
-1- 

Endogenous RNAi silences a burgeoning sex chromosome arms race 
 

Jeffrey Vedanayagam1, Ching-Jung Lin1,2, Ranjith Papareddy3, 
Michael Nodine3,6, Alex S. Flynt4, Jiayu Wen5 and Eric C. Lai1,7 

 

 

1Developmental Biology Program 
Sloan Kettering Institute 
430 East 67th St, ROC-10 
New York, NY 10065, USA 
 
2Weill Graduate School of Medical Sciences 
Weill Cornell Medical College 
New York, New York 10065, USA  
 
3Gregor Mendel Institute (GMI) 
Austrian Academy of Sciences 
Vienna Biocenter (VBC) 
1030 Vienna, Austria  
 
4Department of Biological Sciences 
University of Southern Mississippi 
Hattiesburg, Mississippi 39406, USA  
 
5Department of Genome Sciences 
The John Curtin School of Medical Research 
The Australian National University 
Canberra, Australia 
 
6Present address: 
Cluster of Plant Developmental Biology 
Laboratory of Molecular Biology 
Wageningen University & Research 
Wageningen, 6708 PB, the Netherlands  
 
7Author for correspondence 
email: laie@mskcc.org 
tel: 212-639-5578 
  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504821doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504821


-2- 

Abstract 
 Although the biological utilities of endogenous RNAi (endo-RNAi) have been 
largely elusive, recent studies reveal its critical role in the non-model fruitfly Drosophila 
simulans to suppress selfish genes, whose unchecked activities can severely impair 
spermatogenesis. In particular, hairpin RNA (hpRNA) loci generate endo-siRNAs that 
suppress evolutionary novel, X-linked, meiotic drive loci. The consequences of deleting 
even a single hpRNA (Nmy) in males are profound, as such individuals are nearly 
incapable of siring male progeny. Here, comparative genomic analyses of D. simulans 
and D. melanogaster mutants of the core RNAi factor dcr-2 reveal a substantially 
expanded network of recently-emerged hpRNA-target interactions in the former species. 
The de novo hpRNA regulatory network in D. simulans bears compelling signatures of 
sex chromosome conflict and provides insight into molecular strategies that underlie 
hpRNA emergence. In particular, our data support the existence of ongoing rapid 
evolution of Nmy/Dox-related networks, recurrent targeting of testis HMG Box loci by 
hpRNAs, and connections to the piRNA pathway. Importantly, the impact of the endo-
RNAi network on gene expression flips the convention for regulatory networks, since we 
observe strong derepression of targets of the youngest hpRNAs, but only mild effects on 
the targets of the oldest hpRNAs. These data suggest that endo-RNAi are especially 
critical during incipient stages of intrinsic sex chromosome conflicts, and that continual 
cycles of distortion and resolution may contribute to the segregation of species.  
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Introduction 
 In sexually reproducing organisms, structurally distinct sex chromosomes (X/Y or 
Z/W) are involved in sex-specific regulatory processes, such as sex determination and 
dosage compensation (Bachtrog, 2020; Charlesworth, 1991). The genomic distinction of 
sex chromosomes, compared to their autosomal counterparts, underlies strikingly 
contrasting features including (1) reduction or lack of recombination, (2) strategies to 
equalize gene expression from the X or Z of males and females and (3) accumulation of 
repeats on the degenerating Y (or W) chromosome (Abbott et al., 2017). Accordingly, XY 
and ZW chromosomes are especially evolutionarily dynamic (Johnson and Lachance, 
2012).  
 The rapid and continual evolution and emergence of sex chromosomes, along 
with their contrasting biological interests and fates, is linked to their involvement in 
intragenomic conflict (Meiklejohn and Tao, 2010) and sex chromosome meiotic drive 
(Bachtrog, 2020). In particular, selfish sex-linked genes can impair transmission of the 
reciprocal sex chromosome, thereby favoring the driving chromosome amongst progeny. 
Sex chromosome meiotic drive can be easily observed in deviation of sex-ratio (SR) 
from equality (Jaenike, 2008). Fisher's principle proposes that, if males and females cost 
equal amounts to produce, an equal ratio of the sexes will be the equilibrium (Fisher, 
1930). However, SR drive systems have been widely documented, indicating recurrence 
of sex chromosome drive in nature. Fisher proposed that sex-biased populations direct 
their reproductive efforts disproportionately to the rarer sex, thus tending towards 
normalization of SR over the long term. However, the molecular bases of SR distortion 
and restoration of parity are poorly understood. This is due in part due to the fact that, 
despite their ubiquity in nature, many well-studied model organisms lack documented 
SR drive systems. For example, even though mutants of sex determination or dosage 
compensation systems can distort the sex of viable progeny, extensive studies have not 
uncovered strong, selfish SR drive loci in the well-studied fruitfly D. melanogaster 
(Dmel). 
 Curiously then, a history of genetic analyses uncovered three independent sex 
chromosome drive systems in D. simulans (Dsim), a close sister species of Dmel 
(Presgraves and Meiklejohn, 2021). Dsim bears the Winters, Durham, and Paris 
systems, meiotic drive systems that map to distinct genomic intervals and indicate 
multiple newly-emerged strategies that deplete male progeny (Cazemajor et al., 2000; 
Tao et al., 2007a; Tao et al., 2001; Tao et al., 2007b). Despite progress on the 
identification of potential drivers and/or suppressors for the three SR drive systems 
(Helleu et al., 2016; Lin et al., 2018; Muirhead and Presgraves, 2021; Tao et al., 2007a; 
Tao et al., 2007b; Vedanayagam et al., 2021), much remains to be understood regarding 
their molecular mechanisms, and even whether SR meiotic drive loci have been 
comprehensively identified in this species. The limited genetic tools and genomic data in 
this non-model fruitfly have impeded efforts, even though Dsim is arguably the premier 
model to explore the molecular bases of SR drive. 
 Recently, we revealed that two genetically identified loci that suppress SR drive 
encode hairpin RNA (hpRNAs), which generate endogenous siRNAs (endo-siRNAs). In 
particular, the Winters SR suppressor (Nmy) and the Durham SR suppressor (Tmy) 
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encode related hpRNAs that have capacities to silence the SR distorter Dox and its 
paralog MDox (Lin et al., 2018), to equalize SR in Dsim. Notably, both Dox and MDox 
are located on the X chromosome and are silenced by endo-siRNAs in Dsim testis. 
These attributes fit the proposition that meiotic drivers may preferentially be encoded on 
the X, and exploit male meiosis to gain unfair transmission advantages. Moreover, the 
family of Dox-related genes and related hpRNAs has undergone massive amplification in 
the simulans-clade sister species D. sechellia (Dsech) and D. mauritiana (Dmau), but 
none of these driver or suppressor loci are present in the Dmel genome (Muirhead and 
Presgraves, 2021; Vedanayagam et al., 2021). These findings are testament to the rapid 
evolution (both emergence and disappearance) of SR meiotic drive systems, and a key 
role for endo-RNAi to suppress incipient selfish genes located on the X. 
 To test for broader roles of RNAi in suppressing meiotic drive and/or sex 
chromosome conflict, we used short and long transcriptome data from mutants of the 
core RNAi factor Dcr-2 to perform a functional evolutionary comparison of hpRNA 
regulatory networks in Dmel and Dsim testis. We reveal asymmetric proliferation of 
evolutionarily novel hpRNAs in Dsim, which preferentially repress de novo X-linked 
genes, indicating a burgeoning sex chromosome conflict in this species. These loci 
provide insights into the earliest stages of molecular emergence of hpRNAs. 
Surprisingly, the newest hpRNA-target interactions mediate much larger regulatory 
effects than the oldest hpRNA-target interactions, thereby inverting the convention of 
miRNA-mediated networks. Overall, we conclude that RNAi has a much larger role in 
silencing sex chromosome conflict than anticipated, and suggests that resolution of 
active intragenomic conflicts may contribute to speciation.  
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Results 
 
Generation of D. simulans dcr-2 deletion mutants marked by white+ 
 We recently reported deletion alleles of core RNAi factors [dcr-2 and ago2] in D. 
simulans (Dsim) (Lin et al., 2018). Although these mutants are viable, they are 
completely male sterile, and therefore cannot be maintained as stable stocks. This 
presents a technical challenge since Dsim lacks balancer chromosomes and the 
3xP3:DsRed marker was not fully reliable to distinguish heterozygotes from 
homozygotes. Therefore, preparation of pure homozygous material required extensive 
genotyping of small batches of dissected flies prior to combining samples for RNA 
isolation. Moreover, in initial RNA-seq analyses, genotyped samples were still prone to 
contamination. As a further complication, due to extremely high expression of many 
accessory gland transcripts (Brown et al., 2014), we noticed that even minute quantities 
of contaminating accessory gland could produce large biases in gene expression 
between libraries. Since Dsim mutants were generated in a white mutant background 
(w[XD1]), their testis was colorless and thus more challenging to visualize compared to a 
white+ background, where the testis is bright yellow. For these reasons, the preparation 
of suitable quantities of Dsim RNAi mutant testis was not straightforward. 
 To address these issues, we used CRISPR/Cas9 to generate multiple founders 
of a new Dsim ∆dcr-2 null allele, where most of its coding region is replaced with mini-
white+ (w+) (Supplementary Figure 1). We anticipated selecting homozygotes with 
deeper eye color, as is typical in Dmel; however, this was also not fully reliable due to 
the red eyes of these alleles. Instead, by crossing dcr-2 alleles marked by 3xP3:DsRed 
and w+, we could select trans-heterozygotes carrying both dominant markers. Although 
DsRed+ eyes cannot be effectively scored in a w+ background, it is still possible to score 
DsRed+ ocelli (Supplementary Figure 1). Our independent ∆dcr-2[w+] alleles were 
viable but specifically sterile in males, exhibited severe spermatogenesis defects, and 
failed to complement their corresponding DsRed alleles. We therefore used the trans-
heterozygotes for subsequent analyses. 
 
Signature features of hpRNA loci in short/long RNAs from wildtype and dcr-2 mutants  
 In contrast to Dmel RNAi mutants, which are viable and sub-fertile (Wen et al., 
2015), deletion of core RNAi factors in Dsim result in complete male sterility (Lin et al., 
2018). This is due at least in part to the requirements of Nmy and Tmy, which are de 
novo hpRNAs that silence incipient X chromosome sex ratio distorters (Dox and MDox) 
in the male germline (Lin et al., 2018). To assess the impact of RNAi loss more globally, 
and to compare Dmel and Dsim in greater detail, we generated biological replicates of 
small RNA and total RNA sequencing data from testis of dcr-2 heterozygotes and 
mutants in Dmel, and w[XD1] vs. dcr-2 mutants in Dsim. In control, we expect that 
primary hpRNA (pri-hpRNA) transcripts are cleaved by Dcr-2 into 21-22 nucleotide (nt) 
siRNAs, while bona fide siRNAs should be lost in dcr-2 mutants concomitant with 
accumulation of their progenitor mRNAs (Figure 1A and Supplementary Figure 2). 
Together, this combination of datasets permits functional categorization of genuine 
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hpRNAs with high specificity, as illustrated by hpRNA1 (Figure 1B) and others 
(Supplementary Figure 3). 
 Strikingly, on the genomewide scale, hpRNA precursors were amongst the 
highest-upregulated transcripts in dcr-2 mutants (Figure 2). We initially assessed this 
using the set of Dmel hpRNAs, all of which are conserved in Dsim (Wen et al., 2015). In 
MA plots of gene expression in Dmel and Dsim dcr-2 testis compared to their respective 
genetic controls (Figure 2A-D), the known hpRNAs dominate the highest-upregulated 
transcripts in dcr-2 mutants of both species. For example, Dmel-hp-mir-997-1 was the 
2nd-highest elevated locus genomewide, and 9/10 hpRNAs were in the top 35 
upregulated loci in Dmel (Figure 2A-B). We similarly observed that pri-hpRNAs of Dsim 
orthologs of Dmel hpRNAs were highly elevated in dcr-2 mutants (Figure 2C-D). These 
effects were specific, since primary miRNA transcripts were largely unaffected in dcr-2 
mutants of either species (Figure 2B, D). This was expected, as miRNAs are processed 
instead by Dcr-1. One exception was mir-985, whose primary transcript was elevated in 
mutants of Dmel dcr-2 (Figure 2A-B), but not in Dsim dcr-2 (Figure 2C-D). The reason 
for this discrepancy is unknown, but a potential explanation is that transcription of mir-
985 is elevated in Dmel as a secondary effect that is not shared in Dsim. Finally, 
hpRNA-derived siRNAs were strongly depleted in dcr-2 mutants, including from all 
previously classified Dmel hpRNAs and their Dsim orthologs (Figure 2E-F). 
 Inspection of the local genomic regions of known hpRNAs revealed provocative 
differences between Dsim and Dmel in the vicinity of hpRNA clusters, and provided 
additional evidence for rapid flux in hpRNA loci. The largest set of dispersed hpRNA loci 
in Dmel are members of the hp-pncr009 family, for which 3 separate hpRNAs (hp-
pncr009, hp-CR32207, and hp-CR32205) are interspersed with 9 protein-coding target 
genes of the 825-Oak family (Wen et al., 2015). We have theorized that transcription 
across pairs of divergently-oriented 825-Oak family loci might beget pncr009 hpRNAs. 
Interestingly, in the short evolutionary distance that separates Dmel and Dsim, we 
identify two additional pncr009-class hpRNAs in Dsim (Supplementary Figure 4A). To 
facilitate intuitive connection of these hpRNAs to target genes in the 825-Oak family, we 
named these novel Dsim hpRNAs as hp-Oak1 and hp-Oak2 (Figure 2C-D). 
 We also documented evolutionary flux in the tandem hpRNA repeats of the hp-
CG4068 cluster. Although the copy number was potentially in question from prior short-
read genome assemblies, the recent availability of simulans-clade PacBio genomes 
(Chakraborty et al., 2021) demonstrates radical copy number of the hp-CG4068 cluster. 
There are 20 tandem copies in Dmel but only 9 tandem copies in Dsim (Supplementary 
Figure 4B), as well as 14 copies in Dmau, and 10 copies in Dsech (not shown). Overall, 
there is high evolutionary divergence in the copy number of hpRNAs located in both 
genomically linked copies (hp-pncr009 cluster) as well as in tandem copies produced 
from a common transcript (hp-CG4068 cluster). Such dynamics are much greater than 
observed for canonical miRNAs, which only occasionally exhibit similar changes 
amongst these species (Mohammed et al., 2014a; Mohammed et al., 2014b). 
 
Unidirectional expansion of hpRNAs in Dsim compared to Dmel 
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 Our small RNA and RNA-seq testis datasets robustly validated known hpRNAs, 
and yielded candidate evidence for distinct hpRNA content between Dmel and Dsim. 
Thus, we undertook more comprehensive hpRNA annotations as a basis of more 
comprehensive evolutionary comparisons. In particular, we sought highly structured loci 
that produce ~21 nt-biased, Dcr-2-dependent small RNAs, that also accumulate primary 
transcripts in dcr-2 mutants (Figure 1A). However, we did not absolutely require pri-
hpRNA changes in dcr-2, for several reasons. First, pri-hpRNA transcripts might not be 
stable and/or might be subject to other RNA decay pathways. Taking the canonical 
miRNA pathway as an analogy, not all pre-miRNAs accumulate in mutants of 
cytoplasmic Dicer, and not all pri-miRNAs accumulate as unprocessed transcripts in 
mutants of nuclear Drosha. Second, it was conceivable that some loci are processed 
earlier in development to yield stable small RNAs, but are not substantially transcribed in 
adult testis. Finally, transcription of some pri-hpRNA loci might be decreased in RNAi 
mutants. 
 In Dmel, we previously annotated hpRNAs from nearly 300 small RNA libraries of 
diverse developmental, tissue and cell origins, yielding only nine confident hpRNAs 
(Wen et al., 2015). Given that testis is the predominant location of hpRNA-siRNA 
accumulation, we interrogated our new genetically paired testis data for evidence of 
additional Dcr-2-dependent inverted repeat loci. However, beyond previously known 
hpRNAs, we only recovered a single new hpRNA, hp426 (Figure 2A-B and 2E), which 
produces siRNAs in Dsim. Thus, we did not identify any Dmel-specific hpRNAs. 
 A very different picture emerged from analysis of Dsim. Although we had far 
fewer small RNA libraries to annotate from, especially of testis datasets, we found 
numerous novel hpRNAs. These were highly confident since nearly all of them exhibited 
reciprocal behavior of primary transcripts and mature siRNAs, when comparing control 
and dcr-2 testis libraries (Figure 2C-D and G). In fact, most novel pri-hpRNA loci resided 
amongst the most-upregulated transcripts across Dsim dcr-2 testis (Figure 2C). A 
majority of these accumulated discrete spliced RNAs. However, depending on the locus, 
transcript coverage was often non-uniform. This was particularly the case within highly-
duplexed portions of foldback structures (Supplementary Figure 5), evidently indicating 
that library construction was compromised within highly double-stranded transcript 
regions. Coverage was also an issue at transcript termini, which is generally the case 
with typical RNA-seq protocols (Shenker et al., 2015). 
 We therefore employed two more approaches to help annotate pri-hpRNA 
transcripts in control and dcr-2 mutant testis: analysis of 5' ends from low-input RNA 
(Schon et al., 2018) and 3'-end sequencing to determine polyadenylation sites 
(Sanfilippo et al., 2017). As illustrated in Figure 1B, 5'-seq and 3'-seq directly visualize 
the beginnings and ends of pri-hpRNA transcripts, and indicate that hpRNA progenitors 
are mRNAs. We note that some hpRNA loci are exact genomic copies that remain valid 
upon scrutiny of the highly contiguous PacBio Dsim assembly (Chakraborty et al., 2021), 
a phenomenon we return to later in this study. However, even when conservatively 
counting identical hpRNA copies within a tandem cluster as a single locus, there are 23 
distinct, de novo hpRNA transcription units in Dsim, which can be assigned to 15 
families that are not simply genomic copies (Figure 2C-D, G). As described later, some 
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of these families can still be traced as sharing evolutionary heritage (as is the case for 
Nmy/Tmy, which are related in sequence but have separable functions).  
 Overall, the radical and asymmetric expansion of hpRNAs in Dsim compared to 
Dmel strongly suggests that the RNAi pathway has been deployed adaptively in these 
sister species, putatively to address emerging regulatory situations such as intragenomic 
conflicts. 
 
Target network of Dsim-specific hpRNAs 

We next investigated targets of novel Dsim hpRNAs. In our previous work in D. 
melanogaster, we observed that hpRNAs typically exhibit substantial complementarity to 
one or a few target genes, ranging from an individual siRNA to extended regions that 
encompass multiple siRNAs (Okamura et al., 2008; Wen et al., 2015). On this basis, we 
proposed that hpRNAs typically derive from their targets (Wen et al., 2015), analogous 
to plant miRNAs (Allen et al., 2004). This set the stage that it seemed plausible, if not 
likely, that de novo hpRNAs in Dsim might also have overt complementary targets. 
Indeed, we were able to identify compelling targets with antisense matching to most 
newly-recognized Dsim-specific hpRNAs. In the following sections, we describe notable 
insights from specific aspects of the Dsim hpRNA target network. 
 
Unexpected complexity in the Dsim hpRNA network related to Dox family loci 

We recently reported that multiple X-linked Dox family genes, including two 
newly-recognized members (PDox1 and PDox2), share an HMG box domain that is 
derived from protamine (Muirhead and Presgraves, 2021; Vedanayagam et al., 2021). 
This was notable as the replacement of histones by protamines comprises a key 
transition in the normal condensation of paternal chromatin during sperm maturation 
(Rathke et al., 2014; Wang et al., 2019). The Dox family members are targeted by 
newly-emerged hpRNAs (e.g. Nmy and Tmy), and both Dox family genes and their 
complementary hpRNAs have undergone substantial expansion in Dsim-sister species 
(Lin et al., 2018; Muirhead and Presgraves, 2021; Vedanayagam et al., 2021). These 
data reflect an ongoing and intense intragenomic conflict within the simulans-clade. 
Now, with Dsim hpRNA target maps based on functional genomics, we reveal additional, 
de novo innovations within the Dox/hpRNA regulatory network.  

We recently identified a sub-lineage of Dox-related loci that lack the HMG box 
(Vedanayagam et al., 2021). Via synteny comparisons with D. melanogaster, we inferred 
these to derive originally from fusion of a protamine-like copy in between CG8664 and 
forked loci in an ancestor of simulans clade species, termed “original Dox” (ODox, 
Figure 3A). Our evolutionary tracing supports that ODox spawned the contemporary 
Dox family genes PDox, UDox, MDox and Dox across simulans clade Drosophilids 
(Vedanayagam et al., 2021). Perhaps confusingly, then, the ODox locus in contemporary 
simulans-clade species retains segments of CG8664 and the 5' UTR of protamine, but 
has lost its HMG box (Figure 3B). ODox subsequently duplicated and mobilized to yield 
the related ODox2 locus, which shares predicted domains with ODox and lacks an HMG 
box, but also has divergent sequence material (Figure 3B). ODox and ODox2 loci are 
proximal to centromere on the X chromosome at ~16Mb on the Dsim long-read 
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assembly (Chakraborty et al., 2021), while the contemporary amplification of Dox family 
genes occurred at a distal genomic window of ~9-10Mb (Figure 3B). 

Given that HMG box domains are likely central to distorting function of Dox family 
factors (Muirhead and Presgraves, 2021; Vedanayagam et al., 2021), we wondered 
about the functional relevance of Dox-superfamily loci lacking HMG Box domains. 
Unexpectedly, we realized that both Dsim ODox and ODox2 contain inverted repeats 
that bear functional hpRNA signatures, i.e., they generate Dcr-2-dependent small RNAs 
and their primary transcripts are upregulated in dcr-2 mutants (Figure 2, Figure 3C-D). 
Accordingly, we renamed these loci hp-ODox1 and hp-ODox2. Detailed analysis reveals 
further unanticipated features of their domain content. In particular, the inverted repeat at 
ODox bears ~200 bp homology to exon 2 of Tapas/GD11509 and generates siRNAs 
with antisense complementarity to the parental Tapas/GD11509 on chr2R (Figure 3E). 
In addition, hp-ODox1 transcript contains a mix of repetitive sequences (Figure 3C).  

Unexpectedly, the hairpin at hp-ODox2 is not homologous to the hairpin in hp-
ODox1, despite their shared lineage. Instead, the hp-ODox2 inverted repeat contains 
sequence from the BS2/Jockey transposable element (TE), generating siRNAs with 
antisense complementarity to BS2/Jockey (Figure 3F). In addition, other regions of the 
pri-hp-ODox2 transcript bear other repetitive sequences as well as fragments from 
Krimper. However, the inverted repeat does not include Krimper sequence, and Krimper-
targeting siRNAs were not observed. 

These observations are intriguing, since Tapas and Krimper are both piwi-
interacting RNA (piRNA) factors involved in transposon suppression in the female 
germline (Lim and Kai, 2007; Patil et al., 2014), and both hp-ODox1 and hp-ODox2 have 
also incorporated numerous other TE fragments. We note the Presgraves group 
identified homology between these loci (termed X:17.1 and X:17.2) and Tapas/Krimper, 
respectively (Muirhead and Presgraves, 2021), but these loci were not recognized as 
inverted repeat containing hpRNAs. Our analyses indicate that derivatives of an 
ancestral "ODox" gene now generate hpRNA-siRNAs in contemporary Dsim, and are 
presumably engaged in distinct genetic conflicts (Figure 3). Overall, the genetic conflict 
initially augured by the identification of Dox and Nmy (Tao et al., 2007a; Tao et al., 
2007b) is actually embroiled in a far more extensive and rapidly evolving network of 
putative meiotic drivers and suppressors, and may in fact integrate activities of the 
siRNA and piRNA pathways. Relevant to this, the third recognized sex ratio meiotic drive 
system in Dsim ("Paris"), is driven by HP1D2 (Helleu et al., 2016), a derivative of the 
core piRNA factor Rhino (Klattenhoff et al., 2009; Mohn et al., 2014). Thus, there are 
recurrent linkages of piRNA factors to sex ratio meiotic drive, notwithstanding that TEs 
are themselves selfish genetic elements.  
 
Innovation of Dsim hpRNAs that target other HMG-Box loci 
 A related branch of Dsim hpRNAs and targets involves multiple tHMG loci. 
Drosophila testis specifically expresses numerous HMG box factors, some of which fall 
into the "MST-HMG box" subclass (Doyen et al., 2013). Drosophila protamines belong to 
this class, and given that HMG-Box domains of Dox family loci are most closely related 
to protamine (Muirhead and Presgraves, 2021; Vedanayagam et al., 2021), they can 
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also be classified as MST-HMG box members. tHMG is not included in the MST-HMG 
box family, but is nevertheless also testis-specific and expressed at highest levels during 
the histone-to-protamine transition (Gartner et al., 2015). We note evidence for rapid 
evolution of testis HMG box loci, since protamine is locally duplicated in Dmel 
(MST35Ba/Bb), but exists as a single copy in simulans clade species (Doyen et al., 
2013; Vedanayagam et al., 2021). Similarly, tHMG is locally duplicated in Dmel (tHMG1 
and tHMG2), but bears a single copy in the syntenic region of Dsim (Figure 4A).  
 Our functional profiling of Dsim RNAi mutant testis allows us to discern further 
evolutionary dynamics of HMG box-related hpRNAs (Figure 4A). First, we find that Dsim 
contains a locus related to autosomal Dmel tHMG2, which has mobilized to the X 
chromosome (Figure 4A). Detailed inspection shows that this locus is actually an 
hpRNA, as it generates Dcr-2-dependent small RNAs, and is associated with a spliced 
transcript that is derepressed in dcr-2 mutants (Figure 4B). As is the case with certain 
other strong inverted repeat loci, the RNA-seq signal is poorly represented in the duplex 
arms of the hairpin, which resides near the 5' end of the primary transcript. However, the 
presence of capped and polyadenylated species provide experimental evidence for its 
termini. Of note, there is a local tandem duplication of the left arm of the hairpin, 
including within 5'-end mapping data (Figure 4B), and hints that its genesis as an 
hpRNA involved local duplications of a transposed sequence. 
 There are further complexities. We observe recent amplification of tHMG2 in the 
heterochromatin boundary of chromosome X (Xhet), associated with numerous tandem 
hpRNAs within ~27kb (hp-tHMG-cluster) (Figure 4C). Based on the local duplication of 
tHMG2, and hpRNA secondary structure, we classify the 13 hp-tHMG-cluster hpRNAs 
into 3 subcategories (Supplementary Figure 6). The hp-tHMG-cluster also harbors 
three paralogs of tHMG2 that are not part of inverted repeats. Of these, two paralogs 
appear to be full-length copies (88aa, compared to Dsim-tHMG2 ortholog at 91aa), while 
a truncated paralog within this cluster encodes for only 24 aa (Figure 4C and 
Supplementary Figure 6). 
 At present, the nature of the primary transcript for the hp-tHMG cluster is 
uncertain, as near perfect complementarity of inverted repeats results in depletion of 
RNA-seq signal within tHMG hpRNA copies. We document 13 local inverted repeats 
(hpRNA copies) within the hp-tHMG-cluster. Of these, 6 have flanking 5'-end and 3'-seq 
signals, along with RNA-seq mapping between the hairpin arms that is upregulated in 
dcr-2 mutants. While it is unclear how many individual transcription units exist with this 
hpRNA cluster, it is clear that the solo and clustered tHMG hairpin loci (located on 
opposite ends of the Dsim X chromosome) are evolutionarily related, to each other and 
to the parental autosomal copy of tHMG (Figure 4C and Supplementary Figure 6). 
Indeed, we identify abundant siRNAs generated from hp-tHMG-solo and the hp-tHMG-
cluster that exhibit perfect complementarily to autosomal tHMG1 and/or novel paralogs 
of tHMG2 on Xhet (Figure 4D). 
 From these data, several themes emerge in the ongoing co-evolutionary arms 
race between hpRNAs and their HMG-box targets. First, at least two sub-families of 
HMG-box loci in testis (protamine and tHMG) exhibit rapid dynamics in copy number and 
location, even between very closely-related species. Second, members of both sub-
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families are suppressed by RNAi, revealing recurrent association of HMG-box loci with 
intragenomic conflict. Third, both examples include amplification of X-linked HMG-box 
copies. Together, these data suggest that repeated amplification of HMG-box loci are 
genetic weapons in a sex chromosome conflict, which triggers the emergence of 
concomitant hpRNA suppressors to silence meiotic drive.  
 
Delineation of stages of hpRNA emergence and evolution 
 With broader evidence that hpRNAs typically target specific genes, or groups of 
related loci, we sought broader perspective on evolution of hpRNA regulatory networks. 
Although all Dmel hpRNAs emerged relatively recently (Wen et al., 2015), it is instructive 
to note that all Dmel hpRNAs are conserved in Dsim (Figure 2E-F). Therefore, we may 
consider Dmel hpRNAs to be relatively old, compared to the numerous de novo Dsim 
hpRNAs we identify in this study (Figure 2C,G). In principle, then, this collection of 
extremely young Dsim hpRNAs may illuminate the earliest stages of hpRNA birth.  
 An ongoing conundrum concerns "where" hpRNAs come from, especially as the 
functionally validated hpRNA-target relationships comprise examples where the hpRNA 
is genomically distant from its target (Czech et al., 2008; Lin et al., 2018; Okamura et al., 
2008; Wen et al., 2015). This could be due to mobilization of the hpRNA locus itself, or 
to derivation of the hpRNA via retrogene insertion (Tao et al., 2007a; Tao et al., 2007b). 
In the latter case, acquisition of a promoter may be an issue. We note that formation of 
Dsim hp88 occurred with the 3' region of an existing apparent non-coding locus 
CR43306 (Figure 5A), suggesting that hpRNAs could take advantage of pre-existing 
transcription units for their expression. 
 Our catalog of de novo hpRNAs includes many other hpRNA loci that are 
genomically distant from their targets. However, the precedent of the interweaved 
locations of multiple related hpRNAs and targets of the hp-pncr009/825-Oak families in 
Dmel suggested that some hpRNAs might be born from a genomic location close to their 
target. We now find several examples of this. For example, Dsim hp58 is a newly-
emerged hpRNA that is adjacent to its pre-existing target gene GD25683/CG17358 
(Figure 5B). Similarly, we identify a novel hpRNA located at Dsim ballchen (GD18116), 
created by a partial duplication of the 5' region adjacent to the conserved ballchen gene 
annotation. This is reminiscent of the partial 5' duplication of the hp-tHMG-solo locus 
(Figure 4).  
 We also emphasize that hpRNA evolution frequently involves emergence of 
multiple copies. Beyond the described examples of expanding hp-pncr009 family 
clustered loci and hp-CG4068 tandem hpRNAs, we discovered novel amplified hpRNAs 
in Dsim. These include tandem duplicates (as in the novel tHMG-related hpRNA cluster), 
local genomic duplicates of independent transcription units (as in de novo hp-pncr009 
family members, Supplementary Figure 4B), or genomically dispersed copies (as in the 
case of four copies of the hp70 family, Figure 5B). Finally, we highlight Dsim hp88, 
which was appended to an existing non-coding locus, but contains genetic material from 
the trio of GD15542 gene copies located on another chromosome (Figure 5B), much 
like amplifications of Dox family genes trigger hpRNA birth (Muirhead and Presgraves, 
2021; Vedanayagam et al., 2021). The frequency of amplified hpRNAs and targets 
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seems analogous to the notion of "molecular accordions" during viral arms races, where 
transient expansion of a selfish gene product was proposed to facilitate its exploration of 
sequence diversity during escape from host defense (Elde et al., 2012). Here, the 
existence of amplified hpRNA loci of a given family may also aid the process of co-
evolution with target genes. 
 
Functional repression by hpRNAs is most overt for the youngest siRNA loci  
 With an expanded view of hpRNAs and targets in hand, we addressed the larger 
consequences of RNAi loss on the testis transcriptomes of both species. Interestingly, 
although cytological consequences of RNAi loss on spermatogenesis is substantial in 
Dmel (Wen et al., 2015) and severe in Dsim (Lin et al., 2018), their respective 
transcriptome responses were relatively restricted (Figure 2A, C). For example, in Dmel, 
only 108/16773 annotations detected >10RPM were 2-fold upregulated in dcr-2 mutants 
compared to dcr-2/+ heterozygous controls (FDR <1%). However, all hpRNAs (except 
hpRNA1, upregulated only 1.5-fold) were amongst the top 20 upregulated transcripts in 
dcr-2 mutants, confirming their efficient metabolism by Dcr-2. hpRNA targets also 
responded directionally to RNAi loss, in that none were downregulated (Figure 6); 
however, many hpRNA targets were not detected in adult testis. Of the 8 conserved 
hpRNA loci between Dmel and Dsim, the pncr009 cluster hpRNAs (hp-pncr009, hp-
CR32205, and hp-CR32207) bear homology to 10 target genes belonging to the 825-
Oak family (Wen et al., 2015) (Supplementary Figure 4). In Dmel dcr-2 mutant testis, 
all 825-Oak family genes were <10RPM threshold, or indeed undetected. The Dmel 
orthologs of 825-Oak loci are restricted to pupal gonads (http://flybase.org/), even 
though their corresponding hpRNA-siRNAs are detectable in adult testis. Of the 
remaining Dmel hpRNAs, hp-mir-997-1 and hp-mir-997-2 target CG15040, which 
registered only marginal directional change upon dcr-2 loss. Only two genes, ATP-synß 
and mus308, targets of hpRNA1 and hp-CG4068 respectively, were elevated in dcr-2 
mutants (Figure 6A). The targets of Dmel-Dsim conserved hpRNAs exhibited similar 
expression profiles in Dsim dcr-2 mutants (Figure 6B). Thus, there is functional 
repression of targets of the older, conserved hpRNAs in both species, but the effects are 
generally modest. Nevertheless, the regulatory effects on siRNA targets are still greater 
than with most miRNA targets (Agarwal et al., 2018).  
 In striking contrast, the targets of the youngest siRNA loci, i.e. of Dsim-specific 
hpRNAs, showed substantial greater directional change upon dcr-2 loss (Figure 6C). In 
Dsim, 976/15119 loci expressed >10RPM exhibit at least two-fold upregulation in dcr-2 
mutant compared to w[XD1] (FDR <1%). Of these, 22 novel and 7 conserved hpRNAs 
were in the top 200 derepressed genes. Moreover, 14/20 targets of novel hpRNAs in 
Dsim were among top 200 upregulated genes. To further assess whether the 
upregulation of de novo hpRNA targets is specific, we compared de novo hpRNA targets 
to related paralogs in Dsim that are also expressed in testis. For example, we detected 
directional change in expression of Dox family members upon loss of Dcr-2, but not their 
related HMG-box paralogs that are also expressed in testis (Figure 6D). Similar 
specificity was observed for other families of de novo targets (zinc-finger factors, Tudor 
proteins, kinases, and BTBD factors, Figure 6D).  
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 Overall, the analysis of Dsim was particularly informative, since we could 
compare the properties of "young" and "older" hpRNA-target interactions. This was 
perhaps unexpected, since we had earlier used the latter cohort to derive clear evidence 
of adaptive co-evolution between hpRNAs and their targets (Wen et al., 2015). Due to 
insufficient orthologs, we lack statistical foundation to assess co-evolution with simulans-
specific hpRNAs. Nevertheless, the picture is clear that younger hpRNAs mediate 
quantitatively greater target suppression than older hpRNAs. In particular, these data flip 
the rationale for small RNA mediated regulation relative to the miRNA pathway, for 
which recently-evolved loci might generally be neutral and only the oldest miRNAs 
appear to have biologically significant effects (Bartel and Chen, 2004). 
 
Biased X-linkage of de novo Dsim hpRNA targets, along with some hpRNAs, 
reflects likely roles in sex chromosome conflict 
 The "oldest" Dsim hpRNAs (i.e., still relatively young, but shared with Dmel), 
collectively target both young and ancient genes, which are distributed across all the 
chromosomes (with multiple targets on each of the larger chromosomes). Thus, there is 
no overt bias to the age and location of "old" hpRNA targets, beyond the fact that many 
hpRNAs and targets in the hp-pncr009/825-Oak network are clustered within a small 
genomic interval, and continue to expand actively (Figure 7 and Supplementary 
Figures 4, 8). 
 On the other hand, a distinct pattern emerges with our collection of "young" Dsim 
hpRNAs. These very young hpRNAs (blue loci, Figure 7A) are distributed across the 
major chromosomes, in a pattern relatively similar to the older hpRNAs (orange loci, 
Figure 7A). On the other hand, the targets of these recently-emerged Dsim hpRNAs, 
exhibit a striking bias for X-chromosome localization (blue loci, Figure 7B). In addition to 
Dox and MDox, 14/20 (70%) other targets of Dsim-emerged hpRNAs are found on the X, 
whereas only 2/11 (18%) targets of hpRNAs shared with Dmel are found on the X. 
These genes are all testis-specific paralogs of older gene families, and many encode 
proteins with provocative roles that putatively relate to meiosis or chromosome 
segregation. As documented, these include four paralogous loci Dox, MDox, PDox1 and 
PDox2, which define a rapidly evolving set of young protamine-like gene copies with 
known or inferred meiotic drive activities (Lin et al., 2018; Muirhead and Presgraves, 
2021; Tao et al., 2007a; Tao et al., 2007b; Vedanayagam et al., 2021). Moreover, we 
described in detail about the existence of additional X-linked tHMG loci, for which 
several protein-coding copies within the tHMG-cluster and the Xhet region are targeted 
by hpRNAs (Figure 4 and Supplementary Figure 6).  
 Hun Hunaphu (Hun) is another intriguing X-linked hpRNA target. Hun is a newly-
emerged X-linked derivative of ballchen, encoding a histone kinase that is essential for 
germline stem cell renewal (in both sexes) and meiotic chromosomal architecture 
(Cullen et al., 2005; Herzig et al., 2014; Ivanovska et al., 2005; Lancaster et al., 2007). 
However, like Dox family genes (Muirhead and Presgraves, 2021; Vedanayagam et al., 
2021), Hun is a chimeric, young gene that has lost parts of Ballchen and gained new 
coding sequence (Arguello et al., 2006). Of note, Hun orthologs exhibit a large excess of 
nonsynonymous substitutions compared to Ballchen (Arguello et al., 2006). Ballchen is 
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moderately upregulated in dcr-2 mutant testis but Hun is much more strongly 
derepressed (Figure 6). In light of their strong suppression by endo-RNAi, we take this 
as a strong suggestion for a selfish function of Hun that necessitates silencing by a 
hpRNA. 
 Overall, the biased location of targets of de novo hpRNAs on the Dsim X 
broadens the scenario that the Dsim X is in genetic conflict with the Y. More importantly, 
our studies provide a molecular roadmap to directly identify putative selfish loci by virtue 
of their abundant siRNA-mediated repression. This unlocks the potential to identify the 
genes involved in otherwise cryptic intragenomic conflicts, for which cycles of drive and 
repression are poised to underlie speciation (Agren and Clark, 2018; Lindholm et al., 
2016; Meiklejohn and Tao, 2010).  
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Discussion 
 
Biological utilities of endogenous RNAi 
 It is now decades since the initial reports of RNA-based homology-dependent 
silencing (i.e., RNAi) (Fire et al., 1998; Napoli et al., 1990; van der Krol et al., 1990). The 
diverse experimental utilities of this pathway are well-established and continue to grow, 
and have finally given rise to several bona fide siRNA drugs (Zhang et al., 2021). 
Nevertheless, the biological utilities of endogenous RNAi remain less-defined, especially 
for processes with phenotypic impacts (as opposed to simply perturbing small RNA 
biogenesis or gene expression). This is particularly the case for animal species that bear 
an independent, evolutionarily derived, RNAi pathway that is distinct from the ancestral 
miRNA pathway shared by all metazoans (Okamura and Lai, 2008). 
 For example, the endo-RNAi pathway mediated by core factors RDE-1 
(Argonaute) and RDE-4 (dsRBD partner of Dicer) were amongst the first gene products 
found to be required for silencing by exogenous dsRNA triggers in C. elegans (Tabara et 
al., 2002). Their mechanistic involvement in an expansive regulatory hierarchy that 
generates a bewildering cascade of primary, secondary and even tertiary siRNAs, 
continues to be studied (Pak et al., 2012; Tsai et al., 2015). Nevertheless, the biological 
consequences of deleting these RNAi-specific factors (i.e., RDE-1 and RDE-4) have 
been largely elusive, beyond their failure to control viral infections (Lu et al., 2005). 
Notably, some recent studies provide evidence for the requirement of core endo-RNAi 
factors in transgenic models of pathogenic proteins (Long et al., 2014) or in the 
transgenerational inheritance of acquired traits (Alcazar et al., 2008; Devanapally et al., 
2015; Kaletsky et al., 2020; Moore et al., 2019; Posner et al., 2019). These results 
extend themes in which nematode endo-RNAi is involved in suppressing aberrant and/or 
foreign transcripts, or in conveying epigenetic information analogous to, or even 
upstream, of the piRNA pathway. 
 In Drosophila, components of the dedicated RNAi pathway (i.e., Dcr-2 and 
AGO2) are similarly required for antiviral defense (Mondotte et al., 2018; Wang et al., 
2006), and ongoing research has focused on mechanisms of siRNA biogenesis (Goh 
and Okamura, 2019; Lee et al., 2018; Sinha et al., 2018; Tsuboyama et al., 2018) and/or 
new regulatory arenas such as transcriptional silencing and dosage compensation 
(Deshpande and Meller, 2018; Lee et al., 2018; Nazer et al., 2018). 
 In this study, we expand on our recent proposal that a major utility of endo-RNAi 
in flies is to control intragenomic conflicts (Lin et al., 2018; Vedanayagam et al., 2021; 
Wen et al., 2015). This is conceptually similar to a role for endo-RNAi in suppressing 
transposable elements (Chung et al., 2008; Czech et al., 2008; Ghildiyal et al., 2008; 
Kawamura et al., 2008). Although the piRNA pathway is more well-known for TE 
suppression, the role of siRNA pathway in this process becomes more overt in certain 
sensitized conditions such as aging or neurodegeneration (Krug et al., 2017; Li et al., 
2013), or when the piRNA pathway is compromised (Barckmann et al., 2018; van den 
Beek et al., 2018). However, TEs have certain gene expression signatures that help to 
signal their distinction from conventional genes (in particular, sense and antisense 
transcripts that are involved in biogenesis and targeting by siRNAs and piRNAs. On the 
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other hand, hpRNA targets are distinct in that they are conventional mRNAs encoded by 
cellular genes, and they are not intrinsically involved in biogenesis. 
 
The hpRNA targeting landscape is diametrically opposite to miRNA regulation 
 We conceive two general classes of hpRNA targets. While hpRNAs are all 
evolutionary young, some of their targets are relatively old genes; e.g. targeting of ATP 
synthase-ß by hpRNA-1. We imagine there are adaptive reasons for why mild 
suppression of such loci imparts beneficial regulatory consequences. This may be due 
directly to the acquisition of elevated transcriptional properties of the targets, and/or by 
emergence of duplicated loci with preferred testis expression, which appears to be a 
relatively common process (Assis and Bachtrog, 2013; Kondo et al., 2017). In any case, 
the role for endo-RNAi here is to modulate target activity, since full suppression of these 
genes is clearly deleterious. Still, we may speculate further that as several well-
conserved targets of hpRNAs encode protein activities that have been linked to 
speciation, such as heterochromatin, DNA damage, and energy homeostasis (Wen et 
al., 2015), these conserved genes may harbor selfish activities in certain species that 
warrants adaptive suppression by RNAi. Since the miRNA pathway does not typically 
does adaptive targeting, and instead relies upon capture of targets bearing invariant 
miRNA seed matches, the RNAi pathway may be more flexible to suppress such genes. 
  
Recurrent themes in RNAi-regulated networks: HMG Box factors, piRNA factors 
and TEs 
 Our annotation of hpRNAs in two species indicates that, as a rule, these 
endogenous siRNA loci comprise very short-lived genes. Thus, they can at best only 
mediate modestly conserved regulation. If this is the case, can we learn any general 
principles from such fast-evolving regulatory networks? In fact, when considering this 
study alongside recent literature, we find several recurrent themes that provide a 
framework for understanding how endogenous RNAi is harnessed in biology.  
 We recently found that de novo hpRNAs in the simulans clade are required to 
silence a newly-emerged, amplifying, and selfish set of X-linked protamine derivatives, 
namely the Dox family (Muirhead and Presgraves, 2021; Vedanayagam et al., 2021). 
Protamines are central factors that condense the sperm genome, and therefore seem 
ripe for co-option by selfish factors to disrupt paternal inheritance. Indeed, following 
removal of histones, multiple sperm nuclear basic proteins (SNBPs) play roles in 
packaging sperm chromatin, and most of these contain HMG box domains. We find that 
beyond the X-linked Dox family, there is a separate amplification of X-linked tHMG box 
genes in Dsim that are concomitantly associated with silencing by cognate hpRNAs. 
Thus, we infer there is recurrent innovation of selfish SNBP activities by X 
chromosomes, consistent with the notion of sex chromosome meiotic drive that requires 
silencing by endogenous RNAi. Protamines are also functionally relevant to activity of 
Segregation Distorter, an autosomal meiotic drive system in D. melanogaster (Gingell 
and McLean, 2020; Herbette et al., 2021). Moreover, a preprint by the Malik group 
describes further evolutionary dynamics of testis HMG box loci across the Drosophilid 
genus, supporting the notion that their rapid evolution is due to recurrent intragenomic 
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conflict between sex chromosomes (Chang and Malik, 2022). We predict that hpRNAs 
may be employed to silence other protamine-based meiotic drive phenomenon in other 
species. 
 Within the Dox superfamily system itself, we document the innovation of novel 
hpRNAs that bear chimeric domain structures characteristic of coding Dox genes, but 
that lack the HMG box. In fact, these constitute novel hpRNAs that appear to have 
captured other functionalities relevant to meiotic drive (e.g. piRNA factors and TEs). Of 
course, TEs are intrinsically selfish elements that are targeted by host genomic 
defenses, most famously by piRNAs. However, recent studies provide analogous 
conceptual involvement for co-option of the piRNA pathway by drive systems. For 
example, the Paris sex ratio meiotic drive system utilizes a de novo copy of the HP1-like 
factor Rhino (Helleu et al., 2016), a central nuclear piRNA factor that defines piRNA 
cluster transcription (Klattenhoff et al., 2009; Mohn et al., 2014). As another example, 
telomeric TART elements were found to have captured a fragment of Nxf2 (Ellison et al., 
2020), a piRNA-specific copy of the mRNA export machinery that gained activity in co-
transcriptional silencing (Batki et al., 2019; Fabry et al., 2019; Murano et al., 2019; Zhao 
et al., 2019). We surmise that the capture of some piRNA factors by hpRNA loci may in 
fact reflect their selfish activities of such defense factors. 
 The adaptive deployment of hpRNAs in the testis in D. simulans highlights that 
some of the most important biologically overt manifestations of endo-RNAi cannot be 
studied in the major model system D. melanogaster. Looking to other Drosophilids, the 
recognition of rampant duplications of the RNAi effector AGO2 in various obscura clade 
species, resulting primarily in testis-restricted paralogs (Crysnanto and Obbard, 2019; 
Ellison and Bachtrog, 2019; Lewis et al., 2016a; Lewis et al., 2016b), provides a further 
hint into active genomic conflict scenarios that must be playing out in these species. 
Indeed, intragenomic conflicts that mediate aberrant sex ratio and/or sterility, specifically 
in male fathers, have been documented in the obscura clade (Noor, 1995; Phadnis and 
Orr, 2009). Overall, the Drosophila RNAi/hpRNA pathway provides a policing system 
that helps to surveil and control gene expression in the testis, and may provide 
molecular keys to unlock programs of meiotic drive.  
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Materials and Methods 
 
Drosophila strains 
 Stocks bearing D. melanogaster dcr-2 alleles wIR; dcr-2[L811fsx]/CyO and wIR; 
dcr-2[R416X]/CyO were obtained from Richard Carthew (Northwestern) (Lee et al., 
2004). D. simulans w[XD1] wild-type strain was obtained from BestGene, Inc. and used 
as the control strain for mutant comparisons. dcr-2 loss of function mutant with DsRed 
allele replacing the endogenous locus was made in the w[XD1] strain background as 
reported in (Lin et al., 2018). Similar to dcr-2 DsRed mutant allele, we also generated 
dcr-2 mutant allele replacing the endogenous locus with a mini-white+ marker for efficient 
selection of dcr-2 trans-heterozygous mutants by crossing dcr-2[DsRed] and dcr-
2[white+] parental files. All flies were reared on standard cornmeal molasses food. As D. 
simulans lack balancer chromosomes, and as dcr2 homozygous mutants are also male 
sterile (Lin et al., 2018), we maintained dcr-2[DsRed] and dcr-2[white+] alleles by visual 
selection of markers every few generations to maintain the alleles.  
 
Testis dissection and RNA preparation 
 For D. melanogaster testis dissections dcr-2 mutant testis were collected from 
wIR; dcr-2[L811fsx]/dcr-2[R416X] trans-heterozygotes and wIR; dcr-2[R416X]/+ 
heterozygous flies were used as controls. For D. simulans, we collected testis from 
dcr2[DsRed]/[white+] trans-heterozygous mutants, and used the parental strain w[XD1] 
as control. Briefly, testis from 3 days old flies were extracted in TRIzol (Invitrogen) in 
batches of 10 flies at a time and the testis samples were flash frozen in liquid nitrogen. 
RNA was extracted from 25-50 testis per genotype.  
 
Small RNA and RNA-seq library preparation 
 RNA extraction was performed as described in (Lin et al., 2018), and the quality 
of RNA samples were assessed with the Agilent Bioanalyzer. RNA samples with RIN 
>6.5 were used for library preparation using the Illumina TruSeq Total RNA library Prep 
Kit LT. Briefly, for RNA-seq libraries we used 650 ng of total RNA, and we used the 
Manufacturer’s protocol except for reducing the number of PCR cycles from 15 as 
recommended to 8, to minimize artifacts that may arise from PCR amplification. We 
prepared stranded RNA-seq libraries for D. simulans and unstranded libraries for D. 
melanogaster as RNA samples were extracted and processed in different time points. 
Samples were pooled using barcoded adapters provided by the manufacturer and the 
paired-end sequencing was performed at New York Genome Center using PE75 in the 
Illumina HiSeq2500 sequencer. 
 We prepared small RNA libraries used ~20 μg total RNA, as previously described 
{Lin, 2018 #14350. To the total RNA pool, we added a set of 52 RNA spike-ins, spanning 
a range of concentrations (QIAseq miRNA Library Spike-In kit #800100). Briefly, small 
RNAs of size 18- to 29-nt-long small RNAs were purified by preparative PAGE. Next, the 
3′ linker (containing four random nucleotides) was ligated overnight using T4 RNA ligase 
2, truncated K227Q (NEB), after which the products were recovered by a second PAGE 
purification. 5′ RNA linkers with four terminal random nucleotides were then ligated to the 
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small RNAs using T4 RNA ligase (NEB) followed by another round of PAGE purification. 
The cloned small RNAs were then reverse transcribed, PCR amplified and sequenced 
using P50 single-end sequencing on the Illumina HiSeq 2500 sequencer.  
 
5'-seq and 3'-seq library preparation 
 To map 5' ends, we used the parallel analysis of RNA 5′ ends from low-input 
RNA (nanoPARE) strategy (Schon et al., 2018). For Dsim libraries, testis was extracted 
from <1-week males and total RNA was extracted using TRIzol. cDNA was prepared 
using Smart-seq2 (Picelli et al., 2013) and tagmented using the Illumina Nextera DNA 
library preparation kit, purified using the Zymo 5x DNA Clean and Concentrator kit 
(Zymo Research), and eluted with resuspension buffer. For 5’-end enrichment PCR, the 
purified reaction was split and amplified either Tn5.1/TSO or Tn5.2/TSO enrichment 
oligonucleotide primer sets. PCR reaction products with Tn5.1/TSO enrichment 
oligonucleotide and Tn5.2/TSO enrichment oligonucleotide primer sets were pooled and 
purified using AMPureXP DNA beads. Final libraries were checked for quality on an 
Agilent DNA HS Bioanalyzer chip. Libraries with size ranges between 150 and 800 bp 
were diluted and sequenced to 10–15 million single-end 50-bp reads per sample using a 
custom sequencing primer (TSO_Seq) and a custom P5/P7 index primer mix on an 
Illumina HiSeq 2500 instrument. 
 To annotate 3' transcript termini, we used the QuantSeq 3’ mRNA-seq library 
preparation REV kit for Illumina (Lexogen) with a starting material of 50 ng total RNA 
from Dmel and Dsim control and dcr-2 mutant samples, according to manufacturer’s 
instructions. cDNA libraries were sequenced on Illumina HiSeq-1000 sequencer with 
single-end SE 50 mode. 
 
Genomic analyses of RNA-seq data in Dmel and Dsim 
 RNA sequencing analysis. Paired-end RNA-seq reads from wild-type and mutant 
dcr-2 samples in Dmel and Dsim were mapped to dm6 (FlyBase) and Dsim PacBio 
assemblies (Chakraborty et al., 2021), respectively using hisat2 aligner (Kim et al., 2015; 
Pertea et al., 2016).The resulting alignments in SAM format was converted to BAM using 
SAMtools software (Li et al., 2009) for downstream analyses. Mapping quality and 
statistics were determined using the bam_stat.py script provided in the RSeQC software 
(Wang et al., 2012). Transcript abundance was determined using FeatureCounts 
software from the subread package (Liao et al., 2014), using Dmel gene annotations 
from FlyBase r6.25. For Dsim, we used both gene annotations from FlyBase and de 
novo transcript annotation using StringTie software (see details below) (Pertea et al., 
2015). As FlyBase gene annotations for Dsim correspond to Dsim r2.02 assembly, we 
converted the FlyBase assembly annotations to Dsim PacBio coordinates using the 
UCSC liftover tool implemented in the KentUtils toolkit from UCSC 
(https://github.com/ENCODE-DCC/kentUtils). We combined FlyBase liftover and de 
novo annotations in Dsim to determine transcript abundance for RNA-seq analyses. The 
following description for differential gene expression (DFE) analysis is the same for Dmel 
and Dsim data. DFE comparing control and dcr-2 mutant data was performed using the 
DEseq2 package in R (Love et al., 2014). Genes with low read counts and/or high 
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variability among technical or biological replicates can lead to log fold change 
differences that are not representative of true differences. Therefore, to minimize 
variance, we used the log fold change (LFC) shrinkage implemented in the DEseq2 
package using the ‘normal’ method described in (Love et al., 2014). For visualization of 
mapped reads, the BAM alignment files were converted to bigwig format using 
bam2wig.py script from RSeQC (Wang et al., 2012) and the bigwig tracks were 
visualized on the IGV genome browser (Robinson et al., 2011). 
 
 Small RNA sequencing analysis. Adapters were trimmed from small RNA 
sequences using Cutadapt software (https://github.com/marcelm/cutadapt); then the 5’ 
and 3’ 4-nt linkers (total 8 bp) were removed using sRNA_linker_removal.sh script 
described in (Vedanayagam et al., 2021) (https://github.com/Lai-Lab-Sloan-
Kettering/Dox_evolution). The adapter and linker removed sequences were then filtered 
to remove < 15 nt reads. We mapped > 15 nt reads from Dmel and Dsim genotypes to 
dm6 reference genome assembly and Dsim PacBio assembly, respectively, with Bowtie 
(Langmead et al., 2009) using the following mapping options: bowtie -q -p 4 -v 3 -k 20 --
best –strata. The resulting BAM alignments from bowtie mapping were converted to 
bigwig for visualization using bam2wig.py script from the RSeQC software (Wang et al., 
2012). During the BAM to bigwig conversion step, the small RNA mapping data was 
normalized to 52 spike-in sequences from the library (QIAseq miRNA Library Spike-In 
kit).  
 
De novo annotation of testis transcriptome 
 In addition to previously annotated transcripts/genes from the FlyBase 
annotation, we performed de novo annotation of our transcriptome data to identify 
additional, novel testis-expressed transcripts in D. melanogaster and D. simulans. The 
novel annotated transcripts were then supplemented with known annotations to make a 
combined set of 17285 transcripts in D. melanogaster and 15119 transcripts in D. 
simulans. We employed two independent, genome assembly guided transcript prediction 
algorithms, Cufflinks (Trapnell et al., 2012) and StringTie (Pertea et al., 2015). For both 
methods, de novo transcripts were predicted for each RNA-seq dataset, and a merged 
transcript model was generated encompassing the transcriptome from WT and mutant 
datasets. hpRNAs were predicted using the scheme shown in Supplementary Figure 2, 
and visualized using the Integrated Genomics Viewer (IGV) (Thorvaldsdottir et al., 
2013). The termini of primary hpRNA transcripts were refined using the 5'-seq and 3'-seq 
data.  
 
Acknowledgements 
 We are grateful to members of the simulans clade PacBio sequencing 
consortium (J. J. Emerson, Amanda Larracuente, Colin Meiklejohn and Kristi Montooth) 
for access to D. simulans PacBio data at the unpublished stage. We thank Richard 
Carthew (Northwestern University) and the San Diego Drosophila Stock Center for fly 
stocks. JV was supported by a Pathway to Independence Award (NIH-K99GM137077), 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504821doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504821


-21- 

and work in ECL’s group was supported by the National Institutes of Health (R01-
HD108914 and R01-GM083300), BSF-2015398, and MSK Core Grant P30-CA008748. 
  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504821doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504821


-22- 

References 
 
Abbott, J.K., Norden, A.K., and Hansson, B. (2017). Sex chromosome evolution: 
historical insights and future perspectives. Proc Biol Sci 284. 10.1098/rspb.2016.2806. 
Agarwal, V., Subtelny, A.O., Thiru, P., Ulitsky, I., and Bartel, D.P. (2018). Predicting 
microRNA targeting efficacy in Drosophila. Genome biology 19, 152. 10.1186/s13059-
018-1504-3. 
Agren, J.A., and Clark, A.G. (2018). Selfish genetic elements. PLoS genetics 14, 
e1007700. 10.1371/journal.pgen.1007700. 
Alcazar, R.M., Lin, R., and Fire, A.Z. (2008). Transmission dynamics of heritable 
silencing induced by double-stranded RNA in Caenorhabditis elegans. Genetics 180, 
1275-1288. 10.1534/genetics.108.089433. 
Allen, E., Xie, Z., Gustafson, A.M., Sung, G.H., Spatafora, J.W., and Carrington, J.C. 
(2004). Evolution of microRNA genes by inverted duplication of target gene sequences 
in Arabidopsis thaliana. Nature genetics 36, 1282-1290. 
Arguello, J.R., Chen, Y., Yang, S., Wang, W., and Long, M. (2006). Origination of an X-
linked testes chimeric gene by illegitimate recombination in Drosophila. PLoS genetics 2, 
e77. 10.1371/journal.pgen.0020077. 
Assis, R., and Bachtrog, D. (2013). Neofunctionalization of young duplicate genes in 
Drosophila. Proceedings of the National Academy of Sciences of the United States of 
America 110, 17409-17414. 10.1073/pnas.1313759110. 
Bachtrog, D. (2020). The Y Chromosome as a Battleground for Intragenomic Conflict. 
Trends in genetics : TIG 36, 510-522. 10.1016/j.tig.2020.04.008. 
Barckmann, B., El-Barouk, M., Pelisson, A., Mugat, B., Li, B., Franckhauser, C., Fiston 
Lavier, A.S., Mirouze, M., Fablet, M., and Chambeyron, S. (2018). The somatic piRNA 
pathway controls germline transposition over generations. Nucleic acids research 46, 
9524-9536. 10.1093/nar/gky761. 
Bartel, D.P., and Chen, C.Z. (2004). Micromanagers of gene expression: the potentially 
widespread influence of metazoan microRNAs. Nature genetics 5, 396-400. 
Batki, J., Schnabl, J., Wang, J., Handler, D., Andreev, V.I., Stieger, C.E., Novatchkova, 
M., Lampersberger, L., Kauneckaite, K., Xie, W., et al. (2019). The nascent RNA binding 
complex SFiNX licenses piRNA-guided heterochromatin formation. Nature structural & 
molecular biology 26, 720-731. 10.1038/s41594-019-0270-6. 
Brown, J.B., Boley, N., Eisman, R., May, G.E., Stoiber, M.H., Duff, M.O., Booth, B.W., 
Wen, J., Park, S., Suzuki, A.M., et al. (2014). Diversity and dynamics of the Drosophila 
transcriptome. Nature 512, 393-399. 10.1038/nature12962. 
Cazemajor, M., Joly, D., and Montchamp-Moreau, C. (2000). Sex-ratio meiotic drive in 
Drosophila simulans is related to equational nondisjunction of the Y chromosome. 
Genetics 154, 229-236. 
Chakraborty, M., Chang, C.H., Khost, D.E., Vedanayagam, J., Adrion, J.R., Liao, Y., 
Montooth, K.L., Meiklejohn, C.D., Larracuente, A.M., and Emerson, J.J. (2021). 
Evolution of genome structure in the Drosophila simulans species complex. Genome 
research 31, 380-396. 10.1101/gr.263442.120. 
Chang, C.-H., and Malik, H.S. (2022). Genetic conflicts between sex chromosomes drive 
expansion and loss of sperm nuclear basic protein genes in Drosophila. BioRxiv, 
https://www.biorxiv.org/content/10.1101/2022.1106.1108.495379v495371. 
Charlesworth, B. (1991). The evolution of sex chromosomes. Science 251, 1030-1033. 
10.1126/science.1998119. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504821doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504821


-23- 

Chung, W.J., Okamura, K., Martin, R., and Lai, E.C. (2008). Endogenous RNA 
interference provides a somatic defense against Drosophila transposons. Curr Biol 18, 
795-802. 10.1016/j.cub.2008.05.006. 
Crysnanto, D., and Obbard, D.J. (2019). Widespread gene duplication and adaptive 
evolution in the RNA interference pathways of the Drosophila obscura group. BMC 
evolutionary biology 19, 99. 10.1186/s12862-019-1425-0. 
Cullen, C.F., Brittle, A.L., Ito, T., and Ohkura, H. (2005). The conserved kinase NHK-1 is 
essential for mitotic progression and unifying acentrosomal meiotic spindles in 
Drosophila melanogaster. The Journal of cell biology 171, 593-602. 
10.1083/jcb.200508127. 
Czech, B., Malone, C.D., Zhou, R., Stark, A., Schlingeheyde, C., Dus, M., Perrimon, N., 
Kellis, M., Wohlschlegel, J., Sachidanandam, R., et al. (2008). An endogenous siRNA 
pathway in Drosophila. Nature 453, 798-802. 
Deshpande, N., and Meller, V.H. (2018). Chromatin That Guides Dosage Compensation 
Is Modulated by the siRNA Pathway in Drosophila melanogaster. Genetics 209, 1085-
1097. 10.1534/genetics.118.301173. 
Devanapally, S., Ravikumar, S., and Jose, A.M. (2015). Double-stranded RNA made in 
C. elegans neurons can enter the germline and cause transgenerational gene silencing. 
Proceedings of the National Academy of Sciences of the United States of America 112, 
2133-2138. 10.1073/pnas.1423333112. 
Doyen, C.M., Moshkin, Y.M., Chalkley, G.E., Bezstarosti, K., Demmers, J.A., Rathke, C., 
Renkawitz-Pohl, R., and Verrijzer, C.P. (2013). Subunits of the histone chaperone CAF1 
also mediate assembly of protamine-based chromatin. Cell reports 4, 59-65. 
10.1016/j.celrep.2013.06.002. 
Elde, N.C., Child, S.J., Eickbush, M.T., Kitzman, J.O., Rogers, K.S., Shendure, J., 
Geballe, A.P., and Malik, H.S. (2012). Poxviruses deploy genomic accordions to adapt 
rapidly against host antiviral defenses. Cell 150, 831-841. 10.1016/j.cell.2012.05.049. 
Ellison, C., and Bachtrog, D. (2019). Recurrent gene co-amplification on Drosophila X 
and Y chromosomes. PLoS genetics 15, e1008251. 10.1371/journal.pgen.1008251. 
Ellison, C.E., Kagda, M.S., and Cao, W. (2020). Telomeric TART elements target the 
piRNA machinery in Drosophila. PLoS biology 18, e3000689. 
10.1371/journal.pbio.3000689. 
Fabry, M.H., Ciabrelli, F., Munafo, M., Eastwood, E.L., Kneuss, E., Falciatori, I., 
Falconio, F.A., Hannon, G.J., and Czech, B. (2019). piRNA-guided co-transcriptional 
silencing coopts nuclear export factors. eLife 8. 10.7554/eLife.47999. 
Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E., and Mello, C.C. (1998). 
Potent and specific genetic interference by double-stranded RNA in Caenorhabditis 
elegans. Nature 391, 806-811. 10.1038/35888. 
Fisher, R.A. (1930). The genetical theory of natural selection (Clarendon Press, Oxford). 
Gartner, S.M., Rothenbusch, S., Buxa, M.K., Theofel, I., Renkawitz, R., Rathke, C., and 
Renkawitz-Pohl, R. (2015). The HMG-box-containing proteins tHMG-1 and tHMG-2 
interact during the histone-to-protamine transition in Drosophila spermatogenesis. Eur J 
Cell Biol 94, 46-59. 10.1016/j.ejcb.2014.10.005. 
Ghildiyal, M., Seitz, H., Horwich, M.D., Li, C., Du, T., Lee, S., Xu, J., Kittler, E.L., Zapp, 
M.L., Weng, Z., and Zamore, P.D. (2008). Endogenous siRNAs Derived from 
Transposons and mRNAs in Drosophila Somatic Cells. Science 320, 1077-1081. 
Gingell, L.F., and McLean, J.R. (2020). A Protamine Knockdown Mimics the Function of 
Sd in Drosophila melanogaster. G3 10, 2111-2115. 10.1534/g3.120.401307. 
Goh, E., and Okamura, K. (2019). Hidden sequence specificity in loading of single-
stranded RNAs onto Drosophila Argonautes. Nucleic acids research 47, 3101-3116. 
10.1093/nar/gky1300. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504821doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504821


-24- 

Helleu, Q., Gerard, P.R., Dubruille, R., Ogereau, D., Prud'homme, B., Loppin, B., and 
Montchamp-Moreau, C. (2016). Rapid evolution of a Y-chromosome heterochromatin 
protein underlies sex chromosome meiotic drive. Proceedings of the National Academy 
of Sciences of the United States of America 113, 4110-4115. 
10.1073/pnas.1519332113. 
Herbette, M., Wei, X., Chang, C.H., Larracuente, A.M., Loppin, B., and Dubruille, R. 
(2021). Distinct spermiogenic phenotypes underlie sperm elimination in the Segregation 
Distorter meiotic drive system. PLoS genetics 17, e1009662. 
10.1371/journal.pgen.1009662. 
Herzig, B., Yakulov, T.A., Klinge, K., Gunesdogan, U., Jackle, H., and Herzig, A. (2014). 
Ballchen is required for self-renewal of germline stem cells in Drosophila melanogaster. 
Biology open 3, 510-521. 10.1242/bio.20147690. 
Ivanovska, I., Khandan, T., Ito, T., and Orr-Weaver, T.L. (2005). A histone code in 
meiosis: the histone kinase, NHK-1, is required for proper chromosomal architecture in 
Drosophila oocytes. Genes & development 19, 2571-2582. 10.1101/gad.1348905. 
Jaenike, J. (2008). X chromosome drive. Curr Biol 18, R508-511. 
10.1016/j.cub.2008.03.051. 
Johnson, N.A., and Lachance, J. (2012). The genetics of sex chromosomes: evolution 
and implications for hybrid incompatibility. Ann N Y Acad Sci 1256, E1-22. 
10.1111/j.1749-6632.2012.06748.x. 
Kaletsky, R., Moore, R.S., Vrla, G.D., Parsons, L.R., Gitai, Z., and Murphy, C.T. (2020). 
C. elegans interprets bacterial non-coding RNAs to learn pathogenic avoidance. Nature 
586, 445-451. 10.1038/s41586-020-2699-5. 
Kawamura, Y., Saito, K., Kin, T., Ono, Y., Asai, K., Sunohara, T., Okada, T., Siomi, 
M.C., and Siomi, H. (2008). Drosophila endogenous small RNAs bind to Argonaute2 in 
somatic cells. Nature 453, 793-797. 
Kim, D., Langmead, B., and Salzberg, S.L. (2015). HISAT: a fast spliced aligner with low 
memory requirements. Nature methods 12, 357-360. 10.1038/nmeth.3317. 
Klattenhoff, C., Xi, H., Li, C., Lee, S., Xu, J., Khurana, J.S., Zhang, F., Schultz, N., 
Koppetsch, B.S., Nowosielska, A., et al. (2009). The Drosophila HP1 homolog Rhino is 
required for transposon silencing and piRNA production by dual-strand clusters. Cell 
138, 1137-1149. 
Kondo, S., Vedanayagam, J., Mohammed, J., Eizadshenass, S., Kan, L., Pang, N., 
Aradhya, R., Siepel, A., Steinhauer, J., and Lai, E.C. (2017). New genes often acquire 
male-specific functions but rarely become essential in Drosophila. Genes & development 
31, 1841-1846. 10.1101/gad.303131.117. 
Krug, L., Chatterjee, N., Borges-Monroy, R., Hearn, S., Liao, W.W., Morrill, K., Prazak, 
L., Rozhkov, N., Theodorou, D., Hammell, M., and Dubnau, J. (2017). Retrotransposon 
activation contributes to neurodegeneration in a Drosophila TDP-43 model of ALS. PLoS 
genetics 13, e1006635. 10.1371/journal.pgen.1006635. 
Lancaster, O.M., Cullen, C.F., and Ohkura, H. (2007). NHK-1 phosphorylates BAF to 
allow karyosome formation in the Drosophila oocyte nucleus. The Journal of cell biology 
179, 817-824. 10.1083/jcb.200706067. 
Langmead, B., Trapnell, C., Pop, M., and Salzberg, S.L. (2009). Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome. Genome biology 10, 
R25. 
Lee, S.K., Xue, Y., Shen, W., Zhang, Y., Joo, Y., Ahmad, M., Chinen, M., Ding, Y., Ku, 
W.L., De, S., et al. (2018). Topoisomerase 3beta interacts with RNAi machinery to 
promote heterochromatin formation and transcriptional silencing in Drosophila. Nature 
communications 9, 4946. 10.1038/s41467-018-07101-4. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504821doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504821


-25- 

Lee, Y.S., Nakahara, K., Pham, J.W., Kim, K., He, Z., Sontheimer, E.J., and Carthew, 
R.W. (2004). Distinct Roles for Drosophila Dicer-1 and Dicer-2 in the siRNA/miRNA 
Silencing Pathways. Cell 117, 69-81. 
Lewis, S.H., Salmela, H., and Obbard, D.J. (2016a). Duplication and Diversification of 
Dipteran Argonaute Genes, and the Evolutionary Divergence of Piwi and Aubergine. 
Genome biology and evolution 8, 507-518. 10.1093/gbe/evw018. 
Lewis, S.H., Webster, C.L., Salmela, H., and Obbard, D.J. (2016b). Repeated 
Duplication of Argonaute2 Is Associated with Strong Selection and Testis Specialization 
in Drosophila. Genetics 204, 757-769. 10.1534/genetics.116.192336. 
Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., 
Abecasis, G., Durbin, R., and Genome Project Data Processing, S. (2009). The 
Sequence Alignment/Map format and SAMtools. Bioinformatics 25, 2078-2079. 
10.1093/bioinformatics/btp352. 
Li, W., Prazak, L., Chatterjee, N., Gruninger, S., Krug, L., Theodorou, D., and Dubnau, J. 
(2013). Activation of transposable elements during aging and neuronal decline in 
Drosophila. Nature neuroscience 16, 529-531. 10.1038/nn.3368. 
Liao, Y., Smyth, G.K., and Shi, W. (2014). featureCounts: an efficient general purpose 
program for assigning sequence reads to genomic features. Bioinformatics 30, 923-930. 
10.1093/bioinformatics/btt656. 
Lim, A.K., and Kai, T. (2007). Unique germ-line organelle, nuage, functions to repress 
selfish genetic elements in Drosophila melanogaster. Proceedings of the National 
Academy of Sciences of the United States of America 104, 6714-6719. 
10.1073/pnas.0701920104. 
Lin, C.-J., Hu, F., Dubruille, R., Vedanayagam, J., Wen, J., Smibert, P., Loppin, B., and 
Lai, E.C. (2018). The hpRNA/RNAi Pathway Is Essential to Resolve Intragenomic 
Conflict in the Drosophila Male Germline. Developmental cell 46, 316-326 e315. 
10.1016/j.devcel.2018.07.004. 
Lindholm, A.K., Dyer, K.A., Firman, R.C., Fishman, L., Forstmeier, W., Holman, L., 
Johannesson, H., Knief, U., Kokko, H., Larracuente, A.M., et al. (2016). The Ecology and 
Evolutionary Dynamics of Meiotic Drive. Trends in ecology & evolution 31, 315-326. 
10.1016/j.tree.2016.02.001. 
Long, O.S., Benson, J.A., Kwak, J.H., Luke, C.J., Gosai, S.J., O'Reilly, L.P., Wang, Y., 
Li, J., Vetica, A.C., Miedel, M.T., et al. (2014). A C. elegans model of human alpha1-
antitrypsin deficiency links components of the RNAi pathway to misfolded protein 
turnover. Human molecular genetics 23, 5109-5122. 10.1093/hmg/ddu235. 
Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome biology 15, 550. 10.1186/s13059-
014-0550-8. 
Lu, R., Maduro, M., Li, F., Li, H.W., Broitman-Maduro, G., Li, W.X., and Ding, S.W. 
(2005). Animal virus replication and RNAi-mediated antiviral silencing in Caenorhabditis 
elegans. Nature 436, 1040-1043. 10.1038/nature03870. 
Meiklejohn, C.D., and Tao, Y. (2010). Genetic conflict and sex chromosome evolution. 
Trends in ecology & evolution 25, 215-223. 10.1016/j.tree.2009.10.005. 
Mohammed, J., Bortolamiol-Becet, D., Flynt, A.S., Gronau, I., Siepel, A., and Lai, E.C. 
(2014a). Adaptive evolution of testis-specific, recently evolved, clustered miRNAs in 
Drosophila. RNA 20, 1195-1209. 10.1261/rna.044644.114. 
Mohammed, J., Siepel, A., and Lai, E.C. (2014b). Diverse modes of evolutionary 
emergence and flux of conserved microRNA clusters. RNA 20, 1850-1863. 
10.1261/rna.046805.114. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504821doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504821


-26- 

Mohn, F., Sienski, G., Handler, D., and Brennecke, J. (2014). The rhino-deadlock-cutoff 
complex licenses noncanonical transcription of dual-strand piRNA clusters in Drosophila. 
Cell 157, 1364-1379. 10.1016/j.cell.2014.04.031. 
Mondotte, J.A., Gausson, V., Frangeul, L., Blanc, H., Lambrechts, L., and Saleh, M.C. 
(2018). Immune priming and clearance of orally acquired RNA viruses in Drosophila. Nat 
Microbiol 3, 1394-1403. 10.1038/s41564-018-0265-9. 
Moore, R.S., Kaletsky, R., and Murphy, C.T. (2019). Piwi/PRG-1 Argonaute and TGF-
beta Mediate Transgenerational Learned Pathogenic Avoidance. Cell 177, 1827-1841 
e1812. 10.1016/j.cell.2019.05.024. 
Muirhead, C.A., and Presgraves, D.C. (2021). Satellite DNA-mediated diversification of a 
sex-ratio meiotic drive gene family in Drosophila. Nat Ecol Evol 5, 1604-1612. 
10.1038/s41559-021-01543-8. 
Murano, K., Iwasaki, Y.W., Ishizu, H., Mashiko, A., Shibuya, A., Kondo, S., Adachi, S., 
Suzuki, S., Saito, K., Natsume, T., et al. (2019). Nuclear RNA export factor variant 
initiates piRNA-guided co-transcriptional silencing. The EMBO journal 38, e102870. 
10.15252/embj.2019102870. 
Napoli, C., Lemieux, C., and Jorgensen, R. (1990). Introduction of a chimeric chalcone 
synthase gene into petunia results in reversible co-suppression of homologous genes in 
trans. The Plant cell 2, 279-289. 
Nazer, E., Dale, R.K., Palmer, C., and Lei, E.P. (2018). Argonaute2 attenuates active 
transcription by limiting RNA Polymerase II elongation in Drosophila melanogaster. 
Scientific reports 8, 15685. 10.1038/s41598-018-34115-1. 
Noor, M.A. (1995). Speciation driven by natural selection in Drosophila. Nature 375, 674-
675. 10.1038/375674a0. 
Okamura, K., Chung, W.J., Ruby, J.G., Guo, H., Bartel, D.P., and Lai, E.C. (2008). The 
Drosophila hairpin RNA pathway generates endogenous short interfering RNAs. Nature 
453, 803-806. 10.1038/nature07015. 
Okamura, K., and Lai, E.C. (2008). Endogenous small interfering RNAs in animals. 
Nature reviews. Molecular cell biology 9, 673-678. 
Pak, J., Maniar, J.M., Mello, C.C., and Fire, A. (2012). Protection from feed-forward 
amplification in an amplified RNAi mechanism. Cell 151, 885-899. 
10.1016/j.cell.2012.10.022. 
Patil, V.S., Anand, A., Chakrabarti, A., and Kai, T. (2014). The Tudor domain protein 
Tapas, a homolog of the vertebrate Tdrd7, functions in the piRNA pathway to regulate 
retrotransposons in germline of Drosophila melanogaster. BMC biology 12, 61. 
10.1186/s12915-014-0061-9. 
Pertea, M., Kim, D., Pertea, G.M., Leek, J.T., and Salzberg, S.L. (2016). Transcript-level 
expression analysis of RNA-seq experiments with HISAT, StringTie and Ballgown. 
Nature protocols 11, 1650-1667. 10.1038/nprot.2016.095. 
Pertea, M., Pertea, G.M., Antonescu, C.M., Chang, T.C., Mendell, J.T., and Salzberg, 
S.L. (2015). StringTie enables improved reconstruction of a transcriptome from RNA-seq 
reads. Nature biotechnology 33, 290-295. 10.1038/nbt.3122. 
Phadnis, N., and Orr, H.A. (2009). A single gene causes both male sterility and 
segregation distortion in Drosophila hybrids. Science 323, 376-379. 
10.1126/science.1163934. 
Picelli, S., Bjorklund, A.K., Faridani, O.R., Sagasser, S., Winberg, G., and Sandberg, R. 
(2013). Smart-seq2 for sensitive full-length transcriptome profiling in single cells. Nature 
methods 10, 1096-1098. 10.1038/nmeth.2639. 
Posner, R., Toker, I.A., Antonova, O., Star, E., Anava, S., Azmon, E., Hendricks, M., 
Bracha, S., Gingold, H., and Rechavi, O. (2019). Neuronal Small RNAs Control Behavior 
Transgenerationally. Cell 177, 1814-1826 e1815. 10.1016/j.cell.2019.04.029. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504821doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504821


-27- 

Presgraves, D.C., and Meiklejohn, C.D. (2021). Hybrid Sterility, Genetic Conflict and 
Complex Speciation: Lessons From the Drosophila simulans Clade Species. Frontiers in 
genetics 12, 669045. 10.3389/fgene.2021.669045. 
Rathke, C., Baarends, W.M., Awe, S., and Renkawitz-Pohl, R. (2014). Chromatin 
dynamics during spermiogenesis. Biochimica et biophysica acta 1839, 155-168. 
10.1016/j.bbagrm.2013.08.004. 
Robinson, J.T., Thorvaldsdottir, H., Winckler, W., Guttman, M., Lander, E.S., Getz, G., 
and Mesirov, J.P. (2011). Integrative genomics viewer. Nature biotechnology 29, 24-26. 
nbt.1754 [pii] 

10.1038/nbt.1754. 
Sanfilippo, P., Wen, J., and Lai, E.C. (2017). Landscape and evolution of tissue-specific 
alternative polyadenylation across Drosophila species. Genome biology 18, 229. 
10.1186/s13059-017-1358-0. 
Schon, M.A., Kellner, M.J., Plotnikova, A., Hofmann, F., and Nodine, M.D. (2018). 
NanoPARE: parallel analysis of RNA 5' ends from low-input RNA. Genome research 28, 
1931-1942. 10.1101/gr.239202.118. 
Shenker, S., Miura, P., Sanfilippo, P., and Lai, E.C. (2015). IsoSCM: improved and 
alternative 3' UTR annotation using multiple change-point inference. RNA 21, 14-27. 
10.1261/rna.046037.114. 
Sinha, N.K., Iwasa, J., Shen, P.S., and Bass, B.L. (2018). Dicer uses distinct modules 
for recognizing dsRNA termini. Science 359, 329-334. 10.1126/science.aaq0921. 
Tabara, H., Yigit, E., Siomi, H., and Mello, C.C. (2002). The dsRNA binding protein RDE-
4 interacts with RDE-1, DCR-1, and a DExH-box helicase to direct RNAi in C. elegans. 
Cell 109, 861-871. 
Tao, Y., Araripe, L., Kingan, S.B., Ke, Y., Xiao, H., and Hartl, D.L. (2007a). A sex-ratio 
meiotic drive system in Drosophila simulans. II: an X-linked distorter. PLoS biology 5, 
e293. 10.1371/journal.pbio.0050293. 
Tao, Y., Hartl, D.L., and Laurie, C.C. (2001). Sex-ratio segregation distortion associated 
with reproductive isolation in Drosophila. Proceedings of the National Academy of 
Sciences of the United States of America 98, 13183-13188. 10.1073/pnas.231478798. 
Tao, Y., Masly, J.P., Araripe, L., Ke, Y., and Hartl, D.L. (2007b). A sex-ratio meiotic drive 
system in Drosophila simulans. I: an autosomal suppressor. PLoS biology 5, e292. 
10.1371/journal.pbio.0050292. 
Thorvaldsdottir, H., Robinson, J.T., and Mesirov, J.P. (2013). Integrative Genomics 
Viewer (IGV): high-performance genomics data visualization and exploration. Brief 
Bioinform 14, 178-192. 10.1093/bib/bbs017. 
Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D.R., Pimentel, H., 
Salzberg, S.L., Rinn, J.L., and Pachter, L. (2012). Differential gene and transcript 
expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nature 
protocols 7, 562-578. 10.1038/nprot.2012.016. 
Tsai, H.Y., Chen, C.C., Conte, D., Jr., Moresco, J.J., Chaves, D.A., Mitani, S., Yates, 
J.R., 3rd, Tsai, M.D., and Mello, C.C. (2015). A ribonuclease coordinates siRNA 
amplification and mRNA cleavage during RNAi. Cell 160, 407-419. 
10.1016/j.cell.2015.01.010. 
Tsuboyama, K., Tadakuma, H., and Tomari, Y. (2018). Conformational Activation of 
Argonaute by Distinct yet Coordinated Actions of the Hsp70 and Hsp90 Chaperone 
Systems. Molecular cell 70, 722-729 e724. 10.1016/j.molcel.2018.04.010. 
van den Beek, M., da Silva, B., Pouch, J., Ali Chaouche, M.E.A., Carre, C., and 
Antoniewski, C. (2018). Dual-layer transposon repression in heads of Drosophila 
melanogaster. RNA 24, 1749-1760. 10.1261/rna.067173.118. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504821doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504821


-28- 

van der Krol, A.R., Mur, L.A., Beld, M., Mol, J.N., and Stuitje, A.R. (1990). Flavonoid 
genes in petunia: addition of a limited number of gene copies may lead to a suppression 
of gene expression. The Plant cell 2, 291-299. 
Vedanayagam, J., Lin, C.J., and Lai, E.C. (2021). Rapid evolutionary dynamics of an 
expanding family of meiotic drive factors and their hpRNA suppressors. Nat Ecol Evol 5, 
1613-1623. 10.1038/s41559-021-01592-z. 
Wang, L., Wang, S., and Li, W. (2012). RSeQC: quality control of RNA-seq experiments. 
Bioinformatics 28, 2184-2185. 10.1093/bioinformatics/bts356. 
Wang, T., Gao, H., Li, W., and Liu, C. (2019). Essential Role of Histone Replacement 
and Modifications in Male Fertility. Frontiers in genetics 10, 962. 
10.3389/fgene.2019.00962. 
Wang, X.H., Aliyari, R., Li, W.X., Li, H.W., Kim, K., Carthew, R., Atkinson, P., and Ding, 
S.W. (2006). RNA interference directs innate immunity against viruses in adult 
Drosophila. Science 312, 452-454. 
Wen, J., Duan, H., Bejarano, F., Okamura, K., Fabian, L., Brill, J.A., Bortolamiol-Becet, 
D., Martin, R., Ruby, J.G., and Lai, E.C. (2015). Adaptive regulation of testis gene 
expression and control of male fertility by the Drosophila hairpin RNA pathway. 
[Corrected]. Molecular cell 57, 165-178. 10.1016/j.molcel.2014.11.025. 
Zhang, M.M., Bahal, R., Rasmussen, T.P., Manautou, J.E., and Zhong, X.B. (2021). The 
growth of siRNA-based therapeutics: Updated clinical studies. Biochem Pharmacol 189, 
114432. 10.1016/j.bcp.2021.114432. 
Zhao, K., Cheng, S., Miao, N., Xu, P., Lu, X., Zhang, Y., Wang, M., Ouyang, X., Yuan, 
X., Liu, W., et al. (2019). A Pandas complex adapted for piRNA-guided transcriptional 
silencing and heterochromatin formation. Nature cell biology 21, 1261-1272. 
10.1038/s41556-019-0396-0. 

 
  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504821doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504821


-29- 

Figure Legends 
 
Figure 1. Annotation of novel hpRNAs using small RNA and RNA-seq data. 
 (A) Schematic of Dcr-2 processing of primary hpRNA (pri-hpRNA) transcripts into 
21-22 nt siRNAs. pri-hpRNAs can be detected using RNA-seq, and the corresponding 
siRNAs derived from the hairpin can be identified via small RNA-seq. (B) hpRNA1 
illustrates the behavior of hpRNA-derived testis RNA products in wildtype and dcr-2 
mutants. Normalized RNA-seq and spike-in normalized sRNA-seq tracks of the hpRNA 
shown in w[XD1] and dcr-2. The top two tracks show RNA-seq of primary hpRNA 
transcript is increased in dcr-2 mutants due to upregulation of hpRNA primary transcript. 
The middle tracks show that the 5' and 3' ends of pri-hpRNA1 are defined by 5'-seq and 
3'-seq data, respectively. The bottom two tracks show that hpRNA1-derived small RNAs 
are biased to 21 nt and mostly eliminated in dcr-2 mutant.  
 
Figure 2. Comparative hpRNA annotation using functional genomic data.  
 (A) MA-plot comparing Dmel wild-type and dcr-2 testis RNA-seq data. Orange 
dots denote hpRNAs conserved with Dsim, including one newly-recognized locus hp-
426. (B) Primary hpRNA transcripts are all elevated in Dmel dcr-2 testis, unlike primary 
miRNA transcripts; mir-985 is a lone exception. (C) MA-plot comparing Dsim control 
w[XD1] and dcr-2 testis RNA-seq data. Orange dots mark hpRNAs conserved with 
Dmel, while blue dots indicate de novo hpRNAs in Dsim. (D). Comparison of primary 
hpRNA and primary miRNA transcripts in Dsim. All pri-miRNA transcripts are unchanged 
(including mir-985), while all pri-hpRNA transcripts are elevated in both conserved and 
de novo hpRNAs. (E-G) Expression of hpRNA-derived small RNAs in Dmel (E) and 
Dsim (F-G). All hpRNA-siRNAs are decreased in dcr-2 mutants, in both species and 
regardless of the hpRNA age. 
 
Figure 3. Innovations in the Dox-related hpRNA network.  
 (A) Schematic of the evolution of Dox family genes, and the contemporary state 
of inferred, ancestral fusion of Protamine and CG8664 (Prot-CG8446 fusion) that birthed 
the Dox family genes. Segments 1, 2 and 3 in the inset box (inferred ODox fusion), 
shows genomic regions corresponding to their sequence of origin. Segment 1 (blue) is 
derived from CG8664, segment 2 (green) is derived from the 5' UTR of Protamine, and 
segment 3 (orange) contains Protamine coding sequence, including the HMG-box 
domain. Within segment 1, is a fragment of DNAREP1 TE (turquoise). While 
contemporary Dox family genes Dox, MDox, and PDox share this segment structure, we 
infer that the ancestral "ODox" locus lost the HMG segment in contemporary Dsim (B). 
In contemporary Dsim, the ancestral ODox fusion is an hpRNA (hp-ODox1) and its 
duplication and insertion at CG5004/GD1739 hosts another hpRNA (hp-ODox2). (C) hp-
ODox1 is a discrete hpRNA locus, revealed by upregulation of its primary hairpin 
transcript in dcr-2 RNA-seq, presence of Dcr-2-dependent siRNAs, and demarcated by 
5'-seq and 3'-seq. The inverted repeat arms of hp-ODox1 bear homology to Tapas 
(pink), and other regions of hp-ODox1 bear TE sequences. (D) hp-ODox2 bears all the 
genomic signatures of an hpRNA, and its inverted repeat arms are homologous to 
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BS2/Jockey TE. pri-hp-ODox2 also bears homology to Krimper, although this sequence 
is not part of the inverted repeat and does not yield siRNAs. (E) Sequence alignment 
between hp-ODox and tapas. Examples of siRNAs with fully complementarity to tapas 
are boxed in green. (F) Antisense complementarity between BS2/Jockey TE and hp-
ODox2 with examplar siRNAs highlighted in green.  
 
Figure 4. Novel Dsim hpRNAs related to testis HMG Box (tHMG) loci.  
 (A) Schematic of tHMG loci in Dmel and Dsim, and the origins of hpRNA 
suppressors and targets encompassing multiple novel X-linked tHMG-derived loci. tHMG 
is locally duplicated in Dmel, but the syntenic location of Dsim bears a single gene. 
However, Dsim X chromosome bears multiple de novo hpRNAs with homology to tHMG, 
a single copy locus and another genomic cluster containing 13 tandem hpRNAs. (B) 
Genomic details of the hp-tHMG-solo locus, which is a spliced transcript with defined 5' 
and 3' ends, which generates abundant small RNAs from its duplex arm. Note that the 5' 
region of hp-tHMG-solo has been locally duplicated. (C) Genomic details of the hp-
tHMG-cluster locus. This region bears 13 nearly identical hpRNAs, although the nature 
of the primary transcript(s) is not clearly evident, although 6 cluster units show evidence 
for 5'-seq and 3'-seq (detailed in Supplementary Figure 6). RNA-seq data across the 
tHMG-cluster locus appears depleted in the hpRNA duplex regions. Small RNA tracks 
show Dcr-2-dependent siRNAs from each cluster member. (D, E) Examples of antisense 
complementarity between tHMG genes and hp-tHMG-siRNAs, including autosomal 
tHMG1 and hp-tHMG-solo, and tHMG-Xhet1 and tHMG cluster loci.  
 
Figure 5. Genomic features of novel Dsim hpRNAs inform early stages in their birth.  
 (A) Dsim-hp88 emerged within the 3' UTR of non-coding RNA CR43306, which is 
syntenic between Dmel and Dsim. The inverted repeat arms bear homology to de novo 
paralogs on the X chromosome GD15542 (3 copies expressed, but there 13 other 
paralogous sequences of this novel gene on the X). GD15542 is upregulated in dcr-2 
mutant indicating functional suppression via RNAi. hpRNA-target alignments for both 
Dsim-hp58 and Dsim-hp88 are provided with highlighted green box showing fully 
complementary siRNAs to their targets, CG17385 and GD15542, respectively. (B) Dsim-
hp58 is a de novo hairpin that was born one gene away from its progenitor gene 
CG17385. It bears an inverted repeat fragment of exon 2 of CG17385. Similar to pri-
hp58, CG17385 is upregulated in dcr-2 mutant testis RNA-seq data, indicating its 
functional suppression via the RNAi pathway. 
 
Figure 6. Preferential suppression of targets of young hpRNAs vs. older hpRNAs. 
 Differential expression analysis of the targets of conserved and novel hpRNAs in 
Dmel and Dsim testis RNA-seq data. (A, B) Targets of hpRNAs conserved between 
Dmel and Dsim. Fold change values comparing wildtype and dcr-2 mutant shown in 
yellow. Black and grey dotted lines show 2-fold and 1.5 fold changes in dcr-2 mutant 
compared to wild type. Fold change values were estimated using two replicates each for 
the mutant and wildtype samples using DEseq package in R with an FDR < 1%. (C) 
Targets of Dsim-specific hpRNAs (red) and their fold changes in dcr-2 mutant compared 
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to wild type. Note the functional repression of targets of young hpRNAs is much greater 
than for older hpRNAs. For comparison, the expression changes of additional testis-
expressed genes with similar domains as the hpRNA targets are shown in grey. 
 
Figure 7. Biased location of de novo hpRNA targets on the D. simulans X chromosome. 
 (A) Genomic location of Dsim hpRNAs, separated into ones that are conserved in 
Dmel (in orange) and ones that are Dsim-specific (in blue). Both classes of hpRNAs are 
distributed across all the major chromosome arms. (B) Genomic location of Dsim hpRNA 
targets, separated into ones whose hpRNA is conserved in Dmel (in orange) and ones 
whose cognate hpRNA is Dsim-specific (in blue). Note that the concentration of targets 
of Dsim-specific hpRNAs on the X suggests that they may comprise novel selfish genes 
involved in sex ratio meiotic drive.  
 
Supplementary Figures 
 
Supplementary Figure 1: D. simulans dcr-2 CRISPR mutagenesis strategy and 
validation. (A) dcr-2 location, sgRNAs, homology donor arms with mini-white marker 
used for mutant selection. (B) D. sim w[XD1], a white mutant background used for 
CRISPR. (C) dcr-2 mutant marked by 3xP3-dsRed; it is difficult to identify homozygous 
flies unambiguously. (D) dcr-2 mutant marked with mini-white. (E) dcr-2 
transheterozygote mutant bearing mini-white and 3xP3-dsRed alleles; DsRed eyes are 
not very visible in a w+ background, but can be identified in the ocelli. (F) PCR 
genotyping and validation of dcr-2 CRISPR mutant. 
 
Supplementary Figure 2: Rationale and strategy to annotate hpRNAs. (Top) 
Expectations of reciprocal behavior of hpRNA transcripts in wildtype and dcr-2 mutants, 
with respect to RNA-seq and small RNA data. (Bottom) Overall strategy for identification 
of Dmel and Dsim hpRNAs. The overall procedures are similar, except that de novo 
transcriptome was generated for Dsim, owing to its less well-annotated genome. 
 
Supplementary Figure 3: Additional examples of Dmel-Dsim conserved hpRNAs. 
Shown are genome browser tracks that illustrate the reciprocal behavior of hpRNAs in 
control vs. dcr-2 RNA-seq and small RNA data; all of these loci are shared in the 
syntenic locations between Dmel and Dsim. In all cases, dcr-2 mutants stabilize a 
primary hpRNA transcript while losing the ~21-nt small RNAs from the duplex regions of 
the hpRNA.  
 
Supplementary Figure 4: Copy number changes in hpRNA clusters in Dmel and Dsim. 
(A) Synteny alignment of pncr009 hpRNA cluster region on chr3L in Dmel and Dsim. In 
Dmel, there are three hpRNAs in this region (hp-CR32205, hp-CR32207, and hp-
pncr009, shown in red). The targets of pncr009 hpRNAs are in the vicinity of hpRNAs, 
and are shown in blue. Unrelated genes in the 92-kb window are shown in grey. Synteny 
representation is shown as local colinear blocks of sequences derived from Mauve 
alignment using the Geneious software. Non-colinear regions in the syntenic alignment 
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(white regions) are insertions in respective species. Two novel hpRNA paralogs in the 
Dsim pncr009 region (hp-Oak1 and hp-Oak2) are shown in green. (B) IGV screenshot of 
hp-CG4068 cluster in Dmel and Dsim. In Dmel, there are 20 tandem copies of the 
hpRNA, while in Dsim there are only 9 tandem copies. Small RNA tracks show loss of 
siRNAs in dcr-2 mutant testes in both Dmel and Dsim. Expression of flanking genes is 
shown in the RNA-seq tracks. 
 
Supplementary Figure 5. Depletion of RNA-seq data within highly duplexed regions of 
primary hpRNA transcripts. (A) hp-Nmy. The RNA-seq tracks show upregulation of pri-
hpRNA in dcr-2 mutant testis. However, the RNA-seq signal is not uniform across the 
primary transcript. Depletion of RNA-seq is evident within the red dotted box, 
corresponding to inverted repeat arms of the hpRNA. Small RNA tracks show that Dcr-2-
dependent siRNAs are generated from the duplex region. (B) hp-71 shows similar 
depletion of RNA-seq in the inverted repeat arm region (red dotted box).  
 
Supplementary Figure 6. Amplification and sequence arrangement of tHMG copies in 
the tHMG cluster region. (A) 16 units within the X-linked tHMG cluster region are evident 
from small RNA mapping. Boxed regions show individual units and the tHMG-Xhet 
copies within each unit is shown in red and blue based on the duplicate copy orientation. 
Copies with an asterisk indicate partial/truncated copies of tHMG-Xhet. Within this 
cluster, tHMG-Xhet amplifications have birthed 13 hpRNAs and shown in green are 
hpRNAs for which there is absence of 5'-seq and 3'-seq evidence and 6 hpRNAs (blue 
box) shown in grey have 5'-seq and 3'-seq data. Shown in blue text are two copies of 
tHMG-Xhet (1 and 2) that are not part of an hpRNA arrangement. (B) Example tHMG 
arrangement of individual hpRNA unit. Shown in blue and red are orientation of paralog 
arrangement. Alignment of tHMG-Xhet paralogs with respect to tHMG-solo-locus is 
shown below. Note there is also small RNA mapping to the partial/truncated copy of the 
tHMG-Xhet paralog. Shown in black box on the alignment is a sequence window which 
is spliced at the tHMG-solo-locus. 
 
Supplementary Figure 7. Expression of targets of Dmel-Dsim conserved hpRNAs and 
targets of novel Dsim-specific hpRNAs. Amongst conserved targets, we note that all 
members of the 825-Oak family show low to no expression in adult testis. Data from 
biologically independent RNA-seq experiments are shown as individual dots (wildtype in 
red and dcr-2 mutant in black). Compared to targets of conserved hpRNAs, targets of 
Dsim-specific hpRNAs show much greater derepression in dcr-2 mutant testis. 
 
Supplementary Figure 8. Chromosomal maps of Dmel hpRNAs and targets. (Left) 
Locations of Dmel hpRNAs. (Right) Locations of Dmel hpRNA targets. Note that all 
Dmel-specific hpRNAs have homologs in Dsim, whereas there are numerous Dsim-
specific hpRNAs that are lacking in Dmel (see main Figures 2, 6). 
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Supplementary Figure 1. D.simulans dcr-2 CRISPR mutagenesis strategy and validation. 
A. dcr-2 location, sgRNAs, homology donor arms with white[+] marker used for mutant selection. 
B. D.sim w[XD1], a white mutant background used for CRISPR.
C. dcr-2 mutant marked withdsRED marker; it is difficult to identify homozygous flies unambiguously. 
D. dcr-2 mutant maked with white (+).
E. dcr-2 transheterozygote mutant bearing w+ and dsRed+ alleles; DsRed eyes are not very visible in a w+ background, but 
can be identified in the ocelli. 
F. PCR genotyping and validation of dcr-2 CRISPR mutant. 
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Supplementary Figure 2. Rationale and strategy to annotate hpRNAs.
 (Top) Expectations of reciprocal behavior of hpRNA transcripts in wildtype and dcr-2 mutants, with respect 
to RNA-seq and small RNA data. (Bottom) Overall strategy for identification of Dmel and Dsim hpRNAs. The 
overall procedures are similar, except that de novo transcriptome was generated for Dsim, owing to its less 
well-annotated genome. 
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Supplementary Figure 3. Additional examples of Dmel-Dsim conserved hpRNAs.
�Shown are genome browser tracks that illustrate the reciprocal behavior of hpRNAs in control vs. dcr-2 RNA-seq and small RNA 
data; all of these loci are shared in the syntenic locations between Dmel and Dsim. In all cases, dcr-2 mutants stabilize a primary 
hpRNA transcript while losing the ~21-nt small RNAs from the duplex regions of the hpRNA.
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Supplementary Figure 4: Copy number changes in hpRNA clusters in Dmel and Dsim. 
 (A) Synteny alignment of pncr009 hpRNA cluster region on chr3L in Dmel and Dsim. In Dmel, there are three hpRNAs in 
this region (hp-CR32205, hp-CR32207, and hp-pncr009, shown in red). The targets of pncr009 hpRNAs are in the vicinity of 
hpRNAs, and are shown in blue. Unrelated genes in the 92-kb window are shown in grey. Synteny representation is shown as 
local colinear blocks of sequences derived from Mauve alignment using the Geneious software. Non-colinear regions in the 
syntenic alignment (white regions) are insertions in respective species. Two new hpRNA paralogs in the Dsim pncr009 region 
(hp-Oak1 and hp-Oak2) are shown in green. (B) IGV screenshot of hp-CG4068 cluster in Dmel and Dsim. In Dmel, there are 20 
tandem copies of the hpRNA, while in Dsimthere are only 9 tandem copies. Small RNA tracks show loss of siRNAs in dcr-2 
mutant testes in both Dmel and Dsim. Expression of flanking genes is shown in the RNA-seq tracks. 
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Supplementary Figure 5
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Supplementary Figure 5. Depletion of RNA-seq data within highly duplexed regions of primary hpRNA transcripts. 
 (A) hp-Nmy. The RNA-seq tracks show upregulation of pri-hpRNA in dcr-2 mutant testis. However, the 
RNA-seq signal is not uniform across the primary transcript. Depletion of RNA-seq is evident within the red dotted box, 
corresponding to inverted repeat arms of the hpRNA. Small RNA tracks show that Dcr-2-dependent siRNAs are 
generated from the duplex region. (B) hp-71 shows similar depletion of RNA-seq in the inverted repeat arm region (red 
dotted box). 
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Supplementary Figure 6. Amplification and sequence arrangement of tHMG copies in the tHMG cluster region. 
 (A) 16 units within the X-linked tHMG cluster region are evident from small RNA mapping. Boxed regions show individual units 
and the tHMG-Xhet copies within each unit is shown in red and blue based on the duplicate copy orientation. Copies with an asterisk 
indicate partial/truncated copies of tHMG-Xhet. Within this cluster, tHMG-Xhet amplifications have birthed 13 hpRNAs and shown in 
green are hpRNAs for which there is absence of 5'-seq and 3'-seq evidence and 6 hpRNAs (blue box) shown in grey have 5'-seq and 
3'-seq data. Shown in blue text are two copies of tHMG-Xhet (1 and 2) that are not part of an hpRNA arrangement. (B) Example tHMG 
arrangement of individual hpRNA unit. Shown in blue and red are orientation of paralog arrangement. Alignment of tHMG-Xhet paral-
ogs with respect to tHMG-solo-locus is shown below. Note there is also small RNA mapping to the partial/truncated copy of the 
tHMG-Xhet paralog. Shown in black box on the alignment is a sequence window which is spliced at the tHMG-solo-locus.
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Supplementary Figure 7
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Supplementary Figure 7. Expression of targets of Dmel-Dsim conserved hpRNAs and targets of novel Dsim-specific hpRNAs.
   Amongst conserved targets, we note that all members of the 825-Oak family show low to no expression in adult testis. 
Data from biologically independent RNA-seq experiments are shown as individual dots (wildtype in red and dcr-2 mutant in 
black). Compared to targets of conserved hpRNAs, targets of Dsim-specific hpRNAs show much greater derepression in dcr-2 
mutant testis.
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Supplementary Figure 8
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Supplementary Figure 8. Chromosomal maps of Dmel hpRNAs and targets. 
 (Left) Locations of Dmel hpRNAs. (Right) Locations of Dmel hpRNA targets. Note that all Dmel-specific 
hpRNAs have homologs in Dsim, whereas there are numerous Dsim-specific hpRNAs that are lacking in Dmel 
(see main Figures 2, 6).
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