
Evolutionary dynamics of piRNA clusters in Drosophila1

Filip Wierzbicki1,2, Robert Kofler1,∗and Sarah Signor3,∗
2

1Institut für Populationsgenetik, Vetmeduni Vienna, Veterinärplatz 1, 1210 Wien, Austria3

2Vienna Graduate School of Population Genetics4

3Biological Sciences, North Dakota State University5

Abstract6

Small RNAs produced from transposable element (TE) rich sections of the genome, termed piRNA clusters,7

are a crucial component in the genomic defense against selfish DNA. In animals it is thought the invasion of a8

TE is stopped when a copy of the TE inserts into a piRNA cluster, triggering the production of cognate small9

RNAs that silence the TE. Despite this importance for TE control, little is known about the evolutionary10

dynamics of piRNA clusters, mostly because these repeat rich regions are difficult to assemble and compare.11

Here we establish a framework for studying the evolution of piRNA clusters quantitatively. Previously12

introduced quality metrics and a newly developed software for multiple alignments of repeat annotations13

(Manna) allow us to estimate the level of polymorphism segregating in piRNA clusters and the divergence14

among homologous piRNA clusters. By studying 20 conserved piRNA clusters in multiple assemblies of15

four Drosophila species we show that piRNA clusters are evolving rapidly. While 70-80% of the clusters16

are conserved within species, the clusters share almost no similarity between species as closely related as D.17

melanogaster and D. simulans. Furthermore, abundant insertions and deletions are segregating within the18

Drosophila species. We show that the evolution of clusters is mainly driven by large insertions of recently19

active TEs, and smaller deletions mostly in older TEs. The effect of these forces is so rapid that homologous20

clusters often do not contain insertions from the same TE families.21

Introduction22

Transposable elements (TEs) are short sequences of DNA that multiply within genomes [McClintock, 1956].23

TEs are widespread across the tree of life, often making up a significant portion of the genome (2.7-25% in24

fruit flies, 45% in humans, and 85% in maize [Piegu et al., 2006, Schnable et al., 2009, Lee and Langley,25

2012]). TEs also impose a severe mutational load on their hosts by producing insertions that disrupt26

functional sequences and mediate ectopic recombination [Lim, 1988, Levis et al., 1984, McGinnis et al.,27

1983]. However, some TE insertions have also been associated with increases in fitness, for example due28
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to changes in gene regulation, where they can act as enhancers, repressors, or other regulators of complex29

gene expression patterns [Daborn et al., 2002, González et al., 2008, Mateo et al., 2014, Casacuberta and30

González, 2013]. The distribution of fitness effects of TEs is not known, but the majority of insertions are31

thought to be deleterious [Yang and Nuzhdin, 2003, Dimitri et al., 2003, Lee and Langley, 2012, Adrion32

et al., 2017].33

For a long time TEs were thought to be solely counteracted at the population level (transposition/selection34

balance) [Charlesworth and Charlesworth, 1983, Barrón et al., 2014]. However the discovery of a small35

RNA-based defense system revealed that they are also actively combated by the host [Brennecke et al.,36

2007, Lee and Langley, 2010, Blumenstiel, 2011]. This host defense system relies upon PIWI interacting37

RNAs (piRNAs) that bind to PIWI-clade proteins and suppress TE activity transcriptionally and post-38

transcriptionally [Brennecke et al., 2007, Gunawardane et al., 2007, Sienski et al., 2012, Le Thomas et al.,39

2013]. For example in D. melanogaster post-transcriptional silencing of TEs is based on Aub and Ago3 which,40

guided by piRNAs, cleave TE transcripts in the cytoplasm [Kalmykova et al., 2005, Peters and Meister,41

2007, Brennecke et al., 2007, Gunawardane et al., 2007]. In the nucleus piRNAs guide the Piwi protein to42

transcribed TEs which, aided by other proteins, transcriptionally silence TEs through the establishment of43

repressive chromatin marks [Sienski et al., 2012, Le Thomas et al., 2013, Darricarrere et al., 2013]. These44

piRNAs are produced from discrete regions of the genome termed piRNA clusters, which largely consist of45

TE fragments [Brennecke et al., 2008]. There is evidence that a single insertion of a TE into a piRNA cluster46

may be sufficient to initiate piRNA mediated silencing of the TE [Marin et al., 2000, Josse et al., 2007, Zanni47

et al., 2013]. Therefore, it is assumed that a newly invading TE proliferates in the host until a copy jumps48

into a piRNA cluster, which triggers the production of piRNAs that silence the TE [Bergman et al., 2006,49

Malone and Hannon, 2010, Goriaux et al., 2014, Ozata et al., 2019].50

Despite the central importance of piRNA clusters for the control of TEs, we know very little about51

how piRNA clusters evolve within and between species. For example, transposition into clusters would52

be advantageous to hosts if cluster insertions are indeed required for functional silencing of TEs. Then,53

a general expansion of piRNA clusters would be expected with the invasion of novel TEs. Such invasions54

may be quite frequent. For example it is likely that four TE families invaded worldwide D. melanogaster55

populations within the last 100years [Schwarz et al., 2021]. Larger or more abundant piRNA clusters in turn56

will expand the functional target for transposition and may thus be favored. In support of this hypothesis it57

was suggested that piRNA clusters have largely been gained over the course of evolution [Chirn et al., 2015].58

However, these claims are difficult to evaluate as studying the evolution of piRNA clusters is challenging59

for several reasons. First, piRNA clusters are highly repetitive and very difficult to assemble, thus high60

quality ungapped assemblies of these repetitive regions are required [see for example Wierzbicki et al., 2021]61

Second, it is challenging to unambiguously identify homologous clusters within and between species. Third,62

investigating the evolution of the composition of clusters requires reliable alignments of the highly repetitive63

piRNA clusters. Due to these challenges and the importance of these clusters for TE control, the evolutionary64

turnover of piRNA clusters is considered to be a central open question in TE biology [Czech et al., 2018].65

Here, we investigate the evolution of piRNA clusters within and between four Drosophila species. By66

combining long-read based assemblies with a recently developed approach for identifying homologous piRNA67

clusters (CUSCO, [Wierzbicki et al., 2021]) and a newly developed software for generating multiple alignments68

of repetitive regions (Manna) we are able to shed light on the evolution of piRNA clusters. While piRNA69

2

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.20.457083doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.20.457083
http://creativecommons.org/licenses/by-nc/4.0/


Figure 1: Overview of the species and piRNA clusters used in this work. A) Phylogenetic tree showing the
evolutionary distance between the four species investigated in this work (based on [Obbard et al., 2012]).
The analyzed strains are shown after the species name. B) Our approach for finding homologous piRNA
clusters in the different species and strains. Unique sequences flanking piRNA clusters were aligned to the
target strain. An homologous cluster was identified when both flanking sequences aligned to the same contig
(grey). We confirmed homology of clusters by designing flanking sequences in the target strain and aligning
them back to D. melanogaster reference genome (green, ”reciprocal flanks”). C) Number of gapless piRNA
clusters found in different species/strains. Colors of bar (grey or green) correspond to the approach used for
identifying homologous clusters (see B)

clusters are 70-80% conserved within species, they share almost no similarity between species as closely70

related as D. melanogaster and D. simulans. Many polymorphic insertions and deletions within clusters71

are maintained in Drosophila populations. The evolutionary forces dictating the observed patterns appear72

to be large insertions of recently active TEs, and smaller deletions of older TE insertion. Due to this73

rapid turnover, homologous piRNA clusters frequently do not contain insertions from the same TE families.74

Using our approach of combining CUSCO and Manna, we established a framework to study piRNA cluster75

evolution quantitatively within and between species.76

Results77

Identification of homologous piRNA clusters78

To shed light on the evolution of piRNA clusters, we compared the composition of clusters among related79

Drosophila species. D. sechellia, D. mauritiana, and D. simulans are closely related, having an estimated80

divergence time of 0.7 million years, while D. melanogaster diverged from this group 1.4 million years ago81

(fig. 1A, [Obbard et al., 2012]). We relied on long-read assemblies as they allow for end to end reconstruction82

of piRNA clusters and their TE content and thus promise to provide a complete picture of cluster evolution83

[Wierzbicki et al., 2021]. Since we are interested in the evolution of clusters both within and between84

species, we obtained long-read assemblies of several strains for D. melanogaster and D. simulans. In total85
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we analyzed nine long-read based assemblies, four of D. simulans, three of D. melanogaster , and one each of86

D. sechellia and D. mauritiana. Seven assemblies were publicly available and two assemblies of D. simulans87

strains were generated in this work with Oxford Nanopore long reads (SZ45, SZ232 ) [Chakraborty et al.,88

2021, Nouhaud, 2018, Signor et al., 2017a].89

The identification of homologous piRNA clusters among the different strains and species was based on90

unique sequences flanking 85 out of the 142 piRNA clusters in D. melanogaster (flanking sequences could91

not be designed for telomeric clusters extending to the ends of chromosomes or clusters on the fragmented92

U-chromosome) [Wierzbicki et al., 2021]. These flanking sequences were mapped to each assembly, and93

homologous piRNA clusters were identified as the regions between the aligned flanking sequences (fig. 1B;94

grey). piRNA clusters with assembly gaps or flanking sequences aligning to different contigs were not95

considered. To validate the homology of the piRNA clusters, we designed additional pairs of flanking96

sequences in the target species, aligned them back to D. melanogaster and ascertained that these mapped97

sequences flank the piRNA clusters of D. melanogaster (fig. 1B,C; green; supplementary tables S1-S3). The98

number of assembled piRNA clusters varied considerably between the strains and species, ranging from 7399

clusters in D. melanogaster Iso-1 to 23 clusters in D. simulans SZ45 (fig. 1C). To study the evolution100

of piRNA clusters between species, we focused on 20 piRNA clusters shared between D. mauritiana, D.101

sechellia and the three best assemblies of D. melanogaster and D. simulans (fig. 1C; red). Most notably our102

analysis included clusters 42AB (cluster 1), 20A (cluster 2) and 38C (cluster 5) but not flamenco. Except103

for cluster 20A, which is an uni-strand cluster that is expressed in the germline and the soma, all analyzed104

clusters are dual-strand clusters that are solely expressed in the germline [Mohn et al., 2014, Brennecke105

et al., 2007]. By investigating the heterogeneity of the base coverage and the softclip coverage - two recently106

proposed metrics for identifying assembly errors in piRNA clusters [Wierzbicki et al., 2021] - we ascertained107

that the assemblies of the 20 clusters are of high quality (see Materials and Methods; supplementary figs. S1-108

S5). Based on publicly available small RNA data from ovaries of a D. melanogaster and D. simulans strain109

collected in Chantemesle (France; [Asif-Laidin et al., 2017]), we found that 15 out of the 20 investigated110

clusters are expressed in both species (> 10 reads per million; supplementary figs. S6, S7, S8).111

Comparing the composition of homologous clusters112

piRNA clusters are often referred to as ’TE graveyards’ since they are thought to carry the remains of past113

TE invasions. This highly repetitive nature makes it difficult to compare the composition of homologous114

clusters, e.g. using multiple sequence alignments. We approached this problem inspired by the alignments115

of amino-acid sequences, which are performed at a higher level than the underlying nucleotide sequences.116

Here, we propose that multiple alignments may be performed with the TE annotations (e.g. generated by117

RepeatMasker) of piRNA clusters instead of the nucleotide sequences. For this reason, we developed Manna118

(multiple annotation alignment), a novel tool performing multiple alignments of annotations. Although119

primarily designed for annotations of repeats, it may work with the annotations of any feature. Manna120

performs a progressive alignment similar to that described by [Feng and Doolittle, 1987]. Using a simple121

scoring scheme (supplementary fig. S9) and an adapted Needleman-Wunsch algorithm [Needleman and122

Wunsch, 1970] a guide tree is computed. Based on this tree the most similar annotations are aligned first,123

followed by increasingly more distant annotations. For the scoring matrix the score of each newly aligned124
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Figure 2: Overview of our approach for comparing the composition of piRNA clusters. A) To identify
homologous piRNA clusters (grey areas) in the strains, we mapped sequences flanking the piRNA clusters
(black arrows) to the assemblies. B) Regions delimited by the flanking sequences were extracted (i.e. the
piRNA clusters plus the short sequences between the clusters and the flanking sequences). C) Repeats were
annotated in the extracted sequences. D) Solely the repeat annotations were retained for further analysis.
E) The repeat annotations were aligned with Manna allowing us to compare the repeat content of piRNA
clusters.

annotation is computed as the average score of the previously aligned annotations [Feng and Doolittle, 1987].125

This novel tool enables us to compare the composition of homologous clusters using the following ap-126

proach: First, we align pairs of sequences flanking piRNA clusters to the assemblies, thereby identifying127

the positions of homologous clusters in each assembly (fig. 2A). Second, we extract the sequences delimited128

by these pairs of flanking sequences (fig. 2B). Third, we annotate repeats in the extracted sequences (fig.129

2C) and solely retain the repeat annotation (fig. 2D). Finally, we align the repeat annotation with Manna130

(fig. 2E). Using simulated sequences with varying repeat contents, we carefully validated this approach for131

comparing the composition of homologous piRNA clusters (supplementary results S1).132

Alignments with Manna allow us to quantify i) the number of polymorphic and fixed TE insertions and133

ii) the similarity s and the distance (d = 1 − s) among homologous clusters. The similarity (s) between134

clusters is computed as s = 2 ∗ a/(2 ∗ a + u) where a and u are the total length of aligned and unaligned135

TE sequences, respectively (for examples see supplementary fig. S10). This similarity can be intuitively136

interpreted as the fraction of TE sequences that can be aligned between two (homologous) clusters.137

Alignments with Manna do not incorporate unannotated sequence in between TEs (fig. 2C). Therefore,138

we additionally investigated the similarity among homologous clusters using a complementary approach: we139

identified similar sequences between clusters with BLAST (minimum identity 70% [Altschul et al., 1990]) and140

visualized these similarities and the repeat content of clusters with Easyfig (supplementary figs. S11-S15).141

Rapid evolution of piRNA clusters142

To quantify the rate at which piRNA clusters evolve, we estimated the evolutionary turnover of the TE143

content of the 20 piRNA clusters using the similarity (s) as computed with Manna (see above). Based on144

the distance between the clusters (d = 1 − s), we additionally generated phylogenetic trees reflecting these145
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Figure 3: piRNA clusters are rapidly evolving in Drosophila species. A) Phylogenetic tree summarizing the
distance of the 20 piRNA clusters among the different strains and species weighted by the average cluster
lengths. The distance is estimated by Manna as the fraction of unaligned TE sequences (scale bar shows a
distance of 20%). Note that solely about 8.1% of the TE sequences can be aligned between the clusters of
D. melanogaster (green) and D. simulans (blue). B) Phylogenetic tree for the piRNA cluster 42AB (cluster
1) based on alignments with Manna. C) The evolution of piRNA cluster 42AB in four Drosophila species
visualized with Easyfig. Homology among the sequences (grey bars) was determined with BLAST. The grey
scale indicates the degree of the sequence similarity. Homology blocks smaller than 400bp are not shown.
Insertions of TEs are shown as small rectangular arrows where the color indicates the order (LTR, non-LTR
and TIR). Family names are abbreviated.

distances (fig. 3A).146

Strikingly, an average of solely 8.1% of the TE sequences can be aligned between the piRNA clusters of D.147

melanogaster and D. simulans (fig. 3A; supplementary table S4). Among the 20 clusters the similarity ranged148

from 0.0% for clusters 19 and 110 to 93.5% for cluster 114 (length weighted median: 3.7%; supplementary149

table S4). Within the more closely related species of the simulans complex 41.4% of the TE sequences can150

be aligned between D. simulans and D. mauritiana (range: 0.0 - 100%; length weighted median: 32.7%151

) and 32.7% between D. sechellia and D. simulans (range: 0.0 - 88.8%; length weighted median: 24.8%;152

supplementary table S4). Our data thus suggest that the clusters of D. simulans are more closely related to153

D. mauritiana than to D. sechellia. Given this rapid turnover within piRNA clusters, we also hypothesized154

that there should be abundant polymorphisms within species. In agreement with this, we found that the155

average similarity of clusters within species is 73.12% for D. melanogaster (range: 33.3-100%; length weighted156

median: 74.2%) and 74.7% for D. simulans (range: 0.0-100%; length weighted median: 75%; supplementary157

table S4). That is to say that on average 26% of the TE sequences in piRNA clusters cannot be aligned158

between two assemblies of the same species. The TE content of clusters is thus highly polymorphic within159

species.160

However, the strains analyzed in D. simulans and D. melanogaster were collected at very diverse time161

points and geographic locations. We therefore speculated that the similarity among strains sampled from162

the same population may be higher. A comparison of 16 clusters shared between the Californian D. simulans163

strains SZ232 and SZ45, which were collected at the same location and date, an African strain (m252 ) and164

an old Californian strain (wxD1, likely collected approximately 50 years prior) did not confirm this hypothesis165
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Figure 4: Overview of the TE content of piRNA clusters in D. simulans and D. melanogaster . For each
piRNA cluster (x-axis) we indicate whether a given TE family (y-axis) has at least one insertion in D.
melanogaster (red), D. simulans (blue) or in both species (green). We considered insertions in any of the
three assemblies of D. melanogaster and D. simulans. The right panel summarizes the abundance of the
families in piRNA clusters. Note that the TE content of the clusters varies dramatically between the species.
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(similarity between SZ232 vs. SZ45 : 72.5%; average similarity among all other D. simulans strains: 75.8%;166

supplementary table S5). The clusters of strains sampled from the same population are thus not necessarily167

more similar than the clusters of strains sampled from different regions and time points (although the results168

vary among the clusters).169

Next, we aimed to investigate the evolution of cluster 42AB (cluster 1) in more detail. In D. melanogaster170

42AB is one of the largest clusters that may account for 20-30% of all piRNAs [Brennecke et al., 2007]. It171

is thus frequently highlighted as a canonical piRNA cluster [e.g. Czech et al., 2008, Mohn et al., 2014,172

Olovnikov et al., 2013, Andersen et al., 2017]. A phylogenetic tree based on an alignment of annotated TEs173

shows that cluster 42AB is rapidly evolving among the investigated Drosophila species (fig. 3B; for a tree174

for all other clusters see supplementary fig. S16). The similarity of 42AB between D. simulans and D.175

melanogaster , based on an alignment of TE annotations using Manna, is solely 4%. Within the simulans176

clade the similarity of 42AB between D. simulans and D. mauritiana is 29.6%, and between D. simulans177

and D. sechellia it is 26.4% (supplementary table S4). Within species, cluster 42AB is more variable in178

D. melanogaster (similarity: 77.5%) than in D. simulans (similarity: 90.3% ; supplementary table S4). As179

alignments with Manna only capture similarities of annotated TEs we also visualized the evolution of cluster180

42AB using BLAST and Easyfig (fig. 3C). This approach confirms our findings. Cluster 42AB has few181

sequence similarities between D. melanogaster and D. simulans and a higher level of sequence similarity182

among the species of the simulans complex (fig. 3C). We conclude that cluster 42AB is rapidly evolving in183

the investigated species (fig. 3C). For a visualization of the sequence similarity of all 20 clusters in the four184

species see supplementary figs. S11-S15.185

Thus far we have shown that the sequence of piRNAs clusters is evolving very quickly between and within186

species. However, it is possible that this rapid evolution is due to rearrangements within piRNA clusters187

[Gebert et al., 2021], while the TE content of clusters actually remains stable. We addressed this question188

by quantifying the number of insertions from each TE family in each cluster, and determining if at least189

one insertion of a given family is present in a given cluster in D. simulans, D. melanogaster or both species190

(an insertion in any of the three strains of each species was considered as a presence). For example we191

considered blood to be present in cluster 42AB in both species when a single blood insertion was found in192

42AB of A4 (D. melanogaster) and m252 (D. simulans) but not in any other strain of the two species.193

The rapid evolution of piRNA clusters does not appear to be due to rearrangements, as the presence of TE194

families was also not conserved across species (fig. 4). Out of 321 TE families in piRNA clusters, only 76195

were present in both species (families present in more than one cluster were counted multiple times). 164196

were private to D. melanogaster and 81 to D. simulans (fig. 4). A similar observation can be made when197

we compare the TE composition of piRNA clusters among D. simulans, D. mauritiana, and D. sechellia198

(supplementary fig. S17).199

We thus conclude that piRNA clusters are rapidly evolving in Drosophila species, such that the average,200

only about 8% of TEs sequences can be aligned between the closely related D. melanogaster and D. simulans.201

Furthermore, homologous clusters frequently contain different TE families.202
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Figure 5: Rapid evolution of piRNA clusters within D. melanogaster and D. simulans. A) Population
frequencies of TE insertions in all 20 piRNA clusters of D. melanogaster (green) and D. simulans (blue). The
absolute (top) and relative (bottom) TE abundance are shown. Insertions occurring in three individuals are
fixed. B) Numbers of fixed (transparent) and polymorphic (opaque) sites for each cluster in D. melanogaster
(green) and D. simulans (blue). C) Composition of cluster 42AB in 3 strains of D. melanogaster and D.
simulans. Grey bars indicate regions of similarity among two assemblies of 42AB (minimum length 3 kb).
TE families are colored by order (LTR, non-LTR and TIR).
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piRNA clusters in D. melanogaster and D. simulans genotypes203

Next, we investigated variation in the piRNA clusters of D. melanogaster and D. simulans in more detail,204

incorporating several genotypes from each species. An alignment of the 20 clusters with Manna in the three205

strains of D. melanogaster and D. simulans shows that clusters in D. melanogaster contain more TEs than206

in D. simulans (Dmel = 1, 002, Dsim = 547). The majority of these insertions are fixed (Dmel = 647,207

Dsim = 362; fig. 5A), but a substantial number of TE insertions is segregating in one (Dmel = 229,208

Dsim = 118) or two genotypes (Dmel = 126, Dsim = 67). Despite these differences in the TE abundance209

among the two species, the site frequency spectrum of the cluster insertions is very similar between D.210

melanogaster and D. simulans (Chi-squared test p = 0.20; fig. 5A). The large number of polymorphic211

cluster insertions is not contingent upon a single outlier-genotype since all genotypes from both species carried212

abundant polymorphic cluster insertions (D. melanogaster : CS = 191, A4 = 153, Iso1 = 137; D. simulans213

SZ232 = 106, wxD1 = 97, m252 = 49, supplementary fig. S18A). The polymorphic cluster insertions were214

distributed over 17 clusters in D. melanogaster and 12 clusters in D. simulans (supplementary fig. S18A). In215

agreement with the higher TE content of D. melanogaster clusters, piRNA clusters in D. melanogaster were216

substantially longer than in D. simulans (Wilcoxon rank sum test W = 2192, p = 0.040; supplementary fig.217

S18B). The total size of the piRNA clusters in D. melanogaster was about double that of the clusters in218

D. simulans (average over all three strains dmel = 817, 770, dsim = 452, 591). In both species segregating219

cluster insertions were on the average longer than fixed ones (D. melanogaster : seg = 1115, fix = 591,220

Wilcoxon rank sum test W = 122302, p = 0.089; D. simulans: seg = 798, fix = 470, Wilcoxon rank sum221

test W = 38248, p = 0.0065).222

In addition, the amount of polymorphism segregating in strains sampled from the same population223

(SZ232, SZ45 ) is similar to the amount of polymorphism sampled in strains from different locations (m252,224

Africa) and time points (wxD1, California; percent polymorphic insertions with a minimum size of 100bp:225

SZ232 vs SZ45 = 23.8%, mean of all other pairwise comparisons = 20.7%; supplementary figs. S19, S20).226

While overall polymorphism was similar amongst strains, the amount of fixed and segregating TE insertions227

varies across the clusters. Some clusters in D. melanogaster mostly have fixed TEs such as cluster 96228

(fix = 83, seg = 14) and cluster 142 (fix = 31, seg = 4), but other clusters, like cluster 1 (fix = 153,229

seg = 114) and cluster 45 (fix = 36, seg = 41), have large proportions of segregating TEs (fig. 5B).230

Similarly in D. simulans some clusters such as cluster 1 (fix = 89, seg = 12) and cluster 29 (fix = 29,231

seg = 2) have largely fixed TEs whereas cluster 5 (fix = 26, seg = 75) and cluster 86 (fix = 20, seg = 22)232

contain many segregating TE insertions. This indicates that clusters may evolve at different rates, with233

some clusters evolving faster than others. Additionally, the evolutionary turnover of the clusters may differ234

among species, for example cluster 42AB (cluster 1) evolves faster in D. melanogaster whereas cluster 5235

evolves faster in D. simulans (fig. 5B).236

Our analysis is based on the consensus sequences of D. melanogaster TEs. We asked if this could lead to237

a bias where TE insertions in D. simulans clusters are less readily identified than in D. melanogaster . Such a238

bias should lead to a lower density of TEs in piRNA clusters of D. simulans as compared to D. melanogaster .239

We found that the density of TE insertions in piRNA clusters is very similar in the two species (TE insertions240

per kb dmel = 0.994, dsim = 0.985) suggesting that we identified most TE insertions in D. simulans.241

However, cluster insertions in D. simulans were, on the average, slightly shorter than in D. melanogaster242
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Figure 6: Overview of insertions and deletions in piRNA clusters of D. simulans. The clusters of D.
mauritiana were used to polarize the indels. A) Histograms showing the abundance and length of insertions
and deletions. B) Age of the families of insertions (ins) and deletions (del) in piRNA clusters, where the
average population frequency (av.pop.freq.) of the family is used as a proxy for the age.

(average length dmel = 777, dsim = 581; Wilcoxon rank sum test W = 300760, p = 0.0015). This is in243

agreement with previous works suggesting that TEs in D. simulans are shorter than in D. melanogaster244

[Lerat et al., 2011, Vieira et al., 2012], but it could also be a technical artefact where parts of TEs are not245

annotated in D. simulans due to the divergence of the TE from the consensus sequences.246

Finally, we investigated the composition of cluster 42AB in more detail (fig. 5D). Cluster 42AB is,247

consistently among the strains, shorter in D. simulans than in D. melanogaster (fig. 5D; supplementary fig.248

S18B). The density of TEs in cluster 42AB is higher in D. simulans (TEs per kb dmel = 0.79, dsim = 1.41)249

possibly due to the shorter TE insertions (average length of TEs in 42AB dmel = 920bp, dsim = 658bp).250

While there is considerable sequence conservation in both species the D. melanogaster 42AB cluster bears no251

resemblance to 42AB in D. simulans, other than containing a Juan element which is likely not a homologous252

insertion (fig. 5B). The number of segregating insertions is larger in D. melanogaster than in D. simulans253

suggesting that 42AB is evolving faster in D. melanogaster (fig. 5B,D). For a visualization of the sequence254

similarity of all clusters in the different assemblies of D. melanogaster and D. simulans see supplementary255

figs. S11-S15.256

We conclude that piRNA clusters are highly polymorphic in both species, that clusters have a similar257

TE density in both species and that most clusters are shorter in D. simulans than in D. melanogaster .258

Furthermore, clusters may evolve at different rates among and within species.259

Evolutionary forces shaping the composition of piRNA clusters260

Many diverse evolutionary forces may act on the TE content of piRNA clusters, such as mutations, insertion261

bias, negative or positive selection and drift [Kofler, 2019, Kelleher et al., 2018, Lu and Clark, 2010, Brennecke262

et al., 2007, Zhang et al., 2020]. While we cannot distinguish among these forces we can shed light on their263

joint effect by investigating the abundance of insertions and deletions segregating in piRNA clusters. We264
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determined the number of insertions and deletions segregating in piRNA clusters of the D. simulans strains265

by polarizing segregating indels using D. mauritiana as outgroup. We used TE insertions with a minimum266

length of 100 bp and considered indels resulting from presence/absence polymorphisms in the alignment and267

indels resulting from length differences between aligned TEs sequences. We found that 33 deletions and 99268

insertions are segregating in piRNA clusters of D. simulans (fig. 6A) These indels were distributed over269

12 of the investigated 20 piRNA clusters (supplementary fig S21). Insertions were, on the average, longer270

than deletions (average length l̄ins = 492bp, l̄del = 262bp; Wilcox rank sum test W = 920.5, p = 0.0002).271

Most indels were found in three of the 20 clusters: cluster 5 (43 indels), cluster 31 (20 indels), and cluster272

45 (16 indels; supplementary fig. S21). Because de novo TE insertions will likely be large we separately273

analyzed long indels (≥ 1000). We found that 12 long insertions and a single long deletion. The most274

abundant long insertions were due to the TE families roo and Max-element (two for each family). Both275

families are likely active in D. simulans [Kofler et al., 2015, Signor, 2020]. Finally, we asked if insertions276

are occurring with younger TE families than deletions. While we do not have direct estimates for the age277

of TE families in D. simulans we may use the average population frequency of all insertions of a family as278

proxy for age. Insertions of recently active families will mostly have a low frequency whereas old families279

will mostly have fixed insertions. Using the frequency estimates of Kofler et al. [2015] we found that families280

with insertions in piRNA clusters have a significantly lower average population frequency than families with281

deletions (f̄ins = 0.17, f̄del = 0.40; Wilcox rank sum test W = 2211, p = 2.7e− 05 fig. 6B).282

In summary, the evolutionary dynamics of piRNA clusters are governed by many insertions and few283

deletions, where insertions are on the average larger than deletions. Furthermore, insertions usually involve284

recently active families whereas deletions mostly happen in older families.285

Discussion286

Here we established a framework for studying the evolution of piRNA clusters quantitatively, used that287

framework to analyze the composition of 20 piRNA clusters in four Drosophila species, and showed that288

piRNA clusters are evolving rapidly. This raises the question of whether the 20 piRNA clusters included289

in the analysis are a representative set of the 141 piRNA clusters of D. melanogaster . piRNA clusters290

were excluded from our analysis for three reasons i) clusters were at the end of a chromosome or on the291

unassembled U-chromosome which did not allow us to identify suitable flanking sequences ii) a cluster could292

not be assembled in all species without gaps, possibly due to complex repeat content iii) we could not identify293

conserved flanking sequences in all species such that the homology of a cluster could be established. While294

the first point likely does not introduce a bias the last two points could potentially result in a bias towards295

shorter or less complicated clusters. The analyzed clusters may thus be a rather conservative set, and it is296

possible that the excluded piRNA clusters have different evolutionary dynamics. To reduce possible biases297

in future works, it will be important to extend the analysis performed in the present work to a larger number298

piRNA clusters. It is possible that investigating alternate flanking sequences could lead to an increase in the299

number of clusters, and rapid advances in sequencing technology will increase the number of contiguously300

assembled clusters. However, a comparison between species will always be less than entirely comprehensive,301

as clusters may not be shared between species of interest or the flanking sequences may have degraded302

beyond recognition. In agreement with this, previous research has noted that many piRNA clusters are303
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species specific [Gebert et al., 2021, Chirn et al., 2015].304

This and other works established synteny of piRNA clusters based on sequences flanking the cluster up305

and downstream [Gebert et al., 2021, Chirn et al., 2015]. It is unclear if this is the best approach for finding306

homologous clusters. In principle, it is possible to use the sequence (or annotation) of piRNA clusters directly307

to search for the homologous clusters in an assembly of interest (e.g. with BLAST). However, given how308

rapidly piRNA clusters evolve, where solely 8% of TE sequences can be aligned between D. melanogaster309

and D. simulans, it is doubtful whether this approach will be able to correctly establish homology of the310

piRNA clusters. We quantified the similarity of clusters and the amount of polymorphism in clusters with our311

novel multiple alignment tool Manna. As a major innovation this tool performs a multiple alignment with312

repeat annotations rather than the raw sequences. While this approach provides invaluable insight into the313

evolution of piRNA clusters, it does ignore some information such as divergence of the TEs. Alignments of314

clusters at the nucleotide level may be more sensitive. But this approach has its own problems. Alignments315

of highly repetitive regions are challenging and may contain errors. Furthermore, the resulting alignment316

may be difficult to interpret. For example, it is unclear how to estimate the population frequency of a TE317

insertion where different parts of the TE align with several TE insertions in a homologous cluster. Manna318

avoids this fragmentation of TEs by aligning complete chunks of annotated TEs.319

We found that D. simulans has fewer TE insertions in piRNA clusters than D. melanogaster . That this320

is a real pattern is supported by the similar density of TEs in the two species within the piRNA clusters321

(indicating no obvious presence of unannotated TEs in D. simulans). However, the TE libraries used here322

are curated to represent few overlapping TE families. It is still possible that in D. simulans some TEs are323

only partially annotated or missed entirely. If this were the case, then piRNA clusters in D. simulans would324

be denser than in D. melanogaster .325

It is an important question which evolutionary forces drive the evolution of piRNA clusters. In principle,326

the following forces could act on piRNA clusters. First, different types of mutations, such as insertions327

due to recent TE activity, the deletion bias observed in Drosophila or major rearrangements, for example328

due to ectopic recombination mediated by TE insertions, may contribute to the rapid turnover of piRNA329

clusters [Petrov et al., 1996, Langley et al., 1988]. Many TE families are active in Drosophila species330

so recent insertions may be an important driver of cluster evolution [Kofler et al., 2015]. Also genomic331

rearrangements have been implicated in the evolution of clusters [Assis and Kondrashov, 2009, Gebert et al.,332

2021]. Second, selection (positive or negative) may contribute to the rapid evolution of piRNA clusters.333

Theory suggests that an invading TE is silenced by multiple segregating TE insertions distributed over many334

piRNA clusters [Kofler, 2019, Kelleher et al., 2018]. This hypothesis has been confirmed experimentally by335

recent works investigating the distribution of cluster insertions in natural and experimental populations336

that were recently invaded by a TE [Zhang et al., 2020, Kofler et al., 2018]. Theory further suggests that337

these segregating cluster insertions could be positively selected as haplotypes with a cluster insertion will338

accumulate few TEs overall and will thus be less deleterious than haplotypes without a cluster insertion339

[Kofler, 2019, Kelleher et al., 2018, Lu and Clark, 2010]. However, the expected shift in the site frequency340

spectrum of positively selected cluster insertions is rather subtle and thus difficult to detect experimentally341

[Kofler, 2019]. In agreement with this, a recent work did not detect evidence that cluster insertions are342

positively selected [Zhang et al., 2020]. One drawback of this particular study is the lack of reconstruction343

of the entire piRNA cluster in each strain (P-element insertion sites were identified based on alignments of344
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short reads to a reference genome) [Zhang et al., 2020]. As a consequence, P-element insertions will not345

be found if adjacent sequences are not conserved and the population frequency of the insertions may be346

estimated unreliably if the P-element inserted into repetitive regions. However, positive selection of cluster347

insertions could lead to an accumulation of TE insertions in piRNA clusters. Third, an insertion bias could348

also lead to an accumulation of TE insertions in piRNA clusters. It is likely that at least some TEs, such349

as the P-element, have a pronounced insertion bias into piRNA clusters [Ajioka and Eanes, 1989, Zhang350

et al., 2020, Kofler et al., 2018, Karpen and Spradling, 1992]. It is an important open question whether351

other TE families also have such an insertion bias into piRNA clusters. Alternatively, piRNA clusters may352

attract TE insertions, e.g. due to protein-protein interactions [Brennecke et al., 2007, Vermaak and Malik,353

2009]. Finally, genetic drift could have a strong influence on the evolution of piRNA clusters. Apart from354

drift of cluster insertions or whole cluster haplotypes, drift may also act on the epigenetically transmitted355

information that determines the position of piRNA clusters. The information about the position of piRNA356

clusters is likely not hard coded into the DNA sequence (e.g. by motifs) but rather transmitted epigenetically357

by the population of maternally deposited piRNAs [Le Thomas et al., 2014a,b]. Stochastic variation in the358

composition and the amount of maternal transmitted piRNAs could thus lead to a rapid turnover of the359

location of piRNA clusters. Such a rapid turnover would likely relax selection on individual cluster insertions360

and make detection of positive selection on cluster insertions even more challenging.361

This raises the question as to which of these processes are active in the piRNA clusters investigated in362

the present work. The TE content of piRNA clusters is rapidly evolving and we found that more insertions363

than deletions were segregating in piRNA clusters of D. simulans. The insertions were usually longer and364

occurring in younger TE families than the deletions. Most insertions are therefore likely due to recent365

activity of TE families in piRNA clusters. Nevertheless, some insertions (and deletions) could also be due366

to repeat expansion (and repeat collapse) or genomic rearrangements. A crucial question is whether the367

observed larger number of insertions in piRNA clusters is due to neutral processes or other forces such as368

positive selection on cluster insertions and an insertion bias into piRNA clusters. To distinguish between369

these possibilities, one would need adequate control regions, i.e. a regions that do not produce piRNAs370

but otherwise have very similar properties to piRNA clusters (pericentromeric regions with a similar size,371

number, recombination rate and TE content). It is unfortunately challenging to find suitable control regions.372

Additionally, larger numbers of high quality assemblies for the two Drosophila species may be necessary to373

reliably detect subtle shifts in the site-frequency spectrum of the cluster insertions as expected under positive374

selection. However, the properties of the deletions in piRNA clusters (short and mostly in older TEs) can375

likely be explained by the deletion bias observed in Drosophila. The gradual erosion of TEs by a deletion bias376

could also explain why segregating insertions (likely young) are on average longer than fixed insertions (likely377

old). Another important open question is whether stochastic forces or other processes such as selection and378

insertion biases are responsible for the differences in the rate of evolution among the piRNA clusters. It is379

for example possible that positive selection is stronger in clusters producing many piRNAs than in clusters380

producing few.381

The available evidence suggests that piRNA clusters are larger in D. melanogaster than in D. simulans.382

This could be due to two, not mutually exclusive, reasons: first the clusters are growing in the D. melanogaster383

lineage, or second the clusters are shrinking in the D. simulans lineage. Our analysis of insertions and384

deletions suggests that even in D. simulans the clusters are evolving largely by insertions. If piRNA clusters385
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were shrinking in the D. simulans lineage, we would not expect to see mostly insertions segregating in D.386

simulans populations. Therefore, it seems more likely that the piRNA clusters are expanding in both lineages387

but in D. melanogaster more than in D. simulans. This raises the question if the size of piRNA clusters388

could be subject to a runaway process, where larger clusters will accumulate more insertions of active TEs389

which, when positively selected, will lead to even larger clusters. This further raises the question whether390

some forces counteract the expansion of piRNA clusters. Rare and large genomic rearrangements may be an391

option.392

We showed that the sequence and the TE content of piRNA clusters is rapidly evolving. This raises an-393

other important question - Are the positions of piRNA clusters also rapidly changing? Since the information394

about the position of piRNA clusters is epigenetically transmitted (see above), fluctuations in the popula-395

tion of maternally transmitted piRNAs could lead to changes in the size and position of piRNA clusters.396

This likely also happened in our investigated species. For example, the 20 investigated clusters account for397

21.4% of the uniquely mapped piRNAs in D. melanogaster but solely for 8.4% in D. simulans. Hence, it is398

likely that other clusters, not investigated in this work, contribute the bulk of piRNAs in D. simulans. In399

agreement with this, a recent work suggests that many clusters in Drosophila are solely found in a single400

species [Gebert et al., 2021]. The turnover of the location of piRNA clusters within and among species is an401

important open question for future research.402

Another important question is whether the observed rapid turnover of piRNA clusters is in conflict with403

the prevailing view on how TE invasions are stopped: the trap model holds that an invading TE is stopped404

when a copy of the TE jumps into a piRNA cluster [Bergman et al., 2006, Malone and Hannon, 2009, Zanni405

et al., 2013, Ozata et al., 2019]. For the trap model to work, it is crucial that the trap (i.e. the piRNA406

clusters) has a minimum size of about 0.2-3% of the genome [Kofler, 2020]. The number and genomic location407

of the piRNA clusters has little impact [Kofler, 2019] (except if an organism has a single piRNA cluster in408

non-recombining regions). As long as piRNA clusters account for at least 0.2-3% of a genome, as is likely409

that case in D. melanogaster and D. simulans, we do not think that the rapid turnover of piRNA clusters410

is in conflict with the trap model.411

Finally, our work raises the question as to the consequences of rapid evolution of the composition and412

possibly also location of the loci responsible for silencing TEs. One consequence of such a high turnover413

is that silencing of TEs may be evolutionary unstable since some individuals in a population may end up414

without a cluster insertion for a given TE family. A high turnover of piRNA-producing loci could thus explain415

the low level of activity observed for many TE families in Drosophila [Nuzhdin, 1999] since the TE will be416

active in the individuals that do not produce cognate piRNAs. It is however also possible that silencing of417

TEs is maintained by a large number of dispersed TE insertions that are not part of piRNA cluster but418

nevertheless generate piRNAs [Gebert et al., 2021, Mohn et al., 2014, Shpiz et al., 2014]. These piRNA419

producing TEs are likely due to paramutations whereby an euchromatic TE insertion may be converted into420

a piRNA producing loci mediated by maternally transmitted piRNAs [Mohn et al., 2014, de Vanssay et al.,421

2012, Le Thomas et al., 2014b]. In agreement with this, deletion of large piRNA clusters in D. melanogaster422

did not lead to an upregulation of TEs, likely due to a large number of dispersed piRNA-producing TE423

insertion [Gebert et al., 2021]. If silencing against a TE is effectively based on a large and redundant number424

of loci, then the rapid turnover of the clusters may not lead to destabilization of the silencing of a TE, which425

implies that piRNA clusters may largely evolve neutrally.426
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Methods427

Long-read assemblies and data428

The two D. simulans lines SZ232 and SZ45 were collected in California from the Zuma Organic Orchard429

in Los Angeles, CA on two consecutive weekends of February 2012 [Signor et al., 2017a,b, Signor, 2020].430

SZ232 and SZ45 were sequenced on a MinION platform (Oxford Nanopore Technologies (ONT), Oxford,431

GB), with fast base-calling using guppy (v4.4.2) and assembled with Canu (v2.1) [Koren et al., 2017] and432

two rounds of polishing with Racon (v1.4.3) and Pilon (v1.23) [Walker et al., 2014, Vaser et al., 2017, Signor433

et al., 2017b].434

The D. simulans strain m252 was collected 1998 in Madagascar and the assembly was generated with435

PacBio reads [Nouhaud, 2018]. The D. simulans strain wxD1 was originally collected by M. Green, likely436

in California, but its provenance has been lost. It is a white eyed mutant that has been maintained in437

the lab for more than 50 years, which can be inferred from the lack of Wolbachia infection [Chakraborty438

et al., 2021]. The D. melanogaster strain A4 was sampled 1963 in Koriba Dam (Zimbabwe) [King et al.,439

2012]. The reference strain Iso-1 of D. melanogaster was generated by crossing several laboratory strains,440

with largely unknown sampling data [Brizuela et al., 1994]. Canton-S was sampled 1935 in Ohio (USA)441

[Anxolabéhère et al., 1988]. We could not obtain details on the sampling of the D. sechellia strain sech25442

(Robertson 3C ) and the D. mauritiana strain mau12 (w12 ) [Chakraborty et al., 2021]. The assemblies of the443

D. melanogaster strain A4 (ASM340174v1), the D. simulans strain wxD1 (ASM438218v1), the D. sechellia444

strain sech25 (ASM438219v1) and the D. mauritiana strain mau12 (ASM438214v1) are based on PacBio445

reads [Chakraborty et al., 2018, 2021]. The assembly of the D. melanogaster strain Canton-S was generated446

using ONT reads [Wierzbicki et al., 2021]. We obtained the assembly of the D. melanogaster reference strain447

Iso-1 from FlyBase (r6; [Hoskins et al., 2015].448

Identifying homologous piRNA clusters449

Previously, we designed flanking sequences for 85 out of the 142 annotated piRNA clusters in D. melanogaster450

[Wierzbicki et al., 2021]. We excluded piRNA clusters at the end of chromosomes where two flanking451

sequences cannot be found, as well as clusters on the fragmented U chromosome. The D. melanogaster452

flanking sequences were aligned to each assembly using bwa bwasw (0.7.17-r1188; [Li and Durbin, 2010]).453

The alignments were repeated using bwa mem -a (to show alternative hits) to identify clusters that were454

not recovered by bwa bwasw. Homologous clusters were identified as the regions between the aligned D.455

melanogaster flanking sequences [Wierzbicki et al., 2021]. Cluster sequences with internal gaps were excluded.456

We validated the homology of clusters with a reciprocal mapping approach. First, we designed independent457

sets of flanking sequences in the target strain (e.g. D. simulans) that did not overlap with the aligned D.458

melanogaster flanking sequences. Second we aligned these reciprocal flanking sequences with bwa bwasw459

and bwa mem -a to release 5 of the D. melanogaster reference genome (piRNA clusters were annotated in460

release 5 [Brennecke et al., 2007]). Finally, we checked whether the coordinates of the annotated piRNA461

clusters were contained within the positions of the aligned reciprocal flanking sequences (supplementary462

tables S1-S3).463
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Assembly quality of piRNA clusters464

Even when both flanking sequences align to the same contig, a piRNA cluster may be incorrectly assembled,465

for example if some internal sequences are missing in the assembly. We previously proposed that heterogeneity466

of the base coverage (e.g. due to repeat collapse) and an elevated soft-clip coverage (resulting from unaligned467

read termini) can be used to identify assembly errors in clusters [Wierzbicki et al., 2021]. To examine these468

patterns in our assemblies, we aligned the long reads used for generating the assembly back to the respective469

assembly using minimap2 (v2.16-r922; v2.17-r954) [Li, 2018]. The exception to this was D. melanogaster470

Iso-1 where the long reads are not from the original assembly but from a slightly diverged sub-strain Solares471

et al. [2018]. As reference, we computed the 99% quantiles of the base and soft-clip coverage of complete472

BUSCO (Benchmarking Universal Single-Copy Orthologs (v3.0.2; v5.0.0); [Simão et al., 2015]) genes based473

on the Diptera odb9 or Diptera odb10 data set. Regions where the base or the soft-clip coverage markedly474

deviates from the 99% quantile of the BUSCO genes could indicate an assembly error and serve as a guide475

to the quality of the overall cluster assembly.476

Aligning the annotations of piRNA clusters477

To align the TE annotations of homologous piRNA clusters, we first extracted the sequences of the clusters478

from the assemblies with samtools (v1.9; [Li et al., 2009]) based on the positions of the aligned flank-479

ing sequences. Next, we annotated TEs in these sequences using RepeatMasker (open-4.0.7) with a D.480

melanogaster TE library and the parameters: -s (sensitive search), -nolow (disable masking of low complex-481

ity sequences), and -no is (skip check for bacterial IS) [Smit et al., 2013-2015, Bao et al., 2015, Quesneville482

et al., 2005]. Finally, we aligned the resulting repeat annotations with our novel tool Manna (see Results)483

using the parameters -gap 0.09 (gap penalty), -mm 0.1 (mismatch penalty) -match 0.2 (match score).484

Visualising piRNA clusters485

For visualizing the composition and evolution of piRNA clusters, we annotated repeats in piRNA clusters486

using the D. melanogaster TE library and RepeatMasker (open-4.0.7; [Smit et al., 2013-2015, Bao et al.,487

2015, Quesneville et al., 2005]. Homologous sequences in piRNA clusters were identified with blastn (BLAST488

2.7.1+ [Altschul et al., 1990]) using default parameters. We visualized the annotation and the sequence489

similarity of piRNA clusters with Easyfig (v2.2.3 08.11.2016) [Sullivan et al., 2011] setting the similarity490

scale to a minimum of 70%. Finally, we merged the pairwise visualizations generated by Easyfig to allow491

comparing multiple clusters. A walkthrough for this pipeline is available at https://sourceforge.net/p/492

manna/wiki/piRNAclusterComparison-walkthrough/.493

piRNAs494

We obtained previously published piRNA data from ovaries of D. simulans (ERR1821669) and D. melanogaster495

(ERR1821654) strains sampled from Chantemesle (France) [Asif-Laidin et al., 2017]. We trimmed the adap-496

tor sequence (TGGAATTCTCGGGTGCCAAG) with cutadapt (v3.4; [Martin, 2011]). The reads were497

aligned to the reference genomes (D. melanogaster : Iso-1, D. simulans: wxD1 with novoalign (V3.03.02;498

http://novocraft.com/). The coordinates of the piRNA clusters were obtained from the aligned flanking499
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sequences (see above). We retained reads with a length between 23 and 29bp, normalized the abundance of500

these reads to a million mapped reads and visualized the abundance of ambiguously (mq = 0) and unam-501

biguously (mq > 0) mapped reads along piRNA clusters with R (v3.6.1) and ggplot2 (v3.3.3)[R Core Team,502

2012, Wickham, 2016].503

Availability504

The reads and the assemblies of the two D. simulans strains are publicly available (PRJNA736739; PR-505

JNA736415). The novel software for a multiple alignments of annotations, Manna, is available at https://506

sourceforge.net/projects/manna/. A manual and the validations are available at https://sourceforge.507

net/p/manna/wiki/Home/. The TE library and list of TE names used in this work are available at https:508

//sourceforge.net/projects/manna/files/pirnaclustercomparison/resources/. All script used in509
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