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ABSTRACT

The genome is a battleground, where different genetic elements vie for inheritance. In particular,
selfish genetic elements enhance their dinsmission at the expense of host fithess, causing
intragenomicconflictsthatmustberesolvedo protecthostreproductionTo keepselfishgenesn
check,animalsemployseveragenomedefensanechanismsncludingthe PIWI-interactingRNA
(PIRNA) pathway, where small necoding piRNAs guide PIWI proteins to find complementary
RNAs for silencing. While selfish genes are found across the tree of life, they are often sexually
dimorphic and lineagsepecific. Yet, it remains poorly understood how-samd lineagespecific

selfish genes are tamed by conserved genome defense mechanisms. To addltesgititic piRNA
pathway in Drosophila melanogasteras the model systemto study sexual dimorphism and

evolutionaryinnovation in genome defense.

In thisthesis| first describedny discoveryof piRNA sexualdimorphismwhichevolvedin response

to the sexspecific selfish gene landscape. Next, | dissected the genetic basis and molecular
mechanisms that underpin piRNA sexual dimorphism, gaining mechanistic insights into how the
biologicalsexmodifiesthe piRNA pathwayto tamedistinctselfishgenesn two sexesPivotingto
evolutionaryinnovation,| discovereda novel piRNA locusontheY chromosomewhich | named

petrel thatsilencesthe expressiorof an X-linked hostgene,which | namedpirate, implicating
piRNAs in resolvingX-versusY sexchromosomeonflicts. petrel piRNAs evolvedvery recently

after the split of D. melanogastefrom its sibling species, highlighting recent piRNAinnovation
against a lineagspecific target. Finally, | describedmy discoveryof a novel genomedefense
proteinfactor, which | named Trailblazer, that tames a radically expanded selfish gene family,
Stellate.Mechanistically, Trailblazes agermlinetranscriptiorfactorthat,via recentinnovationof

its DNA-binding domain, upregulates the expression of two piRNA pathway effectors to
quantitatively matclgtellatein abundancendicatinga new modeof defensannovationbeyond

targetspecificrepressors.

Collectively, my thesis shows that the genomic battleground against selfish genes differs substantially
between sexeand across lineagewhich selects for distinct innovations in the piRNA pathway
to control different selfislgenes,therebysafeguardinggenomeintegrity, animal fertility, and

speciegontinuity.
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Chapter 1

INTRODUCTION



2
Counterto our intuition and perhapsfar from a harmoniousplace, the genomeis a

battlegroundyhereeverybit of DNA hasto fight for inheritanceandevolutionarysurvival.

Whil e most genes compete for inhere,ance
theyhelpthehostorganisnbettersurviveandbetterreproduce; h o p thattlgeywouldbe
inherited—selfishgenespntheotherhand cheatheentireprocessy enhancingheirown
propagatiorattheexpensef thehosts.Thisresultsin theso-calledintragenomiaonflicts
betweerselfishgenesandtherestof thegenomewhicharemostseveran thegermline,so
theymustberesolvedo protecthostreproductionTo keepselfishgenesn check,animals
employseverabenomedefensenechanismsancludingthePIWI-interactingRNA (piRNA)

pathway, which is the focus of my thesis work.

At the core of the piRNA pathway, a small rooding RNA, piRNA, guides the PIWI
proteinto find complementaryargetdor silencing.In this context,thepiRNA providesthe
targetspecificitybasednnucleotidesequenceomplementaritywhereaghePIWI protein
silences the target identified by its piRNA guide, e.g., via cleaving the target RNA. Even
though these core components of the piRNA pathway and their binary architecture are
conceptually simple, over 30 proteins have been identified to be dedicated to this single
pathwayin thefruit fly, Drosophilamelanogasteralone suggestingubstantiaklaborations

of, andinnovationsn, thegenomedefendingpiRNA pathwayduringmetazoarevolution.

However,the underlyingdriving forcefor suchcomplexityremaindargely unknown.



3
In addition,mostprior studiesof thepiRNA pathway jn anyanimal,havebeenfocusedon

oneof thetwo sexesleavingthe piRNA biology virtually unexploredn theothersex.Given
thatgenomealefensegainsselfishgeness mostcritical in theheritablegenomen thegerm
cell—arguablythemostsexuallydimorphiccell type—thepiRNA pathwayis verylikely to
differ between sexes. Thus, to what extent, how vamgthe piRNA pathway is sexually

dimorphic represent major gaps in our current knowledge of genome defense.

In this thesis, | sought to address two key questions of pHgiided genome defense:

sexual dimorphism anelolutionaryinnovation.

Thesisoverview

In Chaptetl, | describedhe makeupof thepiRNA pathwayandhighlightedits diversity
andrapid evolutionacrossmetazoansrhisis areviewarticleinvited by Molecular Biology

and Evolutioncurrentlyin preparation.

In Chapter lll, | described the first systematic definition of piIRNA®imfmelanogaster
testis andsubstantial sexual dimorphism of the piRNA program in the fly gonads. | showed
that the sesspecific piRNA program parallels the sexually dimorphic transposon
landscapesuggestinganadaptatiorof the piRNA programto distincttransposotthreatsin

two sexes.In addition, | describedthe discovery of a new piRNA locus on the Y
chromosomepetrel which evolved very recently to control tegpressiorof an X-linked
gene,pirate, implicating the piRNA pathwayin resolving X-versusY sex chromosome

conflicts. Thisalsoassignednovelfunctionto theD. melanogastel chromosome,
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which hasbeenstudiedfor over 100years.Intriguingly, a differentclassof smallRNAs,

SiRNAs, evolvedin a sibling speciesto control the orthologouspirate gene,
suggestingphenotypicconvergencgheretwo distinctsmallRNA pathwaysvererecruited
to tameaconservedjenein <3 million yearsof evolution.Chapteill is aresearclarticle

publishedn 2021in Genes& Development.

In ChapterlV, | studieda protein complex called the Rhino-DeadlockCutoff (RDC)
complex, which licensesthe noncanonical transcription of piRNA clusters in the
Drosophilagermline.lt wasthoughtthat the RDC complex was femadpecific, raising
the question of how piRNA clusters aranscribedn the male counterpartChallenging
this dogma,l showedthat theRDC complex operatesn the male germline but exhibits
severaprominentsexdifferencesin particular,RDC differentially binds different piRNA
clusters to mount a sespecific piRNA program in each of the two sexEarthermore,
RDC shows unique spatiotemporal dynamicsduring early spermatogenesisactivating
differentpiRNA clustersatdifferentstage®f malegermlinedevelopmentChaptelV is a

research article published in 2021RhoSGenetics

In ChapterV, | followed up with my discovery of pIRNA sexual dimorphismin
Drosophilagonads andghowedthat mostof it originatesfrom the germline,ratherthan
gonadal somatic cells. Building on this, | dissected the underlying genetic control
mechanisms of germline piRNA sexual dimorphism. Specifically, | employed unique
genetic tools irDrosophilato independently manipulate sex chromosome compositions
and germline sex determination. | found that the Y chromosome is both necessary and
sufficient to recapitulate some aspects of the male piRMégram—in fact, theY

chromosome can produce otherwise rsglecific piRNAs in female cellulanvironments.
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On the other hand, by manipulatingthe sex determinationpathway,| showedthat sex

determinatiordirectly controlspiRNA sexualdimorphismvia the key switch protein, SxI.
The effect of cellular sexualidentity on piRNA sexualdimorphismis mediated,in part,
throughtwo chromatin proteins: a histone reader protein, Phf7, and a zinc finger
protein, Kipferl. Together,my work showedthatthe sexchromosomeandcellularsexual
identity controldifferentfacetsof piRNA sexual dimorphismandit is their collectiveaction
that sculptsthe piRNA sexualdimorphism.ChapterV is a research article published in

2023 inCurrent Biology

In Chapter VI, | conducted a targetiedvivo RNAI screen and discovered a new piRNA
pathway factorthat | named Trailblazer. Trailblazer specifically protects the male
germlineagainsta malespecificselfishgenefamily, Stellate representinghefirst piRNA
pathwaymachineryknownto be specificallyrequiredfor genomealefensen male,butnot
female, flies. Mechanistically, Trailblazer is a germline transcription factor that up-
regulatesthe expressionof two piRNA pathwayeffectors— Aub and AGO3—thereby
silencing the highly abundar@tellatetranscripts produced from th@mpliconicStellate
genes. The ability of Trailblazer to tune the piRNA pathway results ftsnrecent
innovationin its DNA-binding domain, as a close ortholog from a sibling speciesthat
diverged<3 million yearsago is unableto substituteits function in D. melanogaster
Basedon thesefindings, | proposed a new mode eWolutionaryinnovation in genome
defense: quantitatively tuning the general, targaispecificdefensemachineryto match
selfishgenesin abundanceGiven that copy-number expansiois a recurrentfeatureof
diverseselfishgenedoundacrosghetreeof life, | envisionthat this is likely a widespread
phenomenon and a central strategy in evolutionary battles against the expsafiiting

genesChapteVI is aresearclarticlerecentlysubmittedor journalpublication.






Chapter 2

RAPID EVOLUTION OF THEPIRNA PATHWAY

B.Chen, A. A. Aravin (2024).
Invitedreviewfor Mol Biol Evol; in preparation



Main Text

Introduction

In 1961, a peculiar observation was made under the microscope: -needtarshaped
crystals accumulate in the spermatocyte nucl®rasophila melanogasteXO males that

lack a Y chromosome . These crystals were only found in XO males, but never in XY. The
locus responsible for the production of these crystals was mapped to the X chromosome
and n &tellatéd , “ whi ch describes things arranged
of crystals observe(l). Meanwhile, the Ylinked locus that suppresses the appearance of
these Stellate crystals was nanoegstal (cry) andSuppressor of Stella{&u(Ste) by two
different groups(2, 3) (referred to asSu(Ste)hereafter). BothStellate and Su(Ste)are
ampliconic, tandem repeats. For over a decade, it was uncleaB@te)-a Y-linked

locus that shares sequence homology with tHeked Stellatelocus(4)—acts to suppress
Stellate Inspired by work on homologglependent silencing via RNA interferen@e8),

it was reported in 2001 th&u(Steproduces short RNAs that are just slightly longer than
21-23nt small interfering RNA (siRNA), which seem to confer silencif®). Five years

later, a distinct class of small RNAs were narR&I-interacting RNAs (piRNAs), which
specifically bind PIWiclade Argonaute proteins and thus differ from siRNA and
microRNA that bind AGGclade Argonaute proteir{d0-15). Su(Steshort RNAs, initially
thought to be slightly longer, repeadsociated siRNAs (rasiRNAs), were then recognized

as piIRNAs(15, 16).

The discovery of the piRNA pathway, where small sooaling piRNAs guide PIWI
proteins to silence complementary RNAs, solved several decédiesidles of transposon
control inDrosophila melanogasteirheflamencadocus that silences thgypsytransposon

turned out to encode piRNAs rather than protdibg 18), the X telomereassociated
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sequence (XTAS) that controls thé-elemen transposon was found to produce piRNAs

(18, 19), and the maternally supplied materials that confer silencirfgrelementand |-
elementransposons in the offspring were also piRN28-22). In the 18 years following

the discovery of piRNAs in 2006, piRNAs and their PIWI protein partners have been
found in the vast majority of animals, but not in plants, fungi, or a few metazoan lineages
(23-26). Because transposdargeting piRNAs can be found in almost all animals,
transposon control seems to be the deeply conserved function of piRNAs. However, the
most striking feature of the piRNA pathway is its rapid evolution: novel piRNAs
recurrently evolve to regulate new targets that differ among closely related species, the
piRNA pathway frequently employs young and fasblving proteins for its essential
function, and the overall piRNA pathway architecture markedly diverges across taxa. This
trait of rapid evolution distinguishes the piRNA pathway from other small RNA pathways
in animals, but how and why the piRNA pathway evolves so fast remain important puzzles

in the field.

In this Review, we will first describe the makeup of the piRNA pathway in two focal
species (flies and mice) and then take a comparative approach to examine its rapid
evolution across metazoans. Next, we will discuss the mechanisms, driving forces, and
consequences of rapid piRNA pathway evolution and highlight open questions in the field.
While the conserved function of the piRNA pathway in transposon control already implies
its ability to quickly change and adapt to the esteanging transposon landscape,
mechanistically how the piRNA pathway does so remain elusive. We further argue that the
ubiquitous piRNAs against nemansposon targets, such $igllatein flies (9, 15, 16) and

those described in the initial discovery of the piRNA pathway in mamfh@d4 3), hint at

additional forces driving piRNA pathway evolution. We propose that genetic conflicts,
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including but far beyond the hestinsposon conflict, underpin rapid piRNA pathway

evolution.

Makeup of the piRNA pathway

Cutting: posttranscriptional silencing

At the core of the piRNA pathway, a small rooding piRNA loads onto a PIWI protein

and guides it to find complementary RNAs for silencing. Conceptually similar to AGO
proteins loaded with sSiRNA guides, cytoplasmic PIWI proteins exerttpsscriptional
silencing by cleaving the target RNAs that are complementary to piRNA g{iile®7-

29) (Fig. 1a). While the exact targeting rules of piRNAs is still a subject of active research,
PIWI-mediated cleavage can happen when there is high, but not necessarily perfect,
sequence complementarity between piRNAs and taf§6fsand such cleavage occurs at
exactly 10 nt away from the pi RNA 5’ end,
(31). Cytoplasmic PIWI proteins are often found at the -pedlear cytoplasmic
compart ment €18, 132), evidich tontaires ghe DEADOx RNA helicase-

Vasa in flies and MVH/DDX4 in mice-that defines a class of germlispecific granules

across metazoans.

Rather than simply being degraded, the target RNA cleaved by PIWI can be turned into
yet another piRNA. This new piRNA with the opposite polarity to the original piRNA can
repeat the process and ultimately produce a piRNA similar to the original piRNA,
resultinginthese al | egponmgi mycl e” that selectively
abundant complementary targets, analogous to adaptive imm&ity27). This was
proposed based on the observation that complementary piRNAs are often found to have 10

nt -tos” over | ampedisaad el WIl eavage often al so
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piRNA. Interestingly, flies and mice both have multiple cytoplasmic PIWI proteins,

among which piRNA pingpong pairs are partitioned unevenly. In flies, two cytoplasmic
PIWI proteins, Aub and Ago3, disproportionally load transpematisense and
transposorsense piRNAS, respectively, suggesting that the two PIWI proteins participate
in sequential steps of the piupyng cycle(18, 27). Similarly, in mice, MIWI2/PIWIL4

and MILI/PIWIL2 ping-pong(33).

Cycles of pingpong processing and, more generally, localizations and functions of PIWI
proteins require dynamic regulation. Just three years following the discovery of the piRNA
pathway, PIWI proteins were found to contain symmetrically dimethylated arginine
(sDMA) (34-38), a posttranslational modification bound by Tudor domantaining
proteins (TDRDs)39). Since then, a set of TDRDs have been biochemically identified in
PIWI interactome and genetically implicated in PIWI functions, including Vret/TDRD1,
Papi/TDRD2 (a.k.a. TDRKH), Qin/TDRD4 (a.k.a. RNF17), Tej/TDRD5, Tud/TDRDS,
Tapas/TDRD7, Spi#e/TDRD9, Krimp (a flyspecific TDRD), and TDRD12 which has
three paralogs in flies: Yb, Bo(Yb), and So(MB#Pp—47). This set of TDRDs is thought to

regulate the pingpong cycle and other PIWI functions dynamically.

Without cutting: cotranscriptional silencing

While the piRNA pathway can silence targets gostscriptionally in the cytoplasma
function shared with metazoan siRNA and microRNA pathwaye piRNA pathway

also uniquely has a second, nuclear arm that silences targétanscriptionally on
chromatin (Fig. 1b). Instead of mediating an enzymatic cleavage of the nascent target
RNA, the nuclear PIWI (Piwi in flies and MIWI2/PIWIL4 in mice) initiates

heterochromatin formation at the target genomic locus. This is done by H3K9me3
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deposition in both flieg48-51) and mice(52), as well as DNA methylation in mig&3,

53-55) (note that flies are a unique animal group that lack DNA methylation altogether).
PIWI, through a set of auxiliary protewsArx (56-58), Panx(59, 60), and Nxf2(61-64)

in flies and SPOCD1(65 and TEX15 (66, 67) in mice, recruits histone lysine
methyltransferase EQQ/SETDB1 to deposit H3K9Mg39, 60) and DNA
methyltransferases DNMT3C and their-femtor DNMT3L to methylate DNA(33, 55,

68). Beyond a dedicated set of proteins, protein SUMOylation, a-taowtlational
modification, also emerged as a key regulator of piRjN#led heterochromatin

formation(69-71).

Of note, Arx that partners with the nuclear Piwi to exeftranscriptional silencing is one

of the four fly homologs of the conserved gametosgecific factor 1 (GTSF1) protein
family (56-58), whose murine ortholog was recently shown to accelerate the target
cleavage of the cytoplasmic PIWI proteirMIWI/PIWIL1 and MILI/PIWIL2—in mice

(72). Additionally, the two GTSF1 paralogs in silkworm were shown to orthogonally
activate two cytoplasmic PIWI proteins for target cleavég®. These recent findings
suggest that different GTSF1 paralogs likely partner with different PIWI proteins for their
functions, by either podtanscriptionally enhancing target cleavage (as shown in mice) or

co-transcriptionally facilitating heterochromatin formation (as shown in flies).

Before chopping: transcription and export of piRNA precursors

piRNAs guide the PIWI proteins to silence targets, but how are piIRNAs made? Unlike
microRNAs and proteins, which are encoded in individual genes, piRNAs are encoded in
extended genomic | oci termed “pi RNA cl ust

specieq10, 11, 18). piRNA precursors are transcribed from the piRNA clusters by RNA
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polymerase Il as singistranded long RNAs, which, following nuclear export, are

chopped” into short piRNAs in the cytopl a

pPiIRNA clusters differ between species and even across cell types and developmental
stages within a species. In flies, the piRNA pathway is active in germ cells and gonadal

somatic cells that surround and support germ ¢&8s Both cell types have the salled

ustrand pi RNA clusters”, whose transcrip
canoni cal transcripti esnt,r amuwt pg eRrNMI icnleu sa lega
piRNA precursors are transcribed from both DNA strands (Fig. 1c).-8itarid piRNA

clusters bend most conventional rules of gene expression: they lack defined promoters, are
transcribed without splicing and polyadenylation, and are embedded in H3K9me3
decorated heterochromatin. Such +gamonical transcription of duatrand piRNA

clusters is enabled by a fgpecific tripartite protein complex, Rbiel-Cuff (RDC)
complex(74-78). RDC biology is mediated, in part, through a set of specialized protein
machinery: the zinéinger protein Kipf recruits RDC to certain piRNA clust¢r9); for

many piRNA clusters, RDC initiates transcription via a specialized FEIparalog Moon

(80) and enables the nuclear export by recruiting Boot and K&E382). On the other

hand, unistrand piRNA clusters behave mostly like normal preteiding genes, though

two nucleoporins, Nup54 and Nup58, appear particularly important for their nuclear

export(83).

In mice, piIRNAs and their genomic origins differ substantially between developmental
stages. In prenatal/fetal (E16.5) and neonatal (on/before P10) mouse testes, where germ
cell s have not y et reached the pachytene

pachyt e dyalstrand pPiRNA clusters similar to those in flies can be found;
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however, i ndi vidual transposons and mRNASs

major sources of fetal and neonatal piIRNAs, respecti{@dy 53). Meanwhile, in adult

testis (on/after P14), most piRNAg ef erred t o as the “pachyte
containing them are at the pachytene stagee encoded in divergently transcribed loci

(10, 11), where the transcription factor-MYB transcribes many piRNA precursof84)

from one DNA strand on one side of the promoter and the other DNA strand on the other
side of the promoter. Overall, mechanisms by which piRNA precursors are made appear to

the most diverged aspects of the piRNA pathway between flies and mice.

Chopping: phased fragmentation of piRNA precursors into piRNAs

Once singlestranded piRNA precursors have been exported to the cytoplasm, they need to
be cut into short piRNAs that can load onto PIWI proteins and guide them to
compl ement ary RNAs for targeting. A key en
called Zuc in flies and PLD6 (or MitoPLD) in mice, which is anchored at the mitochondria
outer membrang85-89). Though homologous to phospholipases, Zuc/PLD6 shows
nuclease, rather than phospholipase, activi88s89). Once Zuc/PLD6 has made a cut on
pPiRNA precursors, it often makes another cut(s) downstream of the previous cut (Fig. 1d),
leading to phased production of serial piRNAs from one trang@@p©1). As opposed to

the pingpong cycle that increases the abundance of piRNAs, Zuc/fh&Bated phasing

is thought to diversify piRNA species, converting sequences downstream of a piRNA
target into potentially novel piRNAs. For unknown reasons, the outer mitochondrial
membrane (OMM) seems to be a key processing site for piRNAs, housing Zuc/PLD6 and
other proteins critical for piRNA production: Mino/GPAT®22), Gasz/GASZ493-96), and

a fly-specific protein, Dae(P6).
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In flies, the Zueme di at ed cut generates not just the

the 3’ end of g90,9%.i glhnb onmiicneg, phioR\NeAY €1 t he ¢
PLD6 cut has to be trimmed by PNLDG27-99) to make mature piRNAs, and this

process involves TDRD2/TDRKKBO, 91). Once the piRNAs of correct lengths are made,

t hey -@Gmethylaed by Hen1/HENMT({100-103 and loaded onto PIWI proteins by

chaperone Hsp90/HSP90 andatperone Shu/FKBRA04, 105).

How does Zuc/PLD6 select the correct RNAs for piRNA biogenesis? In fly germ cells,
PIWI cuts (in particular, Ago3 cuts) in nuage are often upstream of Zuc cuts at the
mitochondrial surfac€90, 91). In other words, RNAs cleaved by PIWI proteins in nuage
are identified as piRNA precursors and brought to mitochondria for phased piRNA
biogenesis, which seems to be facilitated by the helicase Armi/MOV10L1. Blocking the
PIWI or Zuc cuts enriches Armi in nuage and mitochondria, respectively, suggesting that
Armi shuttles between two subcellular compartmefi86 107). In the fly gonadal
somatic cells and mouse germ cells, however, the source of specificity for Zue/PLD6
mediated piRNA biogenesis are still unknown, although Armi and Yb (@piégific
TDRD12 protein) are known to be involved in defining the input RNAs for Zuc in the
gonadal soma of flie€l08 109). Interestingly, artificially tethering an unrelated RNA to
Armi or Yb is sufficient to trigger piRNA production from that RN@10, 111),
supporting a role of Armi and Yb in selecting piRNA precursors among cellular RNAs for

processing.

The complexity
Even though the core architecture of the piRNA pathwslyort piRNAs guide PIWI

proteins to find targets for silencirgs conceptually simple, over 30 proteins have been
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described to be dedicated to this pathway, many of which are lhspa&géic proteins.

While the functions of some proteins remain obscure, e.g., the conserved protein
Mael/MAEL (32, 48, 112-114) and the flyspecific Squ(85, 86), four modules of the
piRNA pathway have merged (Fig. 1). Nonetheless, distinctions between the biogenesis
and functions of piRNAs have become increasingly blurry. For example- post
transcriptional silencing also produces piRNAs via the 4pogg cycle and feeds into
phased piRNA biogenesis at the mitochondria surfaceracscriptional silencing also

sets up the chromatin environment for certain piIRNA precursor transcription; and phased
piRNA biogenesis is arguably also a type of poanscriptional silencing. Because of
such interconnectivities, as well as difficulties to reconstitute the complex piRNA pathway
in vitro, the molecular events initiating different parts of the piRNA pathway are still
unclear, and spatiotemporally ordering different processes within the pathway remains

nontrivial.

Diversity and rapid evolution of the piIRNA pathway

The complexity of the piRNA pathway is further exacerbated by its overwhelming
diversity and rapid evolution across metazoans. We describe below the diversity and rapid
evolution of i) norcoding piRNAs, ii) protein machinery of the piRNA pathway, and iii)

their cell type ranges of operation in different species.

Non-coding piRNAs

piRNAs against transposons

As the sources of specificity, piRNA species dictate the targets and functions of the
piRNA pathway. In almost all the animal species examined to date, piRNAs can be found

i n the germline (or cells that harbor the
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of them target transposons (Fig. 2). This observation suggests that the ancient function of

the piIRNA pathway is transposon control in heritable genome, like germline genome in
sexually reproducing animals and some somatic stem cell genome in asexual lineages. As
transposon sequence landscape differs among closely related species, sequences of
transposortargeting piRNAs are poorly conserved. Even when syntenic, piRNA
producing loci can be found between related species, the underlying sequences diverge
(10, 11, 115-119), let alone the complete lack of conservation in more distantly related
species. Thus, unlike microRNAs that are conserved across long evolutionary spans,

piRNAs often evolve fast and diverge across species.

piRNAs against host genes

Outside transposon control, piRNAs can participate in gene regulation. In the initial
description of piRNAs in adult mammalian testes, pachytene piRNAs were found to be
depleted of transposon sequences and they were diverse genigme sequences that
map to almost only themselvé€s0, 11). Because of the poorly defined targeting rules of
piRNAs, it was not until recently that two pachytene piRNA loci were experimentally
demonstrated to each regulate a few host genes during mouse spermiqd20es21).
Nonetheless, pachytene piRNAs evolve fast and their sequences are poorly conserved
(117). Although flies only express piRNAs before meiosis and therefore lack pachytene
piRNAs found in mammals, the first described piRNA speei8si(Ste)piRNAsS—
regulate the expression dbtellate genes in the male germline of flie®, 15).
Subsequently, another piRNA locus callad-chX was found to produce piRNAs that
target thevasagene in the fly male germlind.6), and, more recently, yet another piRNA
locus calledpetrel was discovered to regulate tpgrate gene(122. Notably, all three

generegulating piRNAs were only found iDrosophila melanogasterbut not in its
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sibling species, highlighting recent piRNA innovations. Meanwhile, in the silkworm

Bombyx morithe WHinked FeminizerpiRNA silences the Zinked Masculinizergene,
thereby determining the femaleness of ZW anin{a®3). While the Masculinizergene

can be found in most Lepidopteran species,RbminizerpiRNA seems to be Bombyx
innovation to silenceMasculinizer (124-127). Yet, in a distantly related species, the
diamondback mothPlutella xylostella distinct piRNA species arose on the W
chromosome to silence thdasculinizer gene, suggesting convergent evolutid?28).
Interestingly, inC. elegansand C. briggsae different piRNA species regulate the
expression of the orthologousl-1 gene—a key regulator of sex determination and
dosage compensati¢h29. Finally, in other invertebrates such as mosquitos, locusts, and
planarians, geneegulating piRNAs have been identified in the sq20-132). Together,
contrary to the deeply conserved role of piRNAs in transposon control, gene regulations

seems to be lineaggpecific innovations of piRNAs at the tips of the animal tree (Fig. 2).

piRNAs against (or from) viruses and satDNAs

In addition to transposon control and gene regulation, piRNAs have taken on the antiviral
function in a few phylogenetically isolated speeterosquitog133 134), chicken(135),

and koala(136—but not in a broader range of animals. Furthermore, piRNAs are
produced from two phylogenetically unrelated satDNAs in mosq(l®8 and flies(122,

137, 138, respectively, further adding to the diversity of piRNAs. These findings
emphasize the lineagmpecific involvement of piRNAs in virus and satDNA biology (Fig.

2).

Key features of piRNAs: diverse sequences, varying abundance, and autoimmune

constraints
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A key feature of piIRNAs seen across the animal tree is their sequence diversity. piRNAs

take up a vast sequence space and, with just a few mismatches, they can map to a large
number of cellular transcripts. Coupled with the lack of evolutionary conservation in
pPiIRNA sequences, a central challenge in piRNA biology is to idehbfya fidetargets

among diverse sequences that piRNAs can map to through imperfect complementarity.
While piIRNA sequences are so diverse, their abundance varies substantially, with an
overall positive correlation between the abundance of piRNAs and their regulatory
impacts(139). This is in part because the pipgng cycle is thought to selectively amplify
piRNAs that recognize actively transcribed target RNAs, rendering their abundance higher
than other piRNAs that do not actively engage with targe8 27). Thus, abundant
piRNAs are more likely to be active regulators of target expression, whereas those of low
abundance probably do not have a regulatory function. This also reflects the
“aut oi mmune” constraints faced by the pi RN
potential to, but must not, silence essential host gé#d. Consequently, as diverse

piIRNAs evolve to tame changing transposon landscape and acquire Jgpssmifec new

targets, the abundance of many piRNAs is gated to minimize autoimmunity.

Protein machinery of the piRNA pathway

PIWI proteins: diverse subcellular localization, sex specificity, and cell type specificity

As implied by their namesPIWI-interacting RNAs—piRNAs are defined by their
interaction with PIWI proteins, and they exert regulatory functions through their PIWI
protein partners. The number of PIWI proteins differ drastically across metazoans (Fig. 2).
Hydra, silkworm, zebrafish, and chicken only have two cytoplasmic PIWI proged%s
141-144), likely reflecting an ancestral state. Meanwhile, planarian, fruit fly, and

mammals have a third, nuclear PIWI proteiSMEDWI-2, Piwi, and PIWIL4,
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respectively—but they are not direct orthologs with each ottlet5-147), suggesting at

least three independent evolution of nuclear PIWI proteins. In many mammals including
cattle, golden hamsters, and humaigth the notable exception of rodentthere is a
fourth PIWI protein, PIWIL3(148-153), that is cytoplasmic. Intriguingly, PIWIL3 is
ovary-specific whereas PIWIL4 is testspecific, implicating PIWI protein specialization

in sexspecific piRNA biology. Remarkably, mosquitos have an expanded PIWI protein
family of seven membetsone (Piwi7) is embry@pecific, one (Piwi3) is ovargpecific,

one (Piwi2) is germlinespecific, and the remaining four are ubiquitously expressgd).

This level of protein family expansion and cell type specificity imply substantial
specialization of different PIWI proteins in mosquitos. Lineagecific PIWI duplication

is not unique to mosquitos. For example, besides XILI/PIWIL2 and XIWI2/PIWIL4, frogs
have two PIWIL1 paralogs: XIWIla/PIWIL1la and XIWI1b/PIWIL1{155). Lastly,
nematode is a unique animal clade where many lineages have lost PIWI genes and the
piRNA pathway altogethe(24), and C. eleganshas only one PIWI protei\l156-158),

whose functions and associated piRNAs differ considerably from most other animal clades

(159). Collectively, PIWI proteins exhibit striking diversity across animals.

Subcellular topologies, functions, and actions

Subcellular localizations of PIWI proteins profoundly impact the piRNA pathway by
determining how it silences targets in different species. In flies and mice, piRNAs can load
onto cytoplasmic and nuclear PIWI proteins to silence targetstiaosicriptionally in the
cytoplasm and ctranscriptionally in the nucleus, respectivéBs, 48). However, many

other taxa lack nuclear PIWI proteins and therefore the nuclear arm of the piRNA pathway
altogether, exclusively silencing targets pwanscriptionally in the cytoplasm. On the

other hand, the gonadal somatic cells in flies haveopted the nuclear, but not
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cytoplasmic, arm of the piRNA pathway to only silence targetsartscriptionally in the

nucleus (115 160. Thus, across different cell types in different species, the piRNA
pathway can adopt one of the three subcellular topologies: nuclear only, cytoplasmic only,
or both nuclear and cytoplasmic. These distinct subcellular topologies translate to different

functions and modes of actions of the piRNA pathway.

The diversity and rapid evolution of the piRNA pathway machinery can also be seen in
TDRDs and GTSFs that interact with PIWI proteins, sets of protein machinery that drive
piRNA cluster expression, as well as those at the mitochondria surface facilitating piRNA
biogenesis. Furthermore, at an even higher level, the cell type range of piRNA pathway
operation also exhibits striking diversity. These are not described in detail here but will be

discussed in the final manuscript submitted for journal publication.
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Figure 1. Makeup of the piRNA pathway: four modules.
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Figure 2. Diversity and rapid evolution of the piRNA pathway.
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Chapter 3

PIRNA-MEDIATED GENEREGULATION AND ADAPTATION TO
SEX-SPECIFIC TRANSPOSON EXPRESSION IN D.
MELANOGASTER MALE GERMLINE

P.Chen, A. A. Kotov, B. K. Godneeva$.S.Bazylev,L. V. Olenina,A. A. Aravin (2021).
Genedev35,914-935.https://doi.org/10.1101/gad.345041.120
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ABSTRACT

Smallnon-codingpiRNAs actassequencepecificguidesto represcomplementaryargets

in MetazoaPrior studiesin Drosophilaovarieshavedemonstratethe function of piRNA
pathway in transposon silencing and therefore genome defense. However, the ability of
piRNA program to respond to different transposon landscape and the role of piRNAs in
regulating host gene expression remain poorly understood. Here, we comprehensively
analyzed piRNA expression and defined the repertoire of their targddsosophila
melanogastertestes. Comparison of piRNA programs between sexes revealed sexual
dimorphism in piRNA programs that parallel sgpecific transposon expression. Using a
novel bioinformatic pipeline, we identified new piRNA clusters and established complex
satellites as duatrand piRNA clusters. While sharing most piRNA clusters, two sexes
employ them differentially to combat sepecific transposon landscape. We found two
pPiIRNA clusters that produce piRNAs antisense to four host genes in testis, including
CG12717/piratea SUMO protease gene. piRNAs encoded on Y chromosome silestee
butnotits paralogto exertsex andparalogspecificgeneregulation Interestingly pirate is
targeted by endogenous siRNAs in a sibling spe@essophila mauritiana suggesting
distinctbutrelatedsilencingstrategiesnventedin recentevolutionto regulatea conserved

proteincoding gene.
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Main Text

INTRODUCTION

PIWI-interacting(pi)RNA is aclassof smallnoncodingRNAs namedaftertheirinteraction

with PIWI-clade Argounate proteins. piRNAs guide PIWI proteins to complementary RNAS,
thereby specifying the target of PIWI silencing. Unlike miRNAs and siRNAs that are
ubiquitouslyexpressedheexpressiorof piRNAs s restrictedo gonadsn manyanimals.

As aresult,perturbatiorof the piRNA programoftencompromiseseproductivefunctions

with no obvious defects in somarosophilamelanogasteis one of the most used model
organismgo studypiRNA biogenesigindfunction.In fact, piRNAs werefirst describedn

fly testeq1, 2). However mostsubsequerdtudiesnvereperformedusingovariesasamodel
systemWork onfemalegonadshasshownthatmostpiRNAs havehomologyto transposable
elementgTEs),suggestingd Esasmajortargetsof piRNAs (3). Studiesonfly ovariesalso
identifiedlargeintergeniaegionsdubbediRNA clusterghatharbomestedrl E fragments,
which act as genomic source loci of piRNAs. A psgntromeric region on chr2R called
42ABwasfoundto bethemostactivepiRNA clusterin ovaries It remaindargelyunexplored

to whatextentthesefindings from ovariesareapplicableto the malecounterpartTo date,

we still know very little abouthow sexuallydimorphicthe DrosophilapiRNA programis,
besideghatthereis asinglelocusonY chromosomealledSuppressoof Stellate(Su(Ste)

that produces piRNAs only in males.

Importantly, Drosophila as an animal model offers unique value to studying sexual

dimorphismof the piRNA programin generalln zebrafish piRNA pathwaymutantsare
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always phenotypically maled+6), rendering it nearly impossible psobe the impact of

piRNA lossin femalesin mice,anintactpiRNA programis only requiredfor malefertility,
while murinefemalesareinsensitiveto piRNA loss(7-9). Contraryto fish andmousefly
fertility is dependent on a functional piRN#athway in both sexed+3, 10). Therefore,
Drosophilaprovidesanunparalleledpportunityto studywhether andif sohow,thepiRNA

program can be modified in each sex to safeguard reproductive functions.

In this study,we comprehensivelgnalyzedhepiRNA profile in Drosophilamelanogaster
testisandcomparedt to thefemalecounterpartBesidesTEs,we foundcomplexsatellites
asanotherclassof selfishgeneticelementdargetedy thepiRNA pathwayin gonadsf both
sexesQuranalysisshowedhatTE-silencingpiRNA programis sexuallydimorphic,andit

shows evidence of adaptation to specific TE landscape. To understand the genomic
originsof differentially produceciRNAS, we soughtto de novodefinegenomewide piRNA
clusters in testis. However, we noticed that the standard pipeline used for ovary piRNAs
failed to detect known piRNA clusters in testis, so we developed a new bioinformatic
algorithmto tacklethis problem.Using the new algorithm, we were able to identify novel
pPiIRNA clusters and to quantify their activities more accurately in both sexes. Notably,
piRNA source loci are employed differentially in males and females, and the sex bias of
piRNA clusterexpressiorappear$o matchthatof their TE contentsWe alsofoundtwo loci
producingpiRNAswith thepotentialto repressostproteincodinggenesincludinganewly
identified locus on Y that we namegetrel, which produces piRNAs against

CG12717/pirateExpressiorof pirate, butnotits closeparalogverloren is de-represseth
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multiple piRNA pathway mutants, indicating that piRNAs silence its expression and can

distinguishparalogaith sequencsimilarities.Finally, we exploredtheevolutionaryhistory
of pirate and found it to be a young geneconservedn the melanogasteisubgroup.

Intriguingly, pirateis targeted by another class of small foaling RNAs, endogenous
siRNAs, in thesibling specieProsophilamauritiana suggestinglistinctsmallRNA-based

silencingstrategiesnventedin recentevolutionto regulateayoungyet conservedene.

RESULTS
DrosophilapiRNA program is sexuallydimorphic

To characterizéhe piRNA profile in malegonadswe sequenced8-30ntsmallRNAs from
testes and compared themith published ovary small RNA datasefsl), Mapping and
annotatiorof smallRNA readsusingthepipelineshownin SupplementariFig. S1revealed
large differences in the expression of major classes of small RNAs between testes and
ovariesIn agreementith previousfindings(12), TE-mapping23-29ntpiRNAs arethemost
abundant class of small RNAs in ovaries, while-Z3nt microRNAs constitute a minor
fractionandanevensmalleronefor 21ntendogenouénda) siRNAs(Fig. 1A). In contrast,
mMiRNASs constitutea largerfractionin testessodo endesiRNAsthatmapto proteincoding
genes, consistent with a previous regb8). To define the piRNA population, we eliminated
reads mapping to other types of roading RNA (rRNA, miRNA, snRNA, snoRNA and
tRNA) from 23-29nt small RNAs. Remaining reads show a strong bias for U at the first
nucleotide( “ bW a79.9%),thefeatureof bonafide piRNAs (Fig. 1B). The piRNA-to-

mMiRNA ratiois distinctbetweersexes=10in ovaryand~2in testis.In bothsexespiRNAs
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mapping to TEs take up the largest fraction of total piRNAs. However, whereas 66% of

piRNAs mappedo TEsin ovaries only 40%mappedo TEsin testeqFig. 1B). Meanwhile,
larger fractions of total piRNAs mapped to proteoding genes (including introns) and
intergeniaegionsin testeg24.6%and30.0% respectivelythanovaries(19.6%and10.7%,
respectively)TheseaesultssuggesthatdistinctpiRNA programsperateén maleandfemale

gonads.

TestispiRNAsalsomapto severaknowncomplexsatellitesHETRRTAS(asubtelomeric
satellite repeat)Responder (Rspand SAR (related t01.688 repeat family) (Fig. 1C;
Supplementar¥ig. S2A). ComplexsatellitemappingsmallRNAsin testisexhibit1U bias
andsizedistributionthatpeaksaround24-26nt,consistentith their piRNA identities.Both
strandf complexsatellitegproducepiRNAS, andtheir productiondepend®n Rhino(14),
aproteinthatmarksduatstrandpiRNA clustersandis requiredfor their expressiorf15-17).
Similarly, ovarysmallRNAs alsomapto complexsatellitesandshowfeaturesof bonefide
piRNAs, including 1U bias, size distribution that peaks aroune?2@dt, smallRNA
productionfrom bothstrandsanddependencyn Rhino.Moreover,piRNAs from complex
satellitesshowping-pongsignatureanenrichnmentor 10ntoverlapbetweerthe5 ‘endsof
complementary piRNA pairs, except f@spin testis (Fig. 1C; Supplementary Fig. S2C).
Finally, we examinedhe phasingpattern the presencef piRNAs arrangedail-to-headone
afteranotherasaresultof phasegrocessingf piRNA precursorg18, 19). We foundsuch
aphasingsignaturdor two complexsatellitesn ovary,butnotin testis(Supplementaryig.

S2B). Theseresultsshow that complex satellitesare sourcesof piRNAs in both sexes,
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pointing to a possiblerole of piRNAs in regulatingsatellite DNA and associated

heterochromatin in the gonad.

We next analyzed piRNAs targeting different TE families. Comparison of small RNA
profiles in testis and ovary showed that piRNAs targeting different TEs are expressed at
differentlevelsin two sexegFig. 2A). Top 3 TEstargetedy piRNA areall differentin testis
andovary, and,amongtop 10, only threeare sharedbetweensexes(Supplementaryig.

S2D). Themostdifferentially targetedTEs aretwo telomereassociatedEs, HeT-A and
TAHRE which ovary makes 106 and 74 times more antisense piRNAs, respectively, than
testis. In contrast, several elements suchaagyinsl invader3andcopiaare targeted by

more piRNAs in testis.piRNAs targetingall but one (copi@) TE families show stronger
ping-pongsignaturan ovary,asmeasuredy ping-pongz-score(Fig. 2A). In conclusion,

differentTE families are targeted by piRNAs differentially in two sexes.

Distinct piRNA programs in two sexegarallel sexspecificTE expression

To explore if sex differences in THargeting piRNA programs are accompanied by
differential expression of TEs themselves, we set out to compare expression levels of
different TE families in two sexes. Since piRNA pathway efficiently represses TEs, their
expressionn wild-typeanimalsdoesnotreflecttheir full expressiorpotentialshatcanbe

achieved when piRNA silencing is removed. Hence, we analyzed TE expression in testes
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andovariesof rhi mutantshatlosepiRNA productionfrom duatstrandclustersn both

sexes 14) and controls.

Profiling TE expressionn two sexesuy polyA-selectedpolyA+) RNA-seqdemonstrated

clear sexual dimorphism. Overall, TE expression in piRNA pathway mutant testes and
ovariesis weakly correlated| S p e a rj n@d.8 Supplementaryig. S3A). Among the
tenmostexpressed E familiesin two sexespnly four overlap,thoughthe sameelement,

copia, hasthe highestexpressionn both ovary andtestis(Supplementaryig. S3B). There
aremore TE families expresse@boveeachof the threeexpressiorcutoffs (1000,100 and

10 RPKM) in ovariesthantestes(Supplementaryrig. S3A). The mostovary-biasedTEs
include Blood Gypsy12Burdockandtwo telomereassociated Es,HeT-A andTART(Fig.

2B). Only a few TE families are expressedhigher in testis than ovary (Fig. 2B;
Supplementaryig. S3A). In this group, Transib2and doc2 show the strongestias for
expressionn testis(14- and 6.5-fold higher in testis than ovaryespectively). Overall,

the majority of TE families demonstrate strong differences in their expression between

sexes.

To quantify the effect of piRNA pathway in suppressing TEs in two sexes, we calculated
levelsof TE de-repressiorupondisruptionof piRNA pathway.Few TE familiesremained
unaffectedy rhi mutation,oftenaccompaniedby unperturbedntisensg@iRNA production
(e.q.,gypsygypsyl(andtabor). Thereare9 TE familiesup-regulatednorethan100-fold in

ovary. In contrast, no TE igp-regulated that strongly in testis (Fig. 2C). Overall, the vast

majority of TEsshowstrongerderepressionn ovaries,with gypsy12389fold), Burdock



56
(317-fold), HeT-A (239fold) andTART(80-fold) being the most promineekamples, as

all of themexhibitedno or mild de-repressiorf<4-fold) in testegFig. 2B). Wefoundonly 6
TEs that show stronger (at leastodd) derepression in testis than ovayréansib2, BS2,
baggins1Pm?297 invader3,invader§. Altogether,our resultsshowthatpiRNAs regulate
the expression of different TE families to distinct extents in two sexes, with many TEs

silenced more in ovary and only a few silenced more in testis.

To explorethelink betweenrTE expressiorandpiRNA programsn two sexeswe identified
asetof 36 TE familiesrepressethy piRNA pathwayin atleastonesex(seemethods)For
thesel E families,thereis apositivecorrelationbetweersexbiasof piRNA productionand
sexbiasof TEderepressiorf P e a r} D&3HP<&G001;Fig.2D). Forexampledisruption

of pIRNA pathway byhi mutations dramatically increases expression of three telemere
associated TEHeT-A, TAHREandTART) in ovaries, where there are abundant piRNAs
targetingtheseelementsOn the contrary,muchfewerpiRNAs targetthesetelomericTESIn
testesandexpressiorof theseTEsremainedvery low in rhi mutantmales(Fig. 2A, B, E).

This result indicates that telomeric TEs have a strong, intrinsic bias in their expression
towardsthefemalegermline,andthatpiRNA pathwayappearso haveadaptedo this bias
generatingespectivantisens@iRNAs in female ,but notmale,gonadsin contrasto ovary
biased TEs like telomeric elements, tesiissed TEs such agansib2andbagginslare
targetedby moreantisens@iRNAs in testisthanovary (Fig. 2A, B, E). SomeTEs,suchas
copia mdg3and I-elementare strongly repressed by piRNAs in both sexes. For such

elements, the sex bias in piRNA production does not always match that of TE repression
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(Fig. 2D). Takentogetherthesdindingssuggesthat,for mostTEs,piRNA programsn

malesandfemaleshaveadaptedo differential TE activitiesbetweersexes.

To furtherexplorewhethedifferentialexpressiorf piRNAs betweersexesasfunctional
consequences, we studi@lrdock, an long terminal repeat (LTRYetro-transposon
targeted by 53 times mom@RNASs in ovary(3,756RPM) thantestis(70 RPM) (Fig. 2A).
We useda reportercomposedodf a fragmentof Burdockexpressedinderthe control of
heterologousianospromoterthat drivesexpressionn germlineof both sexeq20). While
reporterwasefficiently silencedn ovaries ofwild-type flies, it was strongly deepressed
in piRNA pathway mutantsrigi”) (Fig. 2F), indicating that the piRNA program
efficiently silencesBurdockin female germlineln contrastwe observedstrongreporter
expressionin testesof wild-type males, andhe disruption of piRNA pathwayin rhi
mutantsdid not leadto an observablencrease ints expressionFig. 2F). This finding
showsthat Burdock is not silencedin testes,likely as a result of very few Burdock
targetingpiRNAs in males(Fig. 2A). Notably,expressiorof endogenouBurdockis highin
ovary (whenpiRNA productionis disrupted)but low in both wildtype and mutanttestis
(Fig. 2B, E). Thus, similar to telomeric TEs, the ability of piRNA pathwayto repress
Burdockin femalebut not malegermlinecorrelateswith anintrinsic biasfor its expression
in females. We conclude that differential expression ctargeting piRNAs in male and

female gonads can have functional consequences in their abilities to silence TEs.

Definition of piRNA clustersin testiswith a newalgorithm
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To getdeepemunderstandingsf thepiRNA programin malegonadswe soughtto define

the genomicorigin of piRNAs and compareit betweentwo sexes.Sincegenomewide
identificationof piIRNA clustershasonly beendonein ovary,we decidedo systematically
searclfor genomidoci thatgenerat@iRNA in testis.We noticedthattwo majorclusteran
testisidentifiedto date,Su(StepndAT-chX bothcontaininternaltandenrepeatsi.e.,they

are made of many copies of almost identical sequeri¢c@g)( As a result, most piRNAs
producedby thesetwo loci mappedto the genomeat multiple positions.However,the
algorithm employed in previous studies to systematically define piRNA clusters in ovary
only usespiRNAsthatmapto thegenomeatsingleuniquepositions(3, 16, 22), raisingthe
guestion of whether it is an appropriate approach to detect clustegu(i8eeomposed
primarily of internaltandenrepeatsin fact,bothSu(SteandAT-chXclusterswvereinitially

identified by different approaches, £3).

EventhoughpiRNAs producedrom Su(SteandAT-chXcannote mappedo singleunique
genomidoci, mostof themmappedo severalocal repeatsnsidetherespectiveclusterdout
nowhereelsein thegenomg(Fig. 3A). Takingadvantagef this property,we developed
newalgorithmthattakesinto accountocal repeatdo definepiRNA clustergSupplementary

Fig. S4A, B). Briefly, in additionto uniquelymappediRNAs, the algorithmsearchesor

piRNA sequencethatmapto multiple positionswithin asinglegenomicregionbutnowhere

else in the genome. This approach ensures that the identified region as a whole generates
piRNAS, though the exact origin within the region remains unknown. Unlike the previous

approachthat usesexclusively uniguelymappedpiRNAS, this algorithm successfully
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identifiedSu(SteandAT-chX two majorpiRNA clustersn testisthatcontainlocalrepeats

(Fig. 3E, F).

We appliedthis newalgorithmto systematicallydentify piRNA clustersactivein testesWe
recovere@®iRNA clusterknownto beactivein testesaswell aspiRNA clustersreviously
defined in ovaries (e.g42AB 38C, 20A andflam) (Fig. 3C; Supplementary Table S1).
Furthermore, our search identified several novel piRNA loci. One of the novel piRNA
clustergslocatedonY chromosomdankedby FDY andMst77YgenegFig. 3C,F) around
heterochromatibandh17(24). We namedhis locuspetrelfor “proximalto fertility regions
onYL” Anothernovellocusis h521, flankedby elF4ABandCG17514genesonchr3L.h52

1 harbors tandem local repeats composed of nested TE fragments that cannot be found
elsewheren thegenomeSimilar to piRNA clustersdentifiedin ovaries only afew clusters
activein testeproducepiRNAs from onegenomicstrand(e.g.,flam and20A so-called” u-n i
strandc | u s taedtheniajprity areduatstrandclusterghatgeneratg@iRNAs from both
genomic strands (Fig. 3E). In sum, our algorithm successfully found previously known

piRNAs clusters and identified novel onedirosophilatestes.

To comparenewalgorithmwith theapproachhatconsideronly uniquelymappediRNAS,

we applied both techniques to analyze the same testis piRNA dataset. This comparison
showed that major piRNA clusters in testis can be divided into two g(&ugps3B). The

first group @2AB 38C, 20Aandflam) contains piRNA clusters that harbor many unique

sequencesoincludinglocal repeatsioesnot substantialljchangeheir identificationand
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guantification. On the other hand, the second group of genomiSio($(e)AT-chX

petrel Hsp70Bandh521) is composeaf piRNA clusterghatcontainfew uniquesequences
but many local repeats, and, accordingly, our new algorithm identified more thald 10
morepiRNAs producedromthesdoci (Fig. 3B). Thus,thisalgorithmis notonly usefulfor
finding newpiRNA sourcdoci butalsoprovidesa moreaccuratequantificationof piRNA

production from previously known clusters.

Sexdifferencein piRNA cluster expression

Tocompargheexpressiomf piRNA clusterdbetweersexeswefirst appliedouralgorithm

to publishedovary piRNA datasetgFig. 3D; SupplementaryrableS1)(11). Thus,piRNA
clusters were defined and their activities were quantified in both sexes using the same
algorithm, allowing for fair comparison. Surprisingly, our analysis revealedAfirahX
originally described as a piRNA cluster in testes, is also highly active in ovafieh X
locusconsistof local repeatg21), sopiRNAs producedrom this locuswereexcludedin
previous studies that analyzed only uniquelgpped reads. In fackT-chXis the second

mostactivepiRNA clusterin ovary, producing~7% of total piRNAs.

ComparisorbetweemiRNA clusteran malesandfemalesevealeda clearsexdifference:a
smallnumberof loci producethe majority of piRNAs in testis,which is notthe casefor ovary
(Fig.4A). Thetwo mostactivepiRNA clusteran testesSu(StepnY chromosomandAT-

chXon X chromosomgproduce~43% and~31% of total piRNAs in testes respectively
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(Fig. 3C). They are followed by the novel piRNA cluster on Y chromosgpeteg| that

produces-4%piRNAs. Along with anothel6 loci, thetop 9 piRNA clustersn testisaccount

for 81.8%o0f total piRNAs. In comparisonpnly 30.4%o0f total piRNAs aremadefrom the

top 9 clustersin ovary,with themostactivelocus42 ABproducing~11%o0f total piRNAs
(Fig. 3D).Whereas a few loci dominate the global piRNA population in testis, the ovary

piRNA profile is shaped by many loci producing piRNAs in comparable amounts.

Next, we compared expression levels of different piRNA clusters in male and female gonads.
FemaledackY chromosomesotheydonothavepiRNAs producedy Y -linked Su(Steand
petrelclusters. For major clusters present in both male and female genomes, we observed
pronouncedsexdifferenceq S p e a r:M0.87Fig.24B). Forinstance 38Cproducesnore
piRNAs than42AB 80EF and40F7 in testes, but the opposite trend is found in ovaries.
Some loci such aSox102Fon chr4 (6, 17) appear to be active only in ovaries but not in
testeqFig. 4F). Thesedifferentially expresse@iRNA clusterdocatedon autosomesyhich

both malesandfemaleshavetwo copies,exemplify the sexspecificusageof piRNA loci.
Moreover,we examinedexpressiotevelsof majorpiRNA clusterson chrX (AT-chX,flam
and20A), which femaleshavetwo copies(XX) andmaleshaveonly one(XY). We found
thatalargerfractionof piRNAs originatefrom AT-chXin testegshanovaries butthereverse
wasfoundfor flam and20A suggestinghatcopynumbersf piRNA clustersdo notcorrelate

well with their expression. Altogether, these findings illustrate a sexually dimorphic
employment of piRNA clusters, where different loci are engaged differentially in-a sex

specific manner.
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Different piRNA clusters have distinct TE contents, so ttéferential expression might
sculpt sexspecific piRNA programs with distinct F&lencing capacities in males and
femalesTo explorealink betweertheexpressiorof piRNA clusterandits TE contentwe
computeccumulativesexbiasof the TE contentof eachmajorpiRNA cluster(Fig. 4C). This
wasdoneby summingsexbiasesof individual TEsin the piRNA clusterweightedby their
lengthcontributiongto thecluster(seeexamplen Fig. 4C). The sexbiasof clusterTE content
matcheghesexbiasin piRNA clusterexpressionsuggestinglink betweertheexpression

of piRNA clustersandTEstheycontrol. To substantiatéhis finding, we analyzedsequence
compositions of three differentially expressed piRNA clus#?#B (ovary-biased) 38C
(testisbiased) andSox102F(ovary-specific). The top 4 TEs most enriched by length in
ovary-biased42AB (batumj gypsyl2 FW and DMRT1H are all ovarybiased in their
expression (Fig. 4D; Supplementary Fig. S3A). Importantly, these 4 TEs are completely
absentn testisbiased38Ccluster.In contrastthreetestisbiasedTl E families,hobqg BS2and
TransibZ are more enriched i88C than in42AB (Fig. 4E; Supplementary Fig. S3A)
Moreover,ovary-specificSox102Fclusterharborsa singleautonomousgransposon] cl-2,

which hashigheractivity in ovary(Fig. 4F; Supplementaryig. S3A). Theseexampleshow

that differential expression of piRNA clusters in two sexes often matches the differential
activitiesof TEstheycontrol,supportingthe notionthatpiRNA clustersareemployedn a

sexspecificfashionto copewith distinct TE landscapén maleandfemalegonads.

piRNA clusterscomposedf local repeatsproduce piRNAs that target hostgenes
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Our analysisindicatedthat 13.8% of testis piRNAs might potentially be involved in

targetinghostgenesastheycanbemappedo proteincodinggenesn antisens@rientation
with asmallnumber(0 to 3) of mismatchedetweemiRNA andgenesequencef-ig. 1B).
To understandhe genomicorigin of thesepiRNAs, we further analyzedsequence
compositions of piRNA clusters. We found that two clustdsgy70Bandpetrel both of

which containlocal repeatsgenerat@iRNAs thathavethe potentialto targethostgenes.

TheHsp70Bclusterspans-35Kbbetweerntwo paralogousisp70Bgeneson chr3R,andit is
activein bothovaryandtestis(Fig. 5A). Thebodyof Hsp70BclustercontainsseverallEs.
EventhoughtherearepiRNAs mappingto theseTEs,theycanbemappecelsewheran the
genomeaswell, renderingt impossibleto be certainthattheyoriginatefrom Hsp70Blocus.
In fact, this cluster was previously identified through the presence of unimagped
piRNAs from flanking norrepetitive genesl@). However, our algorithm that takes into
account local repeats revealed piRNAs generated from a ~354bp local reHep7@B
locus,whichoccupiesearlyall inter-transposos pacevithin this cluster.mportantly these
piRNAs mappedexclusivelyto this local repeatat Hsp70Bclusterbut nowhereelsein the
genomekEverycopy of this local repeais flankedby sequencesf copia2retrotransposon
andcorrespond$o atandenrepeatt Hsp70Bdescribed-40yearsago(25, 26). Theentire
repeatrich regionbetweertwo Hsp70Bgeness presenin D. melanogastebutnotin either
of its sibling speciedD. simulansor D. mauritiana(27, 28), suggestingrecentevolutionary
origin. Intriguingly, theserepeathavea~92%sequencéentity to anexonof thenodgene

which encodes kinesinlike proteinnecessarjor chromosomaegregatiomuringmeiosis
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(29-31). Hsp70Bcluster generatepiRNAS that are antisenseto nod with a 91.3%

averagedhucleotiddadentitytoit. Thislevelof sequencsimilarity is closeto thatbetween
Suppressor of StellagRNAs and theiStellatetargets, the first known case of piRNA
repression], 2), suggesting that piRNAs produced frétap70Blocus might be able to

repress theodgene.

ThesecondocusproducingpiRNAs thatmighttargethostgeness thenovelpiRNA cluster
petrelon Y chromosome, which is only present in XY mdlgg. 5B). This cluster spans
morethan200Kbandincludestwo loci duplicatedrom chr2L andchrX, respectivelythat
containalmosttheentireCG12717gene(whichencodes SUMO proteaseandsmallparts
of Paics (which encodes an enzyme involved in purine biogenesis)Paoth (which
encodeprotamineaspermchromatinprotein)(32). Thesegenehomologousequenceare
furtherduplicatedocally onY to over20 copiesandtakeup nearlyall spacen betweerlTEs
atpetrellocus(Fig. 5B; Supplementaryig. S5B). However thesegenerelatedsequences
likely do not retain coding potentials as they are frequently interrupted by TE sequences.
petrellocusproducepiRNAs antisenséo CG12717 Paicsand ProtAgeneswith averaged
levelsof nucleotideidentity 92.5%,93.9%,and91.0%,respectivelyTogetherfwo piRNA
clustersHsp70Bandpetrel,encodgpiRNAs with the potentialto targetboth TEsandhost

genes.

We quantified expression of piRNAs antisensadd, CG12717 Paicsand ProtA genes

from thesetwo clusters EventhoughthesepiRNAs all posses®ver 90% identity to their
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putativetargetstheir abundancediffer dramatically(Fig. 5C). CG12717geneis targeted

by abundanpiRNAs (4,310RPM), comparabléo the 15" mosttargetedl'E family in testis.
piRNAsagainshodareexpressedt813RPM (~fivefold lesscomparedo CG12717)
while thelevelsof piRNA againstaicsor ProtAarelow (both~50RPM).In addition,
nearlythe entirelengthof CG12717genes targetedy piRNAs,wherea®nly smallpartsof
nod,PaicsandProtA aretargetedThesdindingssuggesthatCG12717andnodmightbe

regulatedby piRNAs in testis.

PiIRNA -guided repression of SUMOproteaseCG12717pirate during spermatogenesis

To examine the role of piRNAs in gemegulation, we employed RNAeq to analyze
expressiorof hostgenesn testesof threedifferentpiRNA pathwaymutantsaub, zucand
spnE (23, 33-35). Transcriptomeprofiling revealedhatonly two genesCG12717andfrtz,

e x h i b i-faldeug-regul@tion in all three piRNA pathway mutants (Fig. 6A). Unlike
CG12717 there are very few, if any, antisense piRNAs targdtitzg so its upregulation
likely reflectsasecondarphenotypdollowing TE derepressionStrikingly, expressiorof
CG12717increased more than ¥6ld in all three mutants (Fig. 6B), indicating that it is
indeedstronglyrepressethy the piRNA pathway Meanwhile we observedo statistically
significantup-regulationof nod, Paicsor ProtAin thesethreemutantgFig. 6B), correlating
with fewer piRNAs against these genes tRdn12717(Fig. 5C). Transcriptome profiling
thusidentifiesCG12717asatargetof piRNA silencingandsuggestshatabundanantisense

piRNAs with high target coverage might be required for efficient silencing.



66
To further examin€G12717expression, we performed RNA situ hybridization chain

reaction(in situ HCR). Expressionof CG12717s very low in control testis,but it was
significantly increased in testesaib zucandspnE mutants, establishing this gene as a
bona fidegene target of the piRNA pathway (Fig. 6@Je also found strongly elevated
CG12717expressionn testesof XO malesthathaveanintactpiRNA pathwaybutlack Y
chromosomgFig. 6D), confirming that CG12717%silencingpiRNAs are encodedon Y
chromosomeConsistentvith theY -linkageof piRNAs againstCG12717it is silencedn
testesbut expressedn ovaries(Fig. 6E). When de-repressedCG12717is specifically
expressedn differentiating spermatocyteshut not in germline stem cells or mitotic
spermatogonidnterestingly Stellateis expresseat the samestagewhenthesilencingby

Su(StepiRNAs is removed3b).

piRNA-guidedcleavagef targetRNAs oftentriggerstheproductionof secondarpiRNAS
from target RNAs in a process dubbed ppuang cycle 8). Examination of piRNA
sequencerevealedabundanpiRNAs derivedfrom theentirelengthof CG12717mRNAsS
(Fig. 5C). In contrast, we found few piRNAs processed from transcriptechPaicsor
ProtA. Furthermoresens@iRNAs derivedfrom CG12717mRNAsandantisens@iRNAs
producedrom petrellocusdemonstrated strongping-pongsignaturgZ10=16.8;Fig. 6F),
characteristic of active piagong cycle. This finding suggests the direct cleavage of
CG12717transcripts guided byetrel piRNAs. Following the generation of secondary
piRNASs by ping-pong,sometargetRNAs continueto be processedhto tail-to-headstrings

of phasediRNAs dubbedtrailing piRNAs (18, 19). We observedstatisticallysignificant
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phasing signature amoi@12717derived sense piRNAs (Z3.2; Supplementary Fig.

S5C), and for a quarterof the secondarypiRNAs, we could identify trailing piRNAs

following the ping-pongsites,consistentvith CG12717beingabonafide piRNA target.

To gainfurtherconfidencan piRNA-guidedcleavageof CG1271Aranscriptswe performed
degradomes eq to profile cellular RNAs that bea
productsf piRNA-guidedcleavageAnalysisof testisdegradomeevealedhatboth Stellate
andCG12717areenrichedamongdegradomdragmentgelativeto their expressionevels
measuredby polyA+ RNA-seq,consistentvith bothgenedeingsubjectto piRNA-guided
cleavaggFig. 6G). In contrastfragmentsrom nod, PaicsandProtA werenotenrichedn
thedegradomdbrary. In total, we obtained354 degradomeeadsrom two replicatesvhich
correspond to 19 uni que CG12717enRNAs (Fig. 6H)t ar e
Importantly, 39% (138/354) of these reads have corresponding antisense piRNAs that
over | aptobl’'Onand’'t hus might be responsible f
Together, the presence 6fG12717derived sense piRNAs and identification of piRNA
guidedcleavageproductsplaceCG12717mRNA asadirecttargetof piRNAs in testis.As
ourresultsindicatethatexpressiorof CG12717 a SUMO proteaseenerelatedto Ulp2 in

yeast(37), is stronglyrepressethy piRNAs n testis,we proposeo nameit pirate (pira) for

“piRNA targetintes t i s

Evolution of pirate and pirate-targeting small RNAs
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To understandhow piRNA-mediatedyeneregulationof pira hasevolved,we performed

a tblastn search usinDrosophila melanogaster pirgene against genomes of other
Drosophilaspecies. We found multiple copies pifa-related sequences in genomes of
Drosophilasimulansspeciecomplex(D. simulansD. sechelliaandD. mauritiang (Fig.

7A), butnotin moredistantlyrelatedspeciedike D. erectaor D. yakuba Similarto petrel

locusin D. melanogasterthesepira-relatedsequencesesidein TE-rich regions(eitherperi
centromeric heterochromatin or unassigned scaffoldg).isimulansspecies complex.
While all pira-related sequences are exclusively locatquetitelon Y chromosome db.
melanogasterpira-homologous sequences can be found on different chromosomes in
genome®f D. simulansspeciexomplex.Forinstanceijn D. mauritiang pira-homologous
sequences can be found on at least chrY, chrX, chr3L and chr3R (Fig. 7B). Therefore,

duplicationf pira-relatedsequencemito heterochromatihaveoccurredn all four species.

Toinvestigatevhethetheterochromatipira-homologousequencegroducesmallRNAsIn
testef otherspeciesyweanalyzegublishedsmallRNA datasetérom testeof D. simulans
andD. mauritiana(21, 38). Wefoundno smallRNAs mappingto theorthologousira gene
in D. simulangestes, but abundant onesOnmauritianatestes (Fig. 7C). Unexpectedly,
unlike 23-29ntpira-mappingpiRNAsin D. melanogastepira-mappingsmallRNAsin D.
mauritianaaremostly21ntlong, indicatingthattheyareendesiRNAs. TheseendesiRNAs
haveon averageé3.5%identity with theD. mauritianapira gene Notably,similar to other
dualstrandpiRNA clustersdescribedn D. melanogasteovaries(12, 39, 40), petrelin D.

melanogastetestes also generateisa-mappingendasiRNAs, though much less abundant
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than 23-29nt piRNAs (Fig. 7C). Examinationof heterochromaticpira-homologous

sequences iD. mauritianagenome revealed that most of them are arrangedtbead
(Fig. 7B). However therearefour instancesvherepira-homologousequencearearranged
headto-head(Fig. 7B, D), which could potentiallygeneratdairpinRNAs (hpRNAS),the
preferred substrate for processing into esiRINAs by Dicer. Thus, targeting pfra by
small RNAs in testisseemsto be conservedn two Drosophila species While pira is
repressednostlyby piRNAsin D. melanogasterif is targetechearlyexclusivelyby endo
siRNAsin D. mauritiang suggestingwo relatedbutdistinctregulatiorstrategieemployed

in sibling species that diverged less than 3 million years ago.

In addition topira, there is another Ulpkke SUMO protease geneerloren(velo) in D.
melanogastergenome. According to modENCODE data, both genes are expressed
throughouthebodyacrosslevelopmentexcepthatpira hasaverylow expressiotevelin

testis @1). pira andvelo are paralogs whose homologous domains share 75% nucleotide
identity (Supplementary¥ig. S5A). In agreementvith thesequencsimilarity, functionsof
PiraandVelo in SUMO deconjugatiompathwaywereshownto bepartially redundan¢37).
Phylogeneti@nalysisshowedhat,while velois foundat syntenidocationsthroughouthe
Drosophilagenuspira is muchyoungerandwasonly bornafterthesplit of D. melanogaster
andananassaspeciesubgroupgFig. 7A). Theseresultsindicatethatpira andvelohave

evolvedfrom acommonancestogene via inter-chromosomatiuplication.
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Considering the 75% nucleotide identity between the papggs@aandvelogenes irD.

melanogasterpira-targetingpetrel piRNAs have a potentialto targetvelo transcripts.
However wefoundthatnoneof thepira-antisens@iRNAs canbemappedo velotranscript
perfectly. Moreover, ~20@ld fewer piRNAs have a potential to targetowith one to
threemismatchesTranscriptomeprofiling in testesof aub,zucandspnE mutantsshowed
that,unlike pira, velois notrepressetby piRNAs (Fig. 6B). In addition,while pira is only
expressed in ovariegelois expressed in both testes and ovaries and, in fact, has a higher
expressiotevelin testeqFig. 6E). TheseesultsshowthatY -linked petrelpiRNAsrepress
specificallypira, butnotits paralogvelo suggestinghatahighdegreeof complementarity

is requiredfor efficient piRNA silencing.Therefore piRNAs distinguishcloselyrelated

paralogswith highsequencsimilarity to achievesex andparalogspecificgeneregulation.

Taken together, our results allowed us to reconstruct the evolutionary history of two
paralogous, Ulp2ike SUMO protease genes. First, thga gene was born via inter
chromosomal duplication after the split 8. melanogasterand ananassaespecies
subgroupsThis thenpermittedthe differentiationof veloandpira functions,thoughthese

two genegemainin partfunctionallyredundanin D. melanogaste(37). Next, divergence
betweemira andvelosequences created an opportunity for paratdgctive gene regulation

by small RNAguided mechanisms. This was achieved by duplicatiopgrafsequences

into heterochromatim genome®f D. melanogasteandD. simulansspeciecomplexlt is
plausiblethat, initially, heterochromatiqira-homologousequencedid notplayarolein

generegulation asillustratedby the absencef pira-mappingsmallRNAsin D. simulans.
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However, subsequent expansion and interaction witseffaences might have enabled

the evolution of two distinct repressionrmechanismsyia productionof pira-targeting
piRNAs and endasiRNASs, that dominatedin D. melanogasterand D. mauritiang
respectively. Repression pira by Y-linked piRNAs led to its specific repressionin
melanogastetestis,implicating the piRNA pathwayin establishingdistinct expression

patterns of closely related paralogs after gene duplication.

DISCUSSION

Previous studies systematically analyzed piRNA profiles in female gonads. of
melanogastemevealinganessentiatole of piRNAs in regulationof manyTES(3, 42, 43).
However thesestudiesonly provideda singlesnapshobf therelationshipbetweenlE and
piIRNA defensesystemastheyareinsufficientto understantiowthepiRNA programmight
adaptio changingT E repertoireanddifferentlevelsof theirexpressionTo thisend,several
studiesexploredthepiRNA pathwayin otherspecie®f Drosophila(43-45). Thesestudies
revealed that piRNA profiles are different across species, suggesting an adaptation of the
defensenechanisnto distinctchallengesHowever drasticdifferencesn bothTE contents
and piRNA cluster sequences even among closely relatesbphilaspecies 43, 46, 47)
make it difficult to disentangle different factors that sculpt spespesific piRNA programs.
Here,we examinedr E expressionin malesandfemalesof thesamespeciestevealingstrong
differencesn TE activitiesbetweersexesThis allowedusto compareiRNA programsn

two sexes with similar genomic contents (except Y chromosome).
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Another obstacle to understanding responses of the piRNA program to TEs is properly

assessing E expressionD. melanogastegenomeancludesover100differentTE families
whoseexpressiotevelscanbemeasuredy standaranethodsuchasRNA-seq.However,

TE expressiofn wild-typeanimalsis greatlysuppressely the piRNA pathway(>100-fold

for somefamilies)(11). Thereforejn orderto understantrueexpressiomotentialsof TEs,

it is necessaryo studytheirexpressiomponremovalof piRNA silencing whichis difficult

todoin specie®therthanmodelorganismdike D. melanogasteiin thiswork, we examined
theTE expressiolin piRNA pathwaymutantsrevealinggenuingotentialof TE expression

in both sexes. Combined analysis of TE and piRNA expression showed responses of the

piRNA program to distinct TE expression profiles in two sexes.

Analysisof thegenomicorigin of piRNAsrepresentanimportantbutchallengingask.As

piIRNA sequences are short £28nt) and often derive from repetitive genomic regions, a
largefractionof sequence@iRNA readscanbe mappedo multiple genomidoci, preventing
anunambiguousssignmenof their origin. Accordingly,algorithmsemployedn previous

studies only used the small fraction of piRNA reads that can be mapped to the genome at
single unique positions to identify genomic regions that generate piRNAs. We took
advantagef thefactthatsomegenomicrepeatsrelocal, i.e.,theyresidewithin onegenomic
regionandareabsenin therestof the genometo developa newalgorithmfor piRNA cluster
definitionandanalysiqFig. 3A andSupplementar¥ig. S4). Thisapproactwassuccessful

in identifying new piRNA clusters. Furthermore, it also provided a more accurate

guantificationof the piRNA clusterexpressionWe found thatHsp70Bclustergenerates
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piRNAs against theodgene. In addition, we discovered a novel clugietrel on Y

chromosoméhatgeneratepiRNAs againsthreehostgenesandensureshestrongsilencing

of SUMO proteaseCG12717/piraduring spermatocyte differentiation.

Our identification of the novgbetrel locus on Y expanded known functions of entirely
heterochromatic Y chromosome (Fig. 3F and Fig. 5B). Three functionalities have been
assignedo Y by theearly1980524). First,togethemwith X chromosomeY encodesDNA

loci that express rRNAs and mediates homolog pairing. Second, Y encodes six- protein
coding genes, scal |l ed “fertility factors?”, whose
completion of spermatogenesis. Finally, Y chromosome harborSuffste)locus that
generatepiRNASsto suppres$tellategenego safeguarchormalspermatogenes(4, 2). A

handfulof newproteincodinggenesverediscoverenY in thepasttwo decade$48, 49),

however, many of them appeared dispensable. Our finding thatormosome encodes a
novelpiRNA clusterandproducepiRNAsto regulateexpressiomf thepira geneassignsa

new function to Y chromosome.

Sexualdimorphism of TE expressionand TE-silencingpiRNA programs

D. melanogasteis anexcellentmodelto studyTE regulationsandhostTE interactionsas
its genomeharboramanyTE familiesthataretranscriptionallyandtranspositionallyactive,
generating new insertions in the populatidid)( As ovaries and testes have complex and

distincttissuecompositionsexpressiorievelsmeasuredy RNA-segandsmallRNA-seq



74
cannotbeuseddirectly for comparisorof cellularconcentrationsf transposotranscripts

and piRNAs in male and female germline. Therefore, we have compared rank orders of
transposomndpiRNA expressiorn two sexesaswell asfold-changesn theirlevelsupon
disruptionof thepiRNA pathwaybetweersexesOurresultsindicatethatexpressiomf both
TEsandpiRNAsis sexuallydimorphic.Themajority of TE familiesarestronglyexpressed

in ovariesthoughsomeTEsaremoreactivein testesin line with this,ourresultsndicatea

stronger TEsilencing piRNA program in female gonads (Fig. 2).

For TEs to be evolutionarily successful, they need to evolve strategies to maximize their
chance to be inherited and expanded through generations. For example, TEs often hijack
germline gene expression programs to be preferentially active in germ cells. Goiadat:
expression leaves the choice of expression to either female or male germline, or both.
Importantly, the two sexes employ distinct evolutionary strategies and have different
contributions towards the zygote. While the major contribution of sperm is its genome,
oocytecontributedargeamountf yolk, variousproteinfactors,RNAs andorganellesuch
asmitochondriajn additionto its genomeThis sexualasymmetryin their contributiongto
thenextgeneratiorhasimportantimplicationsfor reproductiorstrategie®f TEs. TEsactive

in the male germline need tomplete the entire life cycle from transcription to genomic
insertionbeforespermmaturationjn orderto propagateln contrastpncetranscribedTEs
activeduringoogenesigouldfinish their life cyclein the zygoteafterfertilization, aslong
astranscribedl'E transcriptsaaredepositednto theoocyte.Thelatter strategyis alsousedby

mammalianLl retrotransposonhat is expressediuring gametogenesiyut genomic
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insertions might occur later during eadsnbryogenesisQ). Thus, the expression bias

towardsovariesobservedfor most TEs can be explainedby an advantagdor their

proliferation,specifically,theextendedvindow to finish their life cycle,in femalegermline.

There are a few TEs that bias testis for expression, suggesting that there are likely male
specific vulnerabilities exploitable by these elements. For example, male germ cells use a
testisspecific geneexpressiormachinery(e.g, tTAF andtMAC) to transcribemeiotic
and postmeiotic genes(51, 52). TEs might exploit this tissuespecific transcriptional
machineryto enabletheir sexbiasedexpressionlt will be importantin the future to

uncovemolecular mechanismsderlyingdifferentially expressed Esbetweersexes.

Analysisof piRNA profilesin testisandovaryindicateghatpiRNA programshaveadapted

to sexbiased TE expression (Fig. 2). The most striking example is the nearly exclusive
expression of telomeric TEs and corresponding antisense piRNAs in the female germline.
Ourresultssuggesthatdifferentialexpressiorof piRNA clustersn two sexesogethemith
differential TEtargeting capacity of each cluster contributes to thesgegific, TEtargeting

piRNA program. We found that piRNA cluster expressiosesually dimorphic. Besides

the Su(Ste)ocus,we identifiedanothemajorclusteron Y chromosomehatis only active

in XY males However,sexbiasedexpressions not restrictedto Y -linked clusters asmany
X-linked andautosomatlustershavedifferentialactivitiesbetweersexesaswell. Besides
differential expressiongenomicanalysisshoweddifferencesn piRNA clusterTE contents,

suggestinghatdifferentpiRNA clustersare,to someextent,specializedo targetdifferent
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sets of TEs. Importantly, sex bias in cluster expression and thear@g&ting potentials

arelinked: clustersoreferentiallytargetingovary-biasedl Esaremoreactivein ovary,while
testisbiasedclustergendtotargettestisbiasedTEs(Fig. 4). Hence piRNA clustersappear
to beemployedlifferentially by two sexedo counteracspecificTE threatgheyface.What
determineshedifferentialexpressiomf piRNA clusterdbetweersexeawaitsfuturestudies.
Previousvork suggestthatTE promoterembeddedh piRNA clustergetaintheiractivities
(16). Contributionof TE promoterdo piRNA precursotranscriptionfrom piRNA clusters

might explainthe correlationbetweerexpressiorof clustersandtheir TE targets.

Satellite DNA astarget of piRNA silencing

SatelliteDNAs canbe classifiedaseithersimpleor complexsatellitesbasedn thelengthof
repeatingunits,andtheyoccupylargeportionsof Drosophilagenomeparticularlyat perr
centromeric and sutelomericregions 53-56). We found piRNAs expressed from three
major families of complex satellites: stddomericHETRRETAS Responder (Rspand
SAR/1.68gincluding 359bp). In fact, piRNAs can be mapped to both strands of complex
satellitesn gonadsof bothsexesandtheyoften possesping-pongsignaturgFig. 1C). Thus,

our resultsexpandthe previousobservatiorof piRNAs mappingto onestrandof Rsp(57)
andestablisicomplexsatellitesasdualstrandpiRNA clustersandpotentialtargetsof piRNA
silencing inDrosophilagermline of both sexes. Our analysis was focused on complex
satellitesassimplesatelliterepeatsarestill largelyintractableto sequencingechnologies
today(58). However,arecentstudyreportedhattranscriptdrom AAGAG simplesatellite

repeatsegulateneterochromatiim malegermlineandarerequiredfor malefertility (59). It
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will be interestingto determinewhethersimple satellitesproducepiRNAs and, if so,

whether their piRNA production required for male fertility.

piRNAsloadedontothenuclearPiwi proteinguideheterochromatiassembly60-63). For

this reason, satellite piRNAs might play a role in establishing germline heterochromatin,
similar to heterochromatiformationguidedby siRNAsin fissionyeast(64, 65). While the
functionof complexsatellitesremainsmostly elusive Rsphasbeenmplicatedin ameiotic

drive systenctalledsegregationistortion(56, 66, 67). During malemeiosis the Segregation
Distorter (SD)alleleenhance#s own transmissiorio haploidcellsatthe costof wild-type

(SD*) allele in SD/SD heterozygous males, violating Mendelian law of inheritance.
Importantly, segregation distortion requires the presence of a sufficient numBsp of
satellite repeats trans Though described more than 60 years &8), the molecular
mechanisnof segregatiomistortionremainsunknown.Intriguingly, mutationsof aubergine

(aub), aPIWI protein,werefoundto beenhancersf SD(69). Togethemwith ourdata,these

data suggest that piRNA pathway may play a role in segregation distortion during

spermatogenesis.

Regulationof hostgenedy piRNAs

Thoughthe centralandconservedunctionof piRNA pathwayseemso be TE repression,
other functions weralso described in several organisms (reviewddazata et al., 2019).

Theroleof piRNAsin regulatinghostgeneexpressios particularlyintriguing andremains
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somewhatcontroversial.The first describedpiRNAs, Su(Ste)piRNAs, silencethe

expression oStellategenes 1, 2). However Stellategenes and their piRNA suppressors
appear to resemble selfish toxantitoxin systems rather than representing an example of
hostgeneregulation(71). Sincethediscoveryof piRNA pathway therehavebeenseveral
studiegreportinghostproteincodinggenegegulatedby DrosophilapiRNAs (reviewedin
RojasRios and Simonelig,2018). In this work, we analyzedthe ability of Drosophila
piRNAsto regulatehostgenesn testesby examininggenetargetingpiRNAs andchanges

in hostgeneexpressioracrosshreepiRNA pathwaymutants WefoundpiRNAstargeting

four host genesiod (a kinesinlike protein),CG12717/pira(a SUMO proteaseRaics(a
metabolicenzyme)andProtA (aspermchromatinprotein). Thesdour genesaretargetedy
antisens@iRNAs generatedrom two piRNA clustersthatcontainsequencéomologyto
them.However,only oneof thefour, CG12717/pirajs substantiallyepressefover10-fold)

by piRNAs(Fig. 6). As pira-silencingpiRNAs areencodeadnY chromosomandthusonly
expressed in males, they are responsible for differential expresgoa of two sexes.
Indeedjn wild-typefiles, pira is specificallysilencedn malegonadswhile highly expressed

in female counterparts. Thus, our results establish the ability of piRNAs to repress host
proteincoding genes, and, at the same time, suggest that this role is likely restricted to a

small number of genes.

OurresultsindicatethatpiRNA-guidedrepressiomf hostgenegequiresasufficientnumber
of targeting piRNAs. While all four genes are targeted by piRNAs with similar levels of
sequenceadentity (91-94%, i.e., abouttwo mismatchesper piRNA), the abundanceof

piRNAs
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againskeachgenediffersdrastically. Therearemuchmorepira-targetingpiRNAsthanthe

other three gene targets, at a level comparable to thmast targeted TE. Furthermore,
while pira is targetedalongalmosttheentirelength,only smallregionsof otherthreegenes
aretargetedoy piRNAs. Thesedifferencesn piIRNA abundancanddistributionof target
sitescouldexplainstrongrepressiomf pira, in contrasto theotherthreegenesilt is possible
thatthesegenesrestill regulatedy piRNAsatspecificstagesthequestiorthatremaingo
befurtherinvestigatedimportantly,abundanpira-silencingpiRNAs do notrepresshepira
paralog, velg that has a 75% sequenceidentity with pira, indicating that a high
complementarity between piRNA and target may be important for efficient silencing. In
agreement with these, a previous report indicated that a similar level of sequence identity
(~76%)is insufficientfor thesilencingof vasaby AT-chXpiRNAs (21). Thereforepothhigh
expression and high complementarity with targets might be required for efficient piRNA

silencing inD. melanogaster.

This conclusionis importantfor analyzingthe potentialof piRNAsto repressostprotein
codinggenesUnlike miRNAs, sequencesf piRNAs areextremelydiverse Accordingly, if
mismatches between piRNA and its target are well tolerated, a large number of cellular
MRNAs should be targeted and repressed by piRNAs. Indeed, some host genes were
proposedo berepressethy afew piRNA speciegshathavemultiple mismatcheso mMRNA
sequencef’3-76). Ourresultssuggesthatsuchaspuriougargetingoy individual piRNAs

Is unlikely to causeepressionln fact,ahighthresholdor efficienttargetrepressiommight
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permit productionof diversepiRNA sequencesgainstgenuinetargetssuchas TEs,

without unintended interference with host gene expression.

Therole of piRNA in evolution

Analysisof pira repressionevealedaremarkableictureof evolutionaryinnovation(Fig.

7). piRNA-dependent repression pira occurs inD. melanogastebut not in its sibling
species, suggesting its rather recent origin. Efficient silencipgeois linked to the presence

of multiple copies opira-homologous sequences in a piRNA cluster inside heterochromatin.
Interestingly, duplications ofpira sequences into, and their expansion within,
heterochromatin can be found in three closely related speci2ssihulanscomplex, in
addition toD. melanogaster However, distribution and copy number pifa-related
sequencediffer amongthesdour speciesln fact, boththepetrellocusthatgenerategpira-
silencingpiRNAs andits two flanking proteincodinggenesfFDY andMst77Y, evolvedafter
thesplit of D. melanogasteandD. simulansspeciesomplex(32, 49, 77), suggestinghat

the entire locus is unique ®. melanogasterFurthermore, no small RNAs are generated
from heterochromatipira sequences D. simulanswhile endesiRNAsaremadeagainst

pira in D. mauritiana The neutral theory of molecular evolution provides the most
parsimoniousnterpretatiorof theseresults. Thistheorysuggestshattheinitial duplication

of pira sequencemto heterochromatimight havebeenarandomeventthatdid notplay a

role in regulating the ancestnaira gene. However, subsequent evolutiorpwé-related
sequences inside heterochromatin gave rise to two different modes of regulations, piRNA

andendoesiRNA, in two different but closelyrelatedspeciesEmergenceof small RNA-
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mediatedrepressiorwas probably facilitated by the fact that pira itself was recently

evolved and retainspartially redundantfunctions with its paralog,velo (37), allowing

independent regulation of two paralogs.

The evolutionarily innovative role of piRNAs in regulating host gend3rosophilahas
interestingparallelsin otherorganismspiRNA pathwaywasshownto regulateexpression

of xol-1 geneinvolvedin sexdeterminatioranddosageompensatiom two differentworm
speciesC. elegansaandC. briggsae thatdivergedmorethan50 million yearsago(78). On
theotherhand,pachyten®@iRNAs expresseduringspermatogenesis mammalsvolved

very fast and are generally poorly conservég).(Thefunction of pachytene piRNAs is
under active debate as no obvious targets can be easily discerned by analysis of their
sequenceB0-82). Recently knock-outof onepachyteng@iRNA clusterledto unexpected
conclusionthata smallfractionof piRNAs promotebiogenesisrom otherpiRNA clusters

and regulate the expression of a few host genes, while the vast majority do not target any
transcripts 83). Thus, mammalian pachytene piRNAs can be considered a selfish system
that occasionally involves in regulation of the host gene expression. Sppe@hic
regulation of host genes by piRNAs in b@hosophilaand mouse suggests that piRNA
pathway is used in evolution to create innovation in gene regulatory networks that might
contributeto speciationMore generally piRNAs might promotetheevolvability of animal
species. Though it is difficult to establish the function of any molecular mechanism in

evolution,this proposalmakesa testablepredictionthathostgenesrepressedby piRNAs



82
differ evenamongcloselyrelatedspeciesFuturestudiesn nonmodelorganismsvill shed

light on the role of piRNAs in evolution arsgeciation.
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Figure 1. Analysisof small RNA profiles in testisand ovary.

(A) Size distribution plots oficroRNAs (gray), remaining small RNAs that map to TE

consensugred)andproteincodinggeneexons(black),in testis(left) andovary (right).

(B) Annotationof piRNA readsn testis(left) andovary(right). 1U nucleotidebias(%) for
overallpiRNA populationandeachcategoryis shownnextto labels.SeealsoSupplementary

Fig. S1.

(C) Characterizatiof piRNAs mappingto threeknowncomplexsatellitesin two sexes.
Left panelsof eachsexaresizedistributionof piRNAs mappingto consensusequencesf

eachcomplexsatellite.Right panelsaredistributionsof 5 -to-5 distance®f piRNA pairs,
showinganenrichmenfor 10nt(i.e., ping-pongsignature)exceptor Rspin testis(P<0.05
for z>1.96).1U nucleotidebias(%) andping-pongz-scoreareshownaboveplots. Seealso

Supplementary Fig. S2.
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Figure 2. Sexuallydimorphic piRNA programs parallel sexspecificTE expression.

(A) Heatmaps showing the abundance of antisense piRNA (left) aneppityzscore
(right) for eachTE family in two sexes Statisticallysignificantping-pongz-scoreqz>1.96,
equivalento P<0.05)arecolor codedwhile theremainingaremarkedasblank. TE families
are sorted by sex bias of piRNA expression, defined as the log2 ratio of antisense piRNA
abundancen testisoverovary. TEswith morethan2-fold differencesn antisens@iRNAs
arecoloredastestisbiasedblue)andovary-biasedpink), respectivelywith theremaining

having no obvious bias (gray).

(B) Expressiorof 36 TE familiesthatareregulatedoy rhi (seemethods)n testis(left) and
ovary(right). TE familiesaresortedby sexbiasof their expressionn piRNA pathwaymutant
(rhi”), definedasthelog2 ratio betweersexesHeatmapslisplay TE levelsin controland

mutant,while bargraphsshowthefold changeof expressionn mutantovercontrol.

(C) Venndiagramsof thenumberof TEsshowingl100-, 10- and4-fold de-repressiorin rhi

mutantovercontrolof two sexes.

(D) Scatter plot displaying the correlation between sex biases of TE afmhtiBEnse
piRNA. ForeachTE family, thelossof antisens@iRNAs in rhi mutantswascalculatedn
eachsex(ctrl overmut). Thesexbiasof piRNAs wasdefinedasthelog2ratio of piRNA loss
in femaleovermale.Similarly, TE de-repressiornn rhi mutantswascalculatedn eachsex

(mutoverctrl), andthesexbiaswasdefinedasthelog2ratio of TE de-repressionn female
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overmale.TE familiesthatshowa correlationbetweerthe sexbiasof antisens@iRNA

andthatof TE derepression are colored as orange, with the rest as blue.

(E) Histogramsshowingprofiles of two sexbiasedTEsfor eachsex.AntisensgiRNA levels
referto thosein controlgonadsTE levelsreferto thosein piRNA pathwaymutants(rhi™),
andthefold changas calculatecasmutantovercontrolfor TEsandthereversdor antisense

piRNAS.

(F) Confocalimagesof theapicaltip of stage/—8 nursecellsin ovary(top) andtestis(bottom)
thatexpressa BurdockfusedGFPreporterin wild-typeandpiRNA pathwaymutant(rhi--)
backgroundrespectivelyThereporteris expressedby nanospromoterthatdrivesgermline
expression in both sexes, thus enabling the examination of piRNA silencBgradck
sequences independent of natural expression patteBigradbcktransposon. Scale bars:

20pm.
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Figure 3. Definition of piRNA clustersin testisand ovary usinganewalgorithm.

(A) Three types of piIRNA reads, defined based on their mapping positions. Uniquely
mapped reads can be mapped to only one position in the genome and their origin is
unambiguous. Reads derived from loggdeats can be mapped to several positions in the
genomehowever all of thesemappingpositionsarelocally clusteredn a singlegenomic
region.Ontheotherhand,nonlocal multi-mappercanbemappedo multiple positionsthat
arenotrestrictedo onegenomicregion(typically mappedo morethanonechromosome).
Previously,only uniquelymappedeadswereusedto definepiRNA clustersandquantify

their expressionasthe genomicorigin of multi-mapperss ambiguousinclusionof multi-
mappers derived from local repeats, as shown in this study, allows identification of new
PiIRNA clustersaswell asamoreaccuratequantificationof piRNA productionfrom known
clusters At thesametime, it preserveshe certaintythatreadsaregeneratedrom genomic

loci in question SeeSupplementaryrig. S4for detailedpipeline.

(B) Histogramcomparinghumbersof mappedeadsfor majorpiRNA clustersusingdifferent
readinclusion criteria as defined in (A). For each cluster, the number of mapped reads
generatedy differentmethodds normalizedto the methodthatincludesboth uniqueand

localrepeateadq(theright column).SeealsoSupplementaryig. S4andmethods.

(C) Expression of the top 9 most active piRMAusters in testis. Blue bars depict the
contribution of each cluster to total piRNAs (%) and orange dots show cluster lengths
accordingto dm6 genomeassemblylnsertis a pie chartof the contributionof top 9 loci to

total piRNAs in testis.

(D) Sameasin (C) butfor ovary.
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(E) UCSC genome browser view of a peentromeric region (chrX) encompassing the

entireflamencdocus(purple)andthedistalpartof AT-chXpiRNA cluster(green) Below
genomiccoordinates(dm6) are piRNA coveragetracks using different readinclusion
criteria.Notethat,whereaslamencgroducepiRNAsthatcanbemostlymappedo unique
genomic positionsAT-chX generates piRNAs that map to local repeats in this cluster, but

nowhere else in the genome.

(F) UCSCgenomedrowserview of theentireY chromosoméhatharborswo Su(Ste)oci
(blue)andthenovelpetrelpiRNA cluster(orange) piRNA coveragdracksusingdifferent
readinclusion criteria are shown below genomic coordinates (dm6). At the bottom, all
knownY -linked proteincodinggenesaredrawnfor referencgnotto exactscale) Notethat
piRNA profilesof Su(Stepndpetrelclusterscollapsef piRNAsderivedfrom localrepeats

are excluded.
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Figure 4. Chen et al.
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Figure 4. piRNA clusters are differentially employed to tame sexspecific TE

expression.

(A) Plot showing the cumulative contribution of top piRNA clusters to the total piRNA

populations in testis (left) and ovary (right), up to 100 clusters.
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(B) Heatmaps showing piRNA production from major piRNA clusters. NoteSih¢ste)

andpetrelclustersareY -linked sothereareno piRNAs from thesdoci in femaleghatlack

Y chromosome.

(C) Bargraphdisplayingthesexbiasof piRNA clusterexpressiorfleft) andcumulativesex

biasof the TE contextfor eachcluster(right). Sexbiasof piRNA clusterexpressioris defined

as the log2 ratio of piRNA cluster expressiorovary over testis shown in (B), so ovary
biasedonesarepositivein value.Cumulativesexbiasof clusterTE contentis calculatedoy
summingthe sexbiasof TEs (asdescribedor Fig. 2B) weightedby their lengthcontributions

to thecluster(equationrshownontheright). An examples shownonthebottomrightfor a
hypotheticaklustercomposeaf two TEswith lengthsandsexbiasedabeledaccordingly

for illustration. Only TEs showing strong sex biases were used in calculation. See also

methods.

(D) TE composition of ovarpiased42AB cluster. Shown are fractions d2AB cluster
occupiedby sequenceomtop4 TE families. These4 TEsarecompletelyabsentn 38C, a
testisbiasedpiRNA cluster.Expressiorof these4 TEsis all ovary-biasedSupplementary

Fig. S3A).

(E) Contributionsof threetestisbiasedTEs (Supplementaryig. S3A) to the ovary-biased
42ABclusterandtestisbiased38C cluster.TheseT Eswereselectedasthe mostenrichedoy

lengthin 38C compared t@2AB

(F) The Sox102Fgene generates piRNAs in ovary, but not in testis. This locus harbors a
singleautonomoud E, Tcl-2, thathasovary-biasedexpressiorfSupplementarfig. S3A).

piRNA coveragdracksshowbothuniquelymappedandlocal repeatderivedreads.
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Figure 5. Chen et al.
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Figure 5.Hsp70Band petrelpiRNA clustersencodepiRNAs that target hostgenes.

(A) Hsp70BpiRNA cluster (top) and the putative targetd (bottom). piRNA coverage
tracks usingdifferent reaeinclusion criteria are shown below RefSeq and genomic
coordinategdm6)for Hsp70Bcluster.~354bplocal repeathiomologougo a 320bpexonic
region ofnodare depicted as solid blocks, which fill up most if&r space at this locus.
Notethat® u n i g u @iRNAdrackdbesnotincludeTE-derivedpiRNAS thatmapoutside
this locus,butit picks up bonafide local repeatgdhatarehomologousbut notidentical,to

nod

(B) petrelpiRNA clusteron’Y chromosomepiRNA coveragdracksusingdifferentread
inclusioncriteriaareshown.Sequencewith high levelsof sequencasimilarity to protein
coding genes are depicted as colored blocks (not to exact €0@l&2717(green),Paics
(orange) ProtA (blue).Notethatgenehomologousslandsfill up mostinter-TE spaceatthis

locus. Genomic coordinates are based on dm6 genome assembly.

(C) Coverage of sense (genomeique, 0 mismatch) and antisense piRNAs (with up to
three mismatches) over four putative, proteiading gene targets of testis piRNAs.

Antisense piRNA abundance is shown for each gene.
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(A) MA plots showing gene expression changes from polyA+ Rgé ofaub (top), zuc

(middle)andspnE (bottom)mutanttestessersusheterozygousibling controls.Genesare

marked red when passing a stringent statistical cutoff (adjést@®01, from DESeq2).
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Additional coloring includes:CG12717/pira(green), annotatedbtellate transcripts

(orange)frtz (purple), and the mutated gene in each mutant (blue).

(B) Heatmaps showing foldhange of five protektoding genes in three mutant testes

according to polyA+ RNAseq shown in (A).

(C) Confocalimagesof pira mRNAsdetectedy in situHCRin aub(top),zuc(middle)and
spnE (bottom) mutant testes along witbspective heterozygous sibling controls. Probes
weredesignedagainsta ~400bpsequenceniqueto pira andabsenbnY (Supplementary
Fig. S5B),sotheydonottargetpetrelpiRNA precursorsNotethatderepressiorof pira in
pPiIRNA pathwaymutantss observedpecificallyin differentiatingspermatocyte§ointed

to by orange arrows). Scale bar: 20um.

(D) Confocalimagesof pira transcriptsletectedyin situ HCRin XY andXO testesSame
scaleasin (C). A schematiof Y chromosomeandpiRNA-dependensilencingof pira is

shown at the bottom.

(E) Bar graphsdisplayingmodENCODEdataof pira andits paralogveloexpressionn D.

melanogastegonads of both sexes.

(F) Analysis of pingpong processing opira-mapping piRNAs. Histogram shows
distributionof 5 -to-5 distance®f complementarpiRNA pairswith anenrichmentor 10nt
(.e., pingpong signature). To select secondary piRNAs processedofrartranscripts, only
reads that map perfectly pora mRNAs in sense orientation and do not map perfectly to
petrel clusterwereusedin this analysis. AntisensepiRNAs wereselectedallowing up to

threemismatches.
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(G) Analysis of cellular transcripts enriched in degradeseg library. Scatter plot shows

the number of degradonseq reads for each gene relative to its expression measured by
polyA+ RNA-seq.Transcriptenrichedn degradomeseglibrary relativeto their expression
arelocatedabovediagonal ThesancludeStellate aknowntargetof piRNA repressionand
CG12717/pirawhile nod,PaicsandProtAtranscriptsarenotenrichedn degradomeseq.

Different annotated copies 8tellategenes were merged.

(H) Analysisofpira-d er i ved degr adome r ead spira-dériked a b u nc
degradomeeadss plotted,with the onesthathavelOnt5 -5 overlapwith antisens@iRNAs

markedred.Examplef two suchdegradomandpiRNA pairingsareshownatthebottom.
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Figure 7. Chen et al.

A evolution of pira, its paralog velo, and duplication of pira B distribution of pira-homologous
sequences in D. mauritiana genome
(Y and unassigned scaffolds not shown)
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Figure 7. Evolution of pira and pira-targeting small RNAs.

(A) Cladogranmof majorspeciesn Drosophilagenug(left) andthe evolutionaryhistory of

velo, pira andpira-related sequences in genomes of these species (right). Orthologs were
identified based on sequence homology and synteny. Shown in purple are locations of
additionalpira copiesin eachspeciesandcopynumbersn parenthesisAsteriskmarksthe
chromosome name in theelanogastesubgroup, as karyotype differs in more distantly

related species.

(B) Cartoondepictingdistributionof pira-homologousequences D. mauritianagenome.

Orthologouspira is markedblue, orthologousvelo is markedgreen,andthe duplicated,
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candidate sources pfra-targeting endeaiRNAs are marked red. Note that they scatter

acrosgericentromeriheterochromatiof chrX andchr3,aswell aschrY andscaffoldgnot

shown).

(C) Profiles of pira-mapping small RNAs in testes &. melanogaster(top) andD.
mauritiana (bottom). Size distributions are shown on the left. Coverage plots over the
orthologouspira gene in each species are shown on the right, including: cumulative
alignmentof heterochromatiajuplicatedcopiesof pira overthesyntenicorthologousgira
(top, solid bar), strandedcoverageof 23-29nt piRNAs (middle, histogram)and 19-22nt

endesiRNAs (bottom, histogram) over the ortholog@ira gene.

(D) lllustrationshowingtwo representativeeadto-headcopiesof pira homology(red)in
the pericentromeric heterochromatin d. mauritiana X chromosome.pira-related
sequences are flanked by TEs and are part of a large inverted repeat that could potentially

permit hpRNAbiogenesis.
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MATERIALS AND METHODS

Fly stocks

Stocks and crosseswere raised at 25 °C. The following stocks were used: aulR¢4?
(BDSC4968)auliN2 (BDSC8517)zud’ (BSDC3079) spnENs3987(BDSC24853andspn
E! (BDSC3327)wereobtainedrom BloomingtonDrosophilaStockCenter;rhiZ andrhik®
were gifts of William Theurkaufzu¢™?” was a gift from Trudi SchipbachpsPGFP-
Burdockwasagift from JuliusBrenneckeHeterozygousiblingswereusedascontrolsfor
all experimentsunlessnotedotherwise XO malewasgeneratedy crossingXY malesto

C(1)RM females (BDSC9460).

RNA in situ hybridization chainreaction (HCR)

A kit containinga DNA probeset,a DNA probeamplifierandhybridization,amplification
andwashbufferswerepurchasedrom Molecularinstrumentgmolecularinstruments.org)

for CG12717transcripts. To avoid targeting tipetrel locus on Y, we designed probes
against~400bpuniqueregionpresentn CG12717on X butabsenbnY chromosomeThe
CG12717probeset(uniqueidentifier: 3916/E064)nitiated B3 (Alexa546)amplifier. In situ
HCRv3.084 was performed according to manuf acH

samples in solution.

Imageacquisition and analysis
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Confocal images were acquired with Zeiss LSM 800 using a 63x oil immersion objective

(NA=1.4)andprocessedsingFiji (85). Singlefocal planesvereshownin all imageswhere

dotted outlines were drawn for illustration purposes.

RNA-seq

RNA was extracted from 16Q00 pairs of dissected testesanflRC42/HN2 gpn EV/Is3987

zucM27/of and respective heterozygous sibling controls in TRIzol (Invitrogen). PolyA+
selection was done using NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB
E7490),followed by stranespecific library prep with NEBNext Ultra Directional RNA
Library Prep Kit for 'l Tumina (NEB E7760)
Librariesweresequencedn Illumina HiSeq2500yielding 11-17 million 50bpsingleend

reads PolyA-selectedRNA-seqof rhi mutantsandcontrolsweredownloadedrom NCBI

SRA (seeChenetal. 2020for testisand GSE126578or ovary, two biological replicates

per sex per genotype).

RNA-seganalysis

To quantify expression levels of protanding genes across different piRNA pathway
mutants &ub, zucandspnE), we used kallisto 0.46(B6). Three heterozygous controls were
pooledastriplicatesof controlsto beanalyzedagainstuplicatesof eachof thethreepiRNA
pathway mutants. Transcrifgvel quantification was pooled to obtain gdeeel

guantification.Differential geneexpressiorwas donewith DESeq2(87). Expressionof



118
CG12717and velo in ovary and testis froomodENCODE 41) was extracted from

FlyBase 88).

Foranalysisof TE expressiorandTE fold changen piRNA pathwaymutantsof bothsexes,

rhi mutantswereusedwherepiRNA productionfrom germlinespecificduatstrandclusters

was abolished. Readsapped to rRNA were discarded using bowtie 1.2.2 allowing 3
mismatches. Reads were then mapped to TE consensus from RepBasel17.08 using bowtie
1.2.2with -v 3-k 1 andnormalizedo thetotal numberof readsmappedo dmé6genomeFor
simplicity, readsmappedo LTR andinternalsequencesieremergedor eachLTR TE given
theirwell-correlativébehaviorsOnly TEsthathave> )RPMand> 2 RPKM expressionn

piRNA pathwaymutantsof eithersexwerekeptfor theanalysign=87).A pseudecountof

1 wasadded before calculating TE fotlthangdan piRNA pathwaymutants.

Degradomesegand analysis

Degradomeseqwasdoneaspreviouslydescribed89). Briefly, RNA wasextractedrom 50

pairsof wild-typetestegw!!19 in TRIzol, followed by DNasetreatmen{TURBO DNase)

and rRNA depletion (rib@ e r o) . Next, RNA bearing 5’ mo n
|l igati ng -BUUCAGASHUCUACAGUECCGACGAUC) with T4 RNA ligase,

followed by size selection for RNA >200nt (RNA Clean & Concentra&)orReverse
transcription was performed with SuperScript Ill and a primer containing a degenerate
sequencatits 3 end( 5GCACCCGAGAATTCCANNNNNNNN),whichalsointroduced

the 3’ adaptor . PCR was done to amplify «c¢C

indexsequenced.wo replicatesveresequencedn lllumina HiSeq2500for 150bpsingle
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endreads.To comparelegradomevith polyA+ RNA-seq,we usedkallistoto assigreads

totranscriptaasdescribedbove Toidentify degradomsequencethatare3 piRNA-guided
cleavageroductsof CG1271 ranscriptsywe mappediegradomeeadgtrimmedto 50bp)
to dm6genomaewith bowtiel.2.2-v 0-m 1 andextractedhosemappingto thecodingstrand
of CG12717(note that it is an introtess gene)CG1271%derived degradome reads were
extendedupstreanof their5 endsbasedndm6genomesequencé examingheiroverlap

with antisense piRNAs and extent of complementarity.

Identification of TEsregulatedby rhi

To identify asetof TEsregulatedoy rhi in atleastonesex,we lookedfor TEsthathaveat
leastlOORPM in rhi mutantovariesor atleast25 RPMin rhi mutanttestesNext, we filter
out TEs that shoviewer thanthredold derepression in both sexes. From the initial 87
TEsdefinedabove thesdedto atotal of 36 TEsregulatedoy rhi in atleastonesexshownin

Fig. 2B andFig. 2D. SeeSupplementaryig. S3Cfor detailedprofiles of these36 TEs.

pPiRNA-seq

RNA extraction was done as above for RiNég. 1830nt small RNAs were purified by

PAGE (15%polyacrylamidegel) from ~1ugtotal RNA. PurifiedsmallRNA wassubjecto

library prep using NEBNext Multiplex Small RNA Sample Prep Set for lllumina (NEB
E7330)according to manuf ac-ligatedeeverssranscribedf RCRct i 0 n s

amplifiedsamplesverepurified againby PAGE (6% polyacrylamidegel). Two biological
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replicategpergenotypenveresequencedn lllumina HiSeq2500yielding 15-20 million

50bp singleend reads.

piIRNA -seganalysisof TEs, complexsatellitesand genes

To isolate piRNAs, adaptdrimmed total small RNAs were sizelected for 2329nt
(cutadapt 2.5) and those mapped to rRNA, miRNA, snRNA, snoRNA and tRNA were
discardedbowtie1.2.2with -v 3). piRNAswerefirst mappedo RepBasel7.08® obtainthe
portionmappingto TEsandcomplexsatellitestherestwasthenmappedo genesequences
derivedfrom thegtf file downloadedrom Ensembl(BDGP6.28.99]90); readsunmapped

to repeats and genes were then mapped to dmé6 to infer the portion mappingdenider
regions,andtheunmappedaneswerelistedunder® o t hcategsryA pipelineis alsodrawn

in Supplementary Fig. S1. For Fdatisense piIRNA analysis, piRNA reads were mapped,
normalizedandprocessedsdonefor polyA+ RNA-seq(seeabove) Forcomplexsatellite
mappingsmallRNAs, we plottedsizedistribution,analyzecdhucleotidebiasat positionl and
calculated coverage along consensus sequenceshesitapls v2.28.0. Analysis of ping
pongsignaturg(i.e.,5 -to-5 distancedbetweercomplementarpiRNA pairs)andphasing
signaturg(i.e., 3 -to-5 distance®nthesamestrand)weredonewith customscripts.Ping
pong zscore was calculated using@ht and 1323nt as background distribution for an
enrichmenbf 10nt,whereaphasingz-score Z; asdefinedin (18), wascalculatedusing2—
50ntasbackgroundlistributionfor anenrichmenbf 1nt. For piRNAs antisensé¢o protein
coding genes of interest, we downloaded gene sequences from FIgBaaad mapped

piRNAsto themusingbowtiel.2.2.FormRNA-derivedsens@iRNAs,we mappediRNAs



121
to genomeandkeptoneswith uniquemappingandzeromismatch(bowtie 1.2.2with -v 0

-m1)tothegeneregionsandorientationsof interest.

A pipelinetolerating local repeatsfor piRNA cluster analysis

Wefirst separatedRNA-depleted23-29ntsmallRNA readghatmapto oneuniquelocation

in the genomeandothersthathavemultiple mappingpositions( “ mumlatpip eFoall ) .
multi-mapperswefiltered outthosewho mapto morethanonechromosomearm,retaining

only oneswith multi-mappingpositionsonasinglechromosomearm( “ i -ahtomasomal

r e p e dhers,for pachof thereadswe keptasintra-chromosomatepeatsyve calculated

the maxi mum distance (“max distance”) of
local requirementyve hopedto identify a cutoff distancefor maxdistanceswhichis large
enough tocontain known piRNA loci but small enough to allow certain resolution of
neighboringoci. To this end,we analyzeda pool of 50bpDNA fragmentdiling theentire

dm6 genome and plotted a histogram of max distances for allcimoenosomal repeats
(Supplementarfig. S4B).Thisrevealedadensityof intra-chromosomatepeathavingmax
distancesmallerthan~500Kb,aswell asfour pronouncegeakswith largermaxdistances.
Sequence analysis uncovered the identities of these peaks: the peak with ~600Kb max
distancecorresponds$o AT-chX the peakwith ~1.8MbmaxdistanceaepresentSu(Ste)and
theothertwo peaksmostly containY -specificsimplerepeatsWe thusseta 2Mb tolerance
thresholdof maxdistanceso allow localrepeatsn piRNA clusteranalysisin otherwords,

we definedlocal repeatsasrepeatghathaveall copiescontainedvithin awindow smaller

than2Mb and mergedtheir normalizedcountswith uniquesequencefor piRNA cluster
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analysis.Alignment was done using bowtie2 to dm6 genome.To comparethis new

pipeline with the convention that uses only unique mappers, we calculated the number of
reads mapped to major piRNA clusters ugmth methods (Fig. 3B). A summary of this

pipeline is shown on Supplementary Fig. S4A.

Definition of piRNA clusters

23-29nt small RNAs were mapped to dm6 genome using the ahewdoned pipeline
tolerating local repeats and generated covepagiles across 1Kb windows that tile the
genome1Kb windowsincluding highly expresseaniRNA, snRNA,snoRNA,hpRNA or

7SL SRPRNA wereexcluded.1Kb windowswith low readcoveragg < 1 0 Gdreml¥o
excluded. Then, 1Kb windows that produce at least certain amounts of piRNAs were
extractedor clusterdefinition( = 1 O RoPtéstis,> 5 0 R f@rvary).NeighboringlKb
widowswithin 3Kb weremergedlIf mergedvindowswere=> 5 Ktheyweremergedagain
within 15Kb. Thisyields844piRNA clusterdn testisand525piRNA clustersn ovary, after
manualcuration.Major piRNA clustersdescribedeforein ovaries 8, 16) wereall recovered

with similar resolution. To compare expression levels of major piRNA clusters between
sexes, cluster boundaries weareanually curated to guarantee identical regions being
comparedpiRNA clustersdefinedin this studyfor bothsexesarelistedin Supplementary

Table S1.

TE contentof piRNA clusters
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TE annotatiorin dm6genomevasdownloadedrom UCSCTableBrowser(91). piRNA

clusterboundariesveredefinedasdescribedabove.For piRNA clusterof interestthe TE
contents calculatedaslengthcontributionto theentireclusterlengthby individual TEs. TE

contentsaddupto lessthan100%,asTEsdo notfill completelythe clusterlength.

Sexbiasof piRNA cluster TE content

Sexbiasof individual TEswasfirst computedaslog?2 ratio of expressiorevelsin piRNA
pathwaymutantqrhi) betweersex(ovaryovertestis).Sexbiasof piRNA clusterTE content
wasthencomputedasthecumulativesexbiasof individual TEsinsidethecluster weighted

by their lengthcontributionto the cluster.Usingall expressed Es or only onesthatshow
pronounced sex bias generated comparable results. To eliminate noise, we only used TEs
t hat exhi bfold sexsuadl diftererge in exdredsion (n=24). An equation and an

example are shown in Fig. 4C.

BLAT and BLAST analysis

To characterize the unannotated sequence between annotated repdii$Airciusters,
inter-repeat sequences were analyzed using BLAT on UCSC Genome br&®@)sdfof
example, an intefE sequence &isp70Blocus was used to BLAT against dm6 genome,
which revealed the homology with an exonnafd gene (Fig. 5A). Homology between
CG12717andvelowas done with both BLAT and BLAST, which yielded similar results.

Characterizatioof CG12717homologoussequenceat petrel locus(Supplementaryig.
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S5B) was done by multiple sequencealignment with the Needle program

(ebi.ac.uk/Tools/psa/lemboss_needle/).

Phylogeneticanalysis

The longest transcripts oelo andCG12717in D. melanogastegenome were used to
BLAST againshucleotidecollectionwith tblastnprogram Orthologsof thesewo genesn
otherDrosophilaspeciesvereidentified basedn high nucleotidesimilarity andsynteny In

all orthologs identified for both genes, we found the same flanking prooeling genes,
confirmingtheir orthologidentities.OccasionallyBLAST with CG12717revealedhevelo
ortholog in that species as well; but onlyDn mauritiana, D. simulanandD. sechellia
genomesarethereadditionalhits with high sequencéomologyto CG12717 otherthanthe
orthologousCG12717andvelo. TheseadditionalCG12717relatedsequencearein some
cases annotated as predicted genes, but all buried-ncA Beterochromatin (close to
centromere or in highly repetitive unassigned scaffolds). To examine the organization of
CG1271%related sequences . mauritianagenome in detail, we ran BLAST usiiy
mauritiana CG12717gene against its genome (assembly: GCA _004382145.1), which
revealedadditionalunannotatedegionswith high sequencsimilarity to CG12717 Those
locatedonchrX andchr3weredrawnin Fig. 7B. Theinstancevheretwo adjacenCG12717
relatedsequencearearrangeceadto-headon chrX s illustratedin Fig. 7D, andthe other
threesuchinstancesrefoundin unassignedcaffolds.To uncovertheidentity of flanking

unannotatedsequencesywe BLAST the 50Kb region encompassingCG1271%7related
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sequencesgainstTE consensugRepBasel7.08)The cladogramwas drawn for

illustration ©3).

Analysisof testissmallRNAsin non-D. melanogastespecies

TestissmallRNA librariesfrom nonD. melanogastespeciesvasdownloadedrom NCBI
SRA: D. simulansSRR7410589 38) and D. mauritiana SRR7961897 41). Adaptor
trimmedreadsveremappedo theorthologousCG12717gene D. simulansGD15918and
D. mauritianaLOC11714832/respectively (bowtie 1.2.2 wittv 3 -k 1). Coverage was

plotted along the orthologo@®G12717gene

Data visualization and statistical analysis

Most datavisualizationandstatisticalanalysisveredonein Python3 via JupyterLabwith
the following software packages: num4), pandas 45) and altair 96). The UCSC
GenomeBrower(97) andIGV (98, 99) wereusedto exploresequencinglataandto prepare

browser track panels shown.

Data availability
Sequencinglatacanbeaccessegtia NCBI SRA with accessiomumberdistedbelow.

PRJINA646006rhi), PRINA646216aub, zucandspnE), PRINA719671degradome).
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Figure S1.Analysis pipeline of gonadsmall RNAs.

Flow chartshowingstepwiseisolationof piRNAs from total smallRNAs andsubsequent

mappinggo differentannotationgrepeatsproteincodinggenesandgenome).
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Figure S2.Profiles of complexsatellite- and TE-mapping piRNASs in two sexes.

(A) Coveragelotsof piRNAs overRsp(top), HETRP(middle)andSAR(bottom),in testis

(left) and ovary (right).

(B) Distributionsof 3 -to-5 piIRNA distanceon thesamestrandfor eachof thethreecomplex
satellites in testis and ovary. Acore marks the statistical significance of a putative

enrichment of 1ntH<0.05 for z>1.96). Significant ones are marked pink with the rest in
gray.
(C) Examples of complementary pairsRépmappingpiRNAs. Notethatin ovary (redthey

showanenrichmentor 10-ntoverlap,.e.,ping-pongsignatureputin testis(blue)theyshow

near perfeectomplementarityvith no evidencdor ping-pong signature.

(D) Top 10 TEstargetedby the mostabundantintisens@iRNAS in testis(left) andovary
(right). Heightsof slicescorrespondo relativeabundancen eachsex,andthesumof top 10
TEsis thenscaledo thesameheightbetweersexesEachTE family is givenauniquecolor,
andthesameT E family is connectedby aline to helpvisualizedistinctrank ordersbetween
sexesNamesof TE familiesareshownfollowing the sameorder,thoughnotdirectly next

to respective slices.
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ooc 93 TRUE 124929 148 26 FALSE 224342 2 Ovary YES ovary biased TE
QUASIMODO 82 TRUE 59562 22 21 FALSE 2290 14 Ovary YES ovary blased TE
W 67 TRUE 22035 65 22 FALSE 14250 2 14 Ovary YES ovary based TE
DOCs 44 TRUE 20512 93 25 FALSE 603 18 Ovary YES ovary based TE
QUASIMODO2 286 FALSE 1694 13 19 TRUE /17 54 Ovary ? TE derepression wio issue-wide IRINA loss
BLOOD 509 FALSE 54199 1 15 FALSE 35248 09 Ovary ? TE derepression wio bissue-wide RNA loss
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Figure S3.TE levelsin piRNA pathway mutants and curation of TEs regulated by

Rhi in at least one sex.

(A) Bar graphsshowingTE levelsin piRNA pathwaymutant(rhi) testeqorange)andovaries

(blue). TEsthathave>10RPKM in eithersexis shownatthetop, with therestatthebottom.

(B) Toptenmost expressed TE families in piRNA pathway mutant testis (left) and ovary
(right). rhi”- was used, where piRNA production from genewide duaistrand piRNA
clusterscollapsesSliceheightsandcolorsweredepictedasdescribedn Supplementaryig.

S2D, though the same TE can be marked by a different color.

(C) Table reporting manual curation of 36 confidently affected TE families by rhi--.
Silencingpotentialis TRUE whentherearenormally>100RPM antisens@iRNAs andthey
show>2-fold reductionin rhi mutants. TEsaredeemedlerepresseavhenhaving>3-fold
up-regulationNoteafew unexpectedasesvhereTE derepressions notaccompaniety

piRNA loss,the ovary onesof which weredescribedefore(Klattenhoffetal. 2009).
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Figure S4. An algorithm that includes local repeats in piRNA cluster definition and

analysis.

(A) Flow chart showing steps of the new algorithm that includes local repeats in piRNA

cluster definition and analysis. See aisethods.

(B) Histogramshowingthe distributionof “ madxi s t adefioeglia (A) to identify a

meaningfulcutoff (2Mb) for distinguishindocalfrom non-localrepeatsSeealsomethods.
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Figure S5. Characterization of pira homology in D. melanogaster and the phasing

pattern of pira-derived sense piRNAs.

(A) Homology between twd. melanogastemparalogs:velo and CG12717/pira The
homologous regions are marked using BLAT and they share 75% nucleotide sequence

identity.

(B) Alignmentof duplicated partialcopiesof CG12717at petrelon D. melanogastel to
its CG12717gene(left), andtheir genomiccoordinategright). Notethattherearetwo small
regions ofCG12717absent on Y. RNAn situ HCR was targeted against the ORF region

unique toCG12717gene.

(C) Distributionof 3 “to-5 piRNA distanceonthecodingstrandof CG12717/piran testis.
Only genomeuniquesens@iRNAswith zeromismatchareused Z;=3.2is equivalento P<

0.001.
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Chapter 4

RDC COMPLEX EXECUTES A DYNAMIC PIRNA PROGRAM
DURING DROSOPHILASPERMATOGENESIS O SAFEGUARD
MALE FERTILITY

B.Chen, Y. Luo,A. A. Aravin (2021).
PL0oSGenetl7, e1009591https://doi.org/10.1371/journal.pgen.1009591
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ABSTRACT

piRNAsaresmallnoncodingRNAs thatguidethesilencingof transposonandothertargets

in animalgonadsIn Drosophilafemalegermline,manypiRNA sourcdoci dubbed pi RNA
clusters” Il ack hall marks of active genes
whichreliesontheRhino-DeadlockCutoff (RDC) complex RDCwasthoughtto beabsent

in testis,soit remainsto dateunknownhow piRNA clustertranscriptionis regulatedn the
malegermline.We foundthatcomponent®f RDC complexareexpresseth malegermcells
duringearlyspermatogenesipm germlinestemcells(GSCs)o earlyspermatocytefRDC

is essentiafor expressiorof dualstrandpiRNA clustersandtransposorsilencingin testis;
however, it is dispensable for expression elinked Suppressor of StellaggRNAs and
thereforeStellatesilencing. Despite inta&tellaterepression, maldacking RDC exhibited
compromisedertility accompaniethy germlineDNA damageindGSCloss.Thus,piRNA-
guidedrepressioris essentiafor normalspermatogenesiseyondStellatesilencing.While

RDC associates with multiple piRNA clusters in GSCs and early spermatogonia, its
localizationchangesn laterstagesasRDC concentratesn asingleX-linkedlocus,AT-chX
DynamicRDC localizationis paralleledby changesn piRNA clusterexpressionindicating
thatRDC executes fluid piRNA programduringdifferentstage®f spermatogenesi$hese
resultsdisprovethecommonbeliefthatRDC is dispensabléor piRNA biogenesisn testis

and uncover the unexpected, sexually dimorphicdmamic behavior of a core piRNA

pathway machinery.
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Main Text

INTRODUCTION

Transposablelementg TEs)areselfishgeneticelementghathavetheability to propagate

in the genome. When unchecked, transposition of TEs can cause overwhelming DNA
damagend,eventuallygenomaeanstability. Thisposesaparticularthreatto germcells,and

TE derepressiomnftenleadsto reproductivedefectdike sterility. To copewith this,asmall
RNA-mediatedgenomeadefensenechanismnvolving PIWI proteinsandPIWI-interacting

RNAs (piRNASs) is employed in animal gonads to silence (ks

In ovariesof DrosophilamelanogastemmostpiRNAs aremadefrom so-calleddualstrand
pPiIRNA clusters, where both genomic strands are transcribed torgweto piRNA
precursors. Transcription of dustrand piRNA clusters is unusual in a number of ways.
First, there is no clear promoter signature for transcription initig#prSecond, splicing,
termination and pohadenylation of nascent transcripts are all suppresded). (Third,
transcriptionoccursatthepresencef H3K9me3(5), a histonemodificationgenerallyseen
asarepressivanarkfor geneexpressionln fact, canonicatranscriptiormustberepressed
by factors like Maelstrom to allow proper piRNA production from ektednd piRNA
clusters ). Prior work has shown that such moanonical transcription and o
transcriptionaprocessingf piRNA precursorslepencdntheRDC complex,composeaf
Rhino(Rhi), Deadlock(Del) andCutoff (Cuff) proteinsthatbind duatstrandclustery2, 4).
Rhi belonggo theHP 1family andbindsH3K9me3throughits chromedomain,anchoring

theRDC complexontoduatstrandclusterg2, 4, 7). Cuff is ahomologof theconserveaap
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bindingproteinRailthatwasreportedo suppresselsothsplicing(4) andtranscriptional

termination 8), in order to facilitate the production of long, unspliced piRNA precursors.
Del, on the other hand, recruits a paralogof transcriptioninitiation factor TFIIA-L,
Moonshiner (Moon), to initiate transcription in hostile heterochromatin environi@ent (
Together,the RDC complex conveystranscriptionalcompetencdo duakstrandpiRNA
clusters, and the majority of piRNA production collapses when one of its components is

missing.

While piIRNA pathway is known to be active in both male and female germline of
Drosophila expressiorandfunctionsof Rhi, Del andCuff werestudiedexclusivelyduring
oogenesis. Mutations ohi, del andcuff were shown to cause female sterility, however,
mutant males remained fertil®, (10). In addition,rhi, del or cuff are predominantly
expressed in ovaries, with low or no expression in testessamatic tissuesl(—13).
Similarly, Moon wasalsobelievedto be ovary-specific,giventhata high expressionevel
couldonly befoundin ovaries(8). Finally, thesilencingof Stellateby abundanBuppressor

of StellatepiRNAs wasshownto beunperturbedn testeof rhi andcuff mutants suggesting
thattheRDC complexis dispensabléor piRNA biogenesisn males(14, 15). Collectively,
thesdindingsledto thenotionthatRDC complexis dispensabléor piRNA pathwayin male
germline, raising the question of how piIRNA cluster expression is controlled during

spermatogenesis.
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Here, we describe a developmentally regulated assembly of RDC complex in testes. We

found that low expression of RDC complex components can be attributed to the fact that
only asmallsubsetf cellsatearlystage®f spermatogenesexpresshi, delandcuff. Loss

of RDC complexin testegesultsan acollapseof piRNA production,TE de-repressionand,
ultimately,compromisednalefertility, supportinganindispensableole of RDC complexin
spermatogenesikventhoughRDC complexis assembledndfunctionalin bothsexeswe
founddifferentialgenomenccupanciesf RDC complexbetweernwo sexesgorrelatingwith
sexually dimorphic usageof genomewide piRNA sourceloci. Finally, RDC complex
appears to exhibit dynamic binding on different piRNA clusters during spermatogenesis,
allowing different piRNAs sourceloci to be usedat different stagesof early sperm

development.

RESULTS
Componentsof the RDC complexare required for normal male fertility

Previousstudiesshowedthat, while rhi is requiredfor femalefertility, it is dispensabléor
malefertility (13, 14). In agreemenivith this, we foundthatrhi mutantmalesindeedproduce
progeny when crossed with wildtype females. However, careful examination of the male
fertility by sperm exhaustion test) revealed significantly compromised fertility ihi
mutant males. Even though maekit mutant males were initially fertile, the percentage of
fertile malesdroppedastheyagedandstayedow from day3 in comparisorto heterozygous
sibling controls(FigurelA). To probemalefertility morequantitativelywe repeatedhetest

andcountechumbersf progenyfor eachmaleeveryday.We foundthatevenyoung,1-day
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old rhi mutant males, which were fertile, produced fewer progeny than heterozygous

sibling controls(FigurelA). Also, rhi mutantmalesproducechearlyno progenyaftertwo-
day spermexhaustionwhile heterozygoussibling controls continuedto produce~100
progenyonaveragehroughouthespermexhaustiorprocessTo extendthis observatiorio
othercomponent®f theRDC complex,werepeatedhespermexhaustiortestsfor deland
cuffmutantmales Bothdelandcuffmutantgdisplayedareductionn malefertility compared
to theirrespectiveheterozygousibling controls(n=5,P < 0.001,FigureS1) Theseresults
demonstratéhatmalefertility is substantialllcompromisedttheabsencef rhi, delor cuff,
suggestingan indispensableole of all threeRDC complexcomponentsn maintaining

normal male fertility.

RDC complexis assembledn nuclei of germ cellsfrom GSCsto early spermatocytes

The dependency of normal male fertility dm, del and cuff prompted us to rexamine
whethelRDC complexis assembleth testismodENCODEdataandpreviousvork showed

that tissuevide mRNA levels ofhi, delandcuffare high in ovaries but low in testes and
thesoma(11-13), whichled to thenotionthatRDC might be ovary-specific(12, 13, 17). To
examineexpressiorof Rhi, Del andCuff in testis,wetook animagingbasedpproachhat
providessinglecell resolutionandpreservespatialinformation.We examinedexpression

of individual components of the RDC complex using G&fged Rhi, Del and Cuff
transgenes that are expressed under the control of their native regulatory r2gions (
Importantly, GFRtaggedRDC componentgrefunctional,astheirexpressiorfully rescued

thesterility of therespectivdemalemutant(FigureS2).All threeproteinsareexpressedt
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theapicaltip of testisthatcontaingermcellsat early stepsof spermatogenesigigure

1B and1C), indicating that all three components of RDC complex are expressed in testis,

though only in a small subset of the cells.

Rhi, Del and Cuff form foci in nuclei (Figure 2A). To test whether all three proteins co
localizein nuclearfoci, we taggedRhi with a differentfluorophoreandexpressedt using

the previously described regulatory regionrbf (4). After verifying that this transgene
rescuegemalesterility of therhi mutation(FigureS2),we analyzedts localizationwith Del
andCuff. Indeed,Rhi co-localizeswith both Del andCuff (Figure2A), consistentvith the
formationof RDC complex.Next, we examinedheinter-dependencef Rhi, Del andCuff
localization(Figure2B). In eitherdel or cuff mutants Rhi becomeslispersedndnolonger
formspunctain nuclei.Similarly, Del alsodispersesatthe absencef Rhi or Cuff. Expression

of Cuff is strongly decreased in bothi and del mutants, indicating its destabilization.
Therefore, Rhi, Del and Cuff éocalize in distinct nuclear foci that depend on the

simultaneous presence of all three proteins.

We further characterized the expression of RDC complex in testis. Rhi, Del and Cuff are
expresseth nucleiof germlinestemcells (GSCs)thataredirectly adjacento somatichub

cells labeled by Fas3, but not in hub cells (Figure 2C). Rhi expression continues beyond
spermatogonianarkedby Bam, until early spermatocytethat expressSa(Spermatocyte
arrest)(Figure 2DandS3). Inbammutant testes, whespermatogenesis @&srested athe

spermatogoni#o-spermatocyte transition stage, we observed an expansion of
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spermatogoniandexpressiorof Rhi throughoutentiretesteqFigure2E). In additionto

germ cells and hub cells, the apical tip of testes contains somatic gonadal cells (cyst stem
cellsandearlycystcells)thatcanbedistinguishedrom germcellsby Tj expressionRhiis
notexpresseth somaticcellsthatexpresdlj (Figure2D andS3),confirmingits restriction
tothegermline. Takentogetherwe concludeghatRD C complexis assembleth malegerm

cellsduringspermatogenesifom GSCsto spermatogoniandearlyspermatocytes.

In ovaries, RDC complex is known to promote piRNA cluster transcription by two
mechanismsl) suppressiof prematurdranscriptionatermination,afunction mediated

by Cuff (3), and 2) licensing of nenanonical transcriptional initiation, a function that
requires the recruitment of a basal transcriptional factor FEllgaralog, Moonshiner
(Moon) (8). Expressiorof Moonwasreportedo bespecificto femalegermline raisingthe
guestionof whetherRDC complexcanfulfill its functionin malegermline,if its functional
partner is missing. However, we observed Moon expression in testis usingiaggeR
Moon transgene (expressed under its native regulatory region) that is able to rescue the
female sterility caused by theoon mutation ) (Figure 2A). Importantly, Moon is
expresseat similar stagesascomponent®f RDC complex,from GSCsto spermatogonia
andearly spermatocyteat the apicaltip of testis(Figure2A and2C). FurthermoreMoon
co-localizeswith Rhi in nuclearfoci from latespermatogonio earlyspermatocyteandits

focal localizationis abolishedn rhi mutantgFigure2A and2B). In GSCsMoon localization

is morediffusedthancomponentsf theRDC complex(Figure2A and2C).HoweverMoon

expression is perturbed ihi mutants, even in GSCs (Figure 2B), suggesting that Moon
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depend®n Rhi for proteinstability andproperlocalizationin the nucleusthroughouits

expressionvindow.Onthecontrary Rhilocalizationappearsiormalin two differentmoon
mutants,moor®tand moor#?2 Bindicating that it acts geneticallydownstreamof RDC
complex (Figure S4). These observations suggest that RDC complex can recruit Moon to

license transcription initiation in the male germline.

Lossof RDC complexcauseDNA damageand germ cell deathin testis

To identify cellularmechanismsinderlyingfertility declinein maleslackingRDC complex,

we examined morphology of germ cells marked by Mag® inrhi mutants. Normally,
Vasapositivegermcellsaretightly packedattheapicaltip of testis,aswe observedn testes

of heterozygous control males (n=162; Figure 3A). However, hathiomutant testes
(54.9%, n=134/244) had visibly fewer germ cells with prominent galpstmeen, indicative

of anelevationof germcell death(Figure3A). Furthermoreanotherquarterof rhi mutant

testes (25.4%, n=62/244) completely lost early germ cells altogether, and only 19.7%
(n=48/244)showedwildtype-like germlinemorphology(Figure3A and3B). We concluded

thatlossof Rhi leadsto areduction inthegermcell countin testis.

Next, we examinedmpactsof Rhi losson theresidentGSCpopulation. Weguantifiedthe
numberof GSCsper testisby countingthe numberof Vasapositive germ cellsdirectly
adjacentn 3D to thesomaticGSCnichelabeledby Fas3We foundareduction ofGSCsin

testesof rhi mutantscomparedvith heterozygousontrolsin two agegroups(1-
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4 and 912 days old)P<0.0001, ManaWhitney-Wilcoxon test, Figure 3C). About a

quarterof rhi mutanttestesdid not haveany GSC at all. Accordingly, we observedan
expansiorof Fas3positivehubatasimilarrate(24.4%,n=59/244)whichusuallyoccursat
theabsencef GSCsandis neverseenn controltestegFigure3A). Hence GSCpopulation
sizesshrinkdrasticallyin testedackingRhi. Similarto rhi mutantstestesf 10-day-old del
andcuff mutantsareoftencompletelydepletedf earlygermcellsincluding GSCs(Figure
3D), indicating that loss of any componenf the RDC complexleadsto a collapseof
spermatogenesidNotably, aged virgin mutant males that lost all early germ cells,
nevertheless, harbor mature sperm in their seminal vesicles (Figure 3D), suggesting that
disruptionof theRDC complexdoesnotblockspermatogenesataspecificstagan young
maleshutearlygermcellsaredepletedvhentheyage Stainingtestegor thephosphorylated
H2A variant( 412Av), amarkerfor DNA doublestrandbreakg DSBs),revealednassive
accumulatiorof unrepairedNA DSBsin earlygermcellsof rhi, delandcuffmutanttestes
(Figure 3E). UnrepairedDNA DSBs likely causeggerm cell deathin mutantsof RDC
complexcomponentsOverall,our resultssuggesthatthelossof earlygermcells,including
GSCs, accompaniedby widespreadunrepairedDNA DSBs is responsiblefor the

compromisedertility of mutantmaleslackinganintactRDC complex.

RDC complexis required for TE silencingin testis

Widespread DNA DSBs can result from TE transposition. To quantify TE expression, we
sequenced polyadenylated (polyA+) RNAs fromh mutant and control testes. PolyA+

RNA-seqgrevealed32 TE familiesshowingsignificantup-regulationin testesof rhi mutants
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(>2-fold increase, FDR < 0.05; Figure 3G). Among them, the moes¢piessed ones

includemdg3(36-fold), invader3(18-fold) andcopia(13-fold). To verify TE de-repression,
we employeda copialacZ reporter,wherethe LTR of copiacontainingcopia
promoter is fused upstream to taeZ gene and its expression can tdeectly examined
by X-galstaining(18). copiais knownto beactivein themalegermline

(19 andhasthehighestexpressiomevelamongall TEsin testeg20). Whereaso detectable
X-galstainingwasseenn controltestesrobuststainingwasobservedn rhi mutantyFigure
3F), confirming strong deepression otopiaat the absence ahi. Similarly, thecopia
reporterwasde-represseth delandcuff mutanttesteqFigure3F). Theseresultsshowthat

TEs are deepressed in testes lacking a functional RDC complex.

In ovaries, RDC complex is required for piRNA production from eitiednd clusters to
ensure efficient TE silencin@{4, 8). To examine piRNA biogenesis, we sequenced and
analyzedmallRNAsin rhi mutantandcontroltestesWefoundalossof antisens@iRNAs
targetingmanyTE familiesin rhi mutanttesteq>2-fold reductionFDR < 0.05;Figure3H),
suggesting an overall defect in piRNA production. In fact, there is a moderate correlation
betweerthefold-derepressionf TEsandthefold reductionof TE-targetingpiRNAsin testis

uponmutatingrhi (log-transformedraluesS p e a r j0#1,P=7.3x105Pear gon’ s
= 0.46,P = 8.4 x 10°). For TEs showing strong tnegulation inrhi mutant testes, we
observed a concurrent, pronounced loss of antisense piRNAsn(eg3, invaderand

copia). Notably,thereareantisens@iRNAs againsseverall E families(e.g.,BS2 Transib2

invader@ thatshowover100-fold reductionin rhi mutanttestesamagnitudenotobserved
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for any TE family in rhi mutantovaries(Figure3l). Finally, sens@iRNAswerealsolost

for many TEfamilies (Figure S5), consistent with disttand clusters producing piRNAs
from both genomic strands in a Riependent manner. These results show that efficient
productionof TE-silencingpiRNAs in testisdepend®n the RDC complex,withoutwhich

manyTEs arederepressed, causing DNA damage and germ cell death in testis.

RDC complex is required for piRNA production from dual-strand clusters in early

male germ cells

To understandherole of RDC complexin piRNA clusterexpressionn testis,we analyzed
effectsof rhi mutationon piRNA productionfrom majorpiRNA clusters Genomicloci that
generat@iRNAsin testiswererecentlyde novodefinedleadingto identificationof several
novelpiRNA clusterq20). Rhiwasdispensabléor expressiomf uni-strandpiRNA clusters,
flam and20A (Figure4A), similar to resultsfrom ovary studieq(2, 4, 14). Surprisingly,we
foundthatRhiwasalsodispensabléor piRNA productionfrom theY -linked Su(Ste)ocus,
whichis themostactivepiRNA clusterin testis(20). Unlike flam and20A Su(Ste)s aduat
strand cluster that generates piRNAs from both genomic strands. We confirmed by RNA
fluorescencen situ hybridization(FISH) thatpiRNA precursoitranscriptionfrom Su(Ste)
appearedhtactin testesvithout Rhi (Figure4C).In contrasto Su(Ste)piRNA production
from othermajorduatstrandclustersjncludingtheY -linked petrelcluster,collapsesn rhi
mutanttestegFigure4A), indicatingthatexpressiorof the majority of duatstrandpiRNA
clusterdn testisrelieson Rhi. Interestingly dependencef dualstrandclusterexpressioron

Rhivariesbetweersexes38Cis moreaffectedby lossof rhi than42ABin testis,while the
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oppositdas foundin ovary.FurthermorepiRNA productionfrom bothstrandsof complex

satellites,which we recentlyfound to behaveas duatstrandpiRNA clusters(20), also
drasticallydeclinedin rhi mutanttestesandovarieg(Figure4B). ThesaesultsshowthatRhi

Is essentiator piRNA productionfrom alargefractionof piRNA clusteran malegermline.

SinceRDC complexformsdistinctfoci in thenucleiof germcells(Figure2A), wesetoutto
test if Rhi binds the chromatin of dustrand clusters whose expression depends on RDC
complex,asreportedn ovary(2, 4, 14). Giventhatexpressiorf RDC complexis restricted
to asmallnumberof cellsattheapicaltip of testis,we usedbammutanttesteswhereRhi-
expressingpermatogoniareexpandedFigure2E), to performChliP-seqgof Rhi. All major
dualstrand clusters, with the exception@ii(Ste)were enriched for Rhi binding (Figure
4D). In agreement with ChiBeq,independent ChHgPCR showed no evidence of Rhi
bindingon Su(Ste)ocus(n=4) (Figure4G). Rhiwasalsoabsenbnchromatinof uni-strand
clustersflamand20A Importantly,thebindingof Rhi on differentloci seemdo correlate
with its effecton promotingpiRNA clusterexpressionRhi doesnotbind, andis dispensable
for piRNA productionfrom, uni-strandclustersandSu(Ste)while it binds,andis required
for expressiorof, otherdualstrandclustergFigure4A and4D). Also, duatstrandclusters
that show the highest levels of overall Rhi bindiB§C and AT-chX demonstrate the
strongesRhi dependencéor piRNA production.To characterizeherelationshipbetween
Rhi bindingandpiRNA productionon agenomewide scale we analyzedRhi bindingand
piRNA productionin 1Kb genomicwindowsspanningheentiregenomeFigure4Eg). For

loci that depend on Rhi to produce piRNAs, we observed strong correlation between Rhi
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bindingandpiRNA levels( Sp e arnp m@9v;P& a r $ ©0099)©Ontheotherhand,

loci that continue to produce piRNAs at the absence of Rhi usually have little, if any, Rhi
binding.Collectively,ourdataindicatethatRhi physicallybindsthechromatinandensures

theexpressiorof duakstrandpiRNA clusterswith a notableexceptionof Su(Ste)

Sexually dimorphic genome occupancy of RDC complex sculpts sspecific piRNA

program

piRNA profilesaredistinctin maleandfemalegonadsandexpressiomf duatstrandpiRNA
clusters aresexually dimorphic Z0). To explore if RDC complex might be involved in
orchestrating sespecific piRNA programs, we profiled Rhi binding on the genome in
ovariesunderidentical ChlP-seqconditionsasin testesThis analysisrevealeddifferences

in Rhi genome occupancy between sexes among top piRNA clusters (Figure 5A). For
exampleRhiis moreenrichedon 38Cthan42ABin testesywhereashereciprocals seenn
ovaries correlatingwith differentialpiRNA productionfrom thesewo loci in two sexesin
addition,80EFand40F7 clustershavehighlevelsof Rhi bindingin ovarybutlow in testis,
mirrored by abundant piRNA production from these two loci in ovary but not in testis.
Finally, an ovaryspecific duaistrand piRNA clusterSox102Fis bound by Rhi in ovary,
while there is no evidence of Rhi bindingSax102Fn testis where it is inactive (Figure
5B). Altogether, the observed link between Rhi binding and piRNA production between
males and females suggests that the-specific Rhi binding on piRNA clusters is

responsible for sculpting a sexually dimorphic piRNA program.
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RDC complexenablesdynamic piRNA production during spermatogenesis

ChlIP-segprovidesthegenomewide profile of Rhibinding,butit maskgpossibledifferences

of Rhilocalizationamongindividual cells.Imagingof Rhi revealedlistinctRhi localization

in nuclei of germ cells at different stages of spermatogenesis (Figure 6A). In the nuclei of
GSCs and spermatogonia, Rhi forms many discrete foci, suggestirmgreement with
ChlIP-seqgresults—thatit bindsmultiple genomidoci. As malegermcellsdifferentiateinto
spermatocyteandprepardor meiosis however Rhi concentrateasonesingledotin nuclei

of early spermatocytes, suggesting its specific localization at one single locus. Notably, while
homologous chromosomes pair in about half of late spermatogonia and very early
spermatocyte@1), we only observednebright Rhi dotin virtually all nucleiatthesestages,
suggesting that this locus resides on one of the two sex chromosomes rather than an
autosomeT o explorewhereRhi bindsatthis stagewe first examinedestefrom XO males

that lack the Y chromosome and found that Rhi still localizes as one single dot in early
spermatocytes, arguing againstlivked loci such asSu(Ste)and petrel (Figure 6B).
Simultaneousmagingof RhiandRNA FISH of transcriptfrom theX-linked AT-chXlocus
revealed cdocalization ofAT-chXnascent transcripts and Rhi in airgle dot from late
spermatogoni#o early spermatocytesndicatingthatRhi concentratesn AT-chXlocusat

this stage (Figure 6C). Indeed, singl@-chX RNA foci in individual nuclei became
undetectabl@ rhi mutanttestesandexpressingsFP-taggedRhitransgenéy nanosGal4

in rhi mutantbackgroundestoredAT-chXexpressiorfFigure6C). Importantly,eventhough
nanosGal4 drives stronger expression of GHPi in earlier stages (GSC and early

spermatogonia)AT-chX transcriptsremainedhighly expressedpecifically during later
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stages (late spermatogonia and early spermatocyte) (Figure 6C). This finding suggests

that the spatietemporallyregulatedgeneexpressiorof AT-chX piRNA clusteris rather

robust toperturbations to the Rhi protein level, and the low expressiéd-chXpiRNA
clusterearlierin GSCsandearlyspermatogonia notlimited by thelevel of Rhi protein.In

sum, these results show that Rhi binds multiple genomic loci in GSCs and spermatogonia

but appears to concentrate on a siglechXlocus later.

As Rhiis requiredfor non-canonicatranscriptionof duatstrandpiRNA clustersdepletion
of Rhifrom clustersotherthanAT-chXshouldceaségheir expressionTo testthis, we setout
to conductRNA FISH of piRNA precursorgrom otherRhi-dependentlualstrandpiRNA
clusters (Figure 5A). Previously, FISH detection of pIRNA precursor transcripts was
performed in polyploid nurse cells in fly ovary, whose genome is-esplecated up to
1032C with a much higher expression level of piRNA precursor transc2ipds 22). In
additionto low expressiortevelsin thediploid malegermline piRNA clustertranscriptsare
difficult to target,astheyarehighly repetitiveandshareextensivesequenc@éomologywith
TEs. To tackle thesechallengeswe employedin situ HCR, which permitsenzymefree
signalamplificationandautomatichackgroundsuppressioli23), to target transcripts from
38CpiRNA cluster that has a relatively high expression level in testis (Figurarbsiju
HCR detected nasceB8C piRNA precursors that elmcalized with Rhi in diploid male
germ cells (Figure 6D). These signals from nas&&@ piRNA clustertranscriptswvere
absenin rhi mutanttesteqFigure6D). Moreover,both38CandAT-chX piRNA precursors

canbeseenn nucleiof spermatogonidn contrastpnly AT-chX,but
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not 38C, cluster continues to be expressed in 87.7% (n=50/57) of ga@lynatocyte

nuclei(Figure6E). Thereforetheexpressiommf 38CpiRNA clusteris turnedoff whenRhi

concentrates onto theT-chXlocus.

During earlyspermatogenesisatelliteDNAs locatedat peri-centromericheterochromatin

of differentchromosomes cluster together to form distinct nuclear compartments called
chromocenters2d, 25). To explore the possibility that the repetitik&-chXlocus is also
recruitedto achromocentenve comparedRhilocalizationwith thatof D1, whichbindsthe
AATAT satelliteon chromosomeX, Y and4 (24). We foundthatD1 doesnotco-localize

with thesingleRhi dotin earlyspermatocyte@-igure6F). We alsoanalyzedocalizationof

Cid, a centromerspecific histone H3 variant that functions asegmigenetic mark for
centromere identity26). The single Rhi dot is present in nuclei that contain four or more
separat€id foci (Figure6G), indicatingthatnonrhomologoushromosomeareseparated
andoccupydistinctchromosomeéerritoriesin thesenuclei. Theseresultsshowthatthe AT-

chXlocusboundby Rhi occupiesa nuclearcompartmentistinctfrom chromocenters.

Takentogether pur resultssuggesthatRDC complexbinds,andthusenablesthe expression

of many duaidstrand piRNA clusters from GSCs to spermatogonia, inclu@s@ but
gradually concentrates onto a single loos;chX in early spermatocytes (Figure 6H).
Dynamicassociatiorof RDCwith piRNA clustersduringearlyspermatogenesexecutes

fluid piIRNA program to allow different piRNA clusters to be engaged at different

developmental stages.
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DISCUSSION

Most proteinsinvolvedin piRNA pathwayin Drosophilawereinitially identifiedin screens
for femalesterility or TE derepressiornn ovaries(9, 10, 27-30). However thefirst described
caseof piIRNA repressionsilencingof Stellateby Su(StepiRNAsduringspermatogenesis,
indicates that piRNA pathway operates in gonads of bekes 81, 32). Many proteins
involved in piRNA pathway in ovaries are also required for male fertility Siedlate
silencingin testessupportingheconservatiorof piRNA pathwaymachinenjbetweersexes
(31, 33-39). Notably,afew proteinsstoodoutasexceptionsRhi, Del andCuff thatform a
complexto enabldranscriptiorof duatstrandpiRNA clustersn ovary(2, 4, 14), for which
nofertility defectsor Stellatede-repressionvereobservedn mutantmales(10, 13, 14). This
suggestethatmolecularmechanismsontrolling piRNA clusterexpressionn testismight
bedifferentfromovary.OurresultshoweverdemonstratéhatRDC complexis assembled
in testis(Figure2) andrequiredfor TE silencing(Figure3) in malegermline,indicatingthat

themoleculamachineryregulatingpiRNA clusterexpressions conservedbetweersexes.

piRNA pathway in Drosophilatestis: beyondStellatesilencing

Genomidoci thatencodeovarianpiRNAs weresystematicallydentifiedacrosthegenome
in several studie2( 40). In contrast, piRNA studies on testes were mostly focused on a
singlelocus,Su(Ste)thatencodepiRNASs to silenceStellate andno systematisearchor

piRNA clusterdn testishasbeenperformedo date.WerecentlydenovoidentifiedpiRNA
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clustersin testis (20), laying the foundationfor broaderunderstandingf piRNA

biogenesiandfunctionin malegonadsWe foundthatRDC is essentiafor expressiorof

all majorduatstrancpiRNA clusterdn testis,with aremarkableexceptiorof Su(StefFigure

4). This explainsthe previousobservationthat rhi and cuff are dispensabldor Stellate
silencing(14, 15). In contrastmanyotherpiRNA pathwayfactorssuchasAub, Ago3and
Zucareinvolvedin both Stellateand TE repressior{31, 33, 35). Mutationsin thesegenes
cause dramatic disruption of spermatogenesis, often leading to complete male sterility. In
comparisonrhi, delandcuff mutantmalesdemonstratenilder fertility defectssuggesting
thatStellatederepression is the major cause of spermatogenesis failure in other piRNA
pathwaymutantsIndeed previousstudiesdemonstratethatStellatede-repressionnduced

by deletingtheSu(Stejocusalone withoutglobalperturbation®f piRNA pathway disrupts
spermatogenesadcausesnalesterility (41). Thus,thefinding thatRDCis dispensabléor
Stellaterepressiorprovidesa uniqueopportunityto understandmpactsof silencingother

piRNA targets in the male germline.

Our results indicate that piRNguided repression plays a crucial role in spermatogenesis
beyondStellatesilencing asrhi, del and cuff mutant males show rapid fertility decline,
germlineDNA damageandseverdossof germlinecontentincluding GSCs(Figure3). These
phenotypes are likely caused by TErderession and the resultant genome instability,
thoughwe alsoidentifiedcomplexsatellitesanda hostproteincodinggene SUMO protease

CG12717pirate, as targetsof piRNA silencingin testes(20). In the future, it will be
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important to disentangle the contributions ofrdpressing different piRNA targets to

spermatogenesis defects observed in testes of piRNA pathway mutants.

Eventhoughthefertility of rhi mutantmalesis substantialllcompromisedtheyproducea
smallnumberof functionalspermatozoatleastwhentheyareyoung(Figurel).In contrast,
femaledackingrhi, delor cuffarecompletelysterile(10, 13). Thisdistinctionbetweerthe

two sexegmightresultfrom differencesn the TE threatfacedby maleandfemalegermcells.
Different TE families areactivatedupondisruptionof piRNA pathwayin ovaryandtestis
and,generally thereis a strongerTE threatin ovary (20). Differential TE de-repressionn

two sexes might be responsible for stronger defects in oogenesis at the absence of RDC.
Alternatively,it mightreflectdifferencesn DNA damageesponsén two sexesAn eggis
energeticallymoreexpensiveo makethanaspermatozoorn line with this, DNA damage
responses (activated bg.g., TE transposition) often arrest oogenesis to avoid wasting
resource®n adefectiveegg(42 43). Sinceoogenesiss usuallyshutdownto attemptrepair,
iIncompleteoogenesisesultsin femalesterility. In contrastguality controlmechanismef
spermatogenesis frequently kill unqualified germ celg),( without pausing the
developmentaprogramof thosesurviving ones.Becausespermatogenesgermitsalarge
numberof germcellsto developin parallel,eventhoughthe unqualifiedonesarekilled, a

few surviving germ cells might be able to complete sperm development. Together,
differential TE threats coupled with distinesponse strategies to DNA damage might

underlie sexspecific sterility when RDC is lost.



156
Su(Ste) an RDC-independentdual-strand piRNA cluster free of RDC binding

Su(StejocusonY chromosomés themostprolific sourceof piRNAsin testeg20). piRNAs

are generated from both genomic strandSwufSteyepeats, making it akin to other dual
strand piRNA clusters3(, 45). However, our results showed that RDC is dispensable for
expressiomf Su(StepiRNAs, while it is requiredfor piRNA productionfrom all otherduat
strandclustersn testis(Figure4A) andovary(2, 4). Whatmight explainthe ability of Su(Ste)

to generat@iRNAsin anRDC-independenfashion”RDC ensuregranscriptionof piRNA
precursors by suppressing thpremature termination3] and promoting nowcanonical
transcriptioninitiation (8). Interestingly the structureof Su(Stejocusis differentfrom other
duatstrand piRNA clusters, as it is composed of many almost identical, relatively short units,
all of which areflankedby two canonicalalbeitconvergentpromotersdriving expression

of bothgenomicstrandg31). In fact, sensdranscriptf Su(Stewerefoundto be spliced
andpolyadenylate@31), consistentvith theabsencef RDC, whichsuppressesplicingand
polyadenylation Z4), at this locus. Thus, the presence of canonical promoters flanking
individual short units oSu(Steyepeats might enable their expression without engaging RDC

complex.

Consistent with a role in promoting piRNA precursor transcription, Rhi is enriched on
chromatinof dualstrandpiRNA clusters SuchacorrelationbetweerdirectRhi bindingand
Rhi-dependenpiRNA expressiomwaspreviouslyreportedn ovary(2). Thefunctionof RDC
explains why piRNA production depends on its presencetwomatin; however, the

molecularmechanisnresponsiblefor specific recruitmentof RDC to piRNA clusters
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remainedooorly understoodit hasbeenshownthatpiRNAs expressediuringoogenesis

aredepositednto theoocyteandplay animportantrolein jump-startingpiRNA biogenesis

in the progeny46, 47). Maternally supplied piRNAs were shown to induce deposition of
Rhioncognategenomidocusin theprogeny(7). Thus,piRNAsexpresseffom thecluster
andRDC bindingto theclusterseento form apositivefeedbackoop: RDCis requiredfor
pPiIRNA production, and piRNAs in turn guide deposition of Rhi on cognate genomic loci.
piRNA-dependeniRhi depositiormightbe mediatedoy thenuclearPiwi proteinthatdirects
theestablishmendf histoneH3K9me3mark(48-51), which providesabindingsitefor Rhi
chromaedomain(2, 7). Importantly,Piwi- andpiRNA-dependenRhirecruitmenseemso
occur in a narrow developmentalwindow during early embryogenesisThis was
demonstratety theobservatiorthatdepletingPiwi duringearlyembryogenesis sufficient

to perturb Rhi localization on piRNA clusters, while depleting Piwi during larval or adult
stages does not change Rhi localizatie®).(Our finding that Rhi is localized to all dual
strand piRNA clusters in testis excé&ui(SteFigure 4D) is compatible with an idea that
Rhi bindingto genomidoci in thezygoteis guidedby maternapiRNAs. Indeed,n contrast

to most other duadtrand clusters that are active in the germline of both sexksket
Su(Stejocus generates piRNAs only in males. Therefore, unlike other piRE&Ste)
piRNAs arenotdepositednto theoocyte resultingin theinability to recruitRhito Su(Ste)

in theprogeny It is interestingo compareSu(Steith anotherdualstrandpiRNA cluster
onY chromosomepetrel Unlike Su(Ste)Rhi is enrichedon petrelchromatinandpiRNA
productionfrom this clusterdepend®nRhi (Figure4A and4D). However petrelpiRNAs
derivedfrom malespecificY shouldbeabsenin ovariesandhencenopetrelpiRNAs can

bedepositednto theoocyte At thefirst glancetheseobservationgrgueagainstpossibility
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that maternal piRNAs guide Rhi depositionpetrel cluster. However, unlik&u(Ste)

petrelis enriched of different TE sequences. As a resukmEpping piRNAs produced
from otherclustersn ovarymightbeableto targetpetrel Indeed piRNAs mappingto TEs
presentitthepetrellocuscanbefoundin unfertilizedeggs(46). Forexampleyoo piRNAs
arethemostabundanT E-mappingmaternallydepositeiRNAsin theearlyembryo(46).
Severakoo fragments are present@trel,and these sequences occupy ~6% of the total
lengthof this cluster makingroo thethird mostrepresented E atpetrel(afterIDEFIX and
ninja) (20). piRNAs against other TEs locatedpatrelare also deposited in the embryo.
Overall, while our resultsdid not directly addresgshe mechanisnof Rhi recruitmentto
specificgenomidoci, theyshowthatstudyingRhioccupancyn -linked piRNA clusters

provides a novel angle to study this problem.

Dynamic organization of piRNA pathway during spermatogenesis

Our results showed that components of RDC complex are expressed exclusively in male
germlineduring early stagef spermatogenesispm GSCsto earlyspermatocyte@~igure

1; Figure2). Interestingly expressiorof Piwi andAgo3, two of thethreePIWI proteinsin
Drosophila is alsorestrictedo thesamealevelopmentadtageg34, 53). Piwi is requiredfor
piRNA-guidedtranscriptionakilencingin the nucleus(48-51), while Ago3is involvedin
heterotypic pingoong cycle in cytoplasi83, 40, 54), indicating that these processes operate

in the same cellthat have RD&lependentranscriptionof piRNA clustersIn contrasto

RDC, Piwi and Ago3, expression of the third PIWI protein, Aobntinues through

spermatocytetageuntil meiosis(34). How candevelopingmalegermcells be protected
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when the piRNA pathway is greatly simplified? It is possible that the silencing network

initiatedby piRNA pathwayfactorsearliercanselfsustairiater.piRNAs producedvith the
helpof RDC complexandAgo3-dependentieterotypiging-pongcouldpersistandcontinue

to functionthroughspermatocytéifferentiation,aslong astheyloadonto Aub.

Interestingly, the cessation of RDC, Piwi and Ago3 expression during spermatogenesis
coincides with the mitosio-differentiation transition. This transition is accompanied by one

of themostdramaticchangesn geneexpressiomprogramswith thegeneratranscriptional
machineryreplaced by the testspecific ones like tTAF and tMACSE, 56). Thus, the
following stage of male germline development can be seen aspri#ested window of
spermatogenesis, providing an opportunity for TEs and other selfish genetic elements to

thrive.

Restriction of the piRNA pathway to early stages of spermatogenesis contrasts with its
activity duringoogenesispiRNA pathwayfactorsappearo beexpresseduringall stages

of oogenesifrom GSC4o late stagenursecells.Recenstudieseportedseverahewfactors
involved in piRNA pathway in ovary, such as Moon, Boot, Nxf3, Panx, Arx and Nf2 (
22,30, 57-65). Theseproteinsareexpressedtalow levelin testisandtheirfunctionsduring
spermatogenesisavenotyetbeenreported Ourresultssuggesthat,similarto RDC, these
proteins might function in piRNA pathway in testis, and their low expression could be
explainedby restrictedexpressiorin earlymalegermline.Indeedwe foundthatMoon co-

expresses with, and agsnetically downstream of, RDC in testes (Figure 2; Figure S4).
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Overall, our results suggest that piRNA pathway machinery is likely conserved between

sexesHowever thedevelopmentabrganizatiorof piRNA pathwayduringgametogenesis
is different:whereasheentirepathwayis activethroughoubogenesigprocessethatrequire
RDC, Piwi or Ago3 likely terminatewhen mitotic spermatogonialifferentiateinto

spermatocytes and prepare for meiosis.

Dynamic expressionof piRNA clustersduring spermatogenesis

Our results revealed dynamic association of RDC complex with different genomic loci
during spermatogenesis (Figure 6). In GSC and spermatogonia nuclei, RDC complex
localizes to many foci, and Ch$&q data indicate that Rassociates with multiple dual
strandclusters As germcells differentiateinto early spermatocytesiowever RDC gradually
concentrates onto a single locAg-chX,on X chromosome. Since transcription of dual
strand piRNA clusters is dependent on RDC complex, the dynamic localization of RDC
suggests that expression of piRNA clusters changes as germ cells progress from GSCs to
early spermatocytes. Indeed, detection of nascent cluster transcripts reveaB8{tisat
activeearly,butnotlaterwhenmostRDC concentratesnto AT-chX. Notably, thoughnot
dependent on Rhi, transcription 8ti(Ste)piRNA cluster was shown to span a narrow
window from late spermatogonia to early spermatocyte as 4®)ll l{kely reflecting the
promoter activity that driveSu(Ste)transcription 81). Dynamic expression of piRNA
clustersduring spermatogenesis alsosupportedy the studythatshowedspermatogonia
andspermatocytelavedistinctpiRNA populationg66). In contrasto dynamiclocalization

of RDC complexandclusterexpressionn testespreviouswork depicteda staticview of
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piRNA productionin femalegonadsTherehasbeemoevidenceof dynamiclocalization

of RDC complex todifferent clusters during oogenesis, and all clusters appear active
throughout female germline development. It will be interesting to explore whether
expressiorof piRNA clusterschangeddynamicallyduringoogenesisThroughstudyinga

protein complex thought to be absent during spermatogenesis, we uncovered the sexually
dimorphicanddynamicbehaviorsof amoleculamachinerythatdrivesdualstrandpiRNA

cluster expression duririgrosophilagametogenesis.
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Figure 1. Chen et al.
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Figure 1. Rhi is required for normal male fertility, and componentsof RDC complex

are expressed at the apical tip of testis.

(A) Compromised fertilityof rhi mutant males. Sperm exhaustion testto?’“C mutant
(orange)andheterozygousibling control (blue) males Left: percentagesf fertile malesl—
1l4daysposteclosion(n=15).Right: averagechumberf offspringpermalel-10daysafter
eclosion (n=5). Shaded areas display standard error. Two charts report results from two

independent sperm exhaustion tests.
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(B) A schematic of spermatogenesis, showing major developmental stages of male

germlineaswell asthe somatichubthatservesasGSChniche.

(C) Expressiorof GFRtaggedRhi (left), Del (middle)andCulff (right) transgenedrivenby
theirrespectiveegulatoryregions.Expressiorof all threeproteinscanonly beseenatthe

apicaltip of testis(pointedto by theyellow arrow). Scalebar: 100um.
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Figure 2. Chen et al.
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Figure 2. RDC complexis assembledn early malegerm cells.

(A) Rhi, Del, Cuff andMoon co-localizein nuclearfoci. Confocalimagesshowingapical

tips of testes expressing Gi&yged Rhi, Del, Cuff and Moon (top to bottom) transgenes
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driven by their native regulatory regions.-@galization withmKate2tagged Rhi in

nuclearfoci areshownontheright. Signalintensitiesalongthe markedline areplottedfor

eachof four co-localizationanalysis AFU, arbitraryfluorescenceinits.

(B) Inter-dependence of Rhi, Cuff, and Del localization in nuclear foci, as well as the
dependence of Moon localization on Rhi. Confocal images showing apical tips of testes
expressingsFRRhiin deMNWKandcuffYM25/QQ37 GFRDel in rhiZXC andcuffVM25QQ37 GFR

Cuff in rhi?%¢ anddeFVWK andGFP-Moonin rhi’K¢ mutantbackgroundsiNuclearfoci of

each protein dispersed or disappeared in respective mutants.

(C) Rhi, Del, Cuff and Moon are expressed in GSCs. Imrfluarescence of testes
expressingsFRtaggedrhi, Del, Cuff andMoon, stainedor somatichubmarkerFas3Note

thatGSCsdirectly adjacento Fas3positivehubexpressall four proteins.

(D) Rhi is not expressed in somatic gonadal cells, and its germline expression continues
beyond spermatogonia till early spermatocytes. Confocal images showing a fluorescently
taggedRhitransgeneavith somaticgonadaktellsmarkedby tj-Gal4>UASpmKate2(left), 4
16 cell spermatogonianarkedoy BamGFP(middle)andspermatocytemarkedoy SaGFP

(right). Expressiorof Rhi in early spermatocytes pointedto by yellow arrows.

(E) Rhi expressiomponarresiof spermatogenesis bammutants Confocalimageshowing

bant8 6/ Rlitant testis expressing GIhi, where spermatogenesis is arrested at the
spermatogonido-spermatocyte transition stage. Note that spermatogonia are expanded and
virtually all germ cells express Rhi. An enlarged view of the basal part of mutant testis is

shown at the bottom, which shares scale bar with (D).
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All imagessharescalebarswith (D), exceptfor (E). Scalebars:20um(D) and100um

(E).



Figure 3. Chen et al.
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Figure 3. Lossof Rhi causeggerm cell death, DNA damageand TE de-repression.

(A) Lossof germcellsin testesf rhi mutantsLeft: expressiorof germcell marker,Vasa
GFPdrivenby vasapromoter n testesof rhi“C mutantsandheterozygousontrol.Right:
somatichub cellsthatform a nichefor GSCsaremarkedwith Fas3.Classificationof germ
cell phenotype (defined by number and organization of germ cells that express Vasa) and
hub size phenotype (defined by cells that express Fas3) are labeled at the top right with

corresponding statistics. All images on the same scale as (D).

(B) Quantificationof germcell survivalandhubsizein rhi heterozygousontrol(left) and

mutant(right) testesshownin (A). n, numberof testesexamined.

(C) Loss of GSCs in testes difi mutants. Violin plot showing GSC numbersrini?/k¢
mutant and agenatched heterozygous sibling control testes. Median of GSC number is
marked red. GSC number is acquired by counting the total number ofpdsasiae cells
directly adjacento Fas3positivehubin 3D. P<0.0001basedn Mann-Whitney-Wilcoxon

test.n, numberof testescountedfor eachgenotypeandagegroup.

(D) Testeof delandcuff mutantmalesshowedrequentossof earlygermlinebutproduce
maturespermindicatingno block of spermatogenesislumberof 10-day-old virgin males
depletedof earlygermlineis listedfor eachgenotypeatthetop. Theapicaltip of testisand
the seminal vesicle (SV) of such testes are shown below as an example, stained for Vasa,

Fas3 and DAPIScale bar: 40pum and 20um for testis and SV, respectively.
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(E) Accumulation of DNADSBsin male germline ofhi?X¢, de™NWK and cuffvM25/QQs7

mutants.Immunofluorescenceof heterozygouscontrol and mutantestesstainedor y-

H2Av, amarkerfor DNA DSBs,andVasa,agermlinemarker. Scale bars: 20um.

(F) De-repression otopiareporter in testes ahi mutants. Brightfield images showing
heterozygousontrolandrhi?C, deFVWK and cuffYM25QQ3"mytanttestesexpressingopia
lacZ, afterX-galstaining.copiaLTR containingits promotelis fusedupstreanto lacZ gene.

Note that part o€opiaLTR is transcribedaswell. Scalebar: 100pum.

(G) De-repressiomf TEsin testeof rhi mutantameasuredby polyA+ RNA-seq.Scatteiplot
showingexpressiomf TE mRNAsin rhi?K¢ mutantversusheterozygousontroltestesTES
thatshow=> Zold derepressiorfFDR < 0.05)and> RPMaveragedevelsaremarkedred.

The mean of two biological replicates is shown.

(H) Lossof TE-targetingpiRNAs in testesof rhi mutants Scatterplot showingexpression
of TE-antisens@iRNAsin rhiKC mutantversusheterozygousontroltestes TE-antisense
piRNAsthatshow> Zold reduction(FDR< 0.05)and> 1 RPMaveragedevelsaremarked

blue. Shown araverages of two biological replicates.

(I Lossof TE-targetingpiRNAs in rhi malesandfemales Scatterplot showingfold change
of TE-antisens@iRNAs uponlossof rhi in testis(left, blue) andovary (right, pink). Note
thatpiRNAs targetingseverall E familiesdemonstrat@ver 100-fold reductionin rhi testis,

amagnitudenotobservedn ovary.Averageof two biologicalreplicatesareshown.
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Figure 4. RDC complex is required for piRNA production from dualstrand piRNA

clusters.
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(A) Impacts ofrhi loss on piRNA production from major piRNA clusters in testis and

ovary.Scattemplot showingfold changeof piRNA productionfrom 1Kb genomicvindows
spanningnajorpiRNA clusterdn testis(top) andovary(bottom),uponlossof rhi. Two Y -
linked, malespecific clustersare not presentin femalegenome Eachclusteris given a

unique color. Averages of two biological replicates are shown.

(B) Impactof rhi losson piRNA productionfrom satelliterepeatsn testisandovary.Scatter

plot showinglevelsof complexsatellite mappingpiRNAs in rhi?X¢ mutantandcontroltestis

(left) and ovary (right). Each complex satellite is assignedlar, and piRNAs sense to
satellite consensus are marked with higher opacity than antisense ones. Mean of two

biological replicates is shown.

(C) Unperturbed expression &u(Ste)piRNA precursors in testes dfi mutants. RNA
fluorescencén situ hybridization ofSu(StepiRNA precursors imhi control (left) andhi?<¢

mutant (right) testes that express \V&faP. Scale bar: 20um.

(D) RhioccupancyvermajorpiRNA clusterdn testesandovary.Scattemplot showingRhi
ChlIP-segenrichmenbvermajorpiRNA clustersn testis(left) andovary (right). Shownare
average®f two biologicalreplicatesTwo Y -linked, male-specificclustersarenot present

in female genome. Each cluster is colored the same way as in (A).

(E) Scatter plot showing the relationship between Rhi ChIP enrichment and piRNA
production over 1 Kb genomifad deciine th piRNA Loci
productionatthe absencef rhi aredefinedasRhi-dependenf “ R Betl),otherwiseRhi-
independen{ “ Rdrdy),Eachdotis the averageof two biologicalreplicatesBlack lines

show local regression.
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(F) Examplesof Rhi-dependen{38C, left) and Rhi-independen{20A right) piRNA

clusterspiRNA-seqin rhi mutantandcontroltestesareshownatthetop,andRhi ChiP-seq
is shown at the bottom (blue: IP, red: input). The profile of a representative replicate is

shown.

(G) Rhi does not bindu(Stekxluster in testis. Bar graphs showing Rhi CQPCR (n=4)
overfour piRNA clusterdn testis. AdjustedP-valuesarefrom multiple t-testscorrectedor
multiple comparison®y theHolm-Sidakmethod.Uni-strandpiRNA clusterflamnotbound

by Rhi serves as a negative control.
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Figure 5. Sexually dimorphic RDC genome occupancy sculpts segecific piRNA

program.

(A) Heatmaps showing relative enrichment of Rhi binding over major piRNA clusters

determinedy ChliP-seq(left) andpiRNA productionfrom major piRNA clusterg(right) in

two sexes. The mean of two biological replicates is showndBbheéndent duadtrand

clustersareshownatthetop, andRhi-independentini-strandclustersatthebottom.

(B) Sox102FpiRNA clusterproducespiRNAs exclusivelyin ovary. Rhi is enrichedon

Sox102kn ovary,butnotin testis.Shownis theprofile from arepresentativeeplicate.
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Figure 6. RDC complex enables dynamic piRNA production during early

spermatogenesis.

(A) Rhilocalizesto multiple nuclearfoci in GSCsandearly spermatogoniut concentrates

in asingledotin earlyspermatocytesConfocalimagesof theapicaltip of testisexpressing
GFPRhi transgene.A single focal plane is shown for DAPI and GFP-Rhi, while
maximuniintensity projectionscoveringentire nuclei are shownfor a GSCandan early
spermatocyte on the right. Orange circle outlines the somatic hub for identification of
GSCs next to itEarly spermatocytés identified by formationof chromosomeerritory and

increasechuclearsize by DAPI.

(B) Rhilocalizationto singlenucleardotis not affectedin earlyspermatocytethatlack Y
chromosome. Confocal image of the apical tip of testis from XO male (that lacks Y

chromosome) expressing GiRhi transgene.

(C) Rhilocalizesexclusivelyto AT-chX piRNA clusterin early spermatocyteslop: RNA
FISH of AT-chX piRNA precursors in wildtype testis expressing &®i. Middle: RNA
FISH of AT-chX piRNA precursors irhi?%¢ mutant testisNote thatthe absencef AT-
chXRNA foci is notdueto the lossof germcell asVasaexpressiorshowsminimal germ
cell deathin this particulartestis.Bottom: expressiorof Rhi transgenerivenby nosGal4

rescuegxpressiomf AT-chXclusterin testisof rhi?“mutant.

(D) Rhi binds 38C piRNA clusterin spermatogoniaRNA in situ HCR of 38C piRNA
precursors in testis expressing GRRi (left) or VasaGFP in heterozygous control and
rhi mutant background (right) . Shown are spermatogonia as indica@4PI staining.

Notethat,in contrasto exclusiveco-localizationwith AT-chX
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cluster in spermatocytes shown in (C), only a subset of Rhi felcioadize with38C

RNA foci, indicating that Rhi binds other piIRNA clusters besB&Sin spermatogonia.

38CRNA signal is present in control but absentinmutant testes.

(E) AT-chXand38C co-express in spermatogonia, but oAy-chXis expressed in most
early spermatocytes. Dual situ HCR of 38C and AT-chX piRNA precursors in testis
expressing S&FP (marker for spermatocytes). Circled is an example of early spermatocytes
that expres®AT-chX but not38C. Quantification is shown at the bottom. Note that co

expressiorof 38CandAT-chX canbeseenin Sanegative spermatogonia.

(F) D1 and Rhi do not ctocalize in early spermatocytes. Confocal image of early
spermatocytes expressing GBR (a protein trap line) and mKaté&2hi driven by thehi

promoter.

(G) Rhiis localizedin asingledotin spermatocyt@auclei,whereindividual chromosomes
occupy distinct chromosomal territories. Confocal image of early spermatocytes expressing
mKate2Rhi and the centromere marker GERI. The presence of four or madgad foci
indicates that centromeres of individual Ammmologous chromosomes are not clustered

together.

(H) Proposednodelof how Rhi switchesgenomicbindingsitesduringgametogenesisom
GSCto earlyspermatocytstagejn orderto allow dynamicemploymenbf differentpiRNA

clusters.

Scalebars:20pum(A-C, E), 5um (D), 4pum (F) and2pum (G).
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MATERIALS AND METHODS

Fly stocks

The following stockswere used:bant® fBDSC5427),banP’ (BDSC27403),C(1)RM
(BDSC9460),nosGal4 (BDSC4937),UASpshRhi (BDSC35171),iso-1 (BDSC2057),
GFP-Cid (BDSC25047),GFP-D1 (BDSC50850) were obtained from Bloomington
DrosophilaStockCenter;GFP-Rhi (VDRC313340)GFP-Del (VDRC313271) GFP-Cuff
(VDRC313269), moor! (VDRC313735), moor#? 8 (VDRC313738) BamGFP
(VDRC318001),w!!8 (VDRC60000) were obtained from Vienna Drosophila Resource
Center;tj-Gal4 (DGRC104055) was obtained from Kyoto Stock Centei?, rhik® and
UASpGFP-Rhiweregifts of William Theurkauf,deMk36 deHN%6, cufR@7andcuffYM?>were
gifts of Trudi SchupbachGFP-Vasa(gift of Paul Lasko)copiaLTRlacZ (gift of Elena
Pasyukova)sFP-Moon(gift of PeterAndersen)SaGFP (gift of Xin Chen).UASpmKate2
was described befor8)( GFRtagged Rhi, Del, Cuff and Moon are previously described
transgenesonstructedy insertingN-terminalGFPinto genomicBACs viarecombineering

(2, 8). XO malesweregeneratedby crossingGFP-Rhimalesto C(1)RM females.To perform

GFP.Rhi ChIPbant8 &ndGFP-Rhiwererecombined.

Generation of transgenicflies

To makemKate2taggedRhi drivenby endogenoughi promoter the~2Kb regionupstream
of rhi genethatincludesthe putativeendogenoughi promoterf4] wasclonedfrom genomic

DNA of Drosophilamelanogasteby PCR (forward primer: AGG CCT ATG TAC CAA



190
GTT GTT AAC TCT ATC G, reverseprimer: GGT ACC AGA CAT AAC TTA TCC

GCTCAC AGG). PCRproductwasdigestedy StulandKpnl,thenligatedinto Stul- and
Kpnl-digestedvectorthatcontainsmKate2Rhino, mini white geneandthe ® C 3attB site.
The construct was inserted into genomic site 76A2 (y1 w1118; PBat{-9A}VK00013)

on c¢hr omos o meme8iated eecomlgnatidrC 3 1

Sperm exhaustiontest

Thetestwasmodifiedfrom Sunetal. (2004)anddoneat 25°C.Individual 1-dayold virgin
males(eitherrhi?’X® or heterozygousiblings,n=15)wereallowedto matewith three4-day

old wildtype virgin femalesi$¢o-1) for 24hrs. Each male was then moved to mate with
another three dlay old wildtype virgin femalesigo-1) for another 24hrs, and this was
repeated every 24hrs for a total of 14 days. Since each male encountered multiple young
virgin femaleseveryday,their spermwereexhaustedandthenumberof progenyproduced

by femalescanbeusedo representhedaily malefertility. Inseminatedemalesvereflipped
everyotherdayandkeptfor 20 days(withoutcontactwith othermales)to achievemaximal

egg laying. A binary result of whether thereoiéspring or not was used to approximate
whetheramaleis fertile or noton agivenday,andwe plottedthe percentagef fertile male

out of fifteen tested males each day fd1i?%® and heterozygous siblings. To probe the
male fertility more quantitatively, we repeated the test with five males for ten days.
Instead of recordin@ binary result,we countedthe numberof progeny.The numberof
adultoffspring wascounted15 days after femalefly removalto allow mostlaid eggs

to developinto
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adulthood. The averaged total number of offspring for each male each day was plotted

for eachgenotypeThiswasrepeatedor deFNVWK cuffVM25QQ37andrespectivéneterozygous
controls(n=5pergenotype)whereeachl-day-old virgin malewasmatedwith two 4-day
old w*18virgin femaleseverydayfor atotal of elevendays After maleremovaljnseminated

females were flipped every 3 days for a total of 15 days for counting.

Femalefertility test

Eachl-day-old virgin femalewith genotypeof interestwasallowedto matewith two 5-day

old w8 malesfor four days.Next, flies werediscardedut vials werekeptfor anotherl4
daysbeforecounting,soeggslaid had14-18 daysto developto adulthood.The numberof

adult fliesfrom each vial was counted to approximate the female fertility. For each of the
four groups shown in Figure S2, all three genotypes (control, mutant and rescue) were
siblingsfrom thesamecrosswith similar geneticbackgroundsResultswereobtainedrom

three biological replicates (n=3).

Immunofluorescencestaining

Testesveredissectedn PBS fixed in 4%formaldehyddor 20minsandwashedy PBSTw
(PBS with 0.1% Tween20) for three times. Permeabilizationof testeswas done by
incubation withPBST(PBSwith 0.5%Triton-X) for 30mins.Testeswverethenblockedby
5% BSA in PBSTwfor at leastan hour, beforeincubationwith primary antibodyin 5%
BSA in PBSTw at4°C overnight. Testeswere washed 3 times with PBSTw and

incubatedwith secondary
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antibody in 5% BSA in PBSTw at room temperature for 2hrs, followed by another 3

washewwith PBSTw.Beforemountingin VECTA-SHIELD, testesverestainedoy DAPI
(1:5000)for 10minsandrinsedoncewith PBS.Thefollowing primaryantibodiesvereused:
mouseantiFas3(7G10,1:200),mouseantty H 2 AUNC93-5.2.1,1:400)andratantrVasa

(concentrated, 1:100) were obtained from Developmental Studies Hybridoma Bank.

RNA fluorescencean situ hybridization (RNA FISH)

RNA FISHwasdoneasdescribegreviously(67). Fixedtestesverepreparedasabovefor
immunofluorescencstaining.Permeabilizationvasdoneby incubationin PBSTwith 0.5%
sodium deoxycholatefor an hour, followed by three washesof PBSTw. Testeswere
transferred tdirst 25% and then 50% formamide, both for 10mins. Next, testeswere
prehybridizedn hybridization buffer (50% formamide, 0.5mg/ml yeast tRNA, 0.2mg/ml)
for 1hr at 42°C, before incubation with 81jug DIGlabeled RNA probe in 50ul
hybridization buffer overnighat 42°C with shaking.Testeswererinsedtwice with 50%
formamidefor 20mins at42°C andthentransferredio washin PBSTw for four times.
Subsequentlocking, staining by sheepantiDIG antibody (PA1-85378, 1:200, Life
Technologiespnd mountingwerethe sameas describedabovefor immunofluorescence
staining.DIG-labeledRNA probeswere transcribedby T7 accordingtoma nuf act ur er
instructions DNA templatewasmadefrom genomicP CRusingprimerslisted below,with

T7 promotersequencaddedb tothereverse primers.

Su(Ste)45)



193
F:5 :CAGGTGATTACCACTATTAACGAAAAGTATGC

R: -A5CCTCGGCCAGCTAGTCCT
AT-chX(67)
F : -AGCGATCCCACTGCTAAAGA

R:5 -ATAAAAGGTGACCG-GCAACG

RNA in situ hybridization chainreaction (HCR)

A kit containingaDNA probeset,aDNA probeamplifierandhybridization,amplification
andwashbufferswerepurchasedrom Molecularinstrumentgmolecularinstruments.org)

for AT-chX and 38C transcripts. To minimize offargets, we designed probes targeting
uniqueregionsat AT-chXand38C. For 38C, we specificallytargetedunction sitesof two

different TEs, the simultaneous presence of which is required to generate amplified HCR
signals.The AT-chX (unigueidentifier: 3893/E038)and38C (uniqueidentifier: 4026/E138
E140)probesetsnitiatedB1 (Alexa647)andB3 (Alexa546)amplifiers,respectivelyln situ
HCRv3.0@3) was performed according to manuf acH

samples in solution.

X-gal staining

Testes were dissected in PBS, fixed in 0.5% glutaraldehyde containing 1mM agCl

5minsandwashedwice in PBS.Testesvereincubatedwith 0.02%X-galin X-gal buffer
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(2mM MgClz, 150mMNaCl,20mMNaHPQs, 10mMNaHPQs, 3.5mMK4Fe(CN) and

3.5mMK3Fe(CN)) at37°Cin darkfor time of interest Stainingof copiaL TRlacZin rhi?Ke,
deFNWKandcuffYM25/QQ3%ypjcally took 1.5-2.5hrsto develop Reactiorwasthenstopped

by two washes of PBS and mounted as above for RNA FISH.

Imageacquisition and analysis

Images were acquired using confocal microscope Zeiss LSM 800 with G&xnodérsion
objective (NA=1.4) and processed using the software &8)i. (X-gal stained testes were
imagedwith 10x objective(NA=0.3). Maximumintensityz-projectionwasdonein Fiji, and

line intensityprofileswereobtainedn Fiji. All imagesshownwerefrom singlefocalplanes,
unlessotherwisestated Dottedoutlinesweredrawnfor illustrationpurposesTo quantifythe
numberof GSCswe stainedhehubby Fas3Z-stackswvereacquiredwith 0.5umintervals

to cover depths well above and below #mgire hub. Vas@ositive germ cells directly
adjacento thehubin 3D weredeemedsGSCsandmanuallycountedor eachtestis.Even

though a molecular marker for GSCs was not used, any bias in GSC counting should be

shared by bothhi?¥®andheterozygous sibling controls.

RNA-seqgand analysis

RNA was extracted from dissected testes-ef Bays oldrhi?*®and heterozygous sibling
controlsusingTRIzol (Invitrogen).About 1pug RNA for eachsamplevassubjecto polyA+

selectiorusingNEBNextPoly(A) mRNA MagneticlsolationModule(NEB E7490)andthen
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strandspecific library prep using NEBNext Ultra Directional RNA Library Prep Kit for

'l umina (NEB E7760) accor di nggehotypemaon uf act
biologicalreplicatesveresequencedn lllumina HiSeq2500yielding 25-33 million 50bp
singleendreadsReadsnappedo D. melrRNA werediscardedy bowtiel.2.2allowing 3
mismatcheg¢<2%acrossll polyA-selecteddamples)For TE analysisfRNA-depletedeads
weremappedo TE consensuBom RepBasel7.08singbowtiel.2.2with -v 3-k 1. Mapped

reads were normalized to the total number of reads that can be mapped to dm6 genome.
Consistencyetweerbiologicalreplicatesvasconfirmedby >0.98correlationcoefficient,

so the mean of them was used for all analyses. For simplicity, reads mapped to LTR and
internalsequenc&veremergedor eachLTR TE giventheirwell-correlatecbehaviorsNote

that polyAselection was done for Tguantification in order to exclude piRNA precursor
transcriptsfrom duatstrandclustersand noncanonicaltranscriptsfrom individual TEs,

which are not polyadenylated but share sequence homology with TEs.

piRNA-segand analysis

RNA extraction was done as above for RN&g. 1930nt small RNAs were purified by

PAGE (15%polyacrylamidegel) from ~1ugtotal RNA. PurifiedsmallRNA wassubjecto

library prep using NEBNext Multiplex Small RNA Sample Prep Set for lllumina (NEB
E7330) according to man-lgatedcréevers¢ranscrioed, PORs t r uct
amplifiedsamplesverepurified againby PAGE (6% polyacrylamidegel). Two biological
replicatesper genotypewere sequencean lllumina HiSeq 2500 yielding 15-20 million

50bp singleend reads.Adaptorswere trimmed with cutadapt2.5 and size selectedfor

23-29nt
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sequences for piRNA analysis.-2®nt reads thanapped to rRNA were discarded by

bowtie1.2.2tolerating3 mismatche$<30%in controlsamples)For TE analysis23-29nt
smallRNA readswveremappedandnormalizedasdonefor polyA+ RNA describedabove,

with correlationcoefficientsbetweernreplicatesall >0.94.Averagef two well-correlated
replicatesvereusedfor all analysesComplexsatellitemappingsmallRNAswereanalyzed
similarly (with ovarydatadownloadedrom GSE126578)For piRNA clusteranalysiswe
usedpiRNA clustersdefinedin (20). 1Kb genomicwindowsin individual piRNA clusters
were generated with bedtools v2.28.0, and the ones including highly expressed miRNA,
SNRNA, snoRNA, hpRNA or 7SL SRPRNA were excluded.Coverageover individual
piRNA clustersverecomputedusingthepipelinetoleratinglocal repeatsiescribedn (20).

A pseudecountof 1 wasaddedbefore calculatinglog2 fold changeof rhi mutantover

control.

ChIP-gPCR, ChlP-segand analysis

ChlIPprotocolwasmodifiedbasedn Le Thomasetal. (2014).For eachbiologicalreplicate,

200 pairs of 82 days old testes or 100 pairs eb4ddays old ovaries (yeafdd for 3 days)
were fixed in 1% formaldehyde for 10mins, quenched by 25mM glycine for 5mins and
washed 3 times with PBS. Fixed testes were $ragen in liquid nitrogen and stored4n
80°CbeforeChlP.Frozentestesverefirst resuspendeith PBSandthenwashedn Farnham
Buffer (5mM HEPES pH8.0, 85mM KCI, 0.5% N, protease inhibitor, 10mM NaF,
0.2mMNagVOg4) twice. Testesverethenhomogenizedh RIPA buffer (20mM Tris pH7.4,

150mMNacCl, 1% NP-40,0.5%sodiumdeoxycholate).1%SDS,proteasénhibitor, L0mM
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NaF, 0.2mM Na3V04) using a glass douncer and a tight pestle. Sonication was done in

Bioruptor(Diagenodepn high powerfor 25 cycles(30sonand30soff). Sonicatedissues
were centrifugatedto obtain the supernatantThe supernatantvas pre-clearedwith
Dynabead#®roteinG beadqInvitrogen)for 2hrsat4°C.5% of the pre-clearedsamplewvas

set aside as thiaput, while the rest was incubated with 5ul &P antibody (A11122,
Invitrogen) overnightat 4°C. The immuneprecipitated(IP) samplewas incubatedwith
Dynabead#’roteinG beaddor 5hrsat4°Cto allow beadsbinding. After that,beadswere
washed 5 times in LiCl Wash Buffer (10mM Tris pH7.4, 500mM LICl, 1%40P1%
sodiumdeoxycholatenvhile theinputsamplevasincubatedvith 1pl 20mg/mIRNaseA at
37°C for 1hr. Both IP and Input samples were incubated with 100ug proteinase K in PK
Buffer (200mM Tris pH7.4, 25mM EDTA, 300mM NacCl, 29DS) first at 55°C for 3hrs
and then at 65°C overnight. DNA was purified by phestdbroform extraction and the
concentrationvasmeasuredby Qubit. Fourbiologicalreplicatef testis(bant® ¢ / GEP-

Rhi) ChiIPweredoneandusedin gPCR ,with two randomlyselectedeplicatessequenced.
Two biologicalreplicatesof ovaryChlP(GFP-Rhi) weredoneandsequencedChIP-gPCR
was normalized first ttnput and then to a negative control region (free of Rhi binding in
ovaryaccordingo Mohnetal. 2014)to obtainRhi enrichmen{primerslistedbelow).ChIP
DNA wassubjecto library prepusingNEBNextChlP-SeqLibrary PrepMasterMix Setfor
lllumina (NEB E6240)accordingoma n u f a dnstatiansTivasbiologicalreplicates
per sex were sequenced on lllumina HiSeq 2500 yieldirg@2 &illion 50bp singleand
reads.Readswere mappedto the genomeas describedn (20) permitting local repeats.

Coverageover piRNA clusterswere computedand the enrichmentof IP overinput was
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calculatedTwo biologicalreplicatesvereconsistentvith acorrelationcoefficient>0.96,

so the average enrichment was plotted.

42AB(14)

F:5-'GTGGAGTTT GGTGCAGAA GC
R:5-AGCCGTGCTTTATGCTTT AC

flam (14)

F:5 -TGA GGAATG AAT CGCTTT GAA

R:5 -TGGTGA AAT ACCAAA GTCTTGGGTCAA
Su(Ste)31)

F:5 -CTTGGACCGAACACTTTGAACCAAGTATT
R: -G&CATGATTCACGCCCGATACAT
AT-chX(67)

F:5 ‘AGCGATCCCACTGCTAAAGA

R:5 -:GTCGAAGACGTCCAGAGGAG
negativecontrolfor Rhibinding(this study)

F : -~ABGAGCAGAGGGGCCAAATC

R: -TECAAGTCGGCTTCCCTTTC

Genomewide relationship between piRNAproduction and Rhi binding
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This analysiswas adaptedfrom Mohn et al. (2014) with modifications.piRNA

productionandRhi enrichmentverecomputedor individual 1Kb windowstiling theentire
dm6 genome. Thaverage of two weltorrelative biological replicates was used for this
analysisOnly 1Kb windowshavingboth> RPM piRNAsin controlsand> 3 RPMreads
in IP samples were plotted. Rtéependent loci (RD loci) were defined as 1Kb windows
showing> 4old dropin piRNA productionin rhi mutanttestesandtherestweretreatedas
Rhi-independentoci (Rl loci). Localregressionvasimplementedvith LOESStechniquen

Python.

Data visualization and statistical analysis

Most datavisualizationandstatisticalanalysisveredonein Python3 via JupyterLakusing
thefollowing softwarepackagesnumpy(69), pandag70) andaltair (71). Germcell death,
GSClossandChIP-gPCRwereplottedin GraphPadPrism.Mann-Whitney-Wilcoxontest

was done to compute p values for GSC loss. Multipiests corrected for multiple
comparison®y theHolm-Sidakmethodweredonefor Rhi ChlP-gPCR,usingtheuni-strand
clusterflam known to be free of Rhi binding as a negative control. The UCSC Genome

Brower(72) andIGV (73, 74) wereusedio conductexplorativeanalysisof sequencinglata.

Data availability

Sequencinglatacanbeaccessetstia NCBI SRAwith theaccessiomumbePRINA646006.
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Figure S1. Chen et al.
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Figure S1.Deland Cuff are required for normal malefertility.

Compromisedertility of del (top) andcuff (bottom)mutantmales.Spermexhaustiortestof
deHNWK or cuff?M25QQ37"mutant (orange) anekspective heterozygostbling control (blue)

males Left: averagediumbersof offspringpermalel-11daysaftereclosion(n=5).Right:

total number of progeny per male after mating for 11 days. Shaded areas and error bars

display standard erroP-value from unpairedest.
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Figure S2. Chen et al.
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Figure S2.Rescueof femalesterility by transgenesusedin this study.

GFPtaggedRhi, Del andCuff transgeneaswell asmKate2taggedRhi transgenelrivenby

aputativerhi promoterfully rescuehefemalesterility of respectivemutations.
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Figure S3. Chen et al.
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Figure S3.Characterization of the expressionof Rhi in testis.

Individual channel®f imagesshownin Figure2D.
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Figure S4. Chen et al.
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Figure S4.Moon actsdownstreamof Rhi in testis.

Confocalimagesof apicaltips of testesexpressingsFP-Rhi, in moor®landmoor®? fhutant
backgrounds. Note thatoonis X-linked, so XY males only have one copymbonand

transheterozygous mutant cannot be generated.
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Figure S5. Chen et al.
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Figure S5.Production of TE-antisenseand TE-senseiRNAs collapseswithout rhi.

Lossof TE-mappingpiRNAsin testef rhi mutantsScatteiplot showingexpressiomf TE-
antisenséleft) and TE-sensdright) piRNAs in rhi?“¢ mutantversusheterozygousontrol
testespiRNAsthatshow> Zold reduction(FDR<0.05)and> 1 RPMaveragexpression
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Chapter 5

GENETICCONTROLOFA SEX-SPECIFICPIRNA PROGRAM

P.Chen, A. A. Aravin (2023).
Curr Biol 33, 1825-1835.e3https://doi.org/10.1016/j.cub.2023.03.057
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Abstract

Sexually dimorphic traits in morphologies are widely studied), but those in essential
molecular pathways remain largely unexplored. Previous work showed substantial sex
differencesn DrosophilagonadapiRNAs(5), whichguidePIWI proteinsto silenceselfish
genetic elements thereby safeguarding fertb®). However, the genetic control
mechanismsf piIRNA sexualdimorphisnmremainunknown Here,we showedhatmostsex
differencedn thepiRNA programoriginatefrom the germlineratherthangonadakomatic
cells.Building onthis,wedissectedhecontributionof sexchromosomandcellularsexual
identity towardsthe sexspecificgermlinepiRNA program We foundthatthe presencef
theY chromosomes sufficientto recapitulatesomeaspect®f themalepiRNA programin
afemalecellularenvironmentMeanwhile,sexualidentity controlsthe sexuallydivergent
piRNA production from Xlinked and autosomal lodievealing a crucial input from sex
determinationnto piRNA biogenesisSexualidentity regulatepiRNA biogenesigshrough
Sxlandthis effectis mediatedn partthroughchromatinproteinsPhf7andKipferl. Together,
our work delineated the genetic control of a-specific piRNA program, where sex

chromosomandsexualidentity collectively sculptanessentiamoleculartrait.
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Main Text

Results

Sexual dimorphism, where a trait is modified by the biological sex to manifest in distinct
waysbetweemmalesandfemalesjs pervasivan nature While sexuallydimorphictraitsin
morphologiehavebeenwidely studied(—4), thosein essentiamolecularpathwaysemain
largely unexplored. IiDrosophila melanogastegonads, the piRNA program executes a
critical function by guiding the PIWtlade Argonaute proteins to silence selfish genetic
elements such as transpos@nS8], thereby safeguarding fertility. To pass on the
transgenerationahemoryof properpiRNA targetsmothersdeposifpiRNAs to theembryo,
instructing the zygotic genome to mount a homologous piRNA program in the next
generatiorthatreflectsthe maternaresponséo genomicparasites§-12). However males
implement a piRNA program distinct from their female sibliBysthe underlying
mechanism of which is elusive. We previously found evidence for both differential
transcription of piRNA loci in the nucleusy) and differential processing of piRNA
precursotranscriptsn thecytoplasmp) betweerthetwo sexesbuttheupstreanctontrolof
thesesexuallydimorphicmoleculareventss unknown.In thiswork, we soughto decipher

the genetic control of pIRNA sexual dimorphism, in order to gain insights into the

mechanism&y which sexualdimorphismin essentiamoleculartraitsis sculpted.

Prior work compared the male and female piRNA profiles from two diffent
melanogasterlab strainsg), where distinct genetic backgrounds confounded the
characterization of piRNA sexual dimorphism. In addition, the séX. ahelanogasters

determinedndependentlpf thepresencef theY chromosomébothXY andXO flies are
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phenotypicmales,while XX and XXY flies are phenotypicfemales){4-16), so the

morphologybasedidentification of malesand femalesdoesnot directly translateto an
interpretatiorof Y chromosometatus GiventhatseverapiRNA-producingloci resideon
theY(5), theinability to infer Y chromosome&ontentfrom thephenotypicsexcomplicates

the characterizatiorof piRNA sexualdimorphism.To circumventtheseissues,we
introduced a Y chromosome markedybyandw* genes (hereafterfwY) into an inbred
ywstockandbackcrossed to ywfor multiple consecutivgienerationgseeSTAR Methods).

This line allowed us tanequivocally identify XY males (redyed flies with black body
color and male genitalia) and XX females (wketged flies with yellow body color and
female genitalia) (Figure 1A), from which we profiled the gonadal piRNAs in each of the
two sexesAnalysisof the piIRNA librariesshowedsubstantiaintersexuatlifferencesn the
abundance of piRNAs targeting different transposon families (Figure 1B) and expression
levelsof individualmajorpiRNA loci in thegenomgFigurelC), largelyin agreementith

our previousstudy6). Having excludedthe possibleconfoundingeffects of genetic
backgroundsand Y chromosomestatus,we confirmed that the piRNA programin D.

melanogastegonads is sexually dimorphic.

Germlineis themajor cell typeorigin of piRNA sexualdimorphism.

In D. melanogastegonadsthepiRNA programoperatesn boththegermlineandgonadal
somaticcells, but piRNA biogenesiandtargetsdiffer betweerthetwo cell types(@0, 17).
Thus,the malefemaledifferencesseenin gonadwide piRNA quantificationcould reflect
sexual dimorphism in either germline or gonadal somatic cells, or both cell types, which

couldbefurtherskewedoy distinctgermlinesomaratiosin testisandovary.To distinguish
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thesepossibilitiesweisolatedthesomatiqpiRNAsin thegonad by immunoprecipitating

Piwi upongermlinespecificpiwi knockdown(seeSTAR Methods)andthensequencinghe
smallRNAs associateavith Piwi in gonadakomaticcells(Figure1D). This allowedusto

profile the gonadal somatic piRNA program in each of the two sexes.

Experimentally isolated gonadal somatic piRNAs from testes and ovaries (Figure 1D)
allowed us to directly compare the piRNA program in gonadal soma between sexes. We
foundthattheflamenc@iRNA locusshowsa similar piRNA coveragerofile andproduces
piRNAS that take up comparable fractions of total piRNAs in testicular and ovarian soma
(Figure 1E). Most of the highly expressed piRNAs in gonadal soma are antisense to
transposons bothmalesandfemalesandpiRNAstargetingdifferenttransposotfiamilies
displaya strongpositivecorrelationbetweerthetwo sexeq P e a rrs @91,p <s0.0001;

Spear man’ sp<r0.0091; Kgur8 2F). When normalized ftamenco a few
transposonaretargetedmorein eithermales(e.g.,idefix) or femalege.g.,gtwinandmdgJ),
butthesebiasesarerelativelymild (Figure1F). To examinepiRNA productionacrosshe
genomewe definedpiRNA-producingoci in gonadasomaandmeasuredheirexpression
levels(seeSTAR Methods) Akin to piRNA quantificationbasedntheirtransposomargets,
quantifying piRNAs based on their genomic origins also revealed a strong positive
correlationbetweerthetwosexe P e a rrs @89,p<s0.0001;S p e a r n¥D.B2,px
0.0001;FigurelG). Wedid, howevernhoteanexceptionanovelpiRNA locuswe identified

in thegonadakoma,77B(FigurelH), producesnorepiRNAsin malesthanfemaleqFigure

1G). This locus resemblelamenco as it makes piRNAs from one genomic strand

downstreanof a prominentRNA pol Il peakthatis indicative of a promoter,producing
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antisense piRNAs against transposons active in the gonadal somiaéé>g.Figure

1H). Neverthelesghegenomewideview of thepiRNA productionn gonadakomahighly
correlatedetweersexesThe3 UTR of somegenege.q.,tj) is knownto producegpiRNAs
in ovariansoma(8), andthe sameholdsin the malecounterpar{Figure1G). Overall,the

piRNA program operating in gonadal soma shows very few sex differences.

Taking advantage of the fact that themencopiRNA locus is active exclusively in the
gonadakomabutnotin thegermlineof bothtestis(FigureS1)andovary(7, 19), weinferred

that germline piRNAs make up about 97% and 79% of the gonadal piRNAs in testis and
ovary, respectively (see STAR Methods). Because germiRBNAs dominate the whole
gonadpiRNA poolto comparablextentsn bothsexeq97%/ 79%= 1.2-fold difference),
gonadwide piRNA quantificationis a closeapproximatiorof thegermlinepiRNA program
whenstudyingmalefemaledifferencesConsistentvith this, almostall sexbiasedpiRNAs

have been previously annotated as gerndpecifich, 10, 17, 20). These results suggest that

the piRNA sexualdimorphismwe observedn thewhole gonadsoriginatesfrom thegermline
ratherthangonadakoma.For therestof thiswork, we usedthegonadwide piRNA sexual

dimorphism to approximate germline piRNA sexual dimorphism.

Y chromosomas necessaryandsufficient to recapitulateaspectof malepiRNA program.
Havingfoundthatgermlineis the majorcell type origin of piRNA sexualdimorphismwe
aimed to dissect its underlying genetic control mechanisms (Figure 2A). Distinct sex
chromosomeontentdbetweersexesspecifically,thepresencef Y chromosomén males,

couldin theoryexplainsomesexdifferencesn piRNAs. Ontheotherhand,distinctsexual
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identities could lead to differential piRNA production even from identical piRNA loci

locatedoutsidethe Y. Importantly, the sex determinationin D. melanogasteidoesnot
involve the Y(14), which providesus with a unique opportunity to manipulatethe Y

chromosome without perturbing sexual identities.

To pinpointthe contributionof theY chromosomeo sexdifferencesn thepiRNA program,
wefirst generateckY andXO malesiblingflies thatonly differ in theY chromosome&ontent
butareotherwisegeneticallyidentical. This is doneby usingspontaneousexchromosome
nondisjunctiorthatoccursataboutl0%frequencyin X" XYfemalescarryingthecompound

X chromosomeC(1)A(Figure 2C). When compared to their XY brothers, XO males lose
piRNAs targeting several transposon families (Figure 2D), suggesting that the Y
chromosomes likely asourceof transposortargetingpiRNAs in themale.Forexamplethe
absence of the Y chromosome causes decreases in piRNAs aganstandinvader2
(Figure 2D)—two transposons that are normally targeted by more piRNAs in males than
females (Figure 1B), suggesting that these sex differences could be explained by males
having the Y chromosome. We also note that, piRNAs targdtielgmentappear
upregulated in males lacking the Y chromosome (Figure 2D), which warrants future
investigation.Removingthe Y alsoled to a specificloss of piRNAs from two Y -linked
loci—Su(Stepndpetrel(Figure2B)»—while leavingthepiRNA productionfrom otherloci

on X and autosomesunperturbed(Figures 2B and 2E). Therefore,Y chromosome
contributesto the male piRNA program via production of piRNAs from two loci on the
Y, Su(Stepndpetrel aswell aspiRNAstargetingaselectgroupof transposonsdiVhile it is
possiblehatY couldupregulateéheexpressiomf transposortargetingpiRNAs from other

chromosomes,
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its specificeffectonafew transposonkdusto favorthepossibilitythatY chromosome

encodes these transposangeting piRNAS.

Complementinghe maleexperimentwe generatecKX andXXY femalesiblingflies that

only differ in their Y chromosome&ontentdbut areotherwisegeneticallyidentical. This is
achieved by first obtaining an exceptional XXY female from primary sex chromosome
nondisjunctiorthatoccursnaturallyaboutl in 2,000wildtype flies(14), andthencrossing

this XXY female with XY males to sire XX and XXY females through secondary sex
chromosomaondisjunction{Figure2F). TheextraY chromosoméarelyalteredtheoverall
transposortargetingpiRNA programin femalegFigure2G). Nonethelesghe presencef

the Y chromosome in females triggers piRNA biogenesis fBoiiste andpetrel (Figure

2H), two loci thatresideontheY chromosomeEventhoughthesetwo Y -linked piRNA loci
appear to be less activefemales than males, they have expression levels comparable to
othertop piRNA loci, including42AB 38C, and80F (Figure2H), suggestinghattheY is

anactiveandproductivepiRNA sourcen afemalecellularenvironment.

We generated@enetically identical male and female siblings that only differ in their Y
chromosome contents, however, these crosses necessitated the employment of mothers
carrying a Y chromosome (Figures 2C and 2F). Given that maternally deposited piRNAs
instruct piRNA biogenesis in the progefly(l, 12), Y-bearing mothers might create a
permissive environment to produce Y piRNAs in the offspring by depositigrived
piRNAstotheembryo.Consequentlit is uncleawhethertheeffectsof Y chromosomen

maleandfemalepiRNA productionwe observedFigures2D, 2E,2G,and2H) depend®n
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mothers carrying a Y chromosome. To empirically test the role of Y chromosome in

piRNA production without mothers bearing a Y, we devised a strategy to genaifate
siblingsof bothsexeghatsharesimilar, albeitnotidentical,geneticbackgroundsvith and
withoutY chromosomérom XX motherqFigures2l and2L). We observedimilareffects
of theY chromosomenpiRNA productiorwhenmothersdonothaveaY: Y chromosome
seemdo beanimportantsourceof transposottargetingpiRNAs in malesbutnotin females
(Figures2Jand2M), andthetwo Y -linked piRNA loci, Su(Stepndpetrel,producepiRNAs
in bothsexesjrrespectiveof the cellularsexualidentity (Figures2K and2N). We noticed
thattheY exertsaslightly greatereffectonthetranspososiargetingpiRNA programin this
latter cross scheme (Figures 21 and 2L) compared to the former one invohegrivig
mothers (Figures 2C and 2F), which likely results from having different fathers and thus
distinctpaternallyinheritedhaploidgenomeNeverthelessheresultsbetweermotherswith
andwithoutaY chromosomarequalitativelyvery similar. We concludehatthepresence

of theY chromosomaltersthe piRNA profilesindependentlyf its presencén themothers.

Y chromosomén D. melanogasteis knownto exhibitimprinting effects@1-23), thatis, Y

can behave differently when inherited from the mother or the father. To ¥diniked
piRNA loci showparentof-origin effects we designedtrosseshatallow femalego inherit

a Y chromosome from either parent. In the case of paternally inheriting the Y, we also
designectrossegitherwith or withoutmothersbearingaY (Figure3A top).In all casesye
detected nascent transcripts frddu(Ste)and petrel piRNA loci located on the Y
chromosomégFigure3A middle),indicatingthatpiRNA loci ontheY aretranscriptionally

activein thefemalegermlinewheninheritedfrom eitherparentWe alsoobservedsimilar
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behaviorsof the Y-linked piRNA loci in the male counterpart(Figure 3B}—when

inheritedfrom eitherparentwith or withoutmotherscarryingaY, Y chromosomectivates
both Su(Stepndpetrelloci in the male germline. Thus, there are no obvious imprinting
effectsof thetwo Y -linked piRNA loci, andthe merepresencef theY cantranslateo an
effectonthegermlinepiRNA programin bothsexeslnterestingly,in our crossschemeof
passing the Y from mothers to daught&s(StepiRNA precursor transcription is also
activatedn thefollicle cells(agonadakomaticcell type),anunexpectedinding thatcalls

for future studies.

WhereasSu(StepiRNAs silencethe Stellategeneghatareonly activein themalegermline,
petrelpiRNAs silencethe pirate genethatis ubiquitouslyexpressedh all tissuesncluding
female germline, which allows us to explore if activatrggrel piRNA biogenesis in the
femalegermlineleadsto pirate silencing.In wildtype XX femalegermline thepirate gene

is active,andits transcriptanbereadilydetectedy RNA in situ HCR (Figure3A bottom).
However, introducing a Y into the female germline from either parent ledmarked
silencingof the pirate gene(Figure 3A bottom),suggestinghatmakingpetrel piRNAs in
femalegermlinehasadirectfunctionaloutcomeMeanwhile thepresencef Y chromosome

in mothers was neither necessary nor sufficient for the silencipgait in the female
progeny. Thuspirate silencing in the female germline requires the presence of the Y
chromosome, regardless of the parental origin of the Y. Similarly, in the male germline,
havingaY -bearingmotheris neithersufficientnor requiredfor the malegermlineto tame
Stellateandpirate, andthepresencef Y chromosomériggerssilencingof both Stellateand

pirate genesregardlessof the Y ' mheritancepath (Figure 3B). Taken together,the
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differences in piRNA profiles caused by the presence of Y chromosome directly

translateso differentialsilencingof severatargetswithoutobviousparentof-origin effects.

Cellular sexualidentity providesa keyinput into piRNA biogenesis.

Thoughnecessarythe presencef theY chromosomen malesis not sufficientto explain
sexdifferencesn the piRNA program,aspiRNA loci outsidethe Y arealsodifferentially
expresseth two sexegFigurelC). WhatunderliepiRNA sexualdimorphismoutsidethe

Y? In D. melanogastera cascade of molecular switches takes place after counting the
number of X, culminating in either male or female cellular sexual ideb#tlE, 24-29)
(Figure 4A). To examine the contribution of sexual identities to germline piRNA sexual
dimorphismwithout confoundingmpactsof theY chromosomeywe soughtto masculinize

XX femalegermlineandcomparat to XO malegermlinethatlacksaY (Figure4B). Unlike

the Drosophila soma, where sex determination occurs-aatbnomously,Drosophila
germlinereceivesaanadditionalinputfrom thesomaontop of its own chromosomatontent

to determinethe germlinesex@5, 26). Whenthe germlinesexdoesnot matchthe somatic
sex,germlineeitherdiesor becomegsumorous24-26, 30-33), soa productivegermlinesex
reversalequiresperturbingboththe germlineandsomaticsex.Giventhatthereis very little
sexual dimorphism in the gonadal somaiiRNAs (Figures 1E, 1F, 1G, and 1H) and that
gonadwide sexbiasecdbiRNAsarepredominanthexpresseth thegermline§, 10, 17, 20),
reversing thesomatic sexshould notignificantly confoundur studyof germlinepiRNA
sexualdimorphismHence our germlinesexreversalvasdonein sexreversedgomawhich
allowed us to interrogate the effect of sexual identities on germline piRNA sexual

dimorphism.With the caveatthat somaticperturbationsould still influencegonadwide
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piRNA profilesto someextentwefocuseduranalysionpiRNAsthatareactivein the

germline.

To exploreif andhow sexualidentitiesimpactgermlinepiRNA profiles,we masculinized

XX femalegermlineby germlinespecificknock-downof Sexiethal (Sx), the majorfactor

that governs the female identity in germliaé{27), in the transformer (tra) mutant
backgroundhathasa masculinizedomagl) (Figure4C). Strikingly, masculinizinghe XX
female germline converted its transpogargeting piRNA program to a state that closely
resembleshe XO malegermline(Figure4D left andS2). Whenquantified themedianextent

of masculinization for piRNAs targeting different transposon families is 99% (see STAR
Methods;Figure4D right). Similarly, for majorpiRNA loci outsidethe Y, theirexpression
levelsandpiRNA coverageprofilesalsoswitchedfrom an XX femalestateto an XO male
stateuponmasculinizatiorof the XX germline(FiguresAE and4F). Forexampleabundant
piRNAs are made from both proximal and distal ends o#42¥B piRNA locus in XX
females, but masculinized XX germline only make some piRNAs from the distal end of
42ABandbarelyanyfrom the proximalside,reminiscenbf the XO malegermline(Figure

4F left). In sum,reversingthe germlinesexualidentity is sufficientto switchthe germline
piRNA program from one sex to the other, suggesting that the cellular sexual identity

provides a key input into piRNBiogenesis.

How doesthegermlineinterpretits sexualidentity to elicit asexspecificpiRNA program?
We showedthatthis sexualidentity effecton piRNA biogenesiss governedby the major

switch proteinSx| (Figures4D, 4E, and4F), which is activein the female,but not male,
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germline.Next, we lookedinto how Sxl orchestrateafemalespecificpiRNA program

in thegermline .Sxlis knownto regulateéwo targetgeneghatexhibitsexspecificexpression
patternsn thegermline@4): Tdrd5I29), acytoplasmigroteinthatformsgranuledistinct

from the piRNA processing sites, and PBE)( a chromatin reader protein that binds
H3K4me2/3. Both Tdrd5l and Phf7 promote a male identity, and Sx| represses these two
factors to bolster a female identity. Since Tdrd5l and Phf7 act genetically redundantly to
supporiamaleidentity(29), we focusedon Phf7for this studyandaskedvhetherand,if so,

to what extent Phf7 mediates the sexdahtity effect on piRNA biogenesis. Expressing
Phf7in thefemalegermlineaccompaniethy somatianasculinizatiorpartially masculinized

the XX femalegermline Jeadingto a29% medianextentof masculinizatiorof transposon
targetingpiRNAs (Figure4D). For manytransposortargetingpiRNAs (e.g.,thosetargeting
copiaandburdoch, theectopicexpressiomf Phf7in XX germlineshiftedthepiRNA profile

from afemalestatetowardsamalestate put notascompletelyaslosingSxl did (Figure4D

right andS2).This partialreversabf the piRNA programfrom onesexto the otherby Phf7
activation is also obvious when examining the expression of major piRNA loci in the
genomeEachof themajorpiRNA loci in Phf7-expressing{X femalegermlineresumedn
activity somewhere in between the wildtype XX female and XO male, for both arade
femalebiasedoci (Figures4E and4F). Forinstance Phf7 dampenedhe activity of 42AR
afemalebiasediRNA locus andenhancedheactivity of 38C, amalebiasediRNA locus
(FiguresAE and4F). Theseobservationendicatethat Phf7 promotesa malepiRNA program,

and Sxl supports a female piRNA program in part through repressing Phf7. Thus, Phf7

mediategpartof thesexualidentity effecton piRNA biogenesisactingdownstreanof Sxl.
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Recently afemalespecificpiRNA biogenesi$actor,thezinc fingerproteinKipferl, was

describedo drive a subsebdf piRNA productionin thefemalegermline@6). In particular,
PiIRNA productionfrom 80F, asexspecificpiRNA locusonly activein thefemalegermline
(Figure 4E), dependson Kipferl(36) (Figure 4G), indicating that Kipferl is directly
responsiblefor someof the germline piRNA sexualdimorphism.As Kipferl appears
dedicatedo the piRNA pathwayandis absenin the malegermline,we hypothesizedhat
Kipferl is an effector protein that acts downstream of the sex determination pathway to
elaborate a female piIRNA program. Indeed, knockdog/in Sxlin the female germline is
sufficient to abrogatethe expressiorof Kipferl in XX germline,suggestinghat Kipferl
expressiomepend®nSxl (Figure4H). Ontheotherhand expressindg?hf7in the XX female
germline did not perturKipferl expression (Figure 4H), suggesting that Phf7 and Kipferl
actin parallel,both downstreanof Sxl|, to promotemale and female piRNA programs,

respectively (Figure 4l).

Takentogetherwe elucidatedageneticcircuit thatconnectghesexdeterminatiorpathway

to germline piRNA sexual dimorphism (Figure 41). XX germline activates Sxl, which
positively regulates Kipferl to produce femalpecific piRNAs and negatively regulates
Phf7to suppresstmalepiRNA programOnthecontrary XY germlinelacksfunctionalSxI

to activate Kipferl and instead expresses Phf7 to elaborate a male piRNA program. We
conclude that male and female sexual identities enable divergent piRNA production
programs, sculpting a sexually dimorphic molecular trait alongside thesped#ic Y

chromosome.
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Discussion

In this work, we identified the germline as the source of piIRNA sexual dimorphism in fly
gonadsBuilding onthis, we geneticallyseparatetheactionsof sexchromosomeandthe

sex determination pathway thssect their distinct roles towards the -sgecific piRNA
program. We characterized the contribution of the Y chromosome to the male piRNA
programandwe showedhatthepresencef theY is sufficientto recapitulatesomeaspects

of themalepiRNA programin afemalecellularenvironmentin fact, the effectof the Y is
independentf its parentabriginandmo t h sexclsromosomeontentsTheability of Y -

linked piRNA loci to actin bothmaleandfemalecellularenvironmentsndependentlyf its
inheritance path implies unique regulatory mechani8isémployed by the Y and
distinctive evolutionary forces acting on the Y. What could be the forces that drove the
evolutionof Y -linked piRNAs?We envisagehatY -linked piRNAs mighthaveevolvedto
facilitate malespecific transposon control and/or to suppresbexmosome meiotic drive.
Meanwhile, we showed that sexual identity is another major determinant of the piRNA
programthatregulateiRNA biogenesi®utsidetheY. Specifically,sexualidentity shapes
piRNA sexualdimorphismunderthecontrolof Sxl, whichrelaysthesexualidentity of a cell

to piRNA biogenesis through the histone reader protein Phf7 and th&ngec protein
Kipferl. Eventhoughwe cannotcompletelyexcludethe effectof somatigperturbatiorin our
germline sex reversal, our work unequivocally demonstrated an input from sex determination
into piRNA biogenesisWe speculatéhatthesexdeterminatiorpathwayhasbeenhijacked

by transposons to facilitate their sleased germline invasios), so integrating the
informationof germlinesexualdentitiesinto piRNA biogenesiprovidesameando directly

couple the sexspecific piRNA defenseprogramwith sexspecific transposorthreats.
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Together, our work revealed that sex chromosome and sexual identity control different

facets of pIRNA sexual dimorphism, and it is their collective action that sculpts the sex
specificpiRNA programin fly germline.lt is verylikely thatothersexuallydimorphictraits

are under the control of both sex chromosome and sexual identity, and disentangling the
effects of thewo promises to offer new insights into howmmlecular pathway can be

modified by each of the two sexes to execute essémtiedions.
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Figure 1| Germline isthe major celltype origin of piRNA sexualdimorphism in D. mel

gonads.

(A) Genotype and phenotype of males and females that can be identified with definite
chromosome content, employing an X chromosome lackiemgdw genes as well as a 'Y

chromosome that carries the wildtyyyeandw* genes.
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(B) Comparisorof theabundancef piRNAs targetingindividual transposoriamiliesin

XY testisversusXX ovary, normalizedto the expressionof 20A piRNAs. Sexbiased
transposortargetingpiRNAs arecolor codedandlisted on theright.

(C) Comparisorof theexpressiorf majorpiRNA loci in thegenomeg) in XY testisversus

XX ovary,normalizedo the expressiommf 20ApiRNAs. Eachlocusis markedby a different

color.

(D) lllustration of the experimentabtrategyto isolatesomaticpiRNASs in the gonad.Left:
cartoonshowingthecell typecompositionof testisandovary,with germlinehavingablue
outlineandgonadakomaticcells havingaredoutline.Both germlineandgonadalsomatic
cellsexpressiwi, which is markedby yellow. Right: cartoonshowingPiwi expressionn

testis and ovary upon efficient, germkepecific knockdown of piwi that completely
depletes Piwi in the germline, leaving the somatic cells as the only source of Piwi in the
gonad. Gonadal somatic piRNAs are isolated by immunoprecipitating Piwi from these
gonads that lose germline Piwi.

(E) UCSCgenomebrowsetrview of theflamencgiRNA locusshowingflamencgpiRNAs
takeup similar fractionsof gonadakomaticpiRNAs in testisandovarywith similar coverage
profiles.

(F) Comparisorof theabundancef transposorantisens@iRNAs n testicularandovarian
soma, normalized to the expressionflalnencopiRNAs. Sexbiased piRNAs are color
codedin thesameway asin (B) andthe correlationcoefficientsarereported.

(G) Comparison of the expression of different piRNA loci in testicular and ovarian soma,
normalizedto the expressiorof flamencopiRNAs. SexbiasedpiRNAS arecolor codedin

thesameway asin (B) andthe correlationcoefficients areeported.
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(H) UCSCgenomebrowserview of the77BpiRNA locus,showingits flanking protein

codinggenesits transposorcontentsandpiRNA coveragerofilesin two sexesNotethe
differencein y-axisscaleghatreflectsa higherrelativeactivity of 77Bin thetesticularsoma
thanthefemalecounterpartA putativepromotermarkedoy anRNA pol I peaklikely drives
theexpressiomf piRNAsfrom theplusstrandthatareantisensé¢o two transposonsl 76and
idefix.

SeealsoFigureS1.
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Figure 2|Y chromosomeproducespiRNAS in both malesand females.

(A) Left: listed are factors that might explain piRNA sexual dimorphism. Right: cartoon
showing different sex chromosome contents and respective sexual identities. X and Y
chromosomearedepictedn differentways,andsexualdentitiesarecolor codedwith the
maleidentity beinggreenandthefemaleonebeingorangeNotethattheY chromosomef
D. melanogastedoesnot participatein sexdeterminationandthe sexinsteaddepend®n
thenumberof X. Hence XY andXO arebothmalesandXX andXXY arebothfemales.
(B) lllustrationshowingthe karyotypeof D. melanogastewith five chromosomes-X, Y,
2, 3, and4, aswell astheroughgenomiclocationsof major piRNA loci in thegermline.
(C) Crossschemeof thegeneratiorof XY andXO brothers.

(D) The abundance of transpostamgeting piRNAs in XO males compared to their XY
brothers, showing the loss of piRNAs targeting several transposon families.

(E) The expressiorof major germline piRNA loci in XO malescomparedto their XY
brothers showinga specificlossof piRNAs from two Y -linked loci, Su(Stejandpetrel

(F) Crossschemef thegeneratiorof XX andXXY sisters.

(G) Theabundancef transposostargetingpiRNAsin XXY femalescomparedo their XX
sisters, showing very limited differences.

(H) Theexpressiorof majorgermlinepiRNA loci in XXY femalescomparedo their XX
sistersshowingpiRNA productionfrom two Y -linked loci, Su(Steandpetrel

(I) Crossschemefthegeneratiorof XY andXO half-brotherswith thesamexXX mothers.
(J) Theabundancef transposottargetingpiRNAs in XO malescomparedo their XY half-
brotherspothof which aresiredby XX mothersshowingsimilarlossof piRNAstargeting

several transposon families as see(Dip
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(K) The expression of major germline piRNA loci in XO males compared to their XY

half-brothers, both of which are sired by XX mothers, showing a similar loss of piRNAs
from two Y-linked loci, Su(Steandpetrel as seen in (E).

(L) Crossschemeof thegeneratiorof XX andXXY half-sisterswith thesameXX mothers.

(M) Theabundancef transposostargetingpiRNAsin XXY femalescomparedo their XX
half-sisterspothof whicharesiredby XX mothersshowingveryfew differencessimilarto

(G).

(N) Theexpressiorof majorgermlinepiRNA loci in XXY femalescomparedo their XX
half-sisters poth of which aresiredby XX mothersshowingpiRNA productionfrom two

Y -linked loci, Su(Steandpetrel as seen in (H).
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Figure 3| Y-linked piRNA loci are active and functional in both sexeswheninherited

from either parent, regardless of whether mothers carry a Y chromosome.

(A) Top: CrossschemeshatgenerateXX femaleswithoutmothersbearingaY (columnl),

XX femaleswith Y -bearingmothergcolumn2), XXY femaleswithout mothersbearingaY
(column 3), XXY females with Yoearing mothers but inhering the Y from the father
(column4), andXXY femaleswith Y-bearingmothersandinheritingtheY from themother
(column 5). Middle: cartoon showing the genotype of each kind of females generated and
whethertheirmotherscarryay is reflectedoy whethertheyreceivematernallydepositedy -

derived piRNAs. Bottom: RNAn situHCR detectingSu(StepiRNA precursors (row 1),

petrel piRNA precursors (row 2), angirate mRNAs (row 3) in stage-& egg chambers.
Scale bar: 5um.

(B) Top: CrossschemeshatgenerateXO maleswithout mothersbearingaY (columnl),

XO males with ¥bearing mothers (column 2), XY males without mothers bearing a Y
(column3), XY maleswith Y -bearingmothersbutinheringtheY from thefather(column
4),andXY maleswith Y -bearingmothersandinheritingtheY from themother(column5).

Middle: cartoon showing the genotype of each kind of males generated and whether their
mothers carry a Y is reflected by whether they receive maternally deposiiedvéd
piRNAs. Bottom: RNAIn situ HCR detectingsu(StepiRNA precursors (row 15tellate
MRNASs (row 2) petrel piRNA precursors (row 3), argirate mRNAs (row 4) and at the

apical tips of the testes. Scale bar: 10um.
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Figure 4 | Sexualidentity providesakey input into piRNA biogenesisand is a major

determinant of the piRNA program.

(A) A simplified modelof the sexdeterminatiorpathwayin germlineandsoma.On top of

its own chromosome content, germline receives an additional input from the soma to
determine its sex.

(B) A comparisorschemedhatusessexreversako examinethe effectsof sexualidentities
onthepiRNA program XX femalegermlineis masculinizecandcomparedo bothwildtype

XX femaleqtheorigin state)andXO maleg(thetargetstate).Thus,anydifferencesobserved
would revealthe effectsof sexualdentitieson piRNAs, without confoundingmpactsof Y
chromosome.

(C) Cartoon showing the masculinization of the XX female germline by genetic
perturbations, without any changes to the sex chromosome content. To facilitate germline
masculinization, the soma is masculinized by mutattiagin addition, germlinespecific
knock-down of Sxl near completely masculinizes the female germline, while ectopic
expression oPhf7in the germline led to partial masculinization.

(D) Left: a heatmap showing the abundance of piRNAs targeting different transposons in
XX female, XO male, or XX masculinized by perturbing eitRéf7 or Sxlexpression (in
thetra mutantbackground)Eachrow representpiRNAs thattargetadifferenttransposon,
andtheirexpressiotevelsarecolor coded Expressiorwasnormalizedo the20ApiRNAS.
Middle: Quantification of the extent of masculinization for piRNAs targeting individual
transposofamilies.Foreachtransposomiamily, theabundancef correspondingntisense
piIRNAsin XX femaleis scaledto 0% andthatin XO maleis scaledo 100%,sothelevels

of transposortargetingpiRNAsin masculinizedXX canbenormalizedo reflecttheextent
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of masculinization. Shown are the summary statistics (median and interquartile range) of

theantisens@iRNAstargetingdifferenttransposofiamilies.Right: piRNA abundancepon
XX masculinization for four examples of mdiased and femalbiased transposen
targetingpiRNAS, respectivelyln theseexamplesswell astheoverallsummarystatistics,
perturbingSxlledto astrongemasculinizatiorof thepiRNA programthanperturbingPhf7.
(E) A heatmagshowingtheexpressiomf majorgermlinepiRNA loci (locatedoutsideY) in
XX female, XO male, or XX masculinized by perturbing eitRéf7 or Sxlexpression (in
thetra mutantbackground)normalizedto the expressiorof 20ApiRNAS.

(F) UCSCgenomebrowserview of thepiRNA coveragerofilesoverthelocus42AB(left)
andthelocus38C1(right) in XX female XO male,or XX masculinizedy perturbingeither
Phf7or Sxlexpression (in the#za mutant background).

(G) Femalespecificexpressiorf Kipferl andKipferl-dependenpiRNAS.

(H) RNA in situHCR detectingKipferl mMRNA in XX female XO male,or XX masculinized
by perturbingeitherPhf7 or Sxlexpressior{in thetra mutantbackground).

(I) A geneticcircuitthatconnectgshesexdeterminatiorpathwayandpiRNA biogenesis.

SeealsoFigureS2andS3.
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Materials and Methods

Fly crosses

To minimizegenetichackgroundlifferencesyw/ y*w*Y wasbackcrossetb theinbredyw

line for six consecutive generations, via a single male at every generation. Similarly, after
generatingC(1)A / yw'Y females, we backcrossed themyto / yw"Y males for six
consecutivgenerationsyia 2—3 femalesateverygenerationTo obtainanXXY exceptional
female, we looked for a female carrying the marked Y chromosgmeY) in theyw /

y*w"Y stock,whichtypically tooknomorethantwo months.To depletegermlinePiwi, we
expresseghpiwi usingbothnosGal4 andbamGal4, whichledto efficientknock-down of

Piwi in thegermlineasevidencedy thelossof germlineGFR-Piwi expressionn bothtestis

and ovary. For sex reversal experiments, a Y chromosome mark@sl(psesent in the
Df(tra) stock)thataltersthe eyeshapavasemployedsuchthatthesexchromosomeontent

could be inferred independently of the morphological sex. Upon sex reversal, germline
remains prevalent but shows phenotypes characteristic of either male or female germline

development in Sxl and Phf7 perturbations, respectively (Figure S3).

RNA in situ hybridization and RNA in situ hybridization chainreaction (HCR)

For RNA in situ HCR, probes, amplifiers and buffers were purchased from Molecular
Instruments (molecularinstruments.org) flaam (3893/E046) petrel (3872/E024) pirate
(3916/E064)Stellate(4537/E832andKipferl (4708/E1062jranscriptsRNA in situHCR

v3.038 was done according to manufacturer’s

solution.To detecSu(Stejranscripts, walid conventional RNAn situ hybridization using
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DNA probes (75bp, position 994068 ofSu(Ste): CR42424ense direction) directly

conjugated with fluorophore purchased from IDT.

Imageacquisition and processing
Confocalimageswvereacquiredwith ZeissLSM 8000r LSM 980usinga63xoil immersion
objective (NA=1.4) and processed using BB Single focal planesere shown in all

imageswheredottedoutlinesweremanuallydrawnfor illustrationpurposes.

SmallRNA sequencing

ArgonauteassociatedmallRNAs wereisolatedfrom ovaries(20 pairspersample)or testes

(30 pairspersampleusingTraPRcolumnsf0). PurifiedsmallRNA wassubjectto library

prep using NEBNext Multiplex Small RNA Sample Prep Set for Illumina (NEB E7330).
Adaptorligated,reversetranscribedP CRamplified samplesverepurified againby PAGE

(6% polyacrylamidegel), from whichwe cutoutthebandwithin thedesiredsizerange.This
additional size selection by PAGE eliminated other, longer RNAs (>30 nt) captured by
TraPR columns. To isolate Phassociated small RNAs in gonadal soma, we first
immunoprecipitated GFPiwi from gonads lacking germline Piwi (see above for fly
crosses) using GFPrap (ChromoTek) magnetic agarose beads, as described B&fore(
SmallRNAs associateevith gonadakomaticPiwi arethenpurified by TraPRcolumnsand
library-prepared, as described above for all Argonastociated small RNAs. Libraries

were sequenced on lllumina HiSeq 2500 or NextSeq 2000.

Analysis of transposontargeting piRNAs
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To computationallyextractpiRNAsfrom all ArgonauteassociatedmallRNAs, adaptor

trimmed small RNAs were sizeelected for 2329nt (cutadapt 2.5) and those mapped to
rRNA, tRNA, snRNA, snoRNA, miRNA, hpRNA and 7SL RNA were discarded (bowtie
1.2.2with -v 3). piRNAswerethenmappedo RepBase25.0gnanuallycuratedandthose
antisensdo transposorconsensusequencesvith < 3mismatchesare designatedas
transposortargetingpiRNAs. For LTR transposonsgadsmappingto theLTR andinternal
sequences of a given transposon family were mergegLitottification, given their well
correlated behaviors. All quantification was normalized to the expressROPGiRNAS

(unless otherwise noted) and shown as the mean of two biological replicates.

Analysis of the expressionof major piRNA loci

piRNAs were computationally extracted as described above. piRNAs were mapped to the
dm6genomausingapreviouslydescribedalgorithm®) thatconsiderdothpiRNAsthatmap

to singleuniquepositionsin thegenomeaswell asthosethatmapto“ | orceap e(defined”

as repeats that are contained within a genomic window <2Mb in length in dm6 reference
genome). Major piRNA loci, their coordinates and quantification method were described
beforep). All quantificationwasnormalizedo 20ApiRNAs. Theaveragef two biological

replicates was shown in all figures.

Definition of piRNA-producing loci in gonadalsoma
piRNA-producing loci in gonadal soma were defined as previously described for piRNA
producing | oci (xllucs tlemswn abmBriglg ipiRNMM gonad:

isolatedfrom gonadakomaweremappedo thegenomeandthosethatmapuniquelyor to
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local repeats were kept and quantified over 1Kb windows that tile the entire genome.

Neighboring 1IKbwi dows wi t hin 3Kb were merged. | f
weremergedagainwithin 15Kb,andthis processvasrepeatedwice. Thisdenovomethod
recapitulatedheflamencdocusandthe3 * U dffhetj gene—two loci thatareknownto

makeabundant piRNAs in ovarian sormaonfirming its utility.

Inference of germline contribution to wholegonadpiRNAs

Given thatflamencois only active in the gonadal soma but not in the germfiamenco
piRNAs found in whole gonad piRNAs must come from somatic cells in the gonad.
Experimentally isolated gonadal somatic piRNAs revealed the contributiianoénco
piRNAs to total piRNAs in the gonadal soma (e.g., 25%), $laniencotakes up 5% of
whole gonad piRNAs, gonadal soma will contribute to 20% (5% / 25% = 20%) of whole
gonadpiRNAs. Then,the germlinecontributionto whole gonadpiRNAs is 100%-20% =
80%.Whencalculatingactualcontributionsof flamencqiRNAsto gonadakomaandwhole

gonads of both sexes, the mean of two replicatesiseds.

Data visualization

All data visualization were done in Python 3 via JupyterLab with the following software
packages: nump4@), pandas{3) and altaird4). The UCSC Genome Browdf) and
IGV(46, 47) were used to explore sequencing data and to prepare genome browser track
panelsshown.UCSCgenomebrowsertracksof piRNA coverageshownin thefigureswere
normalizedto CPM (counts per million 23-29nt reads that map uniquely to dm6
genome).

Two biologicalreplicatesshowedsimilar coveragerofilesonthegenomebrowsersoone
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of thetwo replicatesvasrandomlyselectedo beshownin thefigures.RNA pol 1l ChIP-

seqdatafrom wildtype fly ovary (w1118)wasvisualizedusingIGV usingthe publicly

availablebigwig file from GEOundertheaccessiomumberGSM257614448).

Quantification and statistical analysis
Statisticalanalysisvasdonein Python3 via JuputerLabAll sequencing@xperimentsvere
done with two biological replicates. Differential expression analysis was done using

DESeq249).
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Figure S1| The flamencopiRNA locusis only activein the gonadalsomain testis.

RNA in situHCR detectingflamencopiRNA precursorsn testesexpressingnCherryVasa
andTj-GFPunderendogenouregulatoryelementsstainedor DAPI. flamencatranscripts
are only detected in gonadal somatic cells (including both early cyst cells marked by Tj
expressiomndhubcellsmarkedby thelackof Tj andVasaexpression)hutnotin germline

cells (marked by Vasa expression). Scale bar: 10um.
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Figure S2| Pairwise piRNA comparisonsof XX female,XO male,and XX masculinized
by perturbing either Phf7 or Sxl (in the tra mutant background).
Pairwisecomparisorof theabundancef piRNAs againstifferenttransposoriamiliesin
four genotypesxXX female,XO male,XX tra-/- with Phf7 ectopicexpressionandXX tra-

/- with SxI germline knocidown. SxI perturbation led to a piRNA program that differed

from XX female and resembled XO male, more than Phf7 perturbation did.
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XX, tra”, nos>sh-SxI | pseudo-testis

chromosome territory formation
(characteristic of pre-meiotic spermatocyte)

post-meiotic chromatin defects
(characteristic of XO male germline lacking Y)

meiosis

XX, tra”, nos>Phf7 | pseudo-testis

denser DAPI staining, suggestive of endo-replication dense, “five-blob™like chromatin conformation
that occurs in female germline development that resembles stage-5 nurse cell development

Figure S3| Germline prevalenceand phenotypein masculinizedXX.

DAPI stainingof masculinizedXX tra/- germlinewith eitherSxl knock-down(top) or Phf7
ectopic expression (bottom). In both masculinization perturbations, germline is prevalent,
but they show distinct phenotypes. SxI perturbation mimics male germline development
(with, e.g., chromosome territory formation characteristic of spermatocytes), while Phf7
perturbation resembles female germline development (with, e.g., nurse cell-like

chromatin
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conformation), though both surrounded by masculinized gonadal soma. Of note, these

germlinephenotypesorrelatewith the® s eoktliepiRNA program.Scalebar:50um.
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Chapter 6

ADAPTIVE PIRNAPATHWAY TUNING TAMES RECENTLY
EXPANDED SELFISH GENES

B.Chen, K. C.PanE.H. Park,Y. Luo,Y. C.G.Lee,A. A. Aravin (2024).
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