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Evolution of pIRNA-guided defense against

transposable elements
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Transposable elements (TEs) shape every aspect of genome biology, influencing
genome stability, size, and organismal fitness. Following the 2007 discovery of the
piRNA defense system, researchers have made numerous findings about organ-
isms’ defenses against these genomic invaders. TEs are suppressed by a ‘genomic
immune system’, where TE insertions within specialized regions called PIWI-
interacting RNA (piRNA) clusters produce small RNAs responsible for their suppres-
sion. The evolution of piRNA clusters and the piRNA system is only now being un-
derstood, largely because most research has been conducted in developmental
biology labs using only one to two genotypes of Drosophila melanogaster. While
piRNAs themselves were identified simultaneously in various organisms (flies,
mice, rats, and zebrafish) in 2006-2007, detailed work on piRNA clusters has only
recently expanded beyond D. melanogaster. By studying piRNA cluster evolution
in various organisms from an evolutionary perspective, we are beginning to under-
stand more about TE suppression mechanisms and organism-TE coevolution.

The suppression of transposable elements

TEs (see Glossary) are an evolutionarily important force in all eukaryotic genomes. While the exact
percentage of the genome made up of transposons varies across species (up to 80% in maize, or
50% in humans), it is always a significant fraction. This percentage is made up of both young
active transposons and the degraded remnants of old invasions. In general the individual inser-
tions of transposons are thought to be either largely neutral or deleterious — there are examples
of adaptive TE insertions but these appear to be an exception to the rule (reviewed in [1]). Whether
individual insertions are neutral or deleterious, the presence of TEs overall is likely deleterious as
the host has dedicated machinery for suppressing their transposition. In mammals and insects a
mechanism of TE suppression is based on small RNAs, the specific subset of which is referred to
as PIWI-interacting RNA (piRNA).

These piRNAs interact with PIWI clade proteins to silence TEs transcriptionally and post-
transcriptionally [2-5]. The majority of piRNA is derived from the processing of noncoding tran-
scripts that originate from large genomic regions termed piRNA clusters (Figure 1). These clus-
ters contain TEs in various states of decomposition, from full length recent insertions to the
remnants of ancient invasions. The TEs themselves serve as the template for their own silencing,
producing transcripts cognate to active transposons that can be used to target them for degra-
dation. For example, in Drosophila post-transcriptional silencing of TEs occurs through piRNA
interacting with proteins Aub and AGOS, which cleave TE transcripts in the cytoplasm
(Figure 2) [2,3,6,7]. TEs are transcriptionally silenced in the nucleus when piRNAs guide the
protein PIWI to transposon insertions and deposit chromatin marks [4,5,8].

Silencing of TEs by small RNAs likely evolved deep in the history of eukaryotic evolution as it is
shared across many domains of life. However, even on microevolutionary timescales there is
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Figure 1. Comparison of unistrand and dual-strand piRNA clusters in Drosophila melanogaster. Abbreviations:
PIRNA, PIWI-interacting RNA; TE, transposable element.

considerable variation in the genes involved in the piRNA pathway, the loci which produce piRNA,
and the exact TEs that are being targeted. In this review we aim to summarize our current under-
standing of the recent evolution of piRNA suppression, particularly with regard to the piRNA
clusters which produce primary piRNA. How these loci evolve may shed light on the function
and origin of piRNA clusters. We know very little about the piRNA pathway outside of model
species such as Drosophila melanogaster. The last few years have produced a wealth of research
on the evolution of the piRNA which is shaping our understanding of its origin and function.

piRNA production

pPIRNA are 23-32 bp small RNA produced from piRNA clusters, regions of the genome dense
with TE insertions (Figure 1). In most metazoan genomes up to a few hundred piRNA clusters
can be identified. Their size can vary widely, from a few thousand base pairs to hundreds of
kilobases. Typically they occupy 5% or less of eukaryotic genomes. piRNA clusters are dispersed
in animal genomes and the region which they occupy is not conserved in different phylogenetic
groups. For example, in Drosophila they are located primarily in pericentric heterochromatin,
while in mice they are euchromatic [2]. piIRNA production from piRNA clusters can be unistrand
or double stranded, and the tissues and exact mechanisms where piRNA is produced varies
between species.

Germline production of primary piRNA
In the germline cells of insects an entirely distinct mode of transcription occurs to produce piRNA

transcripts from piRNA clusters (Figures 1 and 2). piRNA clusters are marked by H3K9me3
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Glossary

Ping-pong cycle: amplification
process where sense and antisense
transcripts from active TEs feed into the
PIRNA pathway, generating more
pPIRNAs and enhancing silencing.
piRNA: 23-31 bp small RNA bound by
PIWI proteins, derived from long
precursor transcripts.

piRNA cluster: genomic region that
produces piRNA precursors.

PIWI proteins: argonaute family
proteins that bind piRNAs and mediate
their functions in transposon silencing.
Silencing: repression of TE activity
through piRNA-mediated mechanisms,
occurring at both transcriptional and
post-transcriptional levels.
Transposable element (TE): diverse
mobile DNA elements that can
transpose in animal genomes, primary
targets of piRNA-mediated silencing.
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Figure 2. piRNA and the silencing of active TEs. piRNA clusters are distinct regions of the genome occupied by recent TE
insertions and the degraded remains of old TEs. They are transcribed into precursor RNA which is post-transcriptionally
processed into mature piRNA. These mature piRNA are then bound by PIWI proteins. Along with several cofactors these
PIRNA-PIWI complexes silence TEs both transcriptionally and post-transcriptionally. Abbreviations: piRNA, PIWI-interacting

RNA; TE, transposable element.

methylation, an epigenetic mark that initiates heterochromatin formation [9]. H3K9me3 is usually
associated with constitutive heterochromatin and is generally considered to suppress transcrip-
tion [4,5,10-12]. The locus is then licensed for non-canonical transcription from these chromatin
marks rather than from a promoter by the Rhino-Deadlock-Cutoff complex. Transcription is dual-
stranded and occurs at many positions within the heterochromatic piRNA clusters [2,11,13,14].
Co-transcriptional processes such as splicing and polyadenylation are also suppressed in these
regions [11,15]. Following transcription, piRNA transcripts are exported to the cytoplasm and
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processed into piRNA by a protein called Zucchini [16,17]. A more detailed discussion of the
production of piRNA can be found here [10].

Ovarian somatic production of piRNA

In Drosophila there is a separate piRNA pathway in the somatic support cells of the ovary
(Figures 1 and 2). This is to suppress gypsy-class transposons which possess an envelope
protein. The envelope protein allows TEs to move from the somatic support cells to the germline
during development. For example, in the ovarian somatic cells production of primary piRNA
occurs through canonical transcription from an RNA Pol Il promoter rather than non-canonical
transcription licensed by Rhino [5]. The locus which primarily performs this function in Drosophila
is called flamenco, a ~ 400 kb region of the genome filled with antisense insertions of primarily
gypsy-class elements. flamenco produces a long noncoding transcript which is processed and
alternatively spliced like a gene before being exported to the cytoplasm [18]. Only PIWI is
expressed in the ovarian somatic piRNA system, silencing TEs transcriptionally in the cytoplasm.
flamenco -like loci are found across drosophilids and in mosquitoes, but this system of repression
appears to be unique to arthropods [19].

The ping-pong cycle

There is a secondary pathway for the amplification of the primary piRNA signal in flies, fish, mammals,
and many other organisms referred to as the ping-pong cycle [2,3]. The ping-pong cycle is an
amplification loop in which the cleaved transcripts of TEs are fed back into the pool of piRNA. This
pathway connects piRNA biogenesis with target silencing. Specifically, antisense piRNAs are
bound by Aub, which cleaves the transcripts of active transposons to produce sense strand piRNAs
[20-22]. These sense strand piRNAs are bound by Ago3, which cleaves antisense piRNA cluster
transcripts, producing the piRNA that are then bound to Aub. The ping-pong loop is the predominant
mechanism that produces piRNA precursors for PIWI [20-22]. Interruption of the ping-pong cycle
causes transposon activation [23,24]. A halmark of the ping-pong cycle is its specific signature of
a 10 bp offset between sense and antisense piRNAs. The ping-pong cycle relies on a number of
protein cofactors which have been reviewed extensively elsewhere [20,25]

Establishing TE silencing

There are currently three main hypotheses for the process by which a newly invading TE is
silenced by piRNA. The initial identification of piRNA clusters as TE suppression loci led to the
development of a theory for the silencing of TEs termed the ‘trap’ model [2]. Under the trap
model, large piRNA clusters produce the majority of piRNA within the organism. A newly invading
TE then integrates itself into the piRNA cluster and is subsequently repressed by piRNA produced
from the region [18,26-30]. Integration of a TE into a piRNA cluster is then considered sufficient to
activate the entire TE suppression pathway, including the ping-pong cycle. The trap model of TE
suppression has empirical support from several studies. First, when artificial sequences are
inserted into piRNA clusters they trigger piRNA production cognate to those sequences [31].
Second, when a reporter construct is inserted into a large piIRNA cluster it is sufficient to silence
the reporter [32,33]. However, there is also evidence from simulations to the contrary such as
fewer insertions in piIRNA clusters than expected, smaller piRNA clusters than expected, and
the experimental ability to delete multiple large clusters without consequences [34,35].

There are two other models which have been proposed to explain how newly invading TEs
become piRNA targets, the first of which is called the sSiRNA model. Under the siRNA model it
is maternally inherited siBNA that is necessary and sufficient to activate the production of
piRNA. siRNAs are produced from cleavage of dsRNA, which could be readily formed by the
transcripts of TEs [33]. The second is called the ‘crank-up’ model, where instead of TE insertions
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into a piRNA cluster being the critical step to initiate host silencing it is activation of the ping-pong
cycle [36]. This was based on the experimental observation that the P-element was able to
escape host control despite several insertions into piRNA clusters. Likewise, the same study
found that production of siRNA from dsRNA of the P-element was insufficient to initiate silencing
[36]. The only part of the piRNA pathway that corresponded completely with TE suppression was
the activation of the ping-pong pathway. All of these models — the trap model, siRNA model, and
crank-up model — remain theoretical and additional research is needed to differentiate between
them. However, the evolution of piRNA clusters can help us to differentiate between these different
models of TE suppression; for example, if more TE copies are routinely observed in piRNA clusters
than would be predicted under the trap model, this could suggest it is not an accurate reflection of
pPIRNA suppression.

To conclude, the piRNA based suppression of TEs is widespread in eukaryotic evolution, while
the details of piRNA production and its effectors have diverged considerably among different
organisms. Most organisms rely on piRNA clusters for the production of piRNA, though these
clusters are made of different components, located in different regions, and transcribed differently.
One conserved aspect of the pathway is the ping-pong cycle, which has been hypothesized to be
the crucial step for TE suppression. Next, we will review what is known about the evolution of
PIRNA clusters and how that may inform our understanding of TE suppression.

Evolution of piRNA clusters

PIRNA clusters have largely been described in a limited number of genotypes of model organisms,
such as D. melanogaster or the mouse model (Box 1). However, it is unknown how conserved
different aspects of these systems are outside of model organisms (Box 2). For example, do all
drosophilids utilize large piRNA clusters to produce the majority of their piRNA? If large piRNA
clusters are not conserved outside of D. melanogaster, the trap model of TE suppression may
not hold. We will review here the current state of our knowledge about the evolution of piRNA
clusters, focusing largely on Drosophila due to the preponderance of work done in this system.

Evolution of the ovarian somatic TE suppression system

In D. melanogaster, flamenco is the major unistranded piRNA cluster, likely originating 13.3-15 MYA
ago [37]. It is shared with many related species from D. melanogaster’s closest relative Dro-
sophila simulans to distant relatives such as Drosophila biarmipes. Because of its essential
function in piIRNA suppression - knockout of flamenco results in sterility — it was thought be a
deeply conserved and necessary part of the piRNA system. However, recent studies have
found that the flamenco locus is evolutionarily dynamic even within the melanogaster sub-
group. For example, a recent study found that flamenco is duplicated in D. simulans and
may have germ line activity in D. simulans and Drosophila mauritiana [38].

Box 1. piRNA clusters in mice

In mice, piRNASs are expressed during two phases that are characterized by divergent piRNA populations. TE-derived
piRNAs are primarily early in embryogenesis and are termed pre-pachytene piRNA. These piRNA are necessary for male
fertility and protect the genome during early stage spermatogenesis [55-57]. Later in development, the most abundant
form of piRNA, termed pachytene piRNAs, are processed from piRNA precursor transcripts produced from large, bidirec-
tionally transcribed regions of the genome [52,54,58]. These regions of the genome are inter-genic and largely depleted of
TE sequences, though a fraction are targeted towards TES. These loci are euchromatic, A-MYB promoter-dependent RNA
Pol Il transcription units [59]. The sequence of these piRNA-producing regions is not conserved, but the location is, and
non-eutherian mammals share around 20 pachytene piRNA clusters [34]. Mice have three PIWI proteins, MIWI, MILI,
and MIWI2, that are not direct homologs of Drosophila PIWI proteins but perform the same function as in Drosophila. MIWI
and MILI-bound piRNAs silence TEs in the cytosol [60]. MIWI2 bound piRNAs silence TEs in the nucleus by guiding the
deposition of epigenetic marks such as H3K9me3 and DNA methylation [61].
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Box 2. Diversity in piRNA production across animals

While piRNA production is conserved across animals, there is considerable variability in how it is produced. In assassin
bugs, all piRNA clusters are unistrand clusters and unlike flamenco in Drosophila the TEs are not oriented in a particular
direction [62]. piRNA clusters are also primarily unistrand in Tribolium castaneum [63], Anopheles gambiae [64], slugs
[65], planaria [65] and Blattella germanica [66]. Dual-stranded transcription does occur in these species and the ping-pong
cycle is conserved, but it is much less abundant than in D. melanogaster [13,63]. The strandedness of piRNA clusters
seems to be both evolutionarily labile and potentially not a hard division — in Drosophila, piRNA cluster 20A is a germline
cluster which appears to be primarily unistrand, and in D. simulans and D. mauritiana, flamenco shows signals of a
dual-stranded cluster. It may be that the ancestral trait is unistrand clusters even in the germline and that Drosophila retains
remnants of this system.

In assassin bugs, as in other hemimetabolous and homometabolous insects, the ping-pong pathway is also not restricted
to the germline [63,66-68]. In fact, even in the basal metazoan Hydra the ping-pong cycle is active in the somatic stem cells
[69]. Most nematodes appear to have lost PIWI proteins and piRNAs altogether, though the model species Caenorhabditis
elegans does contain a piRNA pathway that is distinct from flies and mice [70,71]. In C. elegans, piRNA are produced from
single TEs and these do not appear to be related to the piRNA clusters of other organisms [72,73]. Our understanding of
the piRNA pathway outside of model species is still in its infancy.

There also appears to be frequent conversion of flamenco between germline and ovarian somatic
functions. For example, in Drosophila ficusphila, flamenco is now a dual-stranded cluster with a
ping-pong signal, and a different unistrand cluster has evolved [37]. These unistrand to dual-
stranded transitions appear to happen frequently in Drosophila evolution. In the obscura group
the region syntenic to this second flamenco-like locus is now dual-stranded and yet another
flamenco-like unistrand cluster has evolved [37]. Drosophila erecta and Drosophila yakuba con-
tain clusters with both germline and ovarian somatic piRNA signals, suggesting that these clus-
ters could also potentially serve both functions, though more evidence is needed to support
this claim [37].

Exactly how flamenco evolved to be a unistrand cluster is unknown, as is how additional unistrand
clusters evolved in other species. However, recent work on the ovarian somatic suppression
system in D. melanogaster highlights how ovarian somatic clusters could potentially evolve
(Figure 3) [39]. In D. melanogaster 17.6 is not suppressed by flamenco. Why a flamenco insertion
has not arisen is unclear, however a small unistrand cluster appears to have evolved to suppress
17.6. This new cluster has a partial copy of an old quasimodo-related element with an intact
long terminal repeat (LTR) and 5’ untranslated region (UTR) neighbors insertions of 77.6 and idefix
[39]. This quasimodo-like fragment exists in D. simulans and Drosophila sechellia but does not have
any neighboring TE insertions. In D. melanogaster, the initiator motif in the first LTR of the quasi-
modo-like insertions has been co-opted to be the start of a unistrand piRNA cluster (Figure 3)
[39]. Transcripts are produced from these TE insertions which are processed into piRNA, silencing
17.6in ovarian somatic cells [39]. This is likely how other unistrand clusters evolve — an initiator motif
from a TE or other source becomes associated with a TE and begins to act as a cluster, which in
turn favors the insertion of additional TEs causing the locus to grow. Exactly how or why this cluster
evolves to be unistrand as opposed to joining the germline suppression system is unknown and
would be an interesting area of further research.

In the obscura species group a gene essential for processing transcripts from flamenco has been
lost (fs(7)Yb), yet abundant ovarian somatic piRNA are produced, suggesting that a different gene
or process has evolved to serve this function [40]. There is also evidence that mosquitoes contain
unistrand piRNA clusters for suppressing somatic TEs, which implies that this approach is wide-
spread across insects. However, the more fine-grained analyses described earlier suggests
that the evolution of this system is complex, with frequent turnover between flamenco loci
and their function in the ovarian somatic an germline pathways, as well as generation of new
flamenco loci.
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Evolution of the germline TE suppression system

While ovarian somatic piRNA clusters such as flamenco are required for TE suppression and
organismal fertility, the case with germline piRNA clusters is more complicated. In laboratory
strains of D. melanogaster, a few large piRNA clusters produce the majority of piRNA. This led
to the development of the concept of piRNA clusters — that there would be large, dedicated,
and conserved ‘TE graveyards’ that are primarily responsible for suppressing TEs [2]. The
existence of these clusters is also important for the trap model, because a TE must be able to
transpose into the large cluster, or trap, and then get suppressed. However, several recent
studies have found that germline piRNA clusters are very evolutionarily labile. Between genotypes
of the same species of Drosophila, 70-80% of cluster regions are shared, meaning that the
pPIRNA-producing regions exist but not necessarily that they produce piRNA [41]. If the existence
of the region and shared activity are considered, a recent study found that only around 40% of
cluster regions that produce piRNA in one genotype also produced significant amounts of
piRNA in other genotypes [42]. For example, 42AB is the canonical piRNA cluster upon which
most work to understand piRNA silencing is targeted. In 2/8 studied genotypes in
D. melanogaster, 42AB did not contribute substantially to the pool of sequenced piRNA [42]. Be-
tween closely related species such as D. melanogaster and D. simulans, only around 8% of clus-
ter regions were shared, indicating a lack of overall evolutionary conservation [42]. This
phenomenon was also observed in mice, where polymorphic TE insertions were acting as
novel piRNA clusters which differed between strains [43].

Germline piRNA cluster regions are also generally thought to be redundant, that is, piRNA-pro-
ducing TE insertions exist in more than one cluster and the function of any single cluster is not
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unique. While this has not been definitely shown, it was supported by a recent study where three
of the major piRNA clusters in D. melanogaster were deleted without triggering TE activity or al-
tering fertility [34]. For some families of TEs these clusters contained the only piRNA cluster inser-
tions and produced 75% of piRNA targeted to the TE. This actually suggests two somewhat
contradictory things. First, it suggests that piRNA cluster regions are not entirely functionally
redundant, as other clusters did not contain insertions of the same TE. Second, it suggests
that even non-redundant clusters are not entirely necessary for TE silencing, which brings in to
question the piRNA cluster model of TE suppression. Is it possible that TEs are actually being
silenced by dispersed TE insertions that independently nucleate piRNA? Or are these TEs being
silenced by a mechanism other than piRNA? The idea that any (or some) TE insertions could
ultimately serve as a piRNA-producing region was supported by several studies which found
that numerous insertions spread across the genome contribute to piRNA production [44,45].

Srivastav (2024) suggested a birth death process in which de novo TE insertions nucleate piRNA
production and grow over time, potentially becoming a large piRNA cluster. A TE insertion could
trigger the production of piRNA, which in turn recruits additional TE insertions. This is supported
by the finding that large piRNA clusters are evolutionarily older than smaller piRNA clusters. There
could be considerable evolutionary turnover of these smaller clusters, with some eventually
growing to be larger clusters such as 42AB. As new invasions occur, the large piRNA cluster
may not contain insertions of the newly invading TEs and it will lose its role in TE suppression
and be lost [42]. Germline clusters do not require the co-option of an initiator sequence, but it
is unclear what specifies a locus for piRNA production in this pathway.

Overall, the evolution of piRNA clusters is dominated by large insertions from new TE invasions
and small deletions of older inactive TEs [41,42]. These insertions occur so rapidly that homolo-
gous clusters often do not share insertions of the same TEs [41]. Regardless of whether piRNA
clusters conform to either of these models — that they are discrete loci with a dedicated function
or that most TE copies can serve functionally as a piRNA cluster— individual piRNA-producing loci
are dispensable and evolutionarily labile.

Unistrand to double-stranded evolutionary pipeline?

In both D. simulans and D. mauritiana, flamenco has been colonized by abundant R7 elements,
which are also a significant source of double-stranded piRNA production from flamenco [38]. R1
elements are not gypsy class elements and they are exclusively vertically transmitted [46,47]. We
propose a model of unistrand cluster evolution in which the locus is initially limited to gypsy-class
envelope containing transposons, but over time other classes of transposons colonize the locus
(Figure 4). This would stimulate the production of double-stranded piRNA from the flamenco
locus. Once double-stranded piRNA is produced from the flamenco locus it is less efficient in
the unistrand pathway and over time a different unistrand locus will evolve, while the original
locus is abandoned to the double-stranded piRNA pathway (Figure 4). For example, in
D. melanogaster, flamenco does not contain insertions that belong to TEs active in the germline.
However, in D. simulans, large islands of repeated R7 insertions have colonized flamenco and dou-
ble-stranded piRNA is produced from these insertions [38]. Likewise, in D. mauritiana, flamenco
contains R7 insertions and produces double-stranded piRNA, while flamenco in D. sechellia does
not contain full-length R7 insertions and is exclusively unistrand. This would explain the frequent
conversion of flamenco into double-stranded clusters, the existence of intermediate clusters, and
the presence of non gypsy-class TEs at the locus. This process is distinct from the de novo birth
of germline piRNA clusters, which is likely the most common mechanism for the evolution of new
pPIRNA clusters. The transition of unistrand ovarian somatic piRNA clusters to germline clusters is
hypothetical and would be an interesting area of future research.
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Evolution of piRNA pathway genes

While the piRNA pathway as a whole has an ancient origin and is conserved amongst most
animals, the proteins in the pathway evolve rapidly and are often gained and lost. One recent
study in particular highlights this process, where it was found that in the obscura group and Dro-
sophila eugracilis there are no Yb homologs [40]. In most species, Yb is required for the
formation of Yb bodies at the nuclear periphery which recruit piRNA biogenesis factors [48-50].
In particular, Yb is required for the preferential production of piRNA from flamenco. Despite
this, species of the obscura group and D. eugracilis produce antisense piRNA in the ovarian
somatic cells [40]. Indeed, in Drosophila pseudoobscura and D. eugracilis piRNA biogenesis
bodies exist despite the absence of Yb, suggesting another protein may have evolved to fill this
role. In addition, D. eugracilis lacks Ago3. Ago3 is typically necessary for the processing of
pPiIRNAs in the ping-pong pathway, and indeed there is no evidence of a ping-pong signature in
the piRNAs of this species. Primary piRNA biogenesis occurs as expected, but the vast majority
of the piRNA is antisense rather than a mix of both strands, as observed in D. melanogaster.
Rhino-licensed transcription is dual-stranded, so it is possible that D. eugracilis uses promoters
outside of clusters for single-stranded transcription, much as occurs within flamenco [40]. How-
ever, recent models posited that the initiation of the ping-pong cycle was the necessary step for
transposon silencing, thus it is unclear if: (i) that is not the case, or (i) this species has evolved an
alternative to this pathway.

The genes in the piIRNA pathway also evolve rapidly despite conservation of the overall pathway.

For example, D. melanogaster and D. simulans are sister species that can mate and produce
viable (but sterile) offspring. The piRNA pathway genes Rhino and Deadlock are present in
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both species, and in both species they co-localize and co-precipitate. However, if you knock out
Rhino in D. melanogaster and express D. simulans Rhino, it no longer co-precipitates with Dead-
lock [51]. This appears to be due to species-specific compensatory mutations in the interaction
surfaces of the two proteins [51].

Concluding remarks

Since the discovery of piRNA simultaneously in dipterans, mice, rats, and zebrafish there has
been enormous progress in understanding how TEs are silenced [2,52-54]. However, as
time goes on many of the described mechanisms of TE silencing appear to be unique to par-
ticular species or even genotypes. For example, it was thought that a few large piRNA clusters
were primarily responsible for TE silencing and that the ping-pong cycle was a necessary part
of TE silencing. Yet even within genotypes of D. melanogaster there is variation in the impor-
tance of piRNA clusters: they can be deleted with no consequences, and outside of
D. melanogaster the entire ping-pong cycle can be lost. Understanding this type of variation
in the piIRNA system is essential to deciphering how it works (see Outstanding questions).
For example, the trap model is based on the idea that a TE will insert into a piRNA cluster like
42AB and then be silenced. As we move outside of these laboratory genotypes of
D. melanogaster and find that 42AB produces nominal amounts of piRNA and that small inser-
tions of TEs appear to be able to nucleate their own piRNA, this brings the trap model into
question. This type of evolutionary perspective will be essential to unraveling the mysteries of
piRNA-based TE defense from dipterans to humans. As hundreds of new genomes become
available every year based on highly accurate long read sequencing, our field is primed for ex-
citing discoveries in this arena in the years to come.
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