second intron of Vhal6-1 is crowded with de novo P-
element insertions. EY P-element insertions cluster near de
novo P-element insertions, corroborating the inherent selec-
tivity of P-element insertions.

Another example is shown in Figure 5C at the locus of
nej, which encodes the transcriptional co-activator CBP, an
acetyltransferase whose targets include histone 3 on lysines
18 and 27 and histone 4 on lysine 8. nej is expressed at a
high level (86.1 RPKM) in oocytes. It has several long ex-
ons and short introns, corresponding to rises and falls of
the H3K36me3 signal; its promoter lacks H3K36me3 but
shows high H3K4me3. There are two dozen or so de novo
insertions from all four LTR transposons throughout nej.
In contrast, de novo and EY P-element insertions are tightly
clustered around ATAC peaks, most of which overlap repli-
cation origins. In both examples, de novo I-element inser-
tions are scattered loosely throughout, with a slight prefer-
ence for promoters as described above.

I-Element prefers to insert in chromosomal locations far away
from centromeres

To investigate large-scale insertion site preferences, we as-
sessed the distribution of de novo transposon insertions
across D. melanogaster chromosomes by dividing each chro-
mosome into 500-kb bins. Detecting transpositions using
typical short-read sequencing data depends highly on map-
pability; therefore, we normalized the number of insertions
in each chromosome bin accordingly (Materials and Meth-
ods). D. melanogaster females possess three major chro-
mosomes: 2, 3 and X (73). These chromosomes contain
two types of chromatin—lightly packed euchromatin and
densely packed heterochromatin. Heterochromatin concen-
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trates around the centromeres of chromosomes 2 and 3 and
at the 3’ end of chromosome X (74). For all six transposons,
de novo insertions were more frequent in euchromatin than
heterochromatin, with 1.47-2.37-fold more insertions per
Mb (Figure 6A). On the other hand, germline insertions
were enriched in heterochromatin, likely reflecting selection
against insertions that cause adverse developmental or re-
productive outcomes (Supplementary Figure S1I0A).

I-element belongs to the LINE family, whose propaga-
tion requires target DNA as the reverse transcription primer
(13); accordingly, I-elements preferred integration into AT-
rich sites that can base-pair with the poly-A tails of I-
element transcripts (Figure 6B and Supplementary Figure
S10B). Conversely, LTR transposons and P-elements pre-
ferred GC-rich insertion sites, with LTR transposons favor-
ing broader GC-rich regions (Figure 6B and Supplementary
Figure S10B). Despite their preference for AT-rich sites, the
broader regions into which I-elements integrated exhibited
slightly higher C + G% than random (Supplementary Fig-
ure S10B).

Although LTR transposon and P-element preferred in-
sertion into euchromatin, they integrated into peritelom-
eric and pericentromeric regions at comparable frequencies
(0.94-1.33 folds of random) (Figure 6C and Supplementary
Figure S10C). In contrast, the density of I-element inser-
tions correlated significantly with distance from the cen-
tromere; the correlation coefficient ranged from 0.63 (P-
value = 8.7 x 1077) for the right arm of chromosome 2
to 0.87 (P-value = 9.0 x 107'9) for the left arm of chro-
mosome 2 (Figure 6C). We found 2,074 de novo I-element
insertions in the 2-Mb bins around telomeres; this is 2.5-
fold more than the number of I-elements (n = 817) inserted
into the 2-Mb euchromatic regions around centromeres. C
+ G% is higher in bins near telomeres than in bins around
centromeres (Figure 6C), but the C + G% in a bin is less
correlated with I-element insertion density than is the bin’s
genomic distance from the centromere (Figure 6C). Because
I-element only shows a slight preference for broadly high C
+ G% regions (Supplementary Figure S10B), other factors
may account for their preferential insertions in telomeric re-
gions.

LINE elements are sometimes truncated at the 5 end,
and 20 copies of the I-element (out of a total of 158 copies)
in the reference fly genome are truncated at the 5’ end, start-
ing mostly between 2100 and 3900 nucleotides in the con-
sensus sequence. However, reads that map to the I-element
consensus sequence show an even coverage (Supplementary
Figure S11A), and almost all insertion-supporting reads
map to the 5’ or 3’ end of the I-element consensus (Sup-
plementary Figure S11B; see Methods), indicating that de
novo and new germline I-element insertions detected in the
dysgenic oocytes are not 5’ or 3’ truncated. In comparison,
some internal truncations are supported by reads that map
to the P-element consensus sequence (Supplementary Fig-
ure S11C). However, the details of such internal truncations
cannot be studied using the Illumina sequencing data due
to the short read length (Supplementary Figure S11D, with
the regions reachable by the sequencing reads shaded at the
two ends).

In summary, all six transposons prefer insertion into eu-
chromatin and disfavor heterochromatin. LTR transposon



2080 Nucleic Acids Research, 2023, Vol. 51, No. 5

A

protein-coding genes intergenic noncoding
regions genes

promoters exons introns
< < 3518

blood
HMS-Beagle

< /\ <
2 /
= NN\ =S
A4 =TT e
o o o o o

—5kb insertion site  +5kb -5kb insertion site +5kb —5kb insertion site +5kb -5kb insertion site +5kb —5kb insertion site +5kb

P—element
|I-element

H3K36me3

chr2R:6,616,184-6,644,440

28 kb
[0-3]
Transcription aha T o Bhissn sttt il

Gene jing CG33919 Vha16-1 Trap1 Bap170 Fmo-2

HMS-Beagle . . -
blood

3518 . . . . s e
|-element - .
de novo P . e s mamm s
EYP

replication
origin

ATAC et 0 ..
H3K36Me3 ol pantdtn. ol el e s

Pol 1| 73 A

[0-12]

C

chrX:9,653,560-9,706,174
52 kb

L [0-2]
Transcription = Bl ae i R il & |

[0-2]
CG3106 nej CR42657 btd

— rmmE @
— -

Gene

HMS-Beagle . . P
blood

3518 . ' .
|-element . - . PR . .
de novo P pe—_ .

EYP

replication

origin

ATAC 19 P

H3K36me3 7 . JEPTPT N v
Pol |I 1161

>[0->11] .

Figure 5. LTR transposon insertions are enriched in promoters and H3K36me3 ChlP-seq peaks, while P-element insertions are enriched in ATAC-seq
peaks. (A) Normalized H3K36me3 ChIP-seq signal in the 5 kb window centered on transposon insertions stratified into five groups: in the promoters
of protein-coding genes, in the exons or introns of protein-coding genes, in intergenic regions, and in the promoters or bodies of noncoding genes. (B, C)
Genome browser views of a 28-kb and a 52-kb region in D. melanogaster chromosome 2R and X. RNA-seq signal, gene annotation, transposon insertions,
replication origins, ATAC-seq signal, H3K36me3 ChIP-seq signal, Pol II ChIP-seq signal and H3K4me4 signals are displayed from top to bottom.



Nucleic Acids Research, 2023, Vol. 51, No. 5 2081

A euchromatin B
p=0.03 3518
5 S - o 3 blood
8 g - p=0.03 HMS-Beagle
ST J U
o D =0.03
T o p=003 ~- S r
5@ g |p=0.06 i )
» O o=
ol ) 3
¥o) o L
£ 3 . 2=
E E o o |I-element
E § B H J e o ; 2 - P-element
s 8 ;
€2 T e °§ °y
o8 e ° © ® © QL
— ™ L )
c o L
-1kb de novo +1 kb
chr2L chr2R chr3L chr3R chrX insertion site
C HMS-Beagle
o — 0 [ '
o ® ' ' °
® 0 , °® e @
2 B 0. ® ‘s ‘...0 ®eo .o. ..oo g o ® ) o % * ]
o o * e o.‘ e o o ® Of.'° ° % ‘0 ,.0..~
= ¥ ®° o .'.J: ) -:". e °g °, % | ‘* S ® .s“ e 0
@ . @ ~.‘o ! 2 @ %° % S % (1) "50. 0w S ;e
a °® %.J‘ e e F Y ".‘~.: 'o‘ e® o0 ®e o0
S ol r=018 © @ 014 026 ® o® 032 0417 .
@ o I|-element
o 0 — ; ; ..
3| - 3 - L,
i ° : @
g 18_ i & ' ° : °® ! ° .Q" e o x
= o ' @ o . 4 ) ol © ©
3 ' * .. ' y c )
TS T W o 'V VI RRY W r e
3 o 9 o Sl o <d ¢
2 oL r=087 o 063 076 ° '\‘. 0.85 0.66 |
=
< P—element ‘
o o i 1 )
N[ 279 : 0.28 0.28 ! 005 018 o 4
Té‘ @ | g R : e o |-
= B ° i\ o e °© ® ° % e © o8 og0 &
o oL %o ] % o ® O % © 4 I @@ °e o Lo
2R Sl e, % SRAN T N A R LY
L . ®
ol " t :.. ‘%o .“&..' ¢ T ee © 4 o ¢ .:o
o _
0 i : "
' o o
[ ] 1 d d | ()
X QL . [ Y e Y o ® e
& $ & e L 8%, a0 0%

(2 o oo 0?& °® : ﬁe," L] .0.&.%'? ;..? : o,ﬁ‘g’%“’ .: 0.&#‘.&.:‘
O I b % % o * o % o °
r=0.71 ‘:“0 0.67 0.68 3 0.44 b 0.38

3= a -
chr2L chr2R chr3L chr3R chrX

Figure 6. The number of de novo I-element insertions is correlated with the distance to the centromere. (A) Normalized number of insertions of three
transposon types (colored dots) per Mb in euchromatin (black) and heterochromatin (gray) regions of each chromosome arm. The number of insertions
is normalized by mappability. Wilcoxon signed-rank tests were performed between euchromatin and heterochromatin, and their P-values are provided.
(B) Average C + G percentage in the £1 kb window (with a bin size 10 bp) centered on the breakpoints of de novo insertions for each transposon. (C)
Normalized number of de novo insertions in 500-kb non-overlapping windows for HMS-Beagle, I-element and P-element. The percentage of C + G in the
same sliding windows is shown in the bottom panel. For each chromosome arm, Pearson correlation coefficients () between the number of insertions in a
window and the window’s distance to the centromere are provided. Heterochromatin regions are shaded gray.



2082 Nucleic Acids Research, 2023, Vol. 51, No. 5

/ NN
LTR mlﬁsfames

transposons - I

/W

I-element
‘ ‘transposase
C YT VAN
P-clement TEEE o5 @ ST @ TS
——— = ——

Figure 7. Different genome insertion preferences for three types of
transposable elements. A diagram depicting the preference of inser-
tion site selection for LTR transposons, I-element and P-element in D.
melanogaster. LTR transposon insertions prefer active proximal promot-
ers and H3K36me3 marked gene bodies, possibly due to the tethering by
transcription factors and PWWM-domain-containing proteins like dP75.
I-element tends to reside close to centromeres. P-element integration is
likely driven by replication origins with open chromatin.

and P-element insertions show no other specific preferences
at the chromosome scale. However, I-element insertions are
highly correlated with the distance from the centromere,
but the mechanism needs further investigation. Locally, I-
elements prefer AT-rich sites, while P-elements and LTR
transposons favor GC-rich sites. Our data also suggested
de novo and new germline I-element insertions are not 5’ or
3’ truncated in the dysgenic oocytes, while some P-element
insertions have internal truncation.

DISCUSSION

Transposons are a major force driving genome evolution,
but they can interrupt genes and cause genome instabil-
ity (33,75-77). Different transposons use different transpo-
sition mechanisms, resulting in diverse target site prefer-
ences (25-27,78). The transposon profiles recorded in meta-
zoan genomes reflect the outcomes of initial insertion, natu-
ral selection, and genetic drift. Uncoupling these processes
and deciphering insertion site preferences for each transpo-
son is difficult. In this study, we analyzed Zhang and col-
leagues’ data on derepressed, genome-encoded transposons
in piRNA-deficient fly oocytes (LTR transposons and I-
element) and fly ovaries (P-element), identifying both de
novo and germline insertions in vivo. We observed very dif-
ferent preferences for the three families of transposons (Fig-
ure 7): LTR transposons tend to insert into the core promot-
ers and exons of expressed protein-coding genes, and have a

general preference for high-H3K36me3 regions; P-eclement
prefers to insert into replication origins, many of which have
open chromatin and a subset of which are promoters; while
I-clement has a weak preference for core promoters, does
not show a strong tendency to insert near genes, and shows
alocal preference for high-AT sites and a chromosome-level
tendency toward telomeres.

Gene interruption using single insertions of an engi-
neered DNA transposon has served as a powerful tool
for studying gene function. The Drosophila Gene Disrup-
tion Project used three engineered DNA transposons—P-
element, piggyBac and Minos—to generate mutant fly lines
for most protein-coding genes (29,30). Detailed analyses of
the insertion sites of these transposons revealed a lack of
insertions for all three transposons in Polycomb-regulated
regions and a strong preference for P-element insertions in
promoters and replication origins (26,30). Using engineered
human LINE]1 expression plasmids, studies in cell lines re-
vealed that the LINE1 endonuclease predominantly cleaves
the DNA replication templates for lagging strand synthe-
sis, facilitating subsequent LINEI insertion (20,58). Similar
work on human cell lines infected with HI'V and HIV-based
vectors revealed insertion hotspots, possibly connected to
super-enhancers and located near nuclear speckles (61,79—
80).

The preference of transposon insertions in promoters has
been extensively studied. One study showed insertions of
Mu element in maize and P-element in D. melanogaster are
specifically associated with the transcriptional initiation of
highly expressed genes by Pol IT (81). Similarly, other studies
showed Tyl and Ty3 specifically insert into Pol III promot-
ers in S. cerevisiae (82) while Tf1 favors Pol II promoters
in S. pombe (83), and, in particular, Tfl insertions impact
the adaptation of gene expression to environmental stress
(84). Our results expand on these previous studies, provid-
ing an analysis of six transposons in three major families
(DNA, LTR and LINE) and adding valuable knowledge
about transposon target site preferences. Our results are no-
table as they derive from data of endogenous transposons in
live animals under hybrid dysgenic or piRNA pathway dis-
ruption conditions that could occur in the wild.

In whole-genome short-read sequencing data, de novo in-
sertions are supported by very few sequencing reads; most
de novo insertions are supported by a single read pair. There-
fore, accurate identification of de novo insertions must over-
come noise in the sequencing data, notably chimeric reads
from library construction (38). Furthermore, due to the low
read coverage, we have limited precision in mapping the ex-
act location of breakpoints of de novo insertions, which pre-
vents us from identifying sequence motifs near breakpoints.
However, the high concordance between our results for de
novo P-element insertions in hybrid dysgenic fly ovaries and
the results of Spradling et al. using the EY collection, a col-
lection consisting of tens of thousands of fly lines harbor-
ing engineered P-elements, supports our approach of using
TEMP2 (38) to identify de novo insertions in whole-genome
short-read sequencing data. In addition, the concordance
indicates that the target site specificity of P-element resides
in its sequence and implies that, as concluded previously,
P-element hijacks the host replication machinery for trans-
position (26).



One advantage of our approach is that we compared
de novo and germline insertions of the same set of trans-
posons in fly oocytes (LTR transposons and I-element) and
fly ovaries (P-clement). This approach allowed us to make
inferences about both initial insertion site preferences and
post-insertion selection pressures. All six transposons pre-
fer to insert into euchromatic regions, especially promoters
(additionally in exons for LTR transposons); however, such
insertions are depleted in the germline, indicating that most
of them are harmful to the host and that individuals harbor-
ing these mutations are quickly eliminated from the popu-
lation. Strikingly, all four LTR transposons prefer to insert
into exons, but exonic insertions, particularly those overlap-
ping CDS, have almost all been removed in the germline.
The only insertion preference that does not seem to be under
strong selection is the enrichment of P-element insertions in
promoters; it is unclear why P-element insertions in promot-
ers do not seem to impact the gene function. Overall, the
contrast between de novo insertions and germline insertions
indicates that untangling the impact of evolution from the
inherent target site preference requires studying both types
of insertions.

Our analysis revealed that LTR transposons prefer to in-
sert into core promoters and high-H3K36me3 regions. Core
promoters tend to have low H3K36me3 signals, even for
highly expressed genes; thus, the preference for promot-
ers is distinct from the preference for high-H3K36me3 re-
gions. Because they use similar mechanisms to replicate,
one might expect parallels between LTR transposons and
retroviruses such as ASV, HTLV-1, MLV and HIV. Like
the four fly LTR transposons, MLV also prefers promot-
ers; however, ASV and HTLV-1 do not specifically target
active genes and promoters in the human genome (85—
88). HIV is known to prefer human genes, but unlike
fly LTR transposons, does not favor exons over introns.
This difference between fly LTR transposons and a hu-
man retrovirus could reflect the tendency toward much
longer introns in humans than in flies. What might ex-
plain the preference of LTR transposons for active genes?
The ubiquitously expressed, evolutionarily conserved tran-
scriptional co-activator lens epithelium-derived growth fac-
tor (LEDGF; also known as LEDGF/p75) contains a
conserved amino-terminal PWWP domain that binds to
H3K36me3 (89) and a carboxy-terminal domain that binds
to the integrase of HIV and directs its integration into ac-
tively transcribed human genes (90). The structurally con-
served D. melanogaster ortholog of LEDGF/p75 has been
shown to be involved in the transcriptional regulation of
genes in the oogenesis and piRNA production pathways
(91). Although there is currently no data supporting the in-
teraction between the fly LEDGF/p75 and the integrases
of LTR transposons (personal communication, Kun Dou),
it is possible that LTR transposons and HIV use a similar
mechanism for transposition.

Among the transposons that we studied, I-element is
unique, and the explanation for its chromosome-scale in-
tegration preferences is unknown. I-element has a modest
preference for active promoters and strongly prefers chro-
mosomal regions more distant from centromeres. In con-
trast, the human LINEI1, which belongs to the same class
of transposons, integrates throughout the human genome
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with no preference for active genes (58). In addition, human
LINET1 inserts more frequently into the leading strand of
DNA replication. When replication fork direction data for
D. melanogaster become available, it will be interesting to
determine if this is also true for I-element. Like LTR trans-
posons, I-element tends to insert into the promoter region
100-200 bp upstream TSSs in a manner correlated with ex-
pression level. This pattern suggests that both I-element and
LTR transposons are associated with the transcriptional
machinery, although LTR transposons exhibit a stronger
association.

In summary, we performed detailed analyses on the in-
sertion preferences of three types of transposons in D.
melanogaster. Different transposon types display distinct
patterns of insertion, which provide a window into their dif-
ferent mechanisms of transposition. Dramatic differences
between de novo and germline insertions reflect the dynamic
arms race between transposons and their hosts. Our results
advance several testable hypotheses and questions, the an-
swers to which will further our understanding of the molec-
ular mechanisms of I-element and LTR transposons.
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