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INTRODUCTION

Transposable elements (TEs) are selfish elements
that encode the capacity to copy themselves across
genomes and they pose a significant threat in the form of
mutation. Moreover, because of their repetitive nature,
they can mediate harmful chromosome rearrangements.
In response to these threats many eukaryotes utilize
mechanisms of RNA silencing to limit TE proliferation.
In the animal gonad, a specialized form of RNA silenc-
ing mediated by PIWI-interacting RNAs (piRNAs) plays
a critical role in maintaining TE repression across gener-
ations. Strikingly, multiple studies, especially in
Drosophila, have demonstrated that the machinery of
piRNA biogenesis is often the target of recurrent posi-
tive selection. This signature is often explained by anal-
ogy to the signatures of positive selection commonly
observed in genes that play a role in host-parasite dy-
namics. Since TEs can be considered genomic parasites,

a Red Queen evolutionary arms race has been proposed
to explain this signature of adaptive evolution. Under this
scenario, recurrent evolution in the piRNA machinery
would be driven by ongoing evolution on the part of TEs
to evade piRNA silencing. In turn, the piRNA machinery
would show a strong signature of adaptation driven by
recurrent selection to maintain TE silencing.

While plausible, no specific mechanism supports a
Red Queen model for the evolution of the piRNA ma-
chinery. In this review, we outline several mechanistic
models that might explain pervasive positive selection in
the piRNA machinery of Drosophila species. Finally, we
discuss the evolution of the piRNA machinery in light of
off-target effects. While most piRNAs are dedicated to
TE silencing, recent studies have shown that there are
significant off-target effects of gene silencing. Under
varying circumstances, piRNAs can target and silence
genes as well as TEs. This indicates that there is a cost to
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REVIEW

In animals, PIWI-interacting RNAs (piRNAs†) play a crucial role in genome defense. Moreover, because
piRNAs can be maternally transmitted, they contribute to the epigenetic profile of inheritance. Multiple
studies, especially in Drosophila, have demonstrated that the machinery of piRNA biogenesis is often the
target of positive selection. Because transposable elements (TEs) are a form of genetic parasite, positive se-
lection in the piRNA machinery is often explained by analogy to the signatures of positive selection com-
monly observed in genes that play a role in host-parasite dynamics. However, the precise mechanisms that
drive positive selection in the piRNA machinery are not known. In this review, we outline several mecha-
nistic models that might explain pervasive positive selection in the piRNA machinery of Drosophila
species. We propose that recurrent positive selection in the piRNA machinery can be partly explained by an
ongoing tension between selection for sensitivity required by genome defense and selection for specificity
to avoid the off-target effects of maladaptive genic silencing by piRNA.
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TE control by piRNAs. We designate this form of off-tar-
get gene silencing as "genomic autoimmunity." Genomic
autoimmunity is analogous to classic forms of autoimmu-
nity, which are caused by an immune response that incor-
rectly targets self. In the case of genomic autoimmunity,
genes rather than TEs become the target of repression. We
propose that the strong evolutionary tension driven by ge-
nomic autoimmunity contributes to the signature of adap-
tive evolution observed in the piRNA machinery. We
argue that recurrent positive selection in the piRNA ma-
chinery can be partly explained by ongoing tension that
leads to cycles of selection for sensitivity required by
genome defense and selection for specificity to avoid the
off-target effects of maladaptive genic silencing by
piRNA.

TRANSPOSABLE ELEMENTS: 
ENDOGENOUS SELFISH MUTAGENS

Sexual reproduction plays an important role in pro-
ducing variation that enables hosts to adapt to rapidly
evolving parasites [1]. Therefore, it is an evolutionary
irony that sexual reproduction also establishes a condition
ripe for exploitation by genetic parasites known as TEs
[2]. TEs come in two major types. Retrotransposons
(known as Class I elements) transpose via RNA that is re-
verse transcribed into DNA and inserted elsewhere into
the genome. Class I retrotransposons are classified as long
terminal repeat (LTR) elements, which are similar to retro-
viruses; LINE-like retrotransposons, which lack LTRs;
and SINE-like elements, which do not code for reverse
transcriptase (RT) and instead hijack the RT from other
families. DNA transposons (known as Class II elements)
move via DNA intermediates. The most well understood
DNA transposons encode transposases that "cut-and-
paste" insertions from one location to the next. If DNA
transposons move during DNA replication, copy number
may increase if elements jump ahead of the replication
fork. A second class of DNA transposons, Helitrons, repli-
cate via rolling circle amplification.

TEs are major determinants of variation in genome
architecture [3] and there is a positive relationship be-
tween bulk TE content and genome size [4]. For example,
salamander genomes are notoriously large and much of
this can be explained by a great proportion of LTR TEs
[5,6]. It has also been estimated that nearly 70 percent of
the human genome is comprised of repetitive sequences,
many of which are derived from TEs [7]. TEs can some-
times be exapted for functions beneficial to the host. For
example, TE sequences play critical roles in telomere
function in Drosophila [8] and have been recruited to me-
diate V(D)J recombination in jawed vertebrates [9].

Nonetheless, TEs are mostly harmful. In humans, TEs
can cause a variety of diseases [10]. For example, a case
of haemophilia has been caused by an insertion of an L1
retroelement [11]. In addition, several cases of colorectal

cancer have been found to be caused by insertion of L1
elements into the APC tumor suppressor [12]. TEs can
also harm the host by mechanisms independent of inser-
tional mutation. For example, overexpression of Alu RNA
can cause macular degeneration by activating the NLRP3
inflammasome [13]. Finally, due to their repetitive nature,
TEs pose a challenge to genome stability [14,15]. Ectopic
recombination among dispersed repeat sequences can lead
to significant chromosomal damage [16]. In fact, natural
selection against chromosomal damage caused by ectopic
recombination is proposed to be a major force limiting
TEs from completely overwhelming genomes [14].

GENOME DEFENSE BY PIWI PROTEINS
In the face of this threat, different mechanisms of

genome defense have evolved to protect the genome from
TEs. The primary modes of genome defense are chromatin
modification, DNA methylation and RNA silencing,
though there are others [17,18]. These modes of genome
defense are mechanistically connected and also function
as epigenetic regulators of gene expression. In fact, many
of the epigenetic mechanisms discussed in this issue were
likely derived from ancestral mechanisms of genome de-
fense.

Genome defense against TEs by RNA silencing is
seen widely across eukaryotes. In plants, fungi, and meta-
zoans, diverse pathways of genome defense by RNA si-
lencing are centered on the Argonaute proteins [19].
Argonaute proteins are characterized by their capacity to
carry a small 20 to 30 nt guide RNA that mediates recog-
nition of reverse complement RNA. Upon target recogni-
tion, Argonaute proteins have the capacity to slice the
recognized RNA. In this way, RNA silencing by Arg-
onaute proteins can function as an adaptive immune sys-
tem. The slicing function of Argonaute proteins can target
a wide array of harmful RNA species, both viruses and
TEs, via diverse guide RNAs.

Despite the core similarity of small RNA-based
genome defense shared across eukaryotes, these pathways
have significantly diversified. Some of this diversification
can be explained by the fact that multicellular animals, un-
like many other eukaryotes, commonly have a germline
specified early in development. This (with some excep-
tions) results in a soma that does not contribute to the next
generation. This has important consequences for the evo-
lution of genome defense in animals. Because TEs are
transmitted vertically through genomes passed to off-
spring, transposition in the soma does not confer an ad-
vantage to a TE lineage. Instead, somatic harm caused by
TE insertions can only reduce the chance that genomic
copies will be represented in the next generation. For this
reason, in animals with an early specified germline, natu-
ral selection will act on TE lineages to be active only
within the germline compartment. In turn, when TEs are
primarily active within the germline, selection will favor
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genome defense mechanisms that are also specified to the
germline. Consistent with this expectation, a unique mode
of genome defense has specialized within the reproduc-
tive tissues of animals. This mode of genome defense is
mediated by a specialized class of Argonaute proteins
known as the PIWI proteins.

PIWI proteins are a specialized clade of Argonaute
proteins that play a critical role in genome defense in an-
imals and, for the most part, are only found in reproduc-
tive tissues [20,21]. Similar to other Argonautes, PIWI
proteins carry small guide RNAs and mediate a slicing re-
action of the target RNA. Guide RNAs loaded into PIWI
proteins are commonly derived from TEs and, when de-
rived from an anti-sense TE transcript, can target sense
TE mRNAs for destruction. PIWI proteins are also unique
in how they receive their guide RNA. While other Arg-
onaute proteins receive either siRNAs or miRNAs via
Dicer proteins, PIWI proteins receive their guide RNAs
(known as PIWI-interacting RNAs, or piRNAs) from a
complex machinery of piRNA biogenesis [21]. piRNAs
are significantly longer than siRNAs and miRNAs, rang-
ing from 23 to 30 or more nucleotides.

How are anti-sense piRNAs generated from TEs,
rather than genes? To provide defense against only TEs,
natural selection has identified the Achilles heel of TE bi-
ology. Unlike other coding sequences in the genome, TEs
increase in number by copying themselves to other loca-
tions. Thus, TEs can be distinctly recognized by their ca-
pacity to land in different regions of the genome. TEs that
transpose into a piRNA "trap", known as a piRNA cluster,
are thus recognized. piRNA clusters typically reside in the
boundary between euchromatin and heterochromatin and
have distinct chromatin signatures. They are also replete
with diverse TE fragments, representing the history of TE
invasion within a species. TE sequences, residing in these
piRNA clusters, then become the source of anti-sense TE
piRNAs. Loaded into PIWI-proteins, they can mediate re-
pression of sense TE mRNAs.

The mechanisms underlying piRNA cluster designa-
tion, transcript processing and piRNA biogenesis have
been extensively reviewed elsewhere [20-24]. An
overview of the somatic and germline pathways, as un-
derstood in female Drosophila, is shown in Figure 1.
Many components of the piRNA biogenesis pathway
evolve rapidly and this rapid evolution is also demon-
strated in the figure. Several salient features of piRNA
biogenesis should be noted. First, genome defense by
piRNA is specialized across different parts of the female
gonad. Within the somatic follicle cells that surround the
ovary, piRNAs are derived from loci that produce single-
stranded anti-sense transcripts. These yield piRNAs that
are found exclusively in Piwi, the sole Drosophila PIWI
protein expressed in these cells. The most well understood
locus that is the source of these somatic piRNAs is the fla-
menco locus. Examination of the TE fragments that com-
prise the flamenco locus explains the existence of piRNA

mediated genome defense in somatic cells on the ovary
exterior; the anti-sense piRNAs derived from the flamenco
locus target gypsy, idefix and ZAM, as well as other ele-
ments [25-28]. A unique property of these elements is that
they can all be considered endogenous retroviruses with
the capacity to move between cells. For example, gypsy
elements are known to form virus-like particles that can
cross cell membranes [29,30]. Thus, control of somatic el-
ements by piRNAs derived from the flamenco locus can
protect the germline against invasion of endogenous retro-
viruses derived from flanking follicle cells.

Within the germline proper, a more complex pathway
of piRNA biogenesis maintains genome defense. Here,
piRNAs are derived from dual-strand, rather than single
strand clusters. This leads to the production of both sense
and anti-sense piRNAs that target sense TE mRNAs in a
biogenesis loop denoted as ping-pong biogenesis. Anti-
sense piRNAs loaded into the Drosophila Aubergine pro-
tein destroy sense TE mRNAs by post-transcriptional gene
silencing (PTGS). And while anti-sense piRNAs loaded
into Drosophila Piwi protein can also mediate PTGS, they
also enter the nucleus and target TE insertions for tran-
scriptional gene silencing (TGS). Since Drosophila Piwi
is a nuclear protein and found in both the somatic follicle
cells and the germline, this form of transcriptional silenc-
ing is shared across these two compartments of the ovary.
In the germline, this form of transcriptional silencing is
also transmitted to the next generation via maternally pro-
visioned of Piwi-piRNA complexes.

piRNA SILENCING AS AN EPIGENETIC 
PHENOMENON

Before the discovery of piRNA silencing, syndromes
of hybrid dysgenesis demonstrated an important connec-
tion between genome defense and epigenetic control of
gene expression. This is because TEs inherited only via
the paternal germline were known to become activated in
progeny and cause sterility. Genetically identical recipro-
cal progeny, with maternally inherited TEs, were com-
pletely fertile. These observations indicated that while
sperm failed to maintain TE control, the maternal lineage
maintained TE repression across generations. This mater-
nal effect was designated a 'cytotype' [31,32] and it is now
known that the cytotype is the presence of piRNAs tar-
geting strain-specific TE populations [33]. Since females
exclusively transmit the cytoplasm in the egg, piRNAs
that target TEs in the germline are transmitted alongside
genomic TE insertions in females. In contrast, piRNAs are
not transmitted through male sperm and TE families only
residing in the paternal genome find themselves in an egg
from a mother lacking piRNAs that target the TE family.
In this way, the female germline maintains TE repression
across generations in an epigenetic fashion.

The way TEs are silenced at the transcriptional level
also has connections to epigenetic control of gene expres-
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sion. Nuclear piRNAs, in complex with Piwi, mediate
transcriptional silencing by directing histone methylation
at TE insertion sites. This transcriptional silencing is fa-
cilitated by asterix/DmGTSF-1 [34-36] and panoramix/Si-
lencio [37,38]. While these mechanisms of transcriptional
silencing can efficiently maintain TE repression, there are
also significant off-target effects of piRNA mediated tran-
scriptional silencing on genes. Off-target gene silencing
by piRNA can be considered a form of "genomic autoim-
munity" because the piRNA machinery targets self rather
than non-self. For example, in some strains of D. virilis,
the center divider gene has become silenced by being con-
verted into a piRNA cluster, presumably caused by flank-
ing TE sequences located within the telomere [39-41].
This conversion is associated with local H3K9 tri-methy-
lation, a mark of heterochromatin. It has been further
shown that TE insertions exert an epigenetic effect on

local genic chromatin states, with genes closer to TEs
more likely to yield genic piRNAs and enrichment for si-
lencing by H3K9 tri-methylation [42,43]. For these rea-
sons, piRNA mediated genome defense can be considered
an important epigenetic regulator of gene expression. In
this way, piRNA-mediated genome defense is costly,
since genes important for host fitness can be caught in the
crossfire by this form of "genomic autoimmunity". We
propose that the cost of genomic autoimmunity con-
tributes to the pervasive signature of positive selection in
the piRNA machinery.

POSITIVE SELECTION IN THE piRNA 
MACHINERY

Despite the essential function of piRNA mediated
genome defense, a number of studies, especially in
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Figure 1. The piRNA biogenesis and silencing pathway. dN/dS estimates, indicated with varying intensity of red, be-
tween D. melanogaster and D. simulans piRNA pathway components were obtained from the flyDIVaS web server
[81], with the exception of estimates for ago3, deadlock, Yb, maelstrom, rhino, squash, vasa, and valois. dN/dS esti-
mates for these missing genes were obtained by through our analysis.



Drosophila, have demonstrated that the machinery of
piRNA biogenesis and function is rapidly evolving [44-
52]. Moreover, this rapid evolution can largely be ex-
plained by the action of positive selection. The first of
these studies identified a strong signature of positive se-
lection in the rhino protein, even before piRNAs were
known [45]. Since this study, multiple studies have used
diverse approaches to characterize natural selection on the
piRNA machinery at different time scales. These range
from strict population-based studies of patterns of linked
polymorphism to McDonald-Kreitman based tests of
polymorphism and divergence to molecular evolutionary
based tests of synonymous and non-synonymous substi-
tution. Table 1 indicates that this signature of adaptation
is pervasive across the machinery of piRNA biogenesis. In
some cases, such as for spn-E, diverse and independent

tests identify positive selection across different time
scales.

What explains this pervasive signal of positive selec-
tion in the piRNA machinery? Since TEs can be consid-
ered genomic parasites, an analogy is frequently made to
the adaptation often observed in immune systems. This
model proposes that hosts and TEs are in an evolutionary
arms race and positive selection is driven by Red Queen
dynamics of adaptation and counter-adaptation. Most de-
scriptions of the Red Queen process describe it as a co-
evolutionary process. In the case of host-parasite
relationships, positive selection on host immune systems
will occur when parasites evolve strategies to evade the
host immune system. In turn, selection favors immune
strategies that maintain control of parasites. While this
analogy to other host-parasite dynamics seems a plausi-
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Table 1. Previous studies that have identified signatures of positive selection in the Drosophila piRNA 
machinery.
Study

Lee and Langley [44]

Vermaak et al. [45]

Lewis et al. [46]

Heger and Ponting [47]

Obbard et al. [49]

Kolaczkowski et al. [50]

Obbard et al. [48]

Simkin et al. [52]

Genes w/non-
significant tests

ago3, hen1, mael, piwi,
rhino, squash, zuc

N/A

N/A

ago3, piwi/aub

N/A

N/A

ago3, krimper, mael

ago3, armi, mael, hen1,
piwi, rhino

ago3, zuc, squash,
hen1, krimper

ago3, krimper, piwi,
squash

ago3, piwi, rhino,
squash, zuc

armi, krimper, spn-E,
squash, vasa, zuc

Genes w/significant
tests

armi, aub, krimper,
spn-E, vasa

rhino

rhino

N/A/

spn-E

aub, armi

armi, aub, hen1, piwi,
rhino, spn-E, squash,
zuc

aub, krimper, spn-E,
squash, zuc

armi, aub, piwi, mael,
spn-E

aub, armi, rhino, spn-
E, vasa, zuc

aub, armi, krimper,
spn-E, vasa

ago3, aub, piwi, rhino

Test of Neutrality

MK test

Sliding window
dN/dS, MK test

PAML: M1 vs M2, M7
vs. M8

PAML: M8a vs M8

SLR

MK test

SweepFinder

PAML: Branch-sites

MK test

Polymorphism

MK test

PAML: M7 vs. M8

Species

mel and/or sim

mel, sim

mel to pseudo

Nematocera,
Brachycera

mel, sim, yak, ere,
ana

mel, sim

mel

12 species

mel, sim

mel

mel,sim

mel, sim, sech,
yak, ere, ana



ble explanation for recurrent positive selection in the
piRNA machinery, it lacks a clear mechanistic explana-
tion.

MECHANISMS TO EXPLAIN POSITIVE 
SELECTION IN THE piRNA MACHINERY

If positive selection is driven by a canonical host-par-
asite Red Queen process, then TEs and the host piRNA
machinery must be co-evolving. Specifically, adaptation
in TE lineages must enable TE evasion of piRNA silenc-
ing, followed by corresponding adaptation in the piRNA
machinery to the new TE variant. Several mechanisms of
TE evasion are plausible and described in Figure 2. Im-
portantly, since we are mostly concerned with evolution of
the piRNA machinery itself, we restrict our discussion to
adaptation in protein sequence.

One possibility is that TEs directly antagonize the
piRNA machinery. This is demonstrated in Figure 2B.

Here, a TE-encoded protein may directly antagonize a
PIWI protein and disrupt the association of the PIWI pro-
tein with a guide piRNA. This would lead to global loss of
TE piRNA silencing by the target protein. We have pro-
posed that TE-encoded suppressors of piRNA silencing
may explain the general release of diverse elements dur-
ing hybrid dysgenesis [53]. Viruses in plants and animals
are known to antagonize RNA silencing pathways in this
fashion. In plants, virally encoded suppressors of RNA si-
lencing (VSRs) can act through diverse mechanisms that
include sequestering siRNAs and directly antagonizing
Argonaute proteins [54-56]. Different modes of VSR ac-
tion, including the antagonism of Argonaute proteins and
their corresponding slicer activity, are also observed in in-
sect viruses [57-59]. Natural selection to escape VSRs has
been proposed to explain a strong signature of positive se-
lection in the RNAi machinery that is devoted to defense
against viruses [48,60]. Thus, if TEs encode suppressors
of piRNA silencing, natural selection on the piRNA ma-
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Figure 2. Models for TE evasion of the piRNA machiney. A. General pathway for piRNA silencing with cluster insert
that becomes source of anti-sense piRNA, followed by transcriptional and post-transcriptional gene silencing. B. Di-
rect antagonism. A TE encoded antagonist of a piRNA effector. Here, a TE encoded protein (red) interferes with a
PIWI protein (blue) directed slicing reaction. An evolutionary change in the PIWI protein (blue) allows it to silence the
mRNA of the TE. C. Evasion. Specialized localization of the TE mRNA (either temporal or physical) allows the TE
mRNA to avoid being a target. Separation in space or time is indicated with the green line. Adaptation in the PIWI pro-
tein (blue) allows it re-localize and silence the TE mRNA. D. Cluster evasion. A newly arriving TE proliferates within
the genome, but avoids inserting into a cluster. A change in protein sequence (perhaps in rhino, as has been pro-
posed [52]) facilitates TE insertion into the cluster, leading to subsequent piRNA silencing of the TE family.



chinery to avoid TE antagonism may drive the pervasive
signature of positive selection [52].

To date, however, there are few examples of TEs that
encode anti-silencing function. One explanation for this
contrast with viruses is that TE encoded suppressors of
the piRNA machinery may have a net negative effect on
TE fitness. Virally encoded suppressors of RNA silenc-
ing may reduce host fitness by increasing susceptibility to
other viruses, but this cost may not significantly burden
the virus lineage encoding the VSR. A weakened host
with a higher viral titer may be tolerable to the viral line-
age since viruses have the capacity to move from dying
hosts to healthy ones. TEs do not have this luxury. A TE
encoded suppressor of piRNA silencing that releases
global TE control may only reduce host fertility, thereby
reducing the chance of transmission to the next genera-
tion. Therefore, if TE-encoded suppressors of piRNA si-
lencing exist, it seems most likely that they would act on
specialized, rather than general components of the piRNA
machinery.

The absence of known TE-encoded suppressors of
piRNA silencing may also be explained by lower adap-
tive capacity of TEs, as compared to viruses. Viruses can
achieve very large population sizes. However, at least in
Drosophila where the signatures of positive selection in
the piRNA pathway are pervasive, there may only be
dozens of TE copies of each TE family per genome. More-
over, since each copy likely jumps about every 100 to
10,000 generations [61,62], the functional effective pop-
ulation size of the TE lineage (which measures the adap-
tive capacity) may be smaller than the host itself. Thus,
compared to viruses, TEs may have less capacity to evolve
suppressors of piRNA silencing. Nonetheless, the piRNA
machinery might experience positive selection not through
its function in genome defense, but through pleiotropic
function to protect against viruses. In mosquitoes, the
piRNA machinery appears to play an important role in so-
matic defense against viruses [63,64]. However, in D.
melanogaster, recent studies have shown that the piRNA
machinery provides little protection against viral challenge
[65]. Alternately, positive selection in the piRNA ma-
chinery may be driven by the indirect effects of viral sup-
pressors of RNA silencing that serendipitously target the
piRNA machinery [50]. Overall, future studies are needed
to formally test whether TEs or viruses can antagonize the
piRNA machinery directly.

While positive selection in response to TE mediated
suppression of genome defense may be an unlikely ex-
planation for adaptive evolution of the piRNA machinery,
several other mechanisms are plausible. Figure 2C demon-
strates that TE evasion of the piRNA machinery may be
achieved through temporal or positional regulation within
the germline. TEs are known to carry regulatory sequences
that can drive exquisite localization within the germline.
For example, the I, G2 and jockey elements all carry
gurken-like mRNA localization signals that allow them to

localize to regions just flanking the oocyte nucleus within
the developing egg chamber [66]. This shows that natural
selection may act on TE lineages to ensure patterns of lo-
calization that enable proliferation. Similar mechanisms
may also enable evasion of piRNA silencing. Such phys-
ical evasion of piRNA silencing by TEs may lead to pos-
itive selection on piRNA proteins to target new
compartments within the germline. This form of selection
is borne out by the fact that Aubergine and Piwi proteins
are paralogs that have evolved specialized localization
within the germline and the soma of the ovary, as well as
the cytoplasm and the nucleus [25].

Lastly, evasion by TEs may simply happen by avoid-
ing entry into the piRNA pathway altogether (Figure 2D).
TEs become targets for piRNA biogenesis by inserting
into designated piRNA clusters. Dual strand clusters are
designated by the Rhino-Deadlock-Cutoff (RDC) com-
plex [67-69]. Therefore, if TEs are capable of moving
freely within the genome without landing in any of these
dual strand clusters, they may avoid detection by the
piRNA machinery altogether. This may place strong se-
lection on the RDC complex to entice TE insertions into
these dual strand clusters [52,67]. In fact, even before piR-
NAs were known, a model of TE entrapment was pro-
posed to explain positive selection on rhino [45].

CONSIDERATIONS OF MODES OF 
ADAPTATION IN THE piRNA MACHINERY

A standard model of Red Queen driven adaptation in
an immune system proposes that both host and parasite
co-evolve with each other. As mentioned earlier, and in
contrast to viruses, the capacity of a TE lineage to evolve
to evade the piRNA machinery may be limited. Therefore,
a co-evolutionary dynamic may not directly influence the
evolution of the piRNA machinery. However, it is well
known in Drosophila that genomes are constant targets to
horizontal invasion by TEs [70-72]. For example, the P
element likely became established in D. melanogaster
through horizontal transfer from D. willistoni [73]. There-
fore, adaptation in the piRNA machinery may not be
driven by newly evolved strategies of resident TEs.
Rather, adaptation in the piRNA machinery may be driven
by novel strategies of transposition carried by horizontally
transferred TEs. TE diversity itself has been proposed to
be a driver of adaptation in the piRNA machinery [44,51].
This seems especially plausible given our recent simula-
tion study demonstrating that horizontal transfer may be a
more important determinant of TE abundance and diver-
sity than drift [74].

We have performed a preliminary test of this hypoth-
esis [75]. If TE diversity was a key determinant of adap-
tation in the piRNA machinery, one might expect that the
piRNA machinery might evolve more quickly in species
of Drosophila with a greater TE load. However, in a mo-
lecular evolutionary analysis of rates of evolution in the
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piRNA machinery across different species of Drosophila,
we found the opposite to be true. In species with a higher
TE burden, and also greater TE diversity, we found that
the piRNA machinery is evolving more slowly. However,
we found that there is a striking relationship between TE
abundance and codon bias in the piRNA machinery [75].
It is widely known that highly expressed genes frequently
show a greater degree of codon bias [76,77]. In species
with a greater TE burden, codon bias in the piRNA ma-
chinery (but not the rest of the genome) is increased. This
suggests that the primary response to increased TE abun-
dance is not an increased rate of adaptive evolution.
Rather, an increased TE burden appears to select for in-
creased function of the piRNA machinery. This result sug-
gests an alternate model to explain the rapid and adaptive
evolution of the piRNA machinery.

THE GENOMIC AUTOIMMUNITY HYPOTHE-
SIS FOR POSITIVE SELECTION IN THE
piRNA MACHINERY

Genomic autoimmunity is likely to be a significant
cost of genome defense [42,43,78]. And because piRNA
silencing can be transmitted as a maternal effect, this col-
lateral silencing can be transmitted across generations as
a "paramutation" in the absence of the original piRNA
source allele [39-41,79,80]. This may lead to a popula-
tion-level "paramutation load". Further insight into this
tension is provided by studies of hybrid dysgenesis caused
by TEs. As in the case of D. melanogaster [31], investi-
gations of sterility induction in D. virilis have shown a
strong relationship between the dose of paternal chromo-
somes carrying TEs and the induction of sterility [41].
Correspondingly, there is also a strong dose effect of ma-
ternal chromosomes carrying TE insertions that produce
piRNAs [53]. These studies of hybrid dysgenesis suggest
that the paternal dose of inherited TEs must be appropri-
ately matched with a maternal piRNA dose that maintains
TE silencing. These dosage effects can explain our obser-
vation that the piRNA machinery evolves increased codon
bias in species of Drosophila with higher TE burden [75].
Species with a higher TE burden presumably experience
increased selection for an increased dose of piRNA de-
fense and this may be facilitated by increased codon bias
in the piRNA machinery.

It seems likely that an increased dose of the piRNA
machinery comes at a cost of increased off-target gene si-
lencing. We propose that ongoing fluctuation in the TE
load leads to cycles of oscillating selection favoring either
specificity or sensitivity in piRNA-mediated genome de-
fense. Rather than being driven by co-evolution and adap-
tation in TE lineages, we propose this oscillating mode of
selection is driven by fluctuating TE exposure by hori-
zontal transfer. In this way, natural selection drives the
machinery continuously, as both TE load increases and
decreases. We further propose that evolution in factors

that determine specificity and sensitivity lead to natural
selection that propagates through the entire network of
piRNA biogenesis.

In Figure 1, we identify the fastest evolving compo-
nents of the piRNA machinery in a comparison between
D. melanogaster and D. simulans using results provided
from the flyDIVAS database (http://igem.temple.edu/fly-
divas/index.html) [81]. This analysis shows that the fastest
components are not the effectors of piRNA silencing
(aubergine and piwi). Rather, they are krimper, rhino,
deadlock, cutoff and Yb. The fast evolution of rhino, dead-
lock and cutoff is striking since these code for the three
proteins that comprise the Rhino-Deadlock-Cutoff (RDC)
complex [68,82]. The RDC complex plays an essential
role in determining the identity of dual-strand clusters that
are the source of piRNAs in the germline. We propose that
fast evolution of proteins in the RDC complex is driven by
an especially strong tension over the costs of transcrip-
tional genic silencing that can spread into flanking genes;
in contrast to PTGS, TGS is extremely dangerous. While
off-target effects of cytoplasmic gene silencing can lead to
the destruction of a single mRNA molecule, TGS can lead
to the silencing of the sole genomic copies that the cell re-
lies on. Natural selection against the effects of TE medi-
ated TGS on neighboring genes has been seen in both corn
[78] and Drosophila [43]. A dual-strand cluster may be
especially potent in this respect. Thus, if TEs become
more common within a species, natural selection may act
on components of the RDC complex to become more dis-
criminating in their capacity to define dual-strand clusters.

How might fast evolution in some components of the
piRNA machinery drive pervasive adaptation across the
whole pathway? We further propose that the key evolu-
tionary innovations in proteins that modulate the balance
between specificity and sensitivity also select for com-
pensatory changes throughout the machinery of piRNA
biogenesis. A propagating consequence of adaptive di-
vergence in the piRNA machinery has also been proposed
by others [50,83]. If adaptive changes lead to selection for
compensatory changes in other components of the piRNA
machinery, we would expect that components of the
piRNA machinery show a correlated pattern of amino acid
divergence across species. In particular, we would expect
that this correlated divergence would be greater than that
expected to arise simply due to the effects of changing de-
mography and population size. We can test this hypothe-
sis by performing an Evolutionary Rate Covariation
analysis of piRNA biogenesis factors [84-86] (Figure 3).
In this analysis, we utilized the Evolutionary Covariation
Rate webserver (http://csb.pitt.edu/erc_analysis/) to de-
termine the level of evolutionary covariation of the piRNA
machinery within the 12 well sequenced species of the
Drosophila genus. This method determines branch-spe-
cific levels of amino acid divergence and tests whether
gene-by-gene pairwise divergence covaries. Statistical sig-
nificance is determined empirically against the rest of the
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genome-wide pairwise correlations. If positively selected
amino acid substitutions in some components of the
piRNA machinery lead to selection for compensatory
changes in other components, we would expect to see a
significant pattern of evolutionary covariation in the
piRNA machinery. While some genes, such as rhino and
deadlock, are unfortunately excluded from this analysis
due to their extreme divergence, there is strong evidence
for co-evolution among piRNA biogenesis factors (Con-
trast to global pairwise ERC values, P << .001). Perhaps
most interesting and also perplexing, the effector proteins
Piwi and Aubergine show only a weak signal of co-evo-
lution with other factors.

Is there a way to explicitly test the hypothesis that
fluctuating TE loads can lead to oscillating natural selec-

tion between sensitivity and specificity? One possible way
of testing this is to examine the evolution of piRNA
lengths. Little is known about the specificity of piRNA
targeting and how many mismatches may be tolerated be-
tween piRNA and target [87]. However, it is reasonable to
propose that piRNAs of increasing length have increased
specificity. In an analysis of oxidized small RNA se-
quencing data obtained from wild type Drosophila
melanogaster [88], we determined the number of tran-
scripts targeted by ~4,000,000 26 bp piRNAs and com-
pared this to the number of transcripts targeted by the
same pool of piRNA with one base removed from the 3'
end (anti-sense mappers with no mismatches). We found
that the 25 bp small RNAs could potentially target ~8 per-
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Figure 3. Evolutionary Rate Covariation analysis of piRNA proteins across the Drosophila genus. Results were ob-
tained from [84]. Proteins in the middle of the table share the greatest signature of co-evolution. Evolutionary Rate
Covariation (ERC) analysis measures the degree to which changes in one protein (relative to background) are corre-
lated with changes in another (also relative to background). The analysis is performed by estimating branch specific
amino acid divergence across a phylogeny. Here, branch specific amino acid divergence was estimated for 12 se-
quenced species of the Drosophila genus. Significance is measured relative to the genomic background of all pair-
wise covariation estimates. Some proteins are not available due to lack of clear orthologs in divergent species. Above
the diagonal: ERC values. Values range from -1 to 1, with values closer to 1 indicate higher levels of covariation. Red
intensity above diagonal scales with strength of correlation. Below the diagonal: P values. P values were determined
empirically relative to background. Red intensity below diagonal scales with degree of significance. Significant co-
variation across the piRNA machinery is demonstrated by a Z-score of observed P values being equal to -15.4 (P <<
.001).



cent more transcripts (2284 transcripts vs. 2477 tran-
scripts).

The inference that longer piRNAs have increased
specificity is also supported by several aspects of RNA si-
lencing biology. As previously mentioned, TGS is signif-
icantly more dangerous for the host than PTGS. In
accordance with this hypothesis, piRNAs, which can me-
diate TGS, are longer than miRNAs and siRNAs. More-
over, in Drosophila, the class of piRNAs that directly
mediate TGS (those bound to Piwi protein in the nucleus)
are longer than those with exclusive roles in the cytoplasm
(those bound to Aubergine) [25]. A similar difference is
observed in mice among pre-pachytene piRNAs. Nuclear

piRNAs that are bound to MIWI2 and likely directly
methylate TE insertions are longer than piRNAs that are
cytoplasmic and bound to MILI [89]. Strikingly, this pat-
tern of silencing RNAs that target chromatin being longer
than cytoplasmic small RNAs is also observed in plants.
In plants, there are two classes of small RNAs (plants lack
piRNAs). 21/22 nt small RNAs mediate PTGS whereas
24 nt small RNAs have a primary role in RNA-directed
DNA methylation and TGS [90,91] (but see [92]). Again,
it appears that small RNAs with primary roles in nuclear
silencing are longer. This is consistent with the hypothe-
sis that costs associated with off-target TGS require addi-
tional specificity.
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Table 2. Comparison of piRNA length between D. virilis and D. melanogaster. Mode was the most com-
mon length class among small RNAs 23 to 30 nt, post adapter trimming and filtering against ncRNA,
miRNA, miscRNA and tRNA. Only including one of each replicate library for the comparison (indicated
with * for each library included), the difference in small RNA mode is significant (p < .01, t test among
modes). § indicates a library generated by oxidation by sodium periodate.

Species

Drosophila virilis

Drosophila virilis

Drosophila virilis

Drosophila virilis

Drosophila virilis

Drosophila virilis

Drosophila virilis

Drosophila virilis

Drosophila melanogaster

Drosophila melanogaster

Drosophila melanogaster

Drosophila melanogaster

Drosophila melanogaster

Drosophila melanogaster

Drosophila melanogaster

Drosophila melanogaster

Drosophila melanogaster

Drosophila melanogaster

Drosophila melanogaster

Sample

Strain 160 (rep 1)

Strain 160 (rep 2)

Strain 9 (rep 1)

Strain 9 (rep 2)

wt

wt (rep 1)

wt (rep 2)

Strain 9

Oregon-R

wt (rep 1)

wt (rep 2)

Ral 437

Ral 375

Ral 714

Ral 707

Ral 427

Ral 313

Ral 732

Ral 391

Tissue

0-2 hr embryos

0-2 hr embryos

0-2 hr embryos

0-2 hr embryos

follicle cells

0-4 hr unfertilized embryos

0-4 hr unfertilized embryos

0-2 hr embryos

follicle cells

0-4 hr unfertilized embryos

0-4 hr unfertilized embryos

ovaries§

ovaries§

ovaries§

ovaries§

ovaries§

ovaries§

ovaries§

ovaries§

Source

Erwin et al. [41]

Erwin et al. [41]

Erwin et al. [41]

Erwin et al. [41]

Chirn et al. [93]

Ninova et al.[96]

Ninova et al.[96]

Rozhkov et al. [97]

Chirn et al. [93]

Ninova et al.[96]

Ninova et al.[96]

Song et al.[98]

Song et al.[98]

Song et al.[98]

Song et al.[98]

Song et al.[98]

Song et al.[98]

Song et al.[98]

Song et al.[98]

Small RNA
mode

26*

26

26*

26

27*

27*

27

26*

26*

26*

26

26*

26*

25*

25*

25*

25*

25*

25*



Based on these observations, one might predict that
natural selection would favor increasing specificity of
piRNA silencing when the genomic TE burden is large.
A true phylogenetic comparative analysis of piRNA size
and TE abundance has yet to be performed, but some in-
teresting trends arise when comparing available piRNA
profiles across species. In Drosophila, the most common
piRNAs are 25 to 26 nts. However, in mammals ranging
from macaques and marmosets to mice and pigs, piRNAs
are considerably longer, with the most common piRNAs
being 28 to 30 nts [93]. This coincides with the fact mam-
malian genomes carry a significantly greater TE burden.
This trend of greater TE burden being associated with
longer piRNAs is also observed more narrowly within
Dipterans. For example, mosquito genomes carry a sig-
nificantly greater burden of TEs compared to Drosophila,
and piRNAs in mosquitoes are longer than those in
Drosophila [94,95]. Even more taxonomically narrow,
within the genus Drosophila, this pattern holds. D. virilis
has a significantly greater TE burden compared to D.
melanogaster and D. virilis has a correspondingly longer
piRNA profile (Table 2). Together, this overall pattern
suggests that increased TE burden may select for in-
creased specificity of the piRNA machinery. This is likely
mediated by changes in the proteins that comprise the
piRNA biogenesis pathway and define piRNA length dis-
tributions.

This signature supports a model of piRNA machin-
ery evolution driven by an ongoing tension between suf-
ficient genome defense and the costs of off-target gene
silencing. As TE burden fluctuates within a species, we
propose the piRNA machinery must be constantly fine-
tuned. In this case, natural selection will follow a mode of
positive selection when the TE burden increases but also
when the TE burden decreases, driving protein sequence
evolution in specific components of the piRNA machin-
ery. In turn, this would lead to cascading positive selection
on other parts of the machinery to compensate for these
changes. This correlated response across diverse compo-
nents of the piRNA machinery is supported by the strong
signature of correlated evolution. 

A weakness of the argument outlined here is that ev-
idence for the tension between specificity and sensitivity
lacks a phylogenetic perspective. To test this general hy-
pothesis, it will be critical to use more phylogenetically
informed approaches to the analysis of evolution of the
piRNA machinery. For example, future studies must test
whether a reduced TE load coincides with changes in sen-
sitivity in the form of smaller piRNAs. It will also be crit-
ical to perform functional analysis of the amino acid
changes that appear to have been driven by selection for
increased or decreased specificity. The acid test of any
proposed explanation for recurrent positive selection in
the piRNA machinery will be to identify the functional
consequences of amino acid substitutions that have been
fixed by natural selection.

CONCLUSIONS AND OUTLOOK
We propose that the pervasive signature of positive

selection in the piRNA machinery is in part driven by se-
lection that fluctuates alternately for sensitivity and speci-
ficity in genome defense. An ever changing TE
assemblage, dynamically driven by horizontal transfer,
may lead to ongoing positive selection. This would not
represent a formal Red Queen process, because TE line-
ages would not co-evolve with the piRNA machinery.
Rather, the piRNA machinery would evolve in response to
a fluctuating TE burden. This hypothesis is supported by
the current observation that species with a greater TE bur-
den have piRNA length distributions that favor specificity
over sensitivity.

It is important to consider that evolution can happen
at both the protein sequence level and at the expression
level. Our examination of codon bias suggests that in-
creasing expression of the piRNA machinery may be an-
other adaptive response to increasing TE burden. This
hypothesis has yet to be tested experimentally. In fact,
changing size distributions of piRNAs could be driven ei-
ther by altered mechanisms of piRNA biogenesis, or
changing expression levels of different Piwi proteins. For
example, an increased size distribution of piRNAs in D.
virilis could be explained either by protein evolution lead-
ing to preference for longer piRNAs in Piwi or increased
expression of Piwi, which carries longer piRNAs com-
pared to Aubergine and Ago3 [25]. A test of the genomic
autoimmunity hypothesis for positive selection in proteins
of the piRNA machinery will require teasing apart these
two modes of adaptive evolution.
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