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Transposons are major genome constituents that can mobilize and trigger
mutations, DNA breaks and chromosome rearrangements. Transposon
silencing is particularly important in the germline, which is dedicated to
transmission of the inherited genome. Piwi-interacting RNAs (piRNAs)
guide a host defence system that transcriptionally and post-transcriptionally
silences transposons during germline development. While germline control
of transposons by the piRNA pathway is conserved, many piRNA pathway
genes are evolving rapidly under positive selection, and the piRNA biogenesis machinery shows remarkable phylogenetic diversity. Conservation of
core function combined with rapid gene evolution is characteristic of a
host –pathogen arms race, suggesting that transposons and the piRNA pathway are engaged in an evolutionary tug of war that is driving divergence of
the biogenesis machinery. Recent studies suggest that this process may produce biochemical incompatibilities that contribute to reproductive isolation
and species divergence.
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1. Introduction
Single celled organisms to complex animals face the threat of pathogens, which
are countered by powerful adaptive and innate immune systems [1]. However,
the targets of host defence systems can mutate to evade detection or express
inhibitors that suppress the host immune response [2]. Host–pathogen interactions thus lead to the positive selection of pathogen mutations that evade
the host defences and allow propagation, followed by positive selection of host
mutations that restore the pathogen control. The resulting ‘Red Queen arms
race’, characterized by cycles of adaptive evolution, drives rapid coevolution
of interacting host and pathogen genes [3]. Transposons are integral genome
constituents that can mobilize and cause mutations and genomic instability,
and the Piwi-interacting RNA ( piRNA) pathway functions as the host defence
against these pathogens [4,5]. Many piRNA pathway genes show evidence of
adaptive evolution [6], suggesting that they are engaged in an arms race with
the transposons they control. Here we contrast the conserved mechanisms
that drive transposon replication with the divergent processes that produce
the piRNAs that silence them and speculate that this is the product of a
never-ending arms race that may have profound evolutionary consequences.

1.1. Diverse transposons, conserved transposition mechanisms
Transposons were discovered by Barbara McClintock through cytogenetic
analysis of mosaic pigmentation patterns in maize kernels [7,8]. Since this initial
finding, transposons have been found in essentially every organism [9,10]. They
are also remarkably diverse. For example, there are over 120 transposon families
in Drosophila melanogaster. However, these diverse mobile elements move by a
limited number of transposition mechanisms, which use either DNA or RNA
intermediates (figure 1) [11,12].

& 2019 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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Figure 1. Summary of transposition mechanisms. Transposition mechanisms for major eukaryotic transposons. (a,b) DNA transposons which transpose through a DNA
intermediate. (c,d) RNA or retrotransposons which transpose through an RNA intermediate. Target and donor sites are shown in black and grey, respectively. Old and new
transposable elements (TEs) are shown in red and green, respectively. Examples of such transposons are denoted. (a) DNA transposons, such as P-elements, excise from the
donor and insert into a new site. (b) Helitrons transfer one DNA strand from the donor to the recipient site. The donor site synthesizes a new strand (shown in blue). The
recipient site also synthesizes a new strand. (c) LTR retrotransposons transcribe into an RNA. This RNA is reverse-transcribed and inserted into a new site. (d) Non-LTR
retrotransposons also transcribe into an RNA. The RNA is reverse-transcribed at the insertion site. Thus, the original donor site is unaffected for retrotransposons.
DNA transposable elements move by a cut– paste mechanism and encode a transposase that recognizes inverted
terminal repeats and catalyses excision of an existing element
and integration of the excised double stranded DNA intermediate into a new site [11]. Examples of such DNA
transposons are P-elements in Drosophila and Tc1 elements
in Caenorhabditis elegans [13,14]. Helitrons, another type of
DNA transposon, move through a single-stranded DNA
intermediate and leave the donor element intact [15,16].
The helitron transposase nicks one end of a donor element
and the target site. The 30 -end of the target nick is ligated
to the 50 -end of the donor element, and replication from the
30 -end of the donor nick displaces one strand of the transposon and generates a new second strand. A second nick
releases the 30 -end of the displaced strand, which is ligated to
the 50 -end of the target site, forming an acceptor site heteroduplex with a loop containing the new helitron (not shown).
Replication of this chromosome generates one strand carrying
the acceptor site and one strand with a new copy of the
element (figure 1).
Retrotransposons move by a copy –paste mechanism with
an RNA intermediate [11]. These elements are related to retroviruses and encode a reverse transcriptase that makes a
DNA copy from a transposon transcript, which is integrated
into a new site. Retrotransposons are further subdivided
by structure and replication capacity. Elements that have
long terminal repeats and encode reverse transcriptase are
termed LTR retrotransposons and include Ty elements in
Saccharomyces cerevisiae and Burdock from Drosophila [17,18].
A subset of these retrotransposons encodes gag, pol and env
proteins and can make viral particles [19]. These endogenous
retroviruses can move from cell to cell, or from animal to
animal, leading to horizontal transfer. For example, Drosophila gypsy and ZAM elements expressed in the somatic
follicle cells of the ovary can infect adjacent germline cells
[20,21]. Another subset of retrotransposons lacks LTRs
and is classified as long interspersed elements (LINEs) or
short interspersed elements (SINEs). LINEs are autonomous
and encode a reverse transcriptase and endonuclease that

mediates transposition, while SINEs are non-autonomous
and use LINE encoded enzymes to move. Jockey from D. melanogaster and L1 in mammals are examples of non-LTR
retrotransposons [22,23]. From single-celled organisms to
complex animals, transposons move by this limited set
of mechanisms, mediated by enzymes with conserved
biochemical functions.

1.2. Transposons as pathogens
Transposons can disrupt the host genome function by a variety of mechanisms. Transposition into exons disrupts the
coding sequence, and intron insertions can alter the splicing
patterns and generate novel and potentially deleterious
fusion proteins [5]. Promoter or enhancer insertions can
change the gene transcription, whereas insertions in 50 - or
30 -UTRs can affect the post-transcriptional gene regulation.
Transposition also leads to DNA nicks and double-strand
breaks, and errors in the repair of these lesions can lead
to recombination between transposon repeats, triggering
chromosomal duplications, deletions, translocations and
inversions [24]. Consistent with these observations, transposition has been linked to cancer and many other diseases [5,25].
Intriguingly, activation of the Steamer retrotransposon has
been linked to clonal cancer cells that are transmitted between
clams, leading to horizontal spread through wild populations
[26]. Limiting transposition is therefore essential to maintaining
normal cell function.
Most transposons cannot exit the cell and are propagated
through replication in germ cells, which leads to vertical
transmission of new genomic copies. By contrast, endogenous retroviruses, described above, can assemble virus-like
particles and infect new hosts. However, horizontal transfer
of DNA transposable elements (TEs), which do not form
infectious particles, has been observed [27,28]. These events
can occur between distantly related species. For example,
P-elements are DNA transposable elements that recently
moved from Drosophila willistoni into D. melanogaster. These
species are separated by approximately 50 Myr, but the
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Animals produce small piRNAs to control transposons
during the germline development [35]. With exogenous
viruses or bacteria, the immune response is mounted after
infection. The piRNA pathway, by contrast, must continuously suppress TEs that are integral genome components
and respond to the invasion of new elements. piRNA biogenesis and function have been extensively studied in flies [36],
mice [37] and worms [38], and key components have been
characterized in planarians [39], fish [40], chickens [41] and
humans [42]. Functional studies in flies, worms and mice
define a conserved role for piRNAs in transposon control,
but also highlight the diversity of the silencing machinery.
piRNAs were identified in Drosophila, through an analysis
of Stellate (Ste) silencing by the Suppressor of Stellate (Su(Ste))
locus [43]. In this system, the mutation in Su(Ste) leads to
male sterility and over-expression of Ste protein, which
assembles into prominent needle-like crystals in the testes
[44,45]. Aravin et al. [43] showed that Su(Ste) encodes short
RNAs that are complementary to Ste, and that mutations in
SpnE, subsequently shown to be required for piRNA production, lead to over-expression of Ste and a subset of
transposons. Subsequent analysis of the tissue distribution
of short RNAs, performed by direct cloning and sequencing,
identified 23–30 nt long RNAs matching transposons in
germline tissue. While miRNAs and siRNAs are produced
from double stranded precursors by Dicer endonuclease cleavage, production of these germline enriched small RNAs is
Dicer independent [35]. Similar small RNAs were subsequently found in mouse testes [46,47] and shown to bind
to the mouse homologues of Piwi, a Drosophila gene required
for germline development [48,49]. Piwi is the founding
member of the PIWI clade of Argonaute proteins, and these
novel small RNAs were therefore named Piwi-interacting
RNAs ( piRNAs).

2.1. piRNA biogenesis in Drosophila
In flies, mutations that disrupt the piRNA transposon silencing system lead to female sterility and defects in
embryonic patterning which can be easily quantified by
visual inspection of the eggs produced by mutant females
[50]. At the time when piRNAs were first described, maternal

2.1.1. Primary piRNA biogenesis
The primary piRNAs that initiate transposon silencing are
derived from specific genomic loci, called piRNA clusters,
composed of nested transposon insertions, which function
as an archive of transposon sequences (figure 2a) [60,61]. Drosophila ovaries are composed of cysts containing 15 germline
nurse cells and one oocyte, surrounded by a monolayer of
somatic follicle cells. In the germline, the predominant clusters contain randomly oriented transposon arrays and
produce piRNAs from both genomic strands. In the follicle
cells, by contrast, clusters produce piRNAs from one strand,
and transposon fragments are strongly biased in the antisense direction relative to transcription [62]. Fly ovaries
thus produce piRNAs targeting transposons by two distinct
mechanisms.
In the Drosophila germline, the dominant piRNA clusters
are bound by the HP1 homologue Rhino (figure 3), which
forms a complex with the linker Deadlock [63 –67]. Deadlock
recruits Moonshiner and TRF2 (TATA box binding protein
related factor 2), which promotes RNA polymerase II (RNA
Pol II) transcription from both strands of these transposonrich loci [68]. Rhino co-localizes with the DXO homologue
Cuff, which functions with Rhino to suppress splicing,
poly-adenylation and premature termination of piRNA precursor transcripts [64,66,69]. This block to processing may
help differentiate piRNA precursors from gene transcripts,
as unspliced cluster transcripts are bound by the DEAD
box protein UAP56 and the THO complex, which are
required for piRNA biogenesis. The resulting piRNA precursor complexes may deliver cluster transcripts to nuclear pores
for export to the cytoplasm for processing [70–72].
Most of the piRNA processing machinery, along with the
piRNA binding PIWI proteins Aub and Ago3, localizes to perinuclear nuage granules [62]. However, the endonuclease Zuc
and a partner protein Papi localize to the mitochondrial outer
membranes, and the helicase Armi localizes to both nuage
and mitochondria [73]. Precursors are cleaved by Ago3 localized to nuage, or by the mitochondrial nuclease Zuc, which
generate intermediates that are the substrates for phased
piRNA production [74,75]. This process generates intermediates with defined 50 -ends, and 30 -end extensions that are
trimmed by the Nibbler exonuclease, or cleaved by Ago3
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2. The piRNA host immune defence against
transposons

genetic control of embryonic patterning was a mature field,
but the molecular functions of many of the genes required
for embryonic patterning were not well understood [51–53].
A major breakthrough came with the realization that germline genome instability, and activation of damage signalling
through ATR and Chk2 kinases, trigger embryonic patterning
defects [54– 56]. These initial findings were based on an
analysis of meiotic repair mutants, but the subsequent study
showed that the patterning defects in several piRNA pathway
genes are also caused by Chk2 activation [50]. These findings
argued that transposon silencing is likely the primary function for Drosophila piRNAs and suggested that previously
identified patterning mutations would identify new piRNA
pathway genes [51,52]. Established genetic resources, with
new genome-wide screens for mutations triggering patterning defects and transposon over-expression [57–59], thus
led to the rapid identification of the machinery that produces
piRNA precursors, processes these long RNAs into mature
piRNAs and silences their targets.

royalsocietypublishing.org/journal/rsob

P-elements they harbour differ only by one nucleotide [29].
By contrast, Piwi, which binds the piRNAs that silence
P-elements, shows 33% amino acid sequence divergence
between these species. The mechanisms leading to horizontal
transfer of DNA elements are not understood, but DNA
transposons and retrotransposons in distinct Drosophila
species generally show less sequence divergence than protein
coding genes [30 –32], which appears to reflect horizontal
transfer. Similar patterns are observed in other animals and
plants (reviewed in [28]). For example, SPIN family transposons appear to have undergone horizontal transfer between
mammals and tetrapods [33], and Tc1 like transposons have
moved between fish and frogs [34]. Horizontal TE transfer
thus appears to be widespread, reflected in the conservation
of mobile elements between species with significant protein
coding gene divergence.
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Figure 2. Organization of piRNA clusters and possible conflicts with transposons. (a) Genome browser view of 42AB piRNA cluster in D. melanogaster showing
transposon organization within the cluster and piRNA levels in wild type and rhino mutant ovaries. (b) Cluster conflicts with transposons. When a transposon jumps
into a new species, it can transpose fast and make multiple copies. Once the new transposon jumps into a cluster, piRNAs are generated against the new transposon
and these piRNAs can silence the new TE. Thus, it is advantageous for clusters to incorporate new TEs but is deleterious for the transposons.

[76]. The resulting full-length piRNAs are 20 -O-methylated by
Hen1, which enhances stability [77].
Somatic follicle cells that surround the developing oocyte
also express piRNAs that are required for transposon silencing, but somatic piRNA biogenesis is independent of the
RDC (Rhino, Deadlock and Cutoff ) complex [64], are derived
from clusters that are transcribed on only one strand, and
produce capped, spliced and poly-adenylated transcripts
that appear similar to mRNAs [64,78,79]. As noted above,
the transposon fragments in these ‘uni-strand’ clusters are
strongly biased toward the antisense direction, while the
transposon fragments in germline dual-strand clusters are
randomly oriented.
Somatic piRNA cluster transcripts are processed in cytoplasmic complexes called Yb bodies, which are distinct from
nuage granules: they do not contain Ago3, Aub or Vasa,
which are germline specific, but accumulate Yb, Armi,
Zuc and Vret. Yb is specific to the somatic pathway,
while Armi, Zuc and Vret function in both germline and

somatic piRNA biogenesis [80 – 84]. piRNA intermediates
from the uni-strand flamenco cluster localize next to these
Yb bodies [83], and Piwi protein lacking a nuclear localization signal accumulates to the Yb bodies [85]. In
addition, the Yb body proteins are required for piRNA
loading into Piwi [84]. Yb bodies thus appear to be sites
for Piwi – piRNA complex assembly. Within this complex,
Zuc cleaves precursors, generating long intermediates with
50 -ends that appear to be bound by Piwi and correspond
to the 50 -ends of mature piRNAs [74,75]. The 30 -ends of
piRNAs are produced by Zuc-mediated cleavage and
trimming to final length by Nibbler [76]. The resulting,
Piwi-bound piRNAs are 20 -O-methylated by Hen1 [77].
The 50 -end of the product of initial Zuc cleavage can then
be bound by Piwi, and another round of cleavage and
trimming produces another piRNA. This process is
repeated, generating phased primary piRNAs. These
phased piRNAs, bound to Piwi, enter the nucleus and
transcriptionally silence TEs [86].

Open Biol. 9: 180181

(b)

royalsocietypublishing.org/journal/rsob

transposon annotations
Rt1b

M. musculus

D. melanogaster
soma

pre-pachytene

pachytene

germline

royalsocietypublishing.org/journal/rsob

germline

5

C. elegans

transcription

(a)
Cuff

Moon

Del

TRF2

Rhi
me3

Pol II
me3

?

Pol II

me3

me3

FKH

Pol II

RUBY

TREX

motif

UAP
56

(b)

TOFU

A-MYB Pol II

me3

PRG-1
Ago3

MILI

Aub

ping-pong
(nuage)

Yb body
Piwi

Piwi

MIWI2

Piwi

ping-pong
cycle

MILI

MIWI

RdRP
HRDE-1

Ago3
MIWI2

Piwi
phasing
(mitochondria)

Piwi

silencing

(c)
I2
MIW

Piwi

Piwi
me3

me3

O
WAG
MIWI

me3

me

Figure 3. piRNA biogenesis mechanisms in flies, mice and worms. Simplified models for piRNA biogenesis are shown for D. melanogaster (flies), M. musculus (mice)
and C. elegans (worms). (a) Transcription at piRNA clusters, (b) the piRNA biogenesis process and (c) transposon silencing by piRNAs. In the fly germline, piRNA clusters
are marked by H3K9me3. The transcription by RNA Pol II is facilitated by RDC complex along with Moonshiner and TRF2. The transcripts are bound by TREX and UAP56.
In the cytoplasm, these transcripts are processed into piRNAs by a ping-pong amplification cycle. The phased piRNAs are further bound by Piwi which can lead to
transcriptional silencing by directing histone modification. In the soma, piRNA clusters are transcribed by canonical promoter by RNA Pol II. These transcripts are processed into piRNAs in the Yb bodies present in the cytoplasm and loaded into Piwi, which enters the nucleus to silence transposons. The Slicer cleavage by PIWI
Argonautes is shown by vertical scissors and Zucchini mediated cleavage leading to phased piRNAs is shown by tilted scissors. In mice, A-MYB acts as a transcription
factor for pachytene piRNA cluster transcription by RNA Pol II. No such transcription factor is known for pre-pachytene piRNA clusters. The ping-pong cycle in the prepachytene stage leads to an amplification of piRNAs. piRNA bound MIWI2 can silence transposons by directing DNA methylation. In the pachytene stage, MIWI Slicer
cleavage leads to post-transcriptional silencing of transposons. In worms, each piRNA cluster encodes for one piRNA and has its own promoter identified by the Ruby
motif. The RNA Pol II mediated transcription is directed by Forkhead and TOFU proteins. Recognition of target by piRNA bound PRG-1 leads to a generation of 22G-RNAs.
These secondary 22G-RNAs can mediate transcriptional silencing when in complex with worm specific Argonautes (WAGOs).

2.1.2. Secondary piRNA biogenesis
In the germline, piRNAs are amplified by a ping-pong biogenesis cycle [61,87]. Aub binds to piRNAs derived from
clusters, which are antisense to active transposons. These
complexes cleave transposon transcripts and produce the precursors for sense strand piRNAs bound to Ago3. Ago3 bound
to sense strand piRNAs then cleaves antisense piRNA cluster
transcripts, producing the precursors of piRNAs that are
loaded into Aub, thus completing the cycle. This secondary
ping-pong cycle is regulated by the DEAD box helicase
Vasa and Tudor domain protein Qin [88,89]. Precursor cleavage by Ago3 –piRNA complexes can also produce the
substrates of phased piRNAs production. So the ping-pong
amplification by Aub and Ago3 in the cytoplasm feeds into
the production of phased piRNAs that are bound by Piwi
[74,75].
Aub and Ago3 are active endonucleases and cleave targets to post-transcriptionally silence transposons [61,87].
Piwi, by contrast, localizes to the nucleus, where it directs
transcriptional silencing through Panoramix and Asterix,
which direct repressive histone modification of Piwi targets

[59,90,91]. This is proposed to involve co-transcriptional recognition of nascent transposon transcripts by Piwi– piRNA
complexes, but this has not been experimentally confirmed.

2.1.3. Primary and secondary biogenesis make the piRNA system
adaptive
piRNA clusters appear to function as transposon sequence
archives [60,61], and the structure of these domains suggests
a simple model for production of primary piRNAs targeting
an invading element (figure 2b). When a new transposon
invades the germline, there are no matching copies in clusters
or corresponding piRNAs, and the element is active. Transposition compromises genome integrity and fertility and
continues until a copy inserts into a piRNA cluster. The
sequence is then incorporated into cluster transcripts, producing piRNAs that trans-silence full-length elements that are
dispersed throughout the genome. Subsequent invasion by
the same element, or a close relative, would presumably
lead to rapid silencing. Furthermore, the secondary amplification system appears to be designed to respond to the
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piRNA processing

Aub

2.2. piRNA biogenesis in mouse

2.3. piRNA biogenesis in C. elegans
The C. elegans piRNA pathway has some similarities and a
number of notable differences from other organisms. As
observed in other systems, piRNA pathway mutations in
C. elegans compromise fertility and lead to transposon overexpression [103,104]. However, sterility is not observed in
first generation mutant animals, but progressively develops
over multiple generations [105,106]. As noted above,
piRNAs in flies and mice range from 23 to 30 nt and are
derived from long precursor transcripts. In C. elegans, by contrast, the piRNAs bound to the PIWI protein, PRG-1, are
uniformly 21 nt long and begin with a U [103,104,107,108].
These ‘21 U RNAs’ are produced in a Dicer-independent
fashion and carry a 20 -O-methyl modification produced by
the Hen1 homologue HENN-1 [109–111], but each C. elegans
piRNA is produced from a single monocistronic gene, with its
own promoter identified by the Ruby sequence motif [108].
Most of these piRNA genes are clustered on the fourth
chromosome [108,112–114]. The piRNA genes are transcribed
by RNA Pol II, which is regulated by Forkhead and TOFU
(Twenty-One-u Fouled Ups) proteins [113,115]. C. elegans
piRNAs are not amplified by a ping-pong cycle. Instead,
PRG-1/21U-RNAs bind to transcripts and prime production
of secondary 22G-RNA precursors by RNA-dependent RNA
polymerase (RdRP). These secondary piRNAs are bound by
worm-specific Argonaute proteins (WAGOs) [116]. These can
further mediate transcriptional silencing via repressive histone
modification H3K9me3 [38,117,118].

3. Diversity in piRNA biogenesis
mechanisms
The piRNA pathway clearly has a conserved function of transposon silencing, but diverse mechanisms have evolved to
achieve this function. This is reflected in the striking lack of
conservation for genes that are often absolutely essential in
one system. In D. melanogaster, Rhino and Deadlock promote
piRNA cluster transcription and transcript processing [64],
but homologues are not found in distant species. Mice use
A-MYB to regulate transcription of pachytene piRNA clusters,
which produce long precursor transcripts [100]. Worms, by
contrast, use Forkhead and TOFU to regulate transcription
of single piRNA genes, which are not related to piRNA clusters in other organisms [119]. In flies and mice, piRNAs are
amplified by a ping-pong cycle [36,92], whereas C. elegans
piRNA amplification is achieved by RdRP [116]. What
drives diversification of the piRNA molecular machinery,
and conservation of the core biological function?
The combination of rapid molecular evolution and
conservation of core function is typical of a ‘Red Queen’
host –pathogen arms race. For example, a pathogen gene
encoding the target of a host inhibitor mutates to evade
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The piRNA pathways in mice and flies share a number of features but also show striking differences [37,92]. In both
systems, mutations that disrupt the pathway lead to transposon over-expression and sterility. In Drosophila, however,
most piRNA pathway mutants are female sterile but male fertile [63,93], with mutations in a few genes leading to both
male and female sterility [48,94]. In mice, by contrast, the
well-characterized piRNA mutations are male sterile and
female fertile [46,47], although recent studies indicate that
transposon over-expression in maelstrom mutants leads to
fetal oocyte attrition [95]. Mice, like flies, have three PIWI
clade Argonaute proteins, MILI, MIWI2 and MIWI. piRNAs
are also produced from clusters by a Dicer-independent
mechanism, and mature piRNAs carry 20 -O-Me modifications
at their 30 -ends [46,47,96–99]. Mice also produce two classes of
piRNAs. However, they are both expressed in the germline,
but at different stages of spermatogenesis ( pre-pachytene
and pachytene) (figure 3).
During the pre-pachytene stages, mouse piRNAs are
enriched in transposon sequences, derived from both genomic strands, and are biased toward a 10 nt overlap, which
is characteristic of ping-pong amplification [47]. Amplification of pre-pachytene piRNAs appears to be initiated by
MILI bound to primary piRNAs, which cleave target transcripts and generate the precursors of secondary piRNAs
bound by MIWI2, which direct DNA methylation and
silencing of transposon repeats. This process re-establishes
methylation patterns that are erased during the initial
developmental stages [37,92]. Flies do not have the DNA
methylation machinery, but the ping-pong cycle appears to
drive piRNA loading into Piwi, which enters the nucleus
and directs repressive H3K9me3 modification of target transposons [36]. The mouse pre-pachytene and fly germline
piRNA pathways thus employ similar biogenesis and silencing
strategies. However, most transposon mapping piRNAs in the
mouse appear to be derived from dispersed elements, not
transposon-rich clusters [47], and critical components of the
fly biogenesis machinery are not conserved in mouse, including rhino, deadlock, cuff and panoramix, which function in
piRNA precursor production and transposon silencing.
The transition to pachytene in mouse coincides with a significant change in piRNA expression and sequence
composition. Expression of the A-MYB transcription factor
coordinately activates expression of the Miwi and several
hundred piRNA clusters, which produce extremely abundant
piRNAs [47,100]. The pachytene clusters are expressed
on one genomic strand as either single transcription units
(uni-directional clusters) or divergent transcription units (bidirectional clusters). The cluster transcripts are capped,
spliced and poly-adenylated, in striking contrast to the germline piRNAs in flies [37,100]. Unlike mouse pre-pachytene
and Drosophila piRNAs, mouse pachytene piRNA sequences
are overwhelmingly unique, and pachytene clusters are

de-enriched for transposons and other repeats. A number of
studies suggest that these piRNAs regulate protein coding
genes, presumably through imperfect base pairing
[101,102]. However, pachytene piRNAs accumulate well
before global protein coding genes are downregulated late
in spermatogenesis, and a direct role for these piRNAs in
controlling gene expression has not been conclusively
established.

royalsocietypublishing.org/journal/rsob

increased expression of an existing element. For example, if a
resident element acquires a promoter mutation that increases
transcription, the resulting transcripts will feed into the pingpong cycle, increasing antisense piRNAs and suppressing
expression. The Drosophila germline piRNA pathway is therefore poised to respond to the new genome invaders, and to
changes in the resident genome pathogens.

piRNAs map over the full length of target elements [61].
The extent of silencing appears to be proportional to the
number of piRNAs mapping to a transposon, but effective
silencing can be achieved with relatively limited coverage
[125]. The piRNAs that guide silencing are therefore massively redundant, and a transposon would have to
accumulate point mutations over the entire transcription
unit (coding and non-coding), without disrupting critical
open reading frames, in order to evade silencing. In striking
contrast, the active transposons silenced by piRNAs are conserved across species [30,31]. Transposons must therefore
employ alternative strategies to evade the piRNA pathway.

In Drosophila, clusters appear to be the source of transposon
silencing piRNAs [61], and transposition into a cluster is proposed to trigger the silencing of invading elements.
Mutations that promote transposition into clusters would
therefore be advantageous for the host, whereas mutations
biasing transposition to other genomic regions would
favour transposons. Many transposons show target site preferences [126]. For example, P-elements prefer to insert into
the promoters of germline expressed genes [127]. Germline
piRNA clusters, by contrast, are largely transcribed by
a non-canonical mechanism that requires the TRF2 transcription factor [68]. This insertion preference may help
P-elements evade piRNA clusters. By contrast, an increase
in genomic space dedicated to piRNA clusters would provide
the host an advantage, by expanding the target for transposition. Consistent with this possibility, there has been a
consistent gain in piRNA clusters during the course of evolution [128,129]. Gain in piRNA clusters also offers an
advantage to the host by keeping redundant copies of silencing piRNAs. Consistent with this possibility, the deletion
of the promoter for a major pachytene piRNA cluster in
mouse does not compromise fertility [130,131]. However,
mutations in flamenco cluster in flies lead to transposon
over-expression and sterility [61,132], and deletion of the
mouse pi6 pachytene cluster promoter reduces brood size
[131]. These findings suggest that a subset of piRNA clusters
is non-redundant and is essential to fertility, while others are
redundant. Alternatively, these clusters may target transposons that have degenerated and are no longer functional
due to effective silencing over an evolutionary time scale.
However, this class of cluster would provide a memory of
former genome invasions and thus lead to resistance to
new infection by related transposons. In the absence of a
new challenge, however, deletion of these clusters would
not produce a phenotype.

3.3. Evolution of the biogenesis machinery
3.1. What drives the rapid evolution of the piRNA
biogenesis machinery?
Transposon survival depends on evading piRNA control and
replication in the germline, and host fertility requires transposon silencing. This would appear to set the stage for a Red
Queen arms race driving coevolution of piRNA pathway
and transposon genes, not interacting piRNA biogenesis factors. We speculate that this reflects the unique nature of the
‘host–pathogen’ recognition by piRNAs.

Adaptive evolution, reflected in elevated rates of non-synonymous substitution, is widespread among piRNA biogenesis
genes [6,120]. As noted above, a typical Red Queen arms race
leads to rapid coevolution of host defence proteins and their
pathogen targets, but most of the rapidly evolving piRNA
pathway genes are involved in biogenesis, not target recognition, and adaptive evolution can directly alter protein –
protein interactions in the biogenesis pathway [65,124].
These findings suggest that the piRNA pathway may be targeted through molecular mimicry, which has been observed
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silencing, leading to pathogen replication. Compromised host
fitness then drives the selection of mutations in the host gene
that restore the interaction and pathogen control. This leads
to rapid evolution of the interaction surface, and cycles in
which either the pathogen (host is sick) or host ( pathogen
is silenced) is ‘winning’ the race. The result is rapid evolution
of the interacting proteins, which retain their original functions. In Drosophila, a significant subset of piRNA pathway
genes is evolving rapidly, under positive selection (reviewed
in [6]). Obbard et al. [120] calculated ratios of non-synonymous (KA) to synonymous (KS) substitutions for all genes
between the sibling species D. melanogaster and D. simulans,
and found that the piRNA pathway genes krimper, maelstrom,
aubergine, piwi, armitage and spnE showed elevated KA/KS
values, and Lee & Langley [121] found evidence for adaptive
evolution of rhino, krimper, maelstrom, aubergine, armitage, vasa
and spindle-E. Simkin et al. [122] used phylogenetic analysis
by maximum likelihood (PAML) to analyse the evolution of
10 piRNA pathway genes in six Drosophila species, and
observed positive selection among rhino, aubergine and
krimper genes across multiple Drosophila lineages. Signatures
of adaptive evolution are also found for piRNA pathway
genes in teleost fishes [123], suggesting that the rapid
evolution of piRNA genes is widespread.
These findings suggest that the piRNA pathway is
engaged in an arms race with transposons, but a typical
Red Queen arms race leads to rapid coevolution of host
genes encoding proteins that directly interact with the pathogen, and the pathogen genes encoding the targets of these
proteins. The fastest evolving genes in the piRNA pathway,
by contrast, function in biogenesis, not target recognition.
Furthermore, direct analysis of the functional and biochemical consequences of rapid piRNA gene evolution indicates
that adaptation targets interactions between piRNA pathway
proteins [65,124]. D. melanogaster and D. simulans are sibling
species that can mate and produce viable but sterile progeny.
Rhino and Deadlock are rapidly evolving interacting proteins with essential functions in piRNA production in
D. melanogaster. Significantly, the D. simulans rhino and deadlock genes do not rescue the corresponding D. melanogaster
mutations [65]. In addition, endogenous Rhino and Deadlock
co-localize and co-precipitate in both D. melanogaster and
D. simulans, but D. simulans Rhino does not co-precipitate
with D. melanogaster Deadlock. This defect maps to the
rapidly evolving shadow domain of Rhino, and X-ray crystal
structures of the Rhino –Deadlock interfaces show that compensatory mutations in the two proteins have generated
species specific interaction surfaces [124]. Adaptive evolution
has therefore targeted a critical interaction between proteins required for piRNA biogenesis, which have no direct
interaction with the transposon targets of the pathway.
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Figure 4. A model for piRNA pathway evolution by transposon-encoded mimics. (a) In Drosophila, Rhino (Rhi) and Deadlock (Del) interact and bind to piRNA
clusters, promoting transcription and piRNA processing, and the Rhi – Del interface is rapidly evolving. We speculate that the evolution of this interface was
driven by a transposon-encoded protein that mimics the Rhi-binding surface of Del. Step 1. The mimic (M) competes for Rhi, inhibiting biogenesis. Step 2. Selection
acts on Rhi mutations that reduce mimic binding, increasing Rhi – Del interactions, but at a cost of reduced affinity. Step 3. Del mutations then restore full Rhi
binding. (b) Speculative model for coupled evolution of the RDC complex. Rhi (R) binds to Del (D), and the Rhi– Del complex recruits Cutoff (Cuff, C) to form the
RDC. A mimic that competes for productive Rhi – Del binding would shift the equilibrium to the left, reducing RDC levels, compromising piRNA production. RDC
levels could be restored by Rhi mutations, as in (a), or by Cuff mutations that enhance binding to the Rhi– Del complex. In this model, a mimic targeting a single
interaction within a coupled system could lead to a cascade of compensatory mutations, altering binding between other proteins in the complex.
in multiple host – pathogen systems [2,133]. In this process, a
pathogen protein ‘mimics’ a host protein surface that interacts
with a binding partner in the defence system. The mimic thus
competes for the productive interaction, allowing pathogen
propagation. This leads to the selection of host mutations
that evade mimic binding, often at a cost of reduced binding
to the wild-type partner. Selection can then act on mutations
at the interaction surface that restore full binding. Mimics
thus drive the evolution of protein – protein interactions
within the host defence system. We therefore speculate that
a protein expressed by an invading transposon, or by a
mutant protein produced by a resident element, mimicked

the Deadlock surface that interacts with Rhino, competing
for productive Rhino –Deadlock binding, and triggered
increased transposition. This would lead to the selection of
rhino mutants that reduce mimic binding, sacrificing affinity
for Deadlock. Compensatory mutations in deadlock then
restored wild-type binding (figure 4a). Supporting this view,
crystallographic analysis of the Rhino–Deadlock interface in
D. melanogaster and D. simulans reveals a series of compensatory substitutions that generate species-specific binding [124].
The same strategy may target post-transcriptional and
transcriptional silencing by piRNAs. Aubergine is rapidly
evolving and the D. simulans protein shows compromised

Reproductive isolation allows speciation, and multiple mechanisms have been proposed to play a role in this process
[135]. We speculate that two distinct forms of piRNA pathway adaptation to transposon invasion also contribute to

population A
(TE a)
population B
(TE b)

population A
(TE a)

population B
(TE b)

TEs silenced

TE b

fertile

sterile

TE a

TEs silenced

sterile

fertile

Figure 5. Transposon variation can drive reproductive isolation. Hypothetical
scenario for crosses between populations A and B having unique transposons.
Population A has transposon a, but not b and population B has transposon
b, but not a. Crosses between populations lead to an activation of transposons coming from the father due to the absence of maternal piRNAs against
TE unique to father and sterility. This would establish reproductive barriers
and lead to a speciation event.

reproductive isolation. The acute response to transposon
invasion in Drosophila suggests one mechanism. In this
system, transposition into a piRNA cluster triggers sequence
incorporation into cluster transcript and piRNA production
[136], and the piRNAs that silence transposons in the early
embryo are maternally deposited [67,137]. As a result, crossing males that carry a ‘new’ transposon to naive females
triggers hybrid dysgenesis, a sterility syndrome caused by
activation of the male-specific transposon, as well as resident
transposons [136,138]. By contrast, crosses between females
that have adapted to a new element and naive males produce
fertile offspring, as the new invader is silenced by maternal
piRNAs. Adaptation to a single element thus leads to a directional reproductive barrier. However, consider the following
scenario: population A has adapted to transposon a, but not
transposon b, and population B has adapted to transposon b,
but not a (figure 5). Crosses in either direction between these
populations would produce sterile F1 progeny, due to activation of a or b transposon, producing a reproductive
barrier between animals with identical protein coding
genes, but differing in transposon content.
Longer term adaptive evolution of piRNA pathway genes
could also drive reproductive isolation. As reviewed above,
Rhino –Deadlock coevolution has produced species specific
interfaces that prevent functional interactions between proteins from the sibling species D. melanogaster and D.
simulans [65]. Intriguingly, hybrids between these species
are sterile, and phenocopy piRNA pathway mutations
[134,139]. Together, these observations suggest that biochemical incompatibility between piRNA pathway proteins,
driven by adaptive evolution, may directly contribute to
reproductive isolation/hybrid sterility. As outlined above,
piRNA biogenesis shows remarkable phylogenetic diversity.
This could reflect a direct link between the adaptive evolution
of the piRNA pathway and reproductive isolation. Emergence of a transposon-encoded mimic would trigger a
global burst of transposon mobilization, involving all active
elements, due to compromised production of all piRNA
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function in D. melanogaster [134]. This PIWI protein binds
antisense piRNAs and directs post-transcriptional transposon
silencing. Aubergine-mediated cleavage of transposon transcripts is also required for the amplification of the piRNA
pool by the ping-pong cycle. Significantly, the DEAD box
protein Vasa and the PIWI protein Argonaute3 function
with Aubergine during ping-pong amplification, and both
of these proteins also show signatures of adaptive evolution
[6,122]. Aubergine, Arognaute3 and Vasa also co-localize in
perinuclear nuage granules [88], raising the possibility that
these cytoplasmic components of the pathway, like Rhino
and Deadlock, are co-evolving.
A number of additional genes in the Drosophila piRNA
pathway show signatures of adaptive evolution [6], and it
seems unlikely that transposons encode the variety of
mimics needed to directly drive the evolution of all of these
targets. However, these rapidly evolving proteins function
within higher order nuclear and cytoplasmic assemblies
[36], and we speculate that a mimic targeting one interaction
within an assembly could be bypassed by mutations in a
number of different linked interaction surfaces, provided
they restore the level of critical complexes. For example, Drosophila Rhino binds to chromatin through H3K9me3, and to
Deadlock. Deadlock interacts with Cuff, forming a chromatin
bound complex (the RDC, figure 4b, top) which appears to be
critical to piRNA biogenesis. Within this coupled system, a
mimic that competes for Rhino binding to Deadlock would
drive the equilibrium toward free Rhino and Deadlock, and
reduce the level of the RDC assembly (figure 4b, middle).
This could be countered by a mutation in Rhino that reduces
mimic binding (figure 4a). However, a Cuff mutation that
increases affinity for the Rhino –Deadlock complex would
also drive the equilibrium toward RDC assembly, suppressing the biogenesis defect (figure 4b, bottom). In this
model, a transposon mimic that targets one interaction in a
coupled equilibrium could drive ‘coupled evolution’ of multiple proteins within the same biochemical pathway. Direct
biochemical analysis of additional rapidly evolving piRNA
pathway genes will be needed to test this hypothesis.
Alternatively, Blumenstiel et al. [6] proposed that competition between effective target silencing and ‘autoimmunity’
may explain the adaptive evolution of the piRNA pathway.
In this model, the piRNA pathway has to retain the ability
to adapt to a continuously changing burden of TEs, which
are rapidly spread by horizontal and vertical transmission
(sensitivity), without targeting protein coding genes, leading
to an ‘autoimmune response’. This could lead to the selection
of mutations that increase the length of piRNAs,
increasing the specificity of post-transcriptional and transcriptional silencing. They also proposed that adaptive evolution of
the RDC complex may be driven by the need to localize
these proteins to piRNA clusters and not at genes, which is
required to maintain transposon silencing and to prevent
autoimmunity.

5. Concluding remarks

the genomes from transposons. However, the piRNA
machinery is rapidly evolving, and many components are
poorly conserved. This may result from a Red Queen arms
race between transposons and the piRNA pathway, which
contributes to genome evolution and generates reproductive
barriers and genetic diversity that drive speciation.
Data accessibility. This article has no additional data.
Competing interests. We declare that we have no competing interests.
Funding. This work was supported by National Institute of Child
Health and Human Development (R01HD049116 and P01HD078253).

Transposons are genomic pathogens which cause genomic
instability, and piRNAs have a conserved role in protecting

Acknowledgements. We would like to thank the members of the
Theurkauf lab, UMass Medical School RNA biology community
and Harmit Malik for their insightful discussions.

1.
2.

3.
4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

Alberts B. 2017 Molecular biology of the cell. Boca
Raton, FL: CRC Press.
Daugherty MD, Malik HS. 2012 Rules of
engagement: molecular insights from host-virus
arms races. Annu. Rev. Genet. 46, 677–700.
(doi:10.1146/annurev-genet-110711-155522)
Van Valen LM. 1973 A new evolutionary law. Evol.
Theory 1, 1–30.
Khurana JS, Theurkauf W. 2010 piRNAs, transposon
silencing, and Drosophila germline development. J. Cell
Biol. 191, 905–913. (doi:10.1083/jcb.201006034)
Ayarpadikannan S, Kim HS. 2014 The impact of
transposable elements in genome evolution and
genetic instability and their implications in various
diseases. Genomics Inform. 12, 98 –104. (doi:10.
5808/GI.2014.12.3.98)
Blumenstiel JP, Erwin AA, Hemmer LW. 2016 What
drives positive selection in the Drosophila piRNA
machinery? The genomic autoimmunity hypothesis.
Yale J. Biol. Med. 89, 499–512.
McClintock B. 1950 The origin and behavior of
mutable loci in maize. Proc. Natl Acad. Sci. USA 36,
344–355. (doi:10.1073/pnas.36.6.344)
Fedoroff NV. 2012 McClintock’s challenge in the 21st
century. Proc. Natl Acad. Sci. USA 109,
20 200–20 203. (doi:10.1073/pnas.1215482109)
Bao W, Kojima KK, Kohany O. 2015 Repbase
Update, a database of repetitive elements in
eukaryotic genomes. Mob. DNA 6, 11. (doi:10.1186/
s13100-015-0041-9)
Canapa A, Barucca M, Biscotti MA, Forconi M, Olmo
E. 2015 Transposons, genome size, and evolutionary
insights in animals. Cytogenet. Genome Res. 147,
217–239. (doi:10.1159/000444429)
Huang CR, Burns KH, Boeke JD. 2012 Active
transposition in genomes. Annu. Rev. Genet. 46,
651–675. (doi:10.1146/annurev-genet-110711155616)
Curcio MJ, Derbyshire KM. 2003 The outs and ins of
transposition: from Mu to Kangaroo. Nat. Rev. Mol.
Cell Biol. 4, 865–877. (doi:10.1038/nrm1241)
Bingham PM, Kidwell MG, Rubin GM. 1982 The
molecular basis of P-M hybrid dysgenesis: the role
of the P element, a P-strain-specific transposon

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

family. Cell 29, 995– 1004. (doi:10.1016/00928674(82)90463-9)
Rosenzweig B, Liao LW, Hirsh D. 1983 Sequence of
the C. elegans transposable element Tc1. Nucleic
Acids Res. 11, 4201–4209. (doi:10.1093/nar/11.12.
4201)
Kapitonov VV, Jurka J. 2001 Rolling-circle
transposons in eukaryotes. Proc. Natl Acad. Sci. USA
98, 8714–8719. (doi:10.1073/pnas.151269298)
Thomas J, Pritham EJ. 2015 Helitrons, the
eukaryotic rolling-circle transposable elements. In
Mobile DNA III (eds N Craig, M Chandler, M Gellert,
A Lambowitz, P Rice, S Sandmeyer), pp. 893–926.
Washington, DC: ASM Press. (doi:10.1128/
microbiolspec.MDNA3-0049-2014)
Ponomarenko NA, Bannikov VM, Anashchenko VA,
Tchurikov NA. 1997 Burdock, a novel
retrotransposon in Drosophila melanogaster,
integrates into the coding region of the cut locus.
FEBS Lett. 413, 7–10. (doi:10.1016/S00145793(97)00844-2)
Boeke JD, Garfinkel DJ, Styles CA, Fink GR. 1985 Ty
elements transpose through an RNA intermediate. Cell
40, 491–500. (doi:10.1016/0092-8674(85)90197-7)
Finnegan DJ. 2012 Retrotransposons. Curr. Biol. 22,
R432 –R437. (doi:10.1016/j.cub.2012.04.025)
Song SU, Kurkulos M, Boeke JD, Corces VG. 1997
Infection of the germ line by retroviral particles
produced in the follicle cells: a possible mechanism
for the mobilization of the gypsy retroelement of
Drosophila. Development 124, 2789–2798.
Leblanc P, Desset S, Giorgi F, Taddei AR, Fausto AM,
Mazzini M, Dastugue B, Vaury C. 2000 Life cycle of
an endogenous retrovirus, ZAM, in Drosophila
melanogaster. J. Virol. 74, 10658 –10669. (doi:10.
1128/JVI.74.22.10658-10669.2000)
Priimagi AF, Mizrokhi LJ, Ilyin YV. 1988 The
Drosophila mobile element jockey belongs to LINEs
and contains coding sequences homologous to
some retroviral proteins. Gene 70, 253–262.
(doi:10.1016/0378-1119(88)90197-7)
Fanning TG, Singer MF. 1987 LINE-1: a mammalian
transposable element. Biochim. Biophys. Acta 910,
203 –212. (doi:10.1016/0167-4781(87)90112-6)

24. Hedges DJ, Deininger PL. 2007 Inviting instability:
transposable elements, double-strand breaks, and
the maintenance of genome integrity. Mutat. Res.
616, 46– 59. (doi:10.1016/j.mrfmmm.2006.11.021)
25. Belancio VP, Hedges DJ, Deininger P. 2008
Mammalian non-LTR retrotransposons: for better or
worse, in sickness and in health. Genome Res. 18,
343–358. (doi:10.1101/gr.5558208)
26. Metzger MJ, Reinisch C, Sherry J, Goff SP. 2015
Horizontal transmission of clonal cancer cells causes
leukemia in soft-shell clams. Cell 161, 255 –263.
(doi:10.1016/j.cell.2015.02.042)
27. Gilbert C, Feschotte C. 2018 Horizontal acquisition of
transposable elements and viral sequences: patterns
and consequences. Curr. Opin. Genet. Dev. 49,
15– 24. (doi:10.1016/j.gde.2018.02.007)
28. Schaack S, Gilbert C, Feschotte C. 2010 Promiscuous
DNA: horizontal transfer of transposable elements
and why it matters for eukaryotic evolution. Trends
Ecol. Evol. 25, 537–546. (doi:10.1016/j.tree.2010.
06.001)
29. Daniels SB, Peterson KR, Strausbaugh LD, Kidwell
MG, Chovnick A. 1990 Evidence for horizontal
transmission of the P transposable element between
Drosophila species. Genetics 124, 339–355.
30. Bartolome C, Bello X, Maside X. 2009 Widespread
evidence for horizontal transfer of transposable
elements across Drosophila genomes. Genome Biol.
10, R22. (doi:10.1186/gb-2009-10-2-r22)
31. Lerat E, Burlet N, Biemont C, Vieira C. 2011
Comparative analysis of transposable elements in the
melanogaster subgroup sequenced genomes. Gene
473, 100 –109. (doi:10.1016/j.gene.2010.11.009)
32. Sanchez-Gracia A, Maside X, Charlesworth B. 2005
High rate of horizontal transfer of transposable
elements in Drosophila. Trends Genet. 21, 200 –203.
(doi:10.1016/j.tig.2005.02.001)
33. Pace II JK, Gilbert C, Clark MS, Feschotte C. 2008
Repeated horizontal transfer of a DNA transposon in
mammals and other tetrapods. Proc. Natl Acad. Sci.
USA 105, 17 023–17 028. (doi:10.1073/pnas.
0806548105)
34. Leaver MJ. 2001 A family of Tc1-like transposons
from the genomes of fishes and frogs: evidence for

Open Biol. 9: 180181

References

10

royalsocietypublishing.org/journal/rsob

sequences. Intriguingly, bursts of transposition are linked to
species divergence in animals and plants [140,141]. An arms
race between the piRNA pathway and transposons could
therefore generate biochemical incompatibilities that set up
reproductive barriers. In addition, this conflict could simultaneously generate transposition induced genetic diversity
that can be acted on by natural selection.

36.

37.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

RNA-generating loci as master regulators of
transposon activity in Drosophila. Cell 128,
1089– 1103. (doi:10.1016/j.cell.2007.01.043)
Malone CD, Brennecke J, Dus M, Stark A, McCombie
WR, Sachidanandam R, Hannon GJ. 2009
Specialized piRNA pathways act in germline and
somatic tissues of the Drosophila ovary. Cell 137,
522–535. (doi:10.1016/j.cell.2009.03.040)
Klattenhoff C et al. 2009 The Drosophila HP1
homolog Rhino is required for transposon silencing
and piRNA production by dual-strand clusters. Cell
138, 1137– 1149. (doi:10.1016/j.cell.2009.07.014)
Mohn F, Sienski G, Handler D, Brennecke J. 2014
The rhino-deadlock-cutoff complex licenses
noncanonical transcription of dual-strand piRNA
clusters in Drosophila. Cell 157, 1364–1379.
(doi:10.1016/j.cell.2014.04.031)
Parhad SS, Tu S, Weng Z, Theurkauf WE. 2017
Adaptive evolution leads to cross-species
incompatibility in the piRNA transposon silencing
machinery. Dev. Cell. 43, 60 –70.e65. (doi:10.1016/
j.devcel.2017.08.012)
Zhang Z et al. 2014 The HP1 homolog rhino anchors
a nuclear complex that suppresses piRNA precursor
splicing. Cell 157, 1353 –1363. (doi:10.1016/j.cell.
2014.04.030)
Le Thomas A et al. 2014 Transgenerationally
inherited piRNAs trigger piRNA biogenesis by
changing the chromatin of piRNA clusters and
inducing precursor processing. Genes Dev. 28,
1667– 1680. (doi:10.1101/gad.245514.114)
Andersen PR, Tirian L, Vunjak M, Brennecke J. 2017
A heterochromatin-dependent transcription
machinery drives piRNA expression. Nature 549,
54– 59. (doi:10.1038/nature23482)
Chen YC et al. 2016 Cutoff suppresses RNA
polymerase II termination to ensure expression of
piRNA precursors. Mol. Cell 63, 97 –109. (doi:10.
1016/j.molcel.2016.05.010)
Hur JK, Luo Y, Moon S, Ninova M, Marinov GK,
Chung YD, Aravin AA. 2016 Splicing-independent
loading of TREX on nascent RNA is required for
efficient expression of dual-strand piRNA clusters in
Drosophila. Genes Dev. 30, 840–855. (doi:10.1101/
gad.276030.115)
Zhang F et al. 2012 UAP56 couples piRNA clusters
to the perinuclear transposon silencing machinery.
Cell 151, 871– 884. (doi:10.1016/j.cell.2012.09.040)
Zhang G, Tu S, Yu T, Zhang X, Parhad SS, Weng Z,
Theurkauf WE. 2018 Co-dependent assembly of
Drosophila piRNA precursor complexes and piRNA
cluster heterochromatin. Cell Rep. 24, 3413 –3422.
(doi:10.1016/j.celrep.2018.08.081)
Huang H, Li Y, Szulwach KE, Zhang G, Jin P, Chen D.
2014 AGO3 Slicer activity regulates mitochondrianuage localization of Armitage and piRNA
amplification. J. Cell Biol. 206, 217–230. (doi:10.
1083/jcb.201401002)
Han BW, Wang W, Li C, Weng Z, Zamore PD. 2015
Noncoding RNA. piRNA-guided transposon cleavage
initiates Zucchini-dependent, phased piRNA
production. Science 348, 817–821. (doi:10.1126/
science.aaa1264)

11

Open Biol. 9: 180181

38.

49.

germline stem cells in the Drosophila ovary.
Development 124, 2463–2476.
Cox DN, Chao A, Baker J, Chang L, Qiao D, Lin H.
1998 A novel class of evolutionarily conserved genes
defined by piwi are essential for stem cell selfrenewal. Genes Dev. 12, 3715–3727. (doi:10.1101/
gad.12.23.3715)
Klattenhoff C, Bratu DP, McGinnis-Schultz N,
Koppetsch BS, Cook HA, Theurkauf WE. 2007
Drosophila rasiRNA pathway mutations disrupt
embryonic axis specification through activation of
an ATR/Chk2 DNA damage response. Dev. Cell 12,
45 –55. (doi:10.1016/j.devcel.2006.12.001)
Schupbach T, Wieschaus E. 1989 Female sterile
mutations on the second chromosome of Drosophila
melanogaster. I. Maternal effect mutations. Genetics
121, 101 –117.
Schupbach T, Wieschaus E. 1991 Female sterile
mutations on the second chromosome of Drosophila
melanogaster. II. Mutations blocking oogenesis or
altering egg morphology. Genetics 129,
1119 –1136.
van Eeden F, St Johnston D. 1999 The polarisation
of the anterior-posterior and dorsal-ventral axes
during Drosophila oogenesis. Curr. Opin. Genet. Dev.
9, 396–404. (doi:10.1016/S0959-437X(99)80060-4)
Abdu U, Brodsky M, Schupbach T. 2002 Activation of
a meiotic checkpoint during Drosophila oogenesis
regulates the translation of Gurken through Chk2/
Mnk. Curr. Biol. 12, 1645– 1651. (doi:10.1016/
S0960-9822(02)01165-X)
Ghabrial A, Ray RP, Schupbach T. 1998 okra and
spindle-B encode components of the RAD52 DNA
repair pathway and affect meiosis and patterning in
Drosophila oogenesis. Genes Dev. 12, 2711–2723.
(doi:10.1101/gad.12.17.2711)
Ghabrial A, Schupbach T. 1999 Activation of a
meiotic checkpoint regulates translation of Gurken
during Drosophila oogenesis. Nat. Cell Biol. 1,
354 –357. (doi:10.1038/14046)
Handler D, Meixner K, Pizka M, Lauss K, Schmied C,
Gruber FS, Brennecke J. 2013 The genetic makeup
of the Drosophila piRNA pathway. Mol. Cell 50,
762 –777. (doi:10.1016/j.molcel.2013.04.031)
Czech B, Preall JB, McGinn J, Hannon GJ. 2013 A
transcriptome-wide RNAi screen in the Drosophila
ovary reveals factors of the germline piRNA
pathway. Mol. Cell 50, 749–761. (doi:10.1016/j.
molcel.2013.04.007)
Muerdter F, Guzzardo PM, Gillis J, Luo Y, Yu Y, Chen
C, Fekete R, Hannon GJ. 2013 A genome-wide RNAi
screen draws a genetic framework for transposon
control and primary piRNA biogenesis in Drosophila.
Mol. Cell 50, 736– 748. (doi:10.1016/j.molcel.2013.
04.006)
Bergman CM, Quesneville H, Anxolabehere D,
Ashburner M. 2006 Recurrent insertion and
duplication generate networks of transposable
element sequences in the Drosophila melanogaster
genome. Genome Biol. 7, R112. (doi:10.1186/gb2006-7-11-r112)
Brennecke J, Aravin AA, Stark A, Dus M, Kellis M,
Sachidanandam R, Hannon GJ. 2007 Discrete small

royalsocietypublishing.org/journal/rsob

35.

horizontal transmission. Gene 271, 203–214.
(doi:10.1016/S0378-1119(01)00530-3)
Ghildiyal M, Zamore PD. 2009 Small silencing RNAs:
an expanding universe. Nat. Rev. Genet. 10,
94 –108. (doi:10.1038/nrg2504)
Huang X, Fejes Toth K, Aravin AA. 2017 piRNA
biogenesis in Drosophila melanogaster. Trends
Genet. 33, 882– 894. (doi:10.1016/j.tig.2017.
09.002)
Fu Q, Wang PJ. 2014 Mammalian piRNAs:
biogenesis, function, and mysteries.
Spermatogenesis 4, e27889. (doi:10.4161/spmg.
27889)
Kasper DM, Gardner KE, Reinke V. 2014 Homeland
security in the C. elegans germ line: insights into
the biogenesis and function of piRNAs. Epigenetics
9, 62 –74. (doi:10.4161/epi.26647)
Friedlander MR et al. 2009 High-resolution profiling
and discovery of planarian small RNAs. Proc. Natl
Acad. Sci. USA 106, 11 546 –11 551. (doi:10.1073/
pnas.0905222106)
Houwing S et al. 2007 A role for Piwi and piRNAs in
germ cell maintenance and transposon silencing in
Zebrafish. Cell 129, 69 –82. (doi:10.1016/j.cell.2007.
03.026)
Rengaraj D et al. 2014 Small non-coding RNA
profiling and the role of piRNA pathway genes in
the protection of chicken primordial germ cells.
BMC Genomics 15, 757. (doi:10.1186/1471-216415-757)
Ha H, Song J, Wang S, Kapusta A, Feschotte C, Chen
KC, Xing J. 2014 A comprehensive analysis of
piRNAs from adult human testis and their
relationship with genes and mobile elements.
BMC Genomics 15, 545. (doi:10.1186/14712164-15-545)
Aravin AA, Naumova NM, Tulin AV, Vagin VV,
Rozovsky YM, Gvozdev VA. 2001 Double-stranded
RNA-mediated silencing of genomic tandem repeats
and transposable elements in the D. melanogaster
germline. Curr. Biol. 11, 1017 –1027. (doi:10.1016/
S0960-9822(01)00299-8)
Bozzetti MP et al. 1995 The Ste locus, a component
of the parasitic cry-Ste system of Drosophila
melanogaster, encodes a protein that forms crystals
in primary spermatocytes and mimics properties
of the beta subunit of casein kinase 2. Proc. Natl
Acad. Sci. USA 92, 6067– 6071. (doi:10.1073/pnas.
92.13.6067)
Palumbo G, Bonaccorsi S, Robbins LG, Pimpinelli S.
1994 Genetic analysis of stellate elements of
Drosophila melanogaster. Genetics 138, 1181– 1197.
Aravin A et al. 2006 A novel class of small RNAs
bind to MILI protein in mouse testes. Nature 442,
203–207. (doi:10.1038/nature04916)
Aravin AA, Sachidanandam R, Bourc’his D, Schaefer
C, Pezic D, Toth KF, Bestor T, Hannon GJ. 2008 A
piRNA pathway primed by individual transposons is
linked to de novo DNA methylation in mice.
Mol. Cell. 31, 785– 799. (doi:10.1016/j.molcel.2008.
09.003)
Lin H, Spradling AC. 1997 A novel group of pumilio
mutations affects the asymmetric division of

87.

88.

89.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

meiosis in mouse testes. Mol. Cell 50, 67 –81.
(doi:10.1016/j.molcel.2013.02.016)
Goh WS, Falciatori I, Tam OH, Burgess R, Meikar O,
Kotaja N, Hammell M, Hannon GJ. 2015 piRNAdirected cleavage of meiotic transcripts regulates
spermatogenesis. Genes Dev. 29, 1032– 1044.
(doi:10.1101/gad.260455.115)
Yamamoto Y et al. 2013 Targeted gene silencing in
mouse germ cells by insertion of a homologous
DNA into a piRNA generating locus. Genome Res.
23, 292 –299. (doi:10.1101/gr.137224.112)
Batista PJ et al. 2008 PRG-1 and 21U-RNAs interact
to form the piRNA complex required for fertility in
C. elegans. Mol. Cell 31, 67 –78. (doi:10.1016/j.
molcel.2008.06.002)
Das PP et al. 2008 Piwi and piRNAs act upstream of
an endogenous siRNA pathway to suppress Tc3
transposon mobility in the Caenorhabditis elegans
germline. Mol. Cell 31, 79 –90. (doi:10.1016/j.
molcel.2008.06.003)
Barberan-Soler S, Fontrodona L, Ribo A, Lamm AT,
Iannone C, Ceron J, Lehner B, Valcarcel J. 2014
Co-option of the piRNA pathway for germlinespecific alternative splicing of C. elegans TOR.
Cell Rep. 8, 1609–1616. (doi:10.1016/j.celrep.2014.
08.016)
Simon M, Sarkies P, Ikegami K, Doebley AL,
Goldstein LD, Mitchell J, Sakaguchi A, Miska EA,
Ahmed S. 2014 Reduced insulin/IGF-1 signaling
restores germ cell immortality to Caenorhabditis
elegans Piwi mutants. Cell Rep. 7, 762– 773.
(doi:10.1016/j.celrep.2014.03.056)
Wang G, Reinke V. 2008 A C. elegans Piwi, PRG-1,
regulates 21U-RNAs during spermatogenesis. Curr.
Biol. 18, 861–867. (doi:10.1016/j.cub.2008.05.009)
Ruby JG, Jan C, Player C, Axtell MJ, Lee W,
Nusbaum C, Ge H, Bartel DP. 2006 Large-scale
sequencing reveals 21U-RNAs and additional
microRNAs and endogenous siRNAs in C. elegans.
Cell 127, 1193–1207. (doi:10.1016/j.cell.2006.
10.040)
Billi AC, Alessi AF, Khivansara V, Han T, Freeberg M,
Mitani S, Kim JK. 2012 The Caenorhabditis elegans
HEN1 ortholog, HENN-1, methylates and stabilizes
select subclasses of germline small RNAs. PLoS
Genet. 8, e1002617. (doi:10.1371/journal.pgen.
1002617)
Kamminga LM, van Wolfswinkel JC, Luteijn MJ,
Kaaij LJ, Bagijn MP, Sapetschnig A, Miska EA,
Berezikov E, Ketting RF. 2012 Differential impact of
the HEN1 homolog HENN-1 on 21U and 26G RNAs
in the germline of Caenorhabditis elegans. PLoS
Genet. 8, e1002702. (doi:10.1371/journal.pgen.
1002702)
Montgomery TA, Rim YS, Zhang C, Dowen RH,
Phillips CM, Fischer SE, Ruvkun G. 2012 PIWI
associated siRNAs and piRNAs specifically require
the Caenorhabditis elegans HEN1 ortholog henn-1.
PLoS Genet. 8, e1002616. (doi:10.1371/journal.
pgen.1002616)
Billi AC, Freeberg MA, Day AM, Chun SY, Khivansara
V, Kim JK. 2013 A conserved upstream motif
orchestrates autonomous, germline-enriched

12

Open Biol. 9: 180181

90.

gene expression. Cell 151, 964– 980. (doi:10.1016/j.
cell.2012.10.040)
Gunawardane LS, Saito K, Nishida KM, Miyoshi K,
Kawamura Y, Nagami T, Siomi H, Siomi MC. 2007 A
slicer-mediated mechanism for repeat-associated
siRNA 50 end formation in Drosophila. Science 315,
1587 –1590. (doi:10.1126/science.1140494)
Xiol J et al. 2014 RNA clamping by Vasa assembles
a piRNA amplifier complex on transposon
transcripts. Cell 157, 1698–1711. (doi:10.1016/j.
cell.2014.05.018)
Zhang Z, Xu J, Koppetsch BS, Wang J, Tipping C, Ma
S, Weng Z, Theurkauf WE, Zamore PD. 2011
Heterotypic piRNA Ping-Pong requires qin, a protein
with both E3 ligase and Tudor domains. Mol. Cell.
44, 572– 584. (doi:10.1016/j.molcel.2011.10.011)
Yu Y, Gu J, Jin Y, Luo Y, Preall JB, Ma J, Czech B,
Hannon GJ. 2015 Panoramix enforces piRNAdependent cotranscriptional silencing. Science 350,
339 –342. (doi:10.1126/science.aab0700)
Le Thomas A, Rogers AK, Webster A, Marinov GK,
Liao SE, Perkins EM, Hur JK, Aravin AA, Toth KF.
2013 Piwi induces piRNA-guided transcriptional
silencing and establishment of a repressive
chromatin state. Genes Dev. 27, 390–399. (doi:10.
1101/gad.209841.112)
Pillai RS, Chuma S. 2012 piRNAs and their
involvement in male germline development in
mice. Dev. Growth Differ. 54, 78– 92. (doi:10.1111/
j.1440-169X.2011.01320.x)
Li C et al. 2009 Collapse of germline piRNAs in the
absence of Argonaute3 reveals somatic piRNAs in
flies. Cell 137, 509– 521. (doi:10.1016/j.cell.2009.
04.027)
Wehr K, Swan A, Schupbach T. 2006 Deadlock, a
novel protein of Drosophila, is required for germline
maintenance, fusome morphogenesis and axial
patterning in oogenesis and associates with
centrosomes in the early embryo. Dev. Biol. 294,
406 –417. (doi:10.1016/j.ydbio.2006.03.002)
Malki S, van der Heijden GW, O’Donnell KA, Martin
SL, Bortvin A. 2014 A role for retrotransposon LINE1 in fetal oocyte attrition in mice. Dev. Cell. 29,
521 –533. (doi:10.1016/j.devcel.2014.04.027)
Carmell MA, Girard A, van de Kant HJ, Bourc’his D,
Bestor TH, de Rooij DG, Hannon GJ. 2007 MIWI2 is
essential for spermatogenesis and repression of
transposons in the mouse male germline. Dev. Cell
12, 503– 514. (doi:10.1016/j.devcel.2007.03.001)
De Fazio S et al. 2011 The endonuclease activity of
Mili fuels piRNA amplification that silences LINE1
elements. Nature 480, 259– 263. (doi:10.1038/
nature10547)
Girard A, Sachidanandam R, Hannon GJ, Carmell
MA. 2006 A germline-specific class of small RNAs
binds mammalian Piwi proteins. Nature 442,
199 –202. (doi:10.1038/nature04917)
Kirino Y, Mourelatos Z. 2007 Mouse Piwi-interacting
RNAs are 2’-O-methylated at their 30 termini. Nat.
Struct. Mol. Biol. 14, 347 –348. (doi:10.1038/
nsmb1218)
Li XZ et al. 2013 An ancient transcription factor
initiates the burst of piRNA production during early

royalsocietypublishing.org/journal/rsob

75. Mohn F, Handler D, Brennecke J. 2015 Noncoding
RNA. piRNA-guided slicing specifies transcripts for
Zucchini-dependent, phased piRNA biogenesis.
Science 348, 812–817. (doi:10.1126/science.
aaa1039)
76. Hayashi R, Schnabl J, Handler D, Mohn F, Ameres
SL, Brennecke J. 2016 Genetic and mechanistic
diversity of piRNA 3’-end formation. Nature 539,
588–592. (doi:10.1038/nature20162)
77. Horwich MD, Li C, Matranga C, Vagin V, Farley G,
Wang P, Zamore PD. 2007 The Drosophila RNA
methyltransferase, DmHen1, modifies germline
piRNAs and single-stranded siRNAs in RISC.
Curr. Biol. 17, 1265 –1272. (doi:10.1016/j.cub.2007.
06.030)
78. Zanni V, Eymery A, Coiffet M, Zytnicki M, Luyten I,
Quesneville H, Vaury C, Jensen S. 2013 Distribution,
evolution, and diversity of retrotransposons at the
flamenco locus reflect the regulatory properties of
piRNA clusters. Proc. Natl Acad. Sci. USA 110,
19 842–19 847. (doi:10.1073/pnas.1313677110)
79. Goriaux C, Desset S, Renaud Y, Vaury C, Brasset E.
2014 Transcriptional properties and splicing of the
flamenco piRNA cluster. EMBO Rep. 15, 411– 418.
(doi:10.1002/embr.201337898)
80. Qi H, Watanabe T, Ku HY, Liu N, Zhong M, Lin H.
2011 The Yb body, a major site for Piwi-associated
RNA biogenesis and a gateway for Piwi expression
and transport to the nucleus in somatic cells. J. Biol.
Chem. 286, 3789–3797. (doi:10.1074/jbc.M110.
193888)
81. Handler D, Olivieri D, Novatchkova M, Gruber FS,
Meixner K, Mechtler K, Stark A, Sachidanandam R,
Brennecke J. 2011 A systematic analysis of
Drosophila TUDOR domain-containing proteins
identifies Vreteno and the Tdrd12 family as
essential primary piRNA pathway factors. EMBO J.
30, 3977 –3993. (doi:10.1038/emboj.2011.308)
82. Zamparini AL, Davis MY, Malone CD, Vieira E,
Zavadil J, Sachidanandam R, Hannon GJ, Lehmann
R. 2011 Vreteno, a gonad-specific protein, is
essential for germline development and primary
piRNA biogenesis in Drosophila. Development 138,
4039–4050. (doi:10.1242/dev.069187)
83. Murota Y et al. 2014 Yb integrates piRNA
intermediates and processing factors into
perinuclear bodies to enhance piRISC assembly.
Cell Rep. 8, 103– 113. (doi:10.1016/j.celrep.
2014.05.043)
84. Saito K, Ishizu H, Komai M, Kotani H, Kawamura Y,
Nishida KM, Siomi H, Siomi MC. 2010 Roles for the
Yb body components Armitage and Yb in primary
piRNA biogenesis in Drosophila. Genes Dev. 24,
2493–2498. (doi:10.1101/gad.1989510)
85. Klenov MS, Lavrov SA, Korbut AP, Stolyarenko AD,
Yakushev EY, Reuter M, Pillai RS, Gvozdev VA. 2014
Impact of nuclear Piwi elimination on chromatin
state in Drosophila melanogaster ovaries. Nucleic
Acids Res. 42, 6208–6218. (doi:10.1093/nar/
gku268)
86. Sienski G, Donertas D, Brennecke J. 2012
Transcriptional silencing of transposons by Piwi and
maelstrom and its impact on chromatin state and

114.

116.

117.

118.

119.

120.

121.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

piRNA-producing locus required for male mouse
fertility. bioRxiv. (doi:10.1101/386201)
Pelisson A, Song SU, Prud’homme N, Smith PA,
Bucheton A, Corces VG. 1994 Gypsy transposition
correlates with the production of a retroviral
envelope-like protein under the tissue-specific
control of the Drosophila flamenco gene. EMBO J.
13, 4401–4411. (doi:10.1002/j.1460-2075.1994.
tb06760.x)
Elde NC, Malik HS. 2009 The evolutionary
conundrum of pathogen mimicry. Nat. Rev.
Microbiol. 7, 787–797. (doi:10.1038/nrmicro2222)
Kelleher ES, Edelman NB, Barbash DA. 2012
Drosophila interspecific hybrids phenocopy piRNApathway mutants. PLoS Biol. 10, e1001428. (doi:10.
1371/journal.pbio.1001428)
Dion-Cote AM, Barbash DA. 2017 Beyond speciation
genes: an overview of genome stability in evolution
and speciation. Curr. Opin. Genet. Dev. 47, 17 –23.
(doi:10.1016/j.gde.2017.07.014)
Khurana JS et al. 2011 Adaptation to P element
transposon invasion in Drosophila melanogaster.
Cell 147, 1551–1563. (doi:10.1016/j.cell.2011.
11.042)
Brennecke J, Malone CD, Aravin AA, Sachidanandam
R, Stark A, Hannon GJ. 2008 An epigenetic role for
maternally inherited piRNAs in transposon silencing.
Science 322, 1387– 1392. (doi:10.1126/science.
1165171)
Kelleher ES. 2016 Reexamining the P-element
invasion of Drosophila melanogaster through the
lens of piRNA silencing. Genetics 203, 1513–1531.
(doi:10.1534/genetics.115.184119)
Sturtevant AH. 1920 Genetic studies on Drosophila
simulans. I. Introduction. Hybrids with Drosophila
melanogaster. Genetics 5, 488–500.
Belyayev A. 2014 Bursts of transposable elements as
an evolutionary driving force. J. Evol. Biol. 27,
2573– 2584. (doi:10.1111/jeb.12513)
Fontdevila A. 2005 Hybrid genome evolution by
transposition. Cytogenet. Genome Res. 110, 49 –55.
(doi:10.1159/000084937)

13

Open Biol. 9: 180181

115.

122. Simkin A, Wong A, Poh YP, Theurkauf WE, Jensen
JD. 2013 Recurrent and recent selective sweeps in
the piRNA pathway. Evolution 67, 1081–1090.
(doi:10.1111/evo.12011)
123. Yi M, Chen F, Luo M, Cheng Y, Zhao H, Cheng H,
Zhou R. 2014 Rapid evolution of piRNA pathway in
the teleost fish: implication for an adaptation to
transposon diversity. Genome Biol. Evol. 6,
1393 –1407. (doi:10.1093/gbe/evu105)
124. Yu B, Lin YA, Parhad SS, Jin Z, Ma J, Theurkauf WE,
Zhang ZZ, Huang Y. 2018 Structural insights into
Rhino-Deadlock complex for germline piRNA cluster
specification. EMBO Rep. 19, e45418. (doi:10.15252/
embr.201745418)
125. Post C, Clark JP, Sytnikova YA, Chirn GW, Lau NC.
2014 The capacity of target silencing by Drosophila
PIWI and piRNAs. RNA 20, 1977– 1986. (doi:10.
1261/rna.046300.114)
126. Linheiro RS, Bergman CM. 2012 Whole genome
resequencing reveals natural target site preferences
of transposable elements in Drosophila
melanogaster. PLoS ONE 7, e30008. (doi:10.1371/
journal.pone.0030008)
127. Bownes M. 1990 Preferential insertion of P
elements into genes expressed in the germ-line of
Drosophila melanogaster. Mol. Gen. Genet. 222,
457 –460. (doi:10.1007/BF00633856)
128. Assis R, Kondrashov AS. 2009 Rapid repetitive
element-mediated expansion of piRNA clusters in
mammalian evolution. Proc. Natl Acad. Sci. USA
106, 7079–7082. (doi:10.1073/pnas.0900523106)
129. Chirn GW et al. 2015 Conserved piRNA expression
from a distinct set of piRNA cluster loci in eutherian
mammals. PLoS Genet. 11, e1005652. (doi:10.1371/
journal.pgen.1005652)
130. Homolka D, Pandey RR, Goriaux C, Brasset E, Vaury
C, Sachidanandam R, Fauvarque MO, Pillai RS. 2015
PIWI slicing and RNA elements in precursors instruct
directional primary piRNA biogenesis. Cell Rep. 12,
418 –428. (doi:10.1016/j.celrep.2015.06.030)
131. Wu P-H, Fu Y, Cecchini K, Ozata DM, Weng Z,
Zamore PD. 2018 An evolutionarily conserved

royalsocietypublishing.org/journal/rsob

113.

expression of Caenorhabditis elegans piRNAs. PLoS
Genet. 9, e1003392. (doi:10.1371/journal.pgen.
1003392)
Cecere G, Zheng GX, Mansisidor AR, Klymko KE,
Grishok A. 2012 Promoters recognized by forkhead
proteins exist for individual 21U-RNAs. Mol. Cell 47,
734–745. (doi:10.1016/j.molcel.2012.06.021)
Gu W, Lee HC, Chaves D, Youngman EM, Pazour GJ,
Conte Jr D, Mello CC. 2012 CapSeq and CIP-TAP
identify Pol II start sites and reveal capped
small RNAs as C. elegans piRNA precursors.
Cell 151, 1488 –1500. (doi:10.1016/j.cell.2012.
11.023)
Goh WS, Seah JW, Harrison EJ, Chen C, Hammell
CM, Hannon GJ. 2014 A genome-wide RNAi screen
identifies factors required for distinct stages of C.
elegans piRNA biogenesis. Genes Dev. 28, 797–807.
(doi:10.1101/gad.235622.113)
Gu W et al. 2009 Distinct argonaute-mediated 22GRNA pathways direct genome surveillance in the C.
elegans germline. Mol. Cell 36, 231– 244. (doi:10.
1016/j.molcel.2009.09.020)
Lee HC, Gu W, Shirayama M, Youngman E, Conte Jr
D, Mello CC. 2012 C. elegans piRNAs mediate the
genome-wide surveillance of germline transcripts.
Cell 150, 78 –87. (doi:10.1016/j.cell.2012.06.016)
Bagijn MP, Goldstein LD, Sapetschnig A, Weick EM,
Bouasker S, Lehrbach NJ, Simard MJ, Miska EA.
2012 Function, targets, and evolution of
Caenorhabditis elegans piRNAs. Science 337,
574–578. (doi:10.1126/science.1220952)
Weick EM, Miska EA. 2014 piRNAs: from biogenesis
to function. Development 141, 3458 –3471. (doi:10.
1242/dev.094037)
Obbard DJ, Gordon KH, Buck AH, Jiggins FM. 2009
The evolution of RNAi as a defence against viruses
and transposable elements. Phil. Trans. R. Soc. B
364, 99 –115. (doi:10.1098/rstb.2008.0168)
Lee YC, Langley CH. 2012 Long-term and shortterm evolutionary impacts of transposable elements
on Drosophila. Genetics 192, 1411 –1432. (doi:10.
1534/genetics.112.145714)

