
Small RNA-based silencing strategies for transposons

in the process of invading Drosophila species

NIKOLAY V. ROZHKOV,1,2 ALEXEI A. ARAVIN,2,4 ELENA S. ZELENTSOVA,1 NATALIA G. SCHOSTAK,1

RAVI SACHIDANANDAM,3 W. RICHARD MCCOMBIE,2 GREGORY J. HANNON,2 and MICHAEL B. EVGEN’EV1

1Institute of Molecular Biology, Moscow 119991, Russia
2Watson School of Biological Sciences, Howard Hughes Medical Institute, Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724,
USA
3Department of Genetics and Genomic Sciences, Mount Sinai School of Medicine, New York, New York 10029, USA

ABSTRACT

Colonization of a host by an active transposon can increase mutation rates or cause sterility, a phenotype termed hybrid
dysgenesis. As an example, intercrosses of certain Drosophila virilis strains can produce dysgenic progeny. The Penelope
element is present only in a subset of laboratory strains and has been implicated as a causative agent of the dysgenic phenotype.
We have also introduced Penelope into Drosophila melanogaster, which are otherwise naive to the element. We have taken
advantage of these natural and experimentally induced colonization processes to probe the evolution of small RNA pathways in
response to transposon challenge. In both species, Penelope was predominantly targeted by endo-small-interfering RNAs
(siRNAs) rather than by piwi-interacting RNAs (piRNAs). Although we do observe correlations between Penelope transcription
and dysgenesis, we could not correlate differences in maternally deposited Penelope piRNAs with the sterility of progeny.
Instead, we found that strains that produced dysgenic progeny differed in their production of piRNAs from clusters in
subtelomeric regions, possibly indicating that changes in the overall piRNA repertoire underlie dysgenesis. Considered together,
our data reveal unexpected plasticity in small RNA pathways in germ cells, both in the character of their responses to invading
transposons and in the piRNA clusters that define their ability to respond to mobile elements.
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INTRODUCTION

RNA interference (RNAi) and related pathways repre-
sent deeply conserved mechanisms to combat both exoge-
nous pathogenic and endogenous parasitic nucleic acids
(Ghildiyal and Zamore 2009; Kim et al. 2009; Malone and
Hannon 2009). In both the plant and animal kingdoms,
infection by viruses can be met by the production of small
interfering RNAs (siRNAs) that direct destruction of viral
RNAs (Hammond et al. 2000; Zamore et al. 2000; Molnar
et al. 2005). These RNAs are most probably produced by
Dicer-dependent cleavage of replication intermediates or by
Dicing of complementary sense and antisense transcripts

that arise during viral gene expression (Bernstein et al.
2001; Blevins et al. 2006). The resulting small RNAs, 21–22
nucleotides (nt) in length, join Argonaute proteins and
guide these to target RNAs, which are cleaved by the innate
nuclease activity of the Piwi domain (Liu et al. 2004;
Okamura et al. 2004; Song et al. 2004). Evidence for a direct
and critical role for RNAi in combating viral infection
comes from the existence of viral proteins that both negate
host RNAi pathways and are essential for productive
infection (Lucy et al. 2000).

siRNAs have also been implicated in controlling the en-
dogenous counterpart of viruses, mobile genetic elements. In
plants, 24-nt siRNAs join a specific Argonaute protein, AGO4,
to direct DNA methylation of repeated sequences in the
genome (Zilberman et al. 2004; Qi et al. 2006). A burst of
small RNA production during pollen development has been
hypothesized to identify transposable elements in germ cell
genomes and to transmit that information to the next
generation (Slotkin et al. 2009). In animals, the first indication
of the intersection of small RNA pathways and transposon
control came from the observation in Caenorhabditis elegans
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that certain mutations simultaneously disrupted exogenously
triggered RNA interference and permitted movement of an
otherwise inert TC3 transposon (Ketting et al. 1999). In fact,
several such ‘‘mutator’’ genes are now known to be essential
for RNAi, although their precise biochemical roles in RNAi
pathways have yet to be determined. siRNA pathways also act
in transposon control in Drosophila, both in the germ line and
in somatic cells (Chung et al. 2008; Czech et al. 2008;
Ghildiyal et al. 2008; Okamura et al. 2008).

In the germ cells of most multicellular animals examined
to date, another class of small RNAs either collaborates with
siRNAs or predominates in repressing mobile elements
(Aravin et al. 2001). These are dubbed piwi-interacting
RNAs (piRNAs) based upon their association with an
animal-specific clade of Argonaute proteins (Aravin et al.
2006; Girard et al. 2006; Grivna et al. 2006; Vagin et al.
2006), which had Drosophila Piwi as its founding member
(Cox et al. 1998, 2000). piRNAs differ from siRNAs in
several important respects. First and foremost, they are not
produced via canonical biogenesis pathways from double-
stranded precursors. Instead, they arise via one of two
distinct processing mechanisms. The first produces ‘‘pri-
mary’’ piRNAs. These are generated from discrete genomic
loci, termed piRNA clusters, that are often highly enriched
for transposon fragments (Brennecke et al. 2007). piRNA
clusters are transcribed into long, single-stranded, continu-
ous precursors that are cleaved by an unknown processing
machinery into discrete small RNAs. Secondary piRNAs are
produced through the catalytic activity of the Piwi proteins
themselves (Aravin et al. 2007; Brennecke et al. 2007;
Gunawardane et al. 2007). Upon recognition of a substrate,
in this case often a transposon mRNA or a piRNA cluster
transcript, piRNAs direct target cleavage much as is seen for
siRNAs in the canonical pathway. However, in this instance,
the target RNA can itself give rise to a new small RNA with
its 59 end at the cleavage site. This type of biogenesis
mechanism, termed the ping-pong cycle, has the potential
to skew piRNA populations toward elements that are highly
expressed at any given time.

The diversity of transposable elements and the degree to
which they burden the genomes of even closely related
species is extremely variable. A prior study comparing only
a single piRNA cluster, flamenco, between three Drosophilid
species that diverged z12 million years ago showed a very
similar overall arrangement and even a conservation of gen-
eral element types; however, not a single individual element
within this locus was shared between melanogaster, yakuba,
and erecta (Malone et al. 2009). These studies strongly sup-
port the value of more systematic comparisons between
piRNA pathways among Drosophila species.

Drosophila virilis belongs to the virilis group of Drosoph-
ila subgenus. It has been separated from Drosophila
melanogaster by z50–60 million years of divergent evolu-
tion (Spicer and Bell 2002) and may reflect characteristics
of the ancestral species of the whole Drosophila clade. D.

virilis displays a syndrome of hybrid dysgenesis in progeny
of intercrosses between different strains of the species
(Lozovskaya et al. 1990; Petrov et al. 1995). Similar sterility
syndromes have been well studied in D. melanogaster,
where they have been traced to the mobilization of single
transposons, such as the I- or P-element (Picard 1976;
Kidwell et al. 1977). Recent studies have defined the un-
derlying molecular basis of transposon activation during
dysgenesis as a lack of maternally deposited piRNAs
targeting the subject element, leading ultimately to a loss
of silencing of that specific transposon in the germ cells of
progeny (Brennecke et al. 2007, 2008; Chambeyron et al.
2008). In virilis, dysgenesis differs fundamentally in that
several unrelated elements are simultaneously derepressed.
Previous studies suggested that a key driver in virilis dys-
genesis syndromes is the Penelope retroelement, which was
proposed not only to become mobile itself, but also to
mobilize other elements present within the genome in
dysgenic progeny (Petrov et al. 1995; Evgen’ev et al. 1997;
Blumenstiel and Hartl 2005).

Penelope does not belong to conventional long inter-
spersed nuclear element or long terminal repeat (LTR)
retroelement classes, but instead represents an active mem-
ber of a little-studied element family termed, ‘‘Penelope-like
elements’’ (PLEs) (Evgen’ev and Arkhipova 2005). These are
distinguished by the presence of a GIY-YIG endonuclease
domain and the ability to retain introns despite moving via
an RNA intermediate. The reverse transcriptase encoded by
Penelope’s single open reading frame (ORF) shows the
greatest similarity to telomerases (Arkhipova et al. 2003).
PLEs are present in many animal genomes, and their reverse
transcriptase moiety can be also found in several protists,
fungi, and plants, indicating an ancient origin (Evgen’ev and
Arkhipova 2005). These unusual elements are probably
active only within the virilis group of Drosophila and perhaps
also within a few fish species (Dalle Nogare et al. 2002).

As with the I- and P-elements, which can trigger dysgen-
esis syndromes in melanogaster, active Penelope seems to be
in the process of colonizing D. virilis. Intact and potentially
mobile copies of this element are absent from many of the
older sequestered laboratory strains, but are present in some
recently collected strains (Zelentsova et al. 1999). Like the D.
melanogaster I-element, all D. virilis strains studied contain
heterochromatic, highly diverged copies of Penelope, appar-
ently representing remnants of previous invasions (Lyozin
et al. 2001).

Recent reports have implicated RNA silencing in the
repression of hybrid dysgenesis in virilis, since small RNAs
homologous to Penelope were detected in nondysgenic, but
not in dysgenic, embryos (Blumenstiel and Hartl 2005).
Since these studies were done prior to our understanding of
the role of piRNAs in transposon silencing and without the
resolution possible with deep sequencing, we felt that a de-
tailed study of virilis dysgenesis could provide an important
evolutionary perspective on hybrid sterility syndromes.

Flexibility in small RNA responses to transposons
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RESULTS AND DISCUSSION

Small RNA populations in D. virilis

We profiled small RNAs from D. virilis ovaries, testes, and
somatic tissues using deep sequencing (Fig. 1). We per-
formed these studies using several strains, with a particular
focus on strains 9 and 160. These were chosen because
intercrosses between strain 9 females and strain 160 males
produce progeny with a moderately penetrant dysgenic
phenotype, with z40% of testes and 60% of ovaries showing
uni- or bilateral gonadal atrophy (Lozovskaya et al. 1990).
Reciprocal crosses produce the same abnormalities, but with
at least a 10-fold lower frequency.

Small RNA populations (19–29 nt) were gel isolated and
cloned by procedures that require 59 phosphate and 39

hydroxyl termini. These were sequenced on the Illumina
platform to yield 3–9 million reads per sample that could
be successfully mapped to the D. virilis genome. In gonadal
tissues, these had a size distribution similar to that seen in
other Drosophilids (Fig. 1A).

Overall, the transposons resident in D. virilis are not as
well annotated as those in D. melanogaster. We therefore
focused most closely on a few well-characterized examples.
Many of these were initially discovered based upon their
causing insertional mutations in the progeny of dysgenic
crosses. These include Ulysses, Penelope, Paris, Helena,
Telemac, and Tv1 (Scheinker et al. 1990; Petrov et al.
1995; Evgen’ev et al. 1997). A number of additional
elements, including HeT-A, TART, and Gypsy family
members, were annotated based upon their high degree
of homology with analogous elements in D. melanogaster
(Mizrokhi and Mazo 1991; Casacuberta and Pardue 2005).

We observed a wide variation in the degree to which
individual transposons were targeted in the ovaries or testes
of a given strain (Supplemental Fig. S1). We noted sev-
eral differences between strains. In particular, sequences

homologous to Penelope were much more abundant in the
160 strain than they were in strain 9, and more prevalent in
testis than in ovaries (Fig. 1B; Supplemental Fig. S1). This is
in accord with the presence in strain 160 of full-length,
active Penelope copies, whereas strain 9 harbors only
divergent, heterchromatic, Penelope remnants. There were
more subtle differences that could potentially be explained
by copy number differences between strains; for example,
TART is preferentially targeted in the ovaries of strain 160,
while Ulysses is more strongly represented in the testis small
RNAs of strain 9.

Penelope is selectively targeted by the siRNA pathway
in both virilis and melanogaster

To define the nature of the response to each element in the
tissues sampled, we annotated individual small RNA species.
We removed degradation products of abundant cellular
RNAs from each data set and then divided sequences into
three classes. Annotated microRNAs were identified based
upon comparisons to miRBase. piRNAs were then defined
within the remainder based upon their size being between 23
and 29 nt. The rest of the sequences were classified as
potential endo-siRNAs. Although nonannotated microRNAs
could fall into the last group, they would not be predicted to
match transposons and would therefore fail to impact our
analysis.

The majority of elements were targeted by both siRNA
and piRNA pathways as observed for transposons in
melanogaster. For virtually all elements, for example, Ulysses,
the piRNA pathway was dominant as expected. However,
Penelope in strain 160 was unusual, showing a striking bias
toward siRNAs (Fig. 1B).

Since active Penelope appears in the process of colonizing
D. virilis, we wished to ascertain whether prominent siRNA
responses were also provoked during Penelope colonization

FIGURE 1. Characteristics of transposon-derived small RNAs in strains 9 and 160. (A) Small RNA profiles obtained from total ovary small RNAs
isolated from D. virilis strain 160. (B) Relative quantities of normalized siRNA (21 nt) and piRNA (23–29 nt) fractions homologous to various TEs
in ovary libraries of D. virilis strains 9 and 160. (C) Strand asymmetry of piRNAs mapped to a set of characterized transposons in total ovary
libraries of D. virilis.
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of another Drosophila species. The melanogaster genome
contains no remnants of Penelope and is thus entirely naive
to this element (Kapitonov and Jurka 2003). We previously
developed several transgenic strains of D. melanogaster
containing full-length copies of Penelope and the Penelope
ORF under the control of the heat-shock (HS) promoter
(Pyatkov et al. 2002). Penelope transposition occurred in all
strains containing full-length copies, and the process of its
amplification and colonization is still ongoing with current
copy numbers in individual strains varying from three to 15
(data not shown).

We prepared small RNA libraries from two strains, A1
and A2, where Penelope amplification had been demon-
strated. A1 is presently estimated to have four to five copies
and A2 10–12 copies of intact, active Penelope. We selected
and analyzed all small RNAs from these libraries corre-
sponding to the Penelope consensus sequence. In both
cases, we detected only siRNAs in ovary or testis (Fig. 2A;
Supplemental Table S1). Moreover, we prepared Piwi, Aub,
Ago3, and Ago2 RNP complexes from ovaries and de-
termined their small RNA content. In accord with the size
profiles of Penelope sequences in total small RNA libraries,
we detected matches to this element only in Ago2 RISC
(Supplemental Table S1). Previous studies in melanogaster
have demonstrated the accumulation of endo-siRNAs that
are bound to Ago2 and target a variety of mobile elements
(Chung et al. 2008; Czech et al. 2008; Ghildiyal et al. 2008;
Kawamura et al. 2008). However, in all cases examined to
date, these elements were also clearly recognized by the
piRNA pathway. A precedent for the behavior of Penelope
might be found in the MT family in mouse ovary (Holt
et al. 2006). These are relatively new invaders of mice and
are predominantly and selectively under the control of the
endo-siRNA pathway (Tam et al. 2008).

The mechanisms by which mobile elements become
recognized by the siRNA pathway are unknown. However,
rearranged Penelope copies containing long inverted repeats,
which could give rise to double-stranded RNA (dsRNA),
were previously isolated from the A1 and A2 strains.
Penelope siRNAs precisely correspond to these regions (Fig.
2B,C). In contrast, Penelope siRNAs are distributed uni-
formly along the length of the consensus in virilis strain 160
(Fig. 2D), suggesting a different mechanism of recognition
for the element. There appears to be no intrinsic propensity
for Penelope sequences, per se, to be recognized as targets for
siRNAs in melanogaster, since strains carrying only the ORF
under the heat-shock promoter do not produce element-
derived siRNAs even after Penelope ORF transcription was
strongly induced by temperature elevation (Supplemental
Table S1).

Observations from both melanogaster and virilis are
consistent with a newly invading element coming at least
in part under the control of the siRNA pathway during the
process of adaptation. Whether this reflects an ancient role
of the siRNA pathway in combating invading viruses

remains to be seen. However, it is intriguing that even
newly integrated green fluorescent protein transgenes can
be recognized and selectively targeted by the siRNA system
in Drosophila cells (Hartig et al. 2009).

Flexibility in the organization of the D. virilis
piRNA pathway

The two best-studied models, D. melanogaster and mam-
mals, differ in the operation of the ping-pong cycle, which
may imply variation in the mechanisms by which each
organism discriminates transposons from protein-encoding
genes. In D. virilis, we noted transposon-specific patterns in
the distribution of sense and antisense small RNAs. As has
been observed in both germ-line and somatic tissues of D.
melanogaster, siRNAs showed no enrichment for the sense
or antisense strand of any of the elements examined (Vagin
et al. 2006; Chung et al. 2008; Czech et al. 2008; Ghildiyal
et al. 2008; data not shown). However, piRNAs correspond-
ing to most elements were strongly skewed toward antisense
species (Fig. 1C; Brennecke et al. 2007; Gunawardane et al.
2007; Lau et al. 2009). A notable exception was the Ulysses
element, which showed the opposite character. In fact, in
strain 9, 99% of Ulysses piRNAs corresponded to its coding
strand.

piRNAs can be divided into primary and secondary
species depending upon their biogenesis mechanism. Pri-
mary piRNAs have a strong bias for a 59 U, and this char-
acteristic is seen in the strain 9 Ulysses sense piRNA
populations. piRNAs are uniformly distributed along the
Ulysses consensus sequence, indicating that the elements that
give rise to these species are likely near full length (Fig. 3A).

Strain 160 harbored an antisense population of Ulyssess
piRNAs in addition to its abundant sense species (Figs. 1B,
3B). In this case, antisense species showed a particular bias
toward LTRs within the consensus element. Although the
sense and antisense species within those regions showed
a signature of the ping-pong amplification loop, it is the
antisense species that showed more enrichment for sec-
ondary piRNAs (Fig. 3C). In both strains, highly abundant
Ulysses piRNAs generally mapped many times within the
genome, generally reflecting the known copy numbers of
the element (Fig. 3D; Zelentsova et al. 1999).

Two explanations can be envisioned for the striking
differences between Ulysses and other virilis elements. The
first reflects the remarkable similarity between the Ulysses
piRNA pattern and the construction of the piRNA pathway
in mouse gonocytes and juvenile testes (Aravin et al. 2008).
In gonocytes, individual insertions of full-length elements
are somehow identified and used for the production of
primary piRNAs, producing predominantly sense species.
Secondary species are enriched in antisense piRNAs and
appear to come from transcripts generated from more
conventional piRNA clusters. Thus, Ulysses could be-
have differently from other virilis elements, with dispersed,

Flexibility in small RNA responses to transposons
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full-length elements serving as the source of primary species
in strains 9 and 160. In strain 160, antisense content could
be supplied by the strain-specific insertions of LTRs into
piRNA clusters, which serve as a basis for ping-pong, but in
the inverse of the normal orientation. An alternative
hypothesis posits the insertion of one or more Ulysses
elements in a highly expressed, single-stranded piRNA
cluster in an orientation that would give rise to sense,
primary piRNAs. Antisense transcripts, which act as fodder

for ping-pong and the production of secondary piRNAs,
could arise from fragments inserted into other piRNA
clusters or from dispersed copies that, by chance, adopt
a cellular promoter in an antisense configuration.

The unusual behavior of Ulysses prompted an examina-
tion of remaining elements. As examples, Tart and Tv1 are
well targeted by the piRNA pathway, with a bias toward
antisense piRNAs (Fig. 1C). In these cases and in all others
where both a strong piRNA response and ample ping-pong

FIGURE 2. Penelope-derived small RNAs. (A) Size distribution of Penelope-derived small RNAs in strains of D. virilis and transgenic D.
melanogaster. (B,C) Penelope-derived siRNAs (21 nt) were plotted along the Penelope consensus sequence in transgenic strains A1 and A2 of D.
melanogaster, respectively. (D) Penelope-derived siRNAs (21 nt) in an ovary small RNA library from strain 160. The structure of the consensus
Penelope element, containing two ‘‘pseudo-LTRs’’ used in transformation experiments is shown at the bottom of the figure.
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partners could be detected, secondary piRNAs were
enriched for sense species (Fig. 3C). Thus, the majority of
elements in virilis engage the piRNA pathway in the
melanogaster orientation, with piRNA clusters serving as
the source for both primary piRNAs and antisense species
within the cycle.

Maternal inheritance of virilis small RNAs
and impacts on hybrid dysgenesis

It has been proposed that the Penelope transposon acts as
an inducer of hybrid dysgenesis in intercrosses of virilis
strains that differ in this element. Notably, dysgenesis
correlates not only with an increase in Penelope expression
but also with a derepression of other transposons, suggest-
ing that Penelope might somehow interfere with silencing of
unrelated elements by the RNAi machinery (Blumenstiel
and Hartl 2005). Previous studies of hybrid dysgenesis
syndromes in melanogaster demonstrated a critical role for
maternally inherited piRNAs in controlling the activity of
certain mobile elements (Brennecke et al. 2008), and this
was consistent with a prior hypothesis for the control of
Penelope (Blumenstiel and Hartl 2005).

If embryos are isolated prior to the onset of zygotic
transcription, their small RNA populations reflect those of
the maternal germ cells. In accord with this hypothesis, and
with previous studies in melanogaster, endo-siRNA and

piRNA populations corresponding to many different trans-
posons were faithfully transmitted from strain 160 mothers
to their progeny (Fig. 4A). Though the minority population
of Penelope piRNAs was maternally inherited, Penelope
siRNAs were not (Fig. 4A). This indicated that Penelope
siRNAs might be present in the somatic rather than the
germ cell compartment within the ovary (Chung et al.
2008; Czech et al. 2008; Ghildiyal et al. 2008). A compar-
ison with total small RNA populations in carcass versus
gonadal tissues (Fig. 4B) supported this hypothesis. Since
siRNAs that target Penelope are not transmitted to the
embryo, it is unlikely that failure of endo-siRNA pathway
to repress Penelope can be responsible for its activation in
dysgenic progeny.

We next wished to probe the question of whether
differences in the small population maternally deposited
Penelope piRNAs were consistent with the suppression of
hybrid dysgenesis. In melanogaster crosses in which dys-
genesis is induced by an imbalance in maternal and pa-
ternal I- or P-elements, embryos destined to develop into
sterile progeny have much lower levels of element-targeting
piRNAs than do embryos that will develop into fertile
progeny (Brennecke et al. 2008). This difference is main-
tained in adult gonads, where a deficit in piRNAs permits
element activity, eventually leading to the secondary phe-
notype of sterility. We therefore examined the progeny of
intercrosses between the ‘‘M-like’’ strain 9 and the ‘‘P-like’’

FIGURE 3. Comparative analysis of Ulysses-piRNAs patterns in strains 9 and 160. Density of piRNAs from ovary libraries from strains 9 (A) and
160 (B) plotted over the Ulysses consensus sequence. (C) Processing categories of Ulysses, TART, and Tv1-piRNAs isolated from ovaries of both
strains. (D) Frequency distribution of genomic mappings of Ulysses-piRNAs.
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strain 160, where progeny of strain 9 mothers show the
dysgenic phenotype. We also used two additional strains.
These are deemed ‘‘neutral’’ because they do not produce

dysgenic progeny when crossed with either strain 9 or
strain 160, irrespective of the identity of the maternal
parent. Notably, each of these neutral strains contains

FIGURE 4. Maternal deposition and levels of TE-derived small RNAs in D. virilis strains and hybrids. (A) Maternal deposition of TE-derived small
RNAs in strain 160. The values were normalized to the levels of small RNA measured in ovaries of each strain. (B) Relative proportion (%) of various
TE-derived small RNAs in somatic tissues (carcasses) and germ line (ovaries). (C) Maternal effect of piRNAs deposited into embryos on the levels of
piRNAs in the gonads of F1 hybrids between strain 9 and strains containing multiple Penelope copies (160, 140, and Argentina). (i) Levels of
Penelope-derived piRNAs in the ovaries of the three strains; (ii) levels of Penelope-derived piRNAs in the testes of the three strains; (iii) relative levels
of Penelope-derived piRNA deposited into embryos from crosses involving strain 9, which lacks Penelope and strains carrying multiple Penelope
copies (160, Argentina, and 140). Ratios of piRNA levels are shown comparing crosses with strain 9 fathers to crosses with strain 9 mothers. (iv, v)
Relative levels of Penelope-derived piRNAs in F1 gonads of crosses involving strains 160, 140, and Argentina with the indicated strain 9 parent.
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many intact euchromatic copies of Penelope, much like the
P-like 160 strain.

We began by assessing levels of piRNAs in parental gonads
(Fig. 4C i, ii). Overall, the ovaries of the P-strain, 160, and
the neutral strains, 140 and Argentina (Arg), had very similar
Penelope piRNA levels. The same was true of testes for 160
and Arg, but 140 showed substantially higher levels. In
accord with these observations, all crosses in which the ma-
ternal parent was strain 160, Arg, or 140 showed greater
numbers of deposited Penelope piRNAs than did crosses in
which the maternal parent was strain 9 (Fig. 4C, iii).

We next examined the adult progeny of these crosses. In
accord with prior observations, we observed induction of
Penelope transcription in the ovaries of hybrids between
strain 160 males and strain 9 females, but we failed to
detect any Penelope transcription in the hybrids between
both neutral strains used in the study and strain 9 (data not
shown). Daughters of strain 9 fathers (with 160, 140, or Arg
mothers) had relatively more Penelope piRNAs than daugh-
ters of strain 9 mothers (Fig. 4C, iv). However, differences
in relative Penelope piRNA abundance did not correlate
with the dysgenic phenotype. For example, dysgenic
daughters of strain 9 mothers intercrossed with 160 had
levels of adult piRNAs that were nearly identical to fertile
daughters of intercrosses with 140. Similarly, in testes (Fig.
4C, v), dysgenic progeny in which strain 9 females were
crossed to strain 160 males showed relative levels of
Penelope piRNAs that were very similar to those observed
in crosses between 9 and Argentina. There were variations
in Penelope piRNAs in testes depending upon the nature of
the parents in crosses between 9 and 140; however, these
did not correlate with any observable phenotype.

Considered together, our data support maternal trans-
mission of piRNA populations in D. virilis as had been
previously observed in melanogaster. They also are consis-
tent with the hypothesis that maternally inherited piRNA
populations promote effective responses in progeny by
priming the ping-pong cycle, since all progeny of strain
9 mothers have fewer piRNAs in daughter ovaries than
daughters of strain 9 fathers (Fig. 4C, iv). However, our
studies raise doubts about a critical role of maternally de-
posited Penelope small RNAs in the control of this element,
though they do not exclude a possible role for Penelope, per
se, in hybrid dysgenesis.

Differential expression of piRNA clusters
in D. virilis strains

piRNA clusters represent an evolutionary record of trans-
poson exposure and acquisition of control (Brennecke et al.
2007, 2008). Our previous studies in D. melanogaster are
consistent with a model in which the content of piRNA
clusters evolves rapidly. Even piRNA clusters of closely
related strains can differ because of the insertion of new
elements into these loci (Brennecke et al. 2008). However,
piRNA loci themselves are broadly conserved between

strains. For example, the flamenco cluster, located on X,
and the 42AB cluster on chromosome 2 cannot only be
found in all melanogaster strains examined to date, but are
also functionally conserved at syntenic positions through
z12 million years of divergent evolution in Drosophila
yakuba and Drosophila erecta (Malone et al. 2009).

Despite its overall conservation, the flamenco piRNA
locus exists as a variety of permissive and restrictive alleles
that have been experimentally induced or are naturally
occurring (Prud’homme et al. 1995; Brennecke et al. 2007;
Mevel-Ninio et al. 2007; Malone et al. 2009). One of the
persistent mysteries prior to the identification of flamenco
as a piRNA locus was that these alleles simultaneously
impacted multiple transposons that were only distantly
related (Prud’homme et al. 1995; Mevel-Ninio et al. 2007).
This seemed strongly reminiscent of the derepression of
multiple element classes in crosses between strain 9 females
and strain 160 males. Thus, we envisioned the possibility
that variation in a maternally deposited cluster might
induce the types of impacts observed in dysgenic virilis
crosses.

To investigate this possibility, we identified piRNA
clusters within the D. virilis genome by focusing on only
the z20% of piRNAs that map uniquely because of
polymorphisms (Brennecke et al. 2007; Lau et al. 2009).
We focused on the 20 loci that contributed the greatest
number of piRNAs, since we reasoned that those would be
most likely to impact the phenotype of progeny (Supple-
mental Table S2). We noted clusters that, like flamenco,
produce piRNAs from only one genomic strand, and clusters
that produce piRNAs from both genomic strands. Like
flamenco itself, many of the single-strand clusters mapped
to pericentromeric heterochromatin and were not mater-
nally deposited, indicating their expression in the somatic
compartment of the gonad.

We also identified a number of clusters that produced
piRNAs from both genomic strands. These were clearly
active in the germ-line compartment, since the piRNAs that
they produced were efficiently deposited in early embryos.
We used a combination of in situ hybridization and genomic
PCR with cluster-specific oligonucleotides to confirm the
presence of cluster loci in all four strains and to verify their
genomic locations as predicted from the genome assembly
(for example, see Fig. 5A; Supplemental Table S2).

Despite being present in all strains, the four clusters that
produced the greatest numbers of piRNAs in strain 160
were completely inactive in the M-like and neutral strains
studied (Fig. 5B). Notably, all four polymorphic virilis
clusters were present in subtelomeric locations. One highly
peculiar feature of these clusters is that they contain protein-
coding genes that generate abundant piRNAs (Fig. 5B). Since
we lack genetic mutations within piRNA pathway genes in
virilis, it is impossible to determine whether these abundant
piRNAs have any effect on the expression of cluster-resident
genes in the germ line. However, it should be noted that
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similar, abundant, gene-derived piRNAs do not seem to
affect their generative loci, for example, TJ, in melanogaster
(Saito et al. 2009).

Considered together, these observations demonstrate
that the activity of piRNA clusters can vary substantially
between strains. Despite their apparent presence, a number
of telomeric clusters that are the most active producers of
piRNAs in strain 160 fail to produce piRNAs in strains 9,
140, and Argentina. The HP1-family member Rhino has
recently been linked to piRNA production in melanogaster
(Klattenhoff et al. 2009). This protein is thought to be
targeted to piRNA clusters based, at least in part, upon
specific histone modifications. It is tempting to speculate
that changes in telomeric heterochromatin, which are well
correlated with telomere length in other organisms
(Schoeftner and Blasco 2009), might modulate the binding
of a Rhino-like protein to the subtelomeric virilis clusters
that function in a strain-specific fashion. Alternatively, the
subtelomeric clusters may have become activated in strain
160 through the accumulation of mutations that somehow
redefine these regions as piRNA clusters in germ cells.

Our studies, which probed the response to invading
Penelope elements in two species, have revealed an un-
expected flexibility in small RNA responses to transposons
in germ cells. Both in melanogaster and in virilis strain 160,
Penelope appears to be predominantly controlled by the
siRNA rather than by the piRNA pathway. In both cases the
siRNA pathway is unable to completely silence Penelope,
which remains capable of occasional transposition in
D. melanogaster transgenic strains and in D. virilis strain
160.

It was shown previously that in strain 160, an X-linked
locus is responsible for producing the majority of

Penelope-derived small RNAs (Blumenstiel and Hartl
2005). Our data now identify these as siRNAs, but suggest
that they are restricted to the soma. piRNAs, which are
implicated in Penelope silencing in the germ line, are
apparently not X-chromosome derived, and we observe
even more Penelope piRNAs in dysgenic males than in those
arising from the reciprocal cross. The data presented herein
explain the apparent discrepancy between the location of
the Penelope small RNA ‘‘master-locus’’ on the X-chromo-
some and the inability of prior studies to correlate this
locus with HD-associated gonadal sterility (Blumenstiel
and Hartl 2005).

In melanogaster, it is unclear how Penelope siRNAs are
produced; however, their distribution within the element
consensus is consistent with the presence of documented
rearranged copies that can produce dsRNA. It is tempting
to speculate that the presence of such copies might even
have been selected during the process of transgenesis as an
accommodation to the presence of the new element. In
either case, the Penelope element, which remains weakly
active in the melanogaster germ line, does not apparently
present a strong challenge to the species. In this sense, it
may be behaving as a highly evolved parasite, which can
propagate without substantial harm to its host. This,
combined with its low level of activity, may simply not
yet have allowed sufficient generations or applied sufficient
selective pressure for Penelope to come under the control of
the melanogaster piRNA system.

Strain 160 appears to differ from the other virilis strains
analyzed in many respects. Most relevant to this study is its
production of piRNAs from a number of subtelomeric loci
that are not used for this purpose in other strains. The
sterility and other abnormalities observed in the progeny of

FIGURE 5. Characterization of a dual-strand D. virilis piRNA cluster uniquely expressed in strain 160. (A) Example of in situ hybridization with
cluster DNA. Arrows indicate hybridization at the telomere of chromosome 2 and at the 7C region of the X-chromosome of strain 9. Virtually all
probes hybridized with variable efficiency to the heterochromatic chromocenter but also to other discrete genomic locations, which agreed with
sequence-based assignments. The consistent hybridization with the 7C region on the X-chromosome of strain 9 was absent in strain 160. (B)
Uniquely mapped piRNAs were plotted over cluster 1 (see Supplemental Table S1), which contains TART elements and protein-coding regions.
These are differentially processed into piRNAs in strains 160 (red) and 9 (green).
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crosses involving strain 160 in a way resemble phenomena
often seen in the progeny of interspecies crosses where
mobilization of transposons sometimes occurs (Zelentsova
et al. 1986; O’Neill et al. 1998; Labrador et al. 1999). It is
noteworthy that in the progeny of dysgenic crosses involving
strain 160 we previously isolated multiple chromosomal
aberrations, which often coincide with species-specific in-
versions described within the virilis group. Consequently, we
imagine that crosses involving strain 160 may lead to a burst
of inversion polymorphism, providing a catalyst for chro-
mosomal aberrations that create reproductive isolation
(Evgen’ev et al. 2000). Thus, our observations of the
divergence of piRNA pathways in the recently separated
virilis strains examined herein may be providing a glimpse
into how changes in the piRNA pathway, the acquisition of
new piRNA clusters, and transposon content could ulti-
mately lead to reproductive isolation and serve as one of
many catalysts for speciation.

MATERIALS AND METHODS

Drosophila strains

Drosophila virilis strains 160 (b, gp, cd, pe, gl), 9 (wild type,
Batumi, Caucasus), Argentina, and 140 (eb, va) were obtained
from the Stock Center of the Institute of Developmental Biology,
Moscow.

Drosophila melanogaster transgenic strains: A1 contains four to
five copies of Penelope; strain A2 contains 12–14 copies of
Penelope. The development and characteristics of these strains
have been described previously (Pyatkov et al. 2002). Strain ‘‘hs’’
represents a strain transformed with Penelope ORF under the
D. melanogaster Hsp70 heat-shock promoter. The constructs and
transformation procedures were previously described (Pyatkov
et al. 2002). The parental strain y,w67c23(2), lacking Penelope,
served as a control. All flies were reared at 25°C on standard resin-
sugar-yeast-agar medium containing propionic acid and methyl-
paraben as mold inhibitors. Embryos (0–2 h) were collected using
agar plates at 25°C.

Cytological analysis

Larvae were grown at 18°C on medium supplemented with live
yeast solution for 2 d before dissection. Salivary glands from third
instar larvae were dissected in 45% acetic acid and squashed (Lim
1993). Procedures and labeling of DNA probes for in situ
hybridization were as described (Lim 1993).

Immunoprecipitation

Immunoprecipitation experiments using either monoclonal anti-
FLAG antibodies (for tagged strains) or rabbit polyclonal antisera
against Ago2 and the N-termini of Piwi, Aub, and Ago3 have been
described previously (Brennecke et al. 2007; Czech et al. 2008).

Small RNA libraries

Cloning of small RNAs from total RNA and immunopurified
complexes was performed as described previously (Brennecke
et al. 2007).

Small RNA sequences were mapped to the latest releases of the
D. melanogaster and D. virilis genomes. Cluster analysis was
performed on libraries after subtraction of small RNA reads
matching to all rRNAs, tRNAs, snRNAs, and miRNA. Extraction
of piRNA clusters was performed as described (Brennecke et al.
2007). Transposon-derived small RNAs with up to three mis-
matches were mapped onto Repbase. For the Penelope analysis,
only small RNAs matching 1–3394 nt of U49102.2 GI:1555193
were considered as the true Penelope-derived sequences.

Small RNA counts were normalized to 1 million small RNAs
after subtracting abundant noncoding RNAs such as rRNAs,
tRNAs, and snoRNAs.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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