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Rapid evolution of piRNA-mediated silencing
of an invading transposable element was driven
by abundant de novo mutations

Shuo Zhang, Beverly Pointer, and Erin S. Kelleher
Department of Biology and Biochemistry, University of Houston, Houston, Texas 77204, USA

The regulation of transposable element (TE) activity by small RNAs is a ubiquitous feature of germlines. However, despite
the obvious benefits to the host in terms of ensuring the production of viable gametes and maintaining the integrity of the
genomes they carry, it remains controversial whether TE regulation evolves adaptively. We examined the emergence and
evolutionary dynamics of repressor alleles after P-elements invaded the Drosophila melanogaster genome in the mid-twentieth
century. In many animals including Drosophila, repressor alleles are produced by transpositional insertions into piRNA clus-
ters, genomic regions encoding the Piwi-interacting RN As (piRNAs) that regulate TEs. We discovered that ~94% of recent-
ly collected isofemale lines in the Drosophila melanogaster Genetic Reference Panel (DGRP) contain at least one P-element
insertion in a piRNA cluster, indicating that repressor alleles are produced by de novo insertion at an exceptional rate.
Furthermore, in our sample of approximately 200 genomes, we uncovered no fewer than 80 unique P-element insertion
alleles in at least 15 different piRNA clusters. Finally, we observe no footprint of positive selection on P-element insertions in
pPiRNA clusters, suggesting that the rapid evolution of piRN A-mediated repression in D. melanogaster was driven primarily by
mutation. Our results reveal for the first time how the unique genetic architecture of piRNA production, in which numer-
ous piRNA clusters can encode regulatory small RNAs upon transpositional insertion, facilitates the nonadaptive rapid evo-

lution of repression.
[Supplemental material is available for this article.]

Transposable elements (TEs) are widespread genomic parasites that
increase their copy number by mobilizing and self-replicating
within their host genomes. TE expression and proliferation are
therefore strictly regulated, particularly in germline cells where
TEs are exceptionally active and resulting mutations are transmit-
ted to offspring. In the germline of most metazoans, TEs are con-
trolled by a conserved small-RNA-mediated pathway, in which
Piwi-interacting RNAs (piRNAs), in complex with Argonaute pro-
teins, silence TEs in a sequence-specific manner (Aravin et al.
2007; Brennecke et al. 2007; Houwing et al. 2007; Girard and
Hannon 2008). Although host regulation of endogenous TEs by
PpiRNAs is ubiquitous, TEs are frequently horizontally transferred
between nonhybridizing species, allowing TE families to colonize
new host genomes (Thomas et al. 2010; Dotto et al. 2015; Peccoud
etal. 2017). How the host evolves repression to novel TEs invading
the genome remains poorly understood.

After invasion, repressor alleles are proposed to arise through
de novo mutation, when an invading TE copy randomly inserts
into a piRNA-producing locus referred to as a piRNA cluster
(Girard and Hannon 2008; Khurana et al. 2011). The existence of
numerous alternative piRNA clusters—for example, 142 loci or
~3.5% of assembled Drosophila melanogaster genome based on
Brennecke et al. 2007—may facilitate the evolution of repression
by increasing the probability that a random insertion occurs in a
piRNA-producing site (Kelleher 2016; Kelleher et al. 2018; Kofler
2019). However, the technical challenge of annotating polymor-
phic TE insertions in repeat-rich piRNA clusters has limited the
identification and study of these repressor alleles. Furthermore,

Corresponding author: eskelleher@uh.edu
Article published online before print. Article, supplemental material, and publi-
cation date are at http://www.genome.org/cgi/doi/10.1101/gr.251546.119.

for most TE families it is impossible to distinguish repressor alleles
that arose via de novo insertion into existing piRNA clusters from
the reciprocal: de novo piRNA clusters that arose at existing TE in-
sertions. In particular, recent studies suggest that novel piRNA
clusters may emerge frequently via epigenetic mutation, when a
change in chromatin state triggers bidirectional transcription
and piRNA production (de Vanssay et al. 2012; Le Thomas et al.
2014; Shpiz et al. 2014; Hermant et al. 2015).

The role of selection in the evolution of host TE repression,
through piRNA-mediated silencing or otherwise, also remains con-
troversial. In sexually reproducing organisms, the selective advan-
tage of a repressor allele is limited by recombination, which
separates the repressor from the DNA it has protected from delete-
rious mutation (Charlesworth and Langley 1986). Additionally, al-
though selection for repression may be strong when the genome is
invaded by a new TE family, it is unclear whether it is sustained for
a sufficient number of generations to enact meaningful changes in
repressor allele frequency (Lee and Langley 2012). On the other
hand, forward simulation models suggest that piRNA-mediated re-
pressor alleles are targets of positive selection, especially when
transposition rates are high and TEs are highly deleterious (Lu
and Clark 2010; Kelleher et al. 2018; Kofler 2019). Moreover, an
early population genomic analysis of D. melanogaster suggests
that TE insertions in piRNA clusters may segregate at higher fre-
quency than noncluster insertions, although this is based on mod-
est sample size and read depth (Lu and Clark 2010).
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Mutation-dependent evolution of TE repression

The recent invasion of P-element DNA transposons into both
D. melanogaster and D. simulans (Kidwell 1983; Anxolabéhere et al.
1988; Kofler et al. 2015; Hill et al. 2016) provides a unique oppor-
tunity to study the evolution of piRNA-mediated repression.
Unlike most TE families that are long-term constituents of their
host genome, P-elements appeared in the D. melanogaster genome
around 1950 (Kidwell 1983; Anxolabéhére et al. 1988; Daniels
et al. 1990) and in D. simulans around 2010 (Kofler et al. 2015).
Many natural populations of D. melanogaster and D. simulans rap-
idly and recently evolved piRNA-mediated repression (Kidwell
1983; Brennecke et al. 2008; Jensen et al. 2008; Hill et al. 2016),
providing the opportunity to reconstruct the history of piRNA-
producing alleles, as well as examine their evolutionary dynamics.

P-element insertions in piRNA clusters have a well-estab-
lished role in the evolved repression of P-elements in both D. mel-
anogaster and D. simulans. Of particular significance are P-element
insertions in subtelomeric piRNA clusters located in telomeric as-
sociated sequence (TAS). Seven unique wild-derived P-element in-
sertions into X-TAS have been shown to confer maternal
repression of P-element transposition (Ronsseray et al. 1996;
Marin et al. 2000; Stuart et al. 2002), three of which have been in-
dependently shown to produce P-element-derived piRNAs
(Brennecke et al. 2008). Similarly, in laboratory populations of
D. simulans, evolved repression is associated with the insertion
of P-elements into the TAS piRNA cluster on Chromosome 3R
(Kofler et al. 2018). Finally, in D. melanogaster, P-element in-
sertions into non-TAS piRNA clusters on Chromosomes 3 and
4 have also been shown to confer piRNA-mediated repression
(Khurana et al. 2011; Moon et al. 2018), supporting a general
role for piRNA clusters in controlling P-elements.

Here, we examine approximately 200 fully sequenced D. mel-
anogaster genomes from the Drosophila melanogaster Genetic
Reference Panel (DGRP) (Mackay et al. 2012; Huang et al. 2014),
which were recently sampled from a repressive population, to
identify P-element insertion alleles. We furthermore take advan-
tage of piRNA libraries generated from multiple strains collected
before the P-element invasion, which provide a historical record
of piRNA cluster locations in the ancestral population. By combin-
ing these data sets, we reveal the de novo insertion of P-elements
into ancestral piRNA clusters and examine these candidate repres-
sor alleles for signatures of recent positive selection.

Results

North American strains strongly repress P-elements

Both recent and historic samples suggest that P-elements are ro-
bustly repressed in North American populations of D. melanogaster
(Kidwell 1983; Itoh et al. 2007). To confirm that this is also true for
the DGRP, collected in North Carolina in 2003, we assayed P-ele-
ment repression in dysgenic crosses between DGRP females and
Harwich males. In the absence of maternally deposited piRNAs,
offspring of such crosses are sterile, showing atrophied ovaries
(Kidwell et al. 1977; Brennecke et al. 2008; Kelleher 2016). We ob-
served that for 97.6% of DGRP maternal genotypes we sampled (41
of 42), F1 offspring were fertile, suggesting the presence of mater-
nally deposited piRNAs (Supplemental Fig. S1A). The single strain
that did not show strong repression (DGRP531) was also very dif-
ficult to maintain in the laboratory, suggesting that infertility
may be unrelated to P-element activity. We also looked directly
at the production of P-element-derived piRNAs among the DGRP
using a previously published set of ovarian small-RNA libraries

from 16 DGRP genomes (Song et al. 2014). We discovered that
100% (16 of 16) of these strains produce a robust number of P-
element-derived piRNAs (Supplemental Fig. S1B), consistent
with the repressive phenotypes we observed. Taken together these
observations suggest that maternal piRNA-mediated repression is
prevalent, if not ubiquitous, among DGRP genomes.

Identification of ancestral piRNA clusters

Touncover the genetic basis of piRNA-mediated repression, we first
sought to annotate ancestral piRNA clusters in the D. melanogaster
genome, which acted as source loci for piRNAs before the introduc-
tion of P-elements. We took advantage of 27 small-RNA sequenc-
ing libraries from nine wild-type strains (Supplemental Table S1),
which were isolated from nature before P-element invasion and
are therefore devoid of genomic P-elements. We annotated
piRNA clusters based on the density of mapped piRNAs using
proTRAC (Rosenkranz and Zischler 2012). We varied the strin-
gency of piRNA cluster identification to generate three sets of
annotations, which contained 32, 159, and 497 piRNA clusters,
and composed 0.30%, 1.27%, and 3.68% of the assembled D.
melanogaster genome, respectively (Fig. 1A; Supplemental Tables
S2, §3).

Some genomic loci are polymorphic in their status as a piRNA
cluster: producing abundant piRNAs in some strains while remain-
ing quiescent in others (Fig. 1A,B; Supplemental Tables S2, S3). We
therefore defined ancestral piRNA clusters as genomic regions that
were annotated from at least one small-RNA library. In light of
clear examples of polymorphism, our annotations should not be
considered a comprehensive list of the piRNA clusters segregating
in ancestral populations, but rather a representative sample that
includes most clusters segregating at high frequency or fixed at
the time of invasion. Major known piRNA clusters such as flamen-
co, 42AB, and TAS (Robert et al. 2001; Brennecke et al. 2007; Li et al.
2009; Malone et al. 2009) produced abundant piRNAs in all geno-
types and were annotated as piRNA clusters regardless of strin-
gency (Fig. 1A; Supplemental Tables S2, S3).

Most DGRP genomes have P-elements in ancestral piRNA clusters

Although previous annotations suggest that <20% DGRP genomes
have P-elements in ancestral piRNA clusters (based on 32 annotat-
ed piRNA clusters) (Zhuang et al. 2014; Rahman et al. 2015), we
suspected that this was a gross underestimate, because the com-
mon requirement for unique read or read-pair alignment to the ref-
erence genome prohibits the identification of TE insertions in
repeat-rich piRNA clusters. We therefore annotated P-element in-
sertion sites throughout the genome based on high-quality,
split-read alignments (mapping quality score, MAPQ > 20), which
are not necessarily unique yet still support a particular insertion
site with high confidence. We further removed potential false pos-
itives and false negatives based on the realignment of reads to
pseudo-genomes corresponding to each proposed P-element inser-
tion (Methods; Supplemental Fig. S2). Including high-quality non-
unique alignments increases the number of annotated P-elements
by 71% and 66% when compared to TEMP and TIDAL, respective-
ly, two approaches that rely on unique alignments (Fig. 24A;
Supplemental Table S4; Zhuang et al. 2014; Rahman et al. 2015).
Although we did not validate these new insertions, six of seven ad-
ditional insertions we identified in DGRP492 were also detected by
previous study using hemispecific PCR, indicating they are true in-
sertions (Zhang and Kelleher 2017).
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PIiRNA cluster annotation in P-element free strains. (A) Activity of 32 piRNA clusters in ancestral (P-element free) strains of D. melanogaster. Each

column represents a small-RNA sequencing library (biological replicates are combined), and each row represents a piRNA cluster annotated in at least one of
these libraries. Coordinates of piRNA clusters are based on the D. melanogaster release 6 assembly (dmé6) (Hoskins et al. 2015). piRNA cluster expression
levels are estimated by reads per kilo base per million mapped reads (RPKM) and transformed to log, scale [log, (RPKM + 1)]. Clusters above the white line
are unistrand piRNA clusters, and those below the white line are dual-strand piRNA clusters. Details on small-RNA library prep, which may be related to
differences in annotated piRNA clusters between libraries from w1118, are provided in Supplemental Table S1. (B) An example of a polymorphism in
piRNA cluster activity in an annotated cluster on Chromosome 2L (23,328,000-23,337,026). Abundant piRNAs are detected from strain 21183, whereas
strain 21291 produces few piRNAs. Only uniquely mapping piRNAs are considered. piRNA density is measured in reads per million mapped reads (RPM)
and transformed to log; scale [log, (RPM +1)]. Positive values represent piRNAs mapped to sense strand of the reference genome, and negative values

represent piRNAs from antisense strand.

Despite relaxing the requirement for unique alignment, we
still identified only 11 DGRP genomes (5.6%) with P-elements in
X-TAS. This is radically different from previous studies using hy-
bridization-based approaches, which estimate that ~50% of wild-
derived genomes harbor a P-element insertion in X-TAS alone
(Ajioka and Eanes 1989; Ronsseray et al. 1989; Biémont et al.
1990). High-quality alignments likely fail to provide a unique in-
sertion site in TAS repeats because these
highly similar tandem satellite sequences
allow for multiple equivalent alignments
(Fig. 3A; Karpen and Spradling 1992; Yin
and Lin 2007; Asif-Laidin et al. 2017).
Therefore, we relaxed the requirement
for a single “best” alignment; we rather
identified P-derived reads and read pairs
that also aligned to TAS repeats but
aligned nowhere else in the reference
genome. We found that the majority
of DGRP genomic libraries contain P-
derived read pairs that align to X, 2R, or
3R-TAS (Supplemental Table S5), whereas
only three DGRP genomes contained P-
derived reads aligning to 2L and 3L-TAS.

To estimate the number (0, 1, >1) of
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P-derived reads mapped to TAS. Using this approach we identified
12 DGRP genomes that harbor no P-element insertions in TAS
(6%, Z<-1.96), 126 DGRP genomes that harbor one P-element in-
sertion in TAS (65%, —1.96<Z < 1.96), and 57 genomes that carry
two or more insertions into TAS arrays (29%, 1.96<Z2) (Fig. 3B;
Supplemental Table S5). Given that TAS arrays are ancestral
PiRNA clusters that are active in all P-element free strains we
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Figure 2. Total number of P-elements (A) and number of P-elements in ancestral piRNA clusters (B) an-
notated by different approaches for 53 DGRP genomes that were previously annotated by TEMP. For B,
the 32 high-confidence cluster set was used. (TEMP) Insertions only found by TEMP; (MAPQ20) inser-
tions only found based on high-quality mapping; (Both) insertions found by TEMP and MAPQ20; and
(TAS) insertions only found when homologous TAS sequences were treated as a single locus.
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Figure 3. P-element insertions in TAS and non-TAS piRNA clusters. (A) The structure of TAS arrays (modeled after Asif-Laidin et al. 2017). X-TAS contains
four tandem repeats (A-D in red) located between a HeT-A retrotransposon array and two 0.9-kb repeats (Karpen and Spradling 1992). Repeat A is degen-
erated. Repeats B-D are ~1.8 kb in length and are highly similar to each other (>95% identity). Repeat B is compared to repeats from 2R and 3R-TAS. Each
repeat of 2R, 3R, and X-TAS contains several invader4 retrotransposon long terminal repeats (LTRs) (gray) (Bergman et al. 2006), as well as other short ho-
mologous fragments (41-131 bp), with 909 bp being unique to the X-TAS repeat (Asif-Laidin et al. 2017). P-element insertions located in X-TAS and pre-
sent in more than two DGRP genomes are depicted as triangles, with the numeric value above corresponding to the breakpoint, and the numeric value
inside corresponding to the number of DGRP genomes containing the insertion. Breakpoints in red correspond to insertion hotspots (Karpen and
Spradling 1992). (B) The distribution of Z-scores for P/TAS-derived read counts among DGRP libraries. DGRP genomes with Z<-1.96, —-1.96<Z<
1.96, and Z>1.96 were estimated to have 0, 1, and >1 P-element, respectively. (C) Multiple P-element insertion sites were detected in 2R, 3R, and X-
TAS. Each color represents a unique P-element insertion. (D) The frequency of P-element insertions in non-TAS ancestral piRNA clusters (based on our an-
notation set of 159 piRNA clusters) across all major chromosome arms.

sampled (Fig. 1A; Brennecke et al. 2007; Yin and Lin 2007), our ob-
servations reveal that the majority of DGRP genomes carry repres-
sor alleles that arose by de novo insertion into existing piRNA
clusters (Fig. 2B).

Numerous repressor alleles reveal a high mutation
rate to repression

We next sought to isolate individual repressor alleles that arose via
de novo insertion into TAS arrays. First, we identified the candidate
TAS array(s) containing P-element insertions in each DGRP ge-
nome, based on proportion of P-derived/TAS-derived read pairs
whose best alignment occurred in X, 2R, or 3R-TAS (Methods;
Supplemental Table S6). We further identified the specific inser-
tion site that was supported by the most read pairs, based on align-

Table S6). We were able to verify 27 of these by site-specific PCR
(68%), seven insertions were revealed to reside in different sites
by PCR (17.5%), two could not be amplified, and four were not at-
tempted. We further used PCR to determine TAS insertion sites in
an additional 94 DGRP genomes, uncovering an additional 43 P-
element insertion sites in 77 DGRP genomes (Supplemental
Table S6). Therefore, in total we identified 85 independent inser-
tions of P-elements into TAS sequences (2R, 3R, or X-TAS), 80 of
which were verified by PCR in at least one DGRP genome (Table
1; Supplemental Table S6).

Consistent with previous studies (Ajioka and Eanes 1989;
Ronsseray et al. 1989; Biémont et al. 1990), we found that >50%

ment to the reference genome as well as pseudo-genomes we  1able1. P-element insertions in TAS

constructed with P-element insertions in alternate sites Number of genomes with Number

(Methods). We assumed all homologous insertion sites among tan- TAS array insertions of alleles

dem repeats corresponded to a single insertion event for these

analyses. 2R-TAS 32 19 (19)
We found 40 unique P-element insertions into TAS, repre- ;RT;/;S 13; ;g gg;

sented in 80 DGRP genomes, where the best insertion site identi- 21 and 3L-TAS 0 0 (0)

fied by reference genome and pseudo-genome alignments
agreed, suggesting well-supported insertion sites (Supplemental

Numbers in parentheses indicate PCR-verified alleles.
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of DGRP genomes had P-element insertions in X-TAS, and ~17%
DGRP genomes had P-elements in 2R and 3R-TAS (Table 1;
Supplemental Table S6). Moreover, we discovered a multitude of
insertion alleles in each TAS array: 19 in 2R-TAS, 16 in 3R-TAS,
and 50 in X-TAS (Table 1; Fig. 3A,C; Supplemental Table S6). The
large number of alleles, all of which arose after invasion and over
the course of 50 yr, reveals an exceptionally high insertion rate
of P-elements into TAS piRNA clusters.

P-elements in preferred insertion sites show elevate polymorphic
frequencies

P-elements have known insertion hot points in X, 2R, and 3R-TAS
(Fig. 8 of Karpen and Spradling 1992), as well as at euchromatic
sites around the genome (Spradling et al. 2011). We therefore won-
dered whether P-element insertion into these hot points explains
the large number of TAS insertions. Indeed, we found that hot
points were greatly enriched for P-element insertion alleles:
88.2% (15 of 17) of hot points in TAS arrays had a P-element inser-
tion allele compared to only 1.4% (55 of 3840) of nonpreferred
sites (Fisher’s exact test P-value<107'%) (Fig. 4A). Similarly, for
non-TAS regions, 57.1% (16 of 28) of hot points have an insertion
allele compared to 0.003% of nonpreferred sites (3642 of
143,691,516; Fisher’s exact test P-value<107'%) (Fig. 4A). Hot
points were also more likely to have two distinguishable insertion
alleles, one in each strand when compared to nonpreferred sites
(TAS: Fisher’s exact test P-value=1.51 x 10~>; non-TAS: Fisher’s ex-
act test P-value < 107'%) (Fig. 4B).

>

Recurrent insertion into hot points potentially also elevates
the population frequency of insertion alleles in the event of recur-
rent insertion. Indeed, even after separating insertions occurring
in the same genomic position but on opposite strands, individual
insertion alleles in hot points show higher population frequencies
than those occurring at nonpreferred sites (TAS: Wilcoxon rank-
sum test Z-approximation=3.71, P-value=2.05 x 107%; non-TAS:
Wilcoxon rank-sum test Z-approximation =8.36, P-value <107'%)
(Fig. 4C). Taken together, our observations suggest that the excep-
tional number of P-element insertions in X-TAS arrays, as well as
their unusually high frequency, is at least partially explained by
an insertion site preference.

No evidence of positive selection on repressor alleles

Combining the TAS insertion alleles with those identified in non-
TAS piRNA clusters, we detected up to 170 P-element insertion
events into at least 15 (up to 33) different ancestral piRNA clusters,
which are located on all of the major chromosome arms of the
Drosophila genome (Fig. 3D; Supplemental Fig. S3; Supplemental
Table S7). P-element insertions into ancestral piRNA clusters are
proposed to benefit the host by preventing the accumulation of
additional deleterious insertions, suppressing dysgenic sterility,
and potentially establishing heterochromatin formation at P-ele-
ment loci that suppresses their participation in ectopic recombina-
tion (Charlesworth and Langley 1986; Lee and Langley 2012;
Kelleher et al. 2018). To detect a signature of positive selection
on P-element insertion alleles in ancestral piRNA clusters, we com-

pared the frequencies of these putatively

beneficial alleles to those of neutral or
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Insertion hot points in TAS arrays contribute to the large number of high-frequency P-ele-
ment insertion alleles. (A) The proportion of nonpreferred and preferred (hot point) sites that are occu-
pied by a P-element insertion in at least one DGRP genome or vacant in all DGRP genomes. (B) The
proportion of occupied sites containing P-element insertions in both the sense and antisense strands
(red), or a single strand (white), for nonpreferred and preferred sites. (C) The comparison between fre-
quencies of P-elements at nonpreferred and preferred sites. P-elements inserted at the same site but in

served that P-element insertion alleles in
PiRNA clusters are significantly more
common among DGRP genomes than
those in other genomic regions (Fig. SA-
C). Although the elevated frequency of
cluster P-elements might suggest positive
selection, the observation is confounded
by two factors. First, recurrent insertion
into hot points, which occur dispropor-
tionately in TAS piRNA clusters, elevates
the frequency of those insertion alleles
(Fig. 4C). Second, TE insertions rise to
higher frequency in regions of low re-
combination, where piRNA clusters re-
side, most likely because of reduced
purifying selection against ectopic re-
combination (Charlesworth and
Langley 1989; Dolgin and Charlesworth
2008; Petrov et al. 2011; Kofler et al.
2012). To disentangle the potential im-
pact of positive selection on cluster inser-
tions from the confounding effects of
reduced purifying selection and recurrent
insertion, we fit a multiple regression
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Figure 5. The frequency of P-elements in piRNA clusters (red) and the frequency of P-elements outside
of clusters (gray) are compared for three sets of annotated piRNA clusters: (4) 32, (B) 159, and (C) 497

clusters.

model that predicted the frequency of each P-element insertion as a
function of its recombination rate, whether or not it occurs in a hot
point, and its location inside or outside of a piRNA cluster, for all
three sets of cluster annotations. Recombination rate (F;3942=
8.66, P-value=0.0033) and insertion preference (Fy 3942 =404.49,
P-value < 10~'%) were both strongly associated with the polymor-
phic frequency of P-element insertion alleles. However, after ac-
counting for these two confounding variables, we were unable to
detect a difference in the polymorphic frequency of insertions in-
side and outside of piRNA clusters (pden=0.01: F; 394, =0, P-val-
ue=1; pden=0.05: F;3942=0.0009, P-value=0.98; pden=0.1:
Fy 3942 =0, P-value = 1). We therefore find no evidence that positive
selection has elevated the polymorphic frequencies of P-element
insertions into ancestral piRNA clusters among DGRP genomes.

Discussion

In this study, we took advantage of the recent invasion of the D.
melanogaster genome by P-element DNA transposons to chronicle
the evolution of piRNA-mediated repression. We reveal that the
common phenotype of P-element repression (Kidwell 1983;
Kidwell et al. 1983; Ogura et al. 2007) is underpinned by an un-
precedented number of candidate repressor alleles, which have
arisen since the P-element invasion in the mid-twentieth century.
We uncovered 115 unique candidate repressor alleles, which are
independent insertions of P-elements into high-confidence
piRNA clusters, 80 of which we verified by PCR. Furthermore, we
found no evidence that positive selection has increased the fre-
quency of these insertions, suggesting that mutation alone is re-
sponsible for the rapid evolution of the repressive phenotype in
less than ~30 yr (Kidwell 1983).

Our observations represent, to our knowledge, the first dem-
onstration that mutation rates can be sufficiently high to drive a
rapid evolutionary change. Except in cases of extreme mutation
limitation, the contribution of mutation rate to the rate of evolu-
tionary change is thought to be negligible, because the mutation
rate per site is comparatively slow when compared against the ac-
tion of selection. However, the exponential increase in transposi-
tion rate that occurs as TE copies accumulate, and the large
numbers of functionally redundant piRNA clusters that establish
repression when carrying an insertion allele, result in a mutation
rate to piRNA-mediated repressor alleles that is exceptionally
high (Kelleher et al. 2018). Indeed, forward simulations
have previously shown that piRNA-mediated repression may

1994), which exceeds the single base-
pair mutation rate for Drosophila by at
least six orders of magnitude (10 new
nucleotide substitutions per site per gen-
eration) (Haag-Liautard et al. 2007). The
presence of multiple insertion hot points in the TAS piRNA clusters
(Karpen and Spradling 1992), will further accelerate this already
high mutation rate to repressor alleles. Indeed, 73.9% of P-element
insertions into ancestral piRNA clusters (based on 32 annotated
piRNA clusters) occurred in TAS regions, consistent with previous
studies that detected P-elements insertions using hybridization-
based approaches (Ronsseray et al. 1991; Marin et al. 2000;
Stuart et al. 2002). Furthermore, we discovered that P-elements
are most commonly observed in previously identified insertion
hot points (Fig. 4A; Karpen and Spradling 1992; Spradling et al.
2011), thereby demonstrating that mutation bias shapes the distri-
bution of P-element insertions even within the TAS clusters. TE in-
sertions in TAS were likely not detected among DGRP genomes
previously because the reliance on unique alignments excludes
read pairs supporting insertions in satellite arrays (Linheiro and
Bergman 2012; Zhuang et al. 2014; Rahman et al. 2015).
Therefore, allowing for multiple mapping within highly homolo-
gous satellite repeats represents a powerful method for annotating
TEs in these regions from short, paired-end reads. Our observations
echo those of a recent study in laboratory populations of D. simu-
lans, which showed that P-element repression evolved by multiple
independent insertions in piRNA clusters, particularly in the 3R-
TAS (Kofler et al. 2018).

Finally, we found that ~94% D. melanogaster genomes have at
least one P-element in an ancestral piRNA cluster, suggesting de
novo mutation, in which P-elements transpose into preexisting
piRNA clusters, is the predominant mutational mechanism giving
rise to piRNA-mediated silencing. Our conclusions are minimally
dependent on the assumption that ancestrally polymorphic
PpiRNA clusters were active in the genotype where P-element inser-
tion occurred, because only eight of 115 annotated insertions in
high-confidence piRNA clusters occur in clusters that are polymor-
phic in historic collections (Fig. 1A; Supplemental Tables S7, S8).
Nevertheless we cannot exclude a potential role of epigenetic mu-
tations in the evolution of piRNA-mediated P-element repression.
Indeed, of six strains we examined that do not contain insertions
in ancestral piRNA clusters, five are strong repressors of P-element
hybrid dysgenesis (Supplemental Fig. S4). Although these strains
may contain insertions into piRNA clusters that we were unable
to identify (false negatives), they also may contain natural epial-
leles: P-element insertions that have been converted into heritable
piRNA clusters through changes in epigenetic state (de Vanssay
et al. 2012; Le Thomas et al. 2014; Hermant et al. 2015). If epige-
netic mutation occurs in natural populations, it would provide
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an even greater increase to the already high mutation rate to
piRNA-mediated silencing, further accelerating population-level
transition to a repressive state.

In summary, P-element repression in Drosophila melanogaster
evolved rapidly through abundant de novo mutations: the trans-
position of P-elements into preexisting piRNA clusters. These
potentially beneficial alleles show no signature of positive selec-
tion, representing a heretofore-unique example of rapid evolution-
ary change that emerges from mutation alone. Our observations
reveal how the unique genetic architecture of piRNA-mediated
silencing, in which transposition into multiple functionally
redundant piRNA clusters results in a repressor allele, facilitates
the evolution of repression of an invading TE, thereby removing
the requirement for natural selection.

Methods

DGRP stocks and genomes

All DGRP lines were ordered from the Bloomington Drosophila
Stock Center.

Assays of dysgenic sterility

Virgin DGRP females were crossed to males from the reference P
strain Harwich at 29°C. Three- to five-day-old F1 female offspring
were assayed for ovarian development using a squash prep, as de-
scribed in Srivastav and Kelleher (2017).

piRNA cluster annotation

Ovarian small-RNA sequencing libraries were downloaded from
NCBI (Supplemental Table S1) or were generated by our laboratory
(see Data access). For each library, adapters were trimmed using
cutadapt (version 1.9.1) (Martin 2011). Trimmed reads with 23—
29 nt (typical size of piRNAs in Drosophila) were kept for further
analysis.

PiRNA clusters were predicted separately for each library from
an ancestral P-element free strain using proTRAC (Rosenkranz and
Zischler 2012), which identifies genomic loci corresponding to
PiRNA clusters based on the density of mapped piRNAs. We con-
sidered different values of the proTRAC pdens parameter (0.01,
0.05, 0.1), with lower pdens values corresponding to annotation
sets that include a smaller number of higher-confidence piRNA
clusters. Annotated piRNA clusters <5 kb apart were considered a
single cluster.

To identify P-element-derived piRNAs in ovarian small-RNA
libraries from 16 DGRP genomes examined in Song et al. (2014),
PiRNAs were aligned to both the P-element consensus and assem-
bled D. melanogaster genome (dm6) (Hoskins et al. 2015). P-ele-
ment-derived piRNA abundance was estimated as reads per
million mapped piRNA reads (RPM).

Detecting P-element insertions in DGRP genomes

DGRP whole-genome sequencing reads were downloaded from
the NCBI Sequence Read Archive (SRA; https://www.ncbi.nlm
.nih.gov/sra/ study: SRP000694) (Mackay et al. 2012; Huang
et al. 2014). Twelve DGRP genomes were excluded from our anal-
ysis because 45-bp paired-end reads (DGRP357, DGRP379,
DGRP427, DGRP486, DGRP786), or 75-bp single-end reads
(DGRP153, DGRP237, DGRP28, DGRP313, DGRP325, DGRP386,
DGRP41, DGRP730) were too short to allow for identification of
P-element insertion sites. To identify read pairs that include P-ele-
ment sequence in the remaining genomes, individual reads were
separately and locally aligned to full-length P-element consensus

(O’Hare and Rubin 1983) using Bowtie 2 (v2.1.0) (Langmead and
Salzberg 2012) with default parameters. P-element sequences
were then trimmed from mapped reads using a custom Perl script.
Trimmed reads longer than 30 bp were kept and used for down-
streamn analyses. A flow chart of the annotation strategy for non-
TAS insertions is provided in Supplemental Figure S2.

For each DGRP genome, the P-derived trimmed reads were
first aligned to the D. melanogaster release 6 reference genome
(dm6) (Hoskins et al. 2015) as well as X-TAS (Karpen and
Spradling 1992) using Bowtie 2. Reported alignments with map-
ping quality score greater than 20 and edit distance (sum of mis-
matches and gaps required to convert the read sequence to the
reference) less than four were kept. To isolate breakpoints corre-
sponding to P-element insertion sites, we took advantage of split
reads, in which one segment aligned to the P-element consensus
and the remainder aligned to the reference genome. After break-
points were located, all nonsplit P-derived read pairs (i.e., one
read aligns to P-element, its mate to the reference genome) within
500 bp were identified. At least six supporting read pairs (split or
nonsplit) were required to identify a candidate P-element
insertion.

For each of 6528 candidate P-element insertions, we con-
structed a pseudo insertion allele containing 500 nt of genomic se-
quence on either side of insertions, an 8 nt target site duplication,
and the full-length P-element as consensus as in Zhang and
Kelleher (2017). To identify potential false positives, all paired-
end reads from each DGRP genome were realigned to a library of
pseudo insertions and reference alleles for all insertion sites anno-
tated in the given genome, requiring more than six read pairs
(MAPQ > 20, edit distance <4). We then calculated the frequency
of each insertion as the fraction of reads supporting the insertion
allele. We removed 239 annotated insertions with fewer than six
supporting reads in an individual genome, and 900 singleton in-
sertions with estimated frequencies <80% as likely false positives
(Supplemental Fig. S2).

After false positives were removed we sought to identify false
negative insertions, which were not identified in a given DGRP ge-
nome owing to an absence of split reads, but were annotated in an-
other DGRP genome. To this end we constructed a combined
reference genome including dmé, X-TAS, and pseudo-genomes
from the combined set of all 3861 candidate P-element insertions
identified in any DGRP genome. Reads from all DGRP genomes
were then aligned to this combined reference. We identified 156
false negative insertions that were supported by more than six
read pairs from the Illumina library from a given strain (MAPQ >
20, edit distance <4), but were not annotated in our original align-
ments owing to absence of split reads. The complete list of P-ele-
ment insertions, including their estimated frequencies in each
DGRP genome, are provided in Supplemental Table S8.

Detecting P-element insertions in TAS

We divided the dm6 reference genome into TAS regions including
X-TAS (9872 bp, L03284) (Karpen and Spradling 1992), 2R-TAS
(Chr 2R: 25,258,060-25,261,551, 3492 bp) and 3R-TAS (Chr 3R:
32,073,015-32,079,331, 6317 bp) (Yin and Lin 2007), 2L-TAS
(Chr 2L: 1-5041, 5041 bp) and 3L-TAS (Chr 3L: 1-19,608,
19,608 bp) (Walter et al. 1995), and non-TAS regions (everywhere
else). To determine if P-derived reads that did not align to non-TAS
regions corresponded to insertions in TAS, they were aligned to the
TAS reference using Bowtie 2 outputting all valid alignments (-a). A
read was considered aligned to TAS if the edit distance was fewer
than four. For each DGRP genome, we calculated a Z-score for
TAS-aligned reads according to the following formula: Z = (x—p)/
o, where x is the number read pairs aligned to X, 2R, or 3R-TAS; n
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is the average number of reads supporting individual non-TAS P-el-
ement insertions in a given genome; and o is the standard devia-
tion for reads supporting non-TAS insertions. A significance level
a=0.05 (Z=11.96) was used to estimate the number of P-elements
in TAS in each DGRP genome (Supplemental Table S5).

To determine which TAS arrays (X, 2R, or 3R-TAS) contained a
P-element insertion in each DGRP genome, we first calculated the
edit distance for all reported alignments of each read pair in that
genome. We then assigned each read pair to the TAS array to which
italigned with lowest edit distance. For DGRP genomes with one P-
element in TAS (-1.96<Z<1.96), the insertion was predicted to
occur in the TAS array whose number of supporting reads >2x
the reads supporting the other two TAS arrays. For DGRP genomes
with more than one P-element in TAS (1.96<Z), we sought to
determine the locations of two P-elements. The first insertion
was predicted to occur in the TAS assay supported by the highest
number of reads. Then, we subtracted the average number of reads
supporting a non-TAS P-element insertion in the given DGRP ge-
nome from the reads supporting the first TAS insertion. The sec-
ond insertion was predicted the same way as DGRP genomes
with one P-element. The predicted P-element locations are provid-
ed in Supplemental Table S6.

Localizing insertion sites of P-element insertions in TAS

A read pair may be equally well aligned to several homologous sat-
ellite repeats within a TAS array. Therefore, for 2R and 3R-TAS, we
assigned P-elements to consensus sequences. Similarly for X-TAS,
we were unable to determine whether a given insertion occurred
in Repeat B, C, or D, so we arbitrarily assigned all insertions to
Repeat B. We then identified the insertion breakpoint supported
by the most split reads.

As an alternative approach, we also constructed pseudo-ge-
nomes for each alternative TAS insertion site in a given DGRP ge-
nome, which included the P-element consensus sequence flanked
at each end by an 8-nt target site duplication and 500 nt of adja-
cent TAS sequence. Paired-end reads were aligned to the construct-
ed pseudo-genomes (MAPQ>20), and the breakpoint
corresponding to the pseudo-genome with the most reads aligned
was identified. Corresponding P-element insertion sites are provid-
ed in Supplemental Table S6.

PCR verification of insertion sites

A P-element-specific and a TAS-specific primer were used
(Supplemental Table S9) to amplify TAS insertions from DGRP ge-
nomic DNA. Because multiple bands were generally produced, ow-
ing to alternative annealing of the TAS primer to multiple repeats,
the main band was purified by gel extraction using the QIAGEN
MinFlute Gel Extraction Kit (Qiagen 28606) and sequenced to
determine the breakpoint. PCR conditions are provided in the
Supplemental Table S6.

Recombination rates

Recombination rates at P-element insertions sites were identified
from the genome-wide map provided by Comeron et al. (2012).
Because these rates were based on the release 5 of D. melanogaster
reference genome, we converted our annotated P-element inser-
tions in release 6 coordinates to release 5 on the FlyBase (https
://flybase.org). The recombination rate of insertions that did not
have release 5 counterparts was assumed to be 0, because the major
improvement of release 6 relative to release S is the assembly of
heterochromatin regions (Dos Santos et al. 2015; Hoskins et al.
2015).

Data analysis

Annotating piRNA clusters and identifying P-element insertions
were powered by the high-performance computing resources
from the Center for Advanced Computing and Data Science
(CACDS) at the University of Houston (https://uh.edu/rcdc/
resources/hpc/). All statistical analyses were performed in R (ver-
sion 3.3.1) (R Core Team 2016). Graphs were made in RStudio
(https://www.rstudio.com) with R packages ggplot2 (version
2.2.1; https://ggplot2-book.org/), gplots (version 3.0.1; https://
cran.r-project.org/web/packages/gplots/index.html), reshape2
(version 1.4.3; https://rdrr.io/cran/reshape2/), and cowplot (ver-
sion 0.7.0; https://wilkelab.org/cowplot/).

Data access

All raw and processed sequencing data generated in this study
have been submitted to the NCBI BioProject database
(BioProject; https://www.ncbi.nlm.nih.gov/bioproject) under ac-
cession number PRJNA490147. All scripts required to implement
the analysis described in this manuscript can be found in
the Supplemental Code, as well as GitHub (non-TAS insertions:
https://github.com/szhang32/PIDFE; TAS insertions: https://
github.com/szhang32/TAS_P_insertion).
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