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Letter

Population dynamics of PIWI-interacting RNAs
(piRNAs) and their targets in Drosophila
Jian Lu and Andrew G. Clark1

Department of Molecular Biology and Genetics, Cornell University, Ithaca, New York 14853, USA

Transposable elements (TEs) are mobile DNA sequences that make up a large fraction of eukaryotic genomes. Recently it
was discovered that PIWI-interacting RNAs (piRNAs), a class of small RNA molecules that are mainly generated from
transposable elements, are crucial repressors of active TEs in the germline of fruit flies. By quantifying expression levels of
32 TE families in piRNA pathway mutants relative to wild-type fruit flies, we provide evidence that piRNAs can severely
silence the activities of retrotransposons. We incorporate piRNAs into a population genetic framework for retro-
transposons and perform forward simulations to model the population dynamics of piRNA loci and their targets. Using
parameters optimized for Drosophila melanogaster, our simulation results indicate that (1) piRNAs can significantly reduce the
fitness cost of retrotransposons; (2) retrotransposons that generate piRNAs (piRTs) are selectively more advantageous,
and such retrotransposon insertions more easily attain high frequency or fixation; (3) retrotransposons that are repressed
by piRNAs (targetRTs), however, also have an elevated probability of reaching high frequency or fixation in the pop-
ulation because their deleterious effects are attenuated. By surveying the polymorphisms of piRT and targetRT insertions
across nine strains of D. melanogaster, we verified these theoretical predictions with population genomic data. Our theo-
retical and empirical analysis suggests that piRNAs can significantly increase the fitness of individuals that bear them;
however, piRNAs may provide a shelter or Trojan horse for retrotransposons, allowing them to increase in frequency in
a population by shielding the host from the deleterious consequences of retrotransposition.

[Supplemental material is available online at http://www.genome.org.]

Transposable elements (TEs) are mobile DNA sequences that make

up a large fraction of eukaryotic genomes, contributing 45% of

the human and 5.3% of the fruit fly genomes (Lander et al.

2001; Quesneville et al. 2005; Drosophila 12 Genomes Consortium

et al. 2007). Due to their high copy number, TEs have had pro-

found effects on the structure, content, and evolution of genomes

(Biemont et al. 1999; Kidwell and Holyoake 2001; Kazazian 2004;

Ashburner and Bergman 2005; Biemont and Vieira 2005; Bergman

et al. 2006). TEs can mediate evolution of genome structures

through their tendency to nucleate chromosomal rearrangements

(Hoogland and Biemont 1996; Petrov et al. 2003; Biemont and

Vieira 2006), their contribution to the creation of new genes

(Britten 2006; Yang et al. 2008; Kaessmann et al. 2009), and their

de novo generation of new regulatory motifs for neighboring genes

(Lowe et al. 2007). TE insertions can be adaptive through their

influence on gene expression levels (Daborn et al. 2002; Brookfield

2004; Schlenke and Begun 2004; Aminetzach et al. 2005; Gonzalez

et al. 2008), and recently it was demonstrated that such adap-

tive TE insertion events have occurred often in the genome of

Drosophila melanogaster (Gonzalez et al. 2008).

Like other kinds of mutations, however, most mutations cre-

ated by TE insertions are deleterious to the host and are thus se-

lected against. Approximately 50%–80% of mutations arising in

D. melanogaster can be attributed to TEs (Finnegan 1992; Ashburner

et al. 2004). Based on the copy number of TEs in D. melanogaster, it

was estimated that TEs can decrease the fitness of hosts by 0.4%–

5% (Eanes et al. 1987; Charlesworth and Langley 1989; Mackay

et al. 1992; Pasyukova et al. 2004). The fitness costs of TEs are

generally mediated through the following mechanisms: (1) TE

insertions disrupt genes (Charlesworth and Charlesworth 1983;

Finnegan 1992; McDonald et al. 1997); (2) transcription and

translation of TE-encoded genes are costly (Brookfield 1991;

Nuzhdin 1999); and (3) ectopic recombination among dispersed

and heterozygous TEs creates deleterious chromosomal rearrange-

ments (Montgomery et al. 1987; Langley et al. 1988; Charlesworth

and Langley 1989; Petrov et al. 2003). It has been demonstrated

that different TE families are regulated by different mechanisms,

although these mechanisms are not mutually exclusive (Biemont

et al. 1994; Carr et al. 2002; Petrov et al. 2003). Despite their being

under strong selective pressure, TEs still persist in genomes because

they replicate rapidly (Ohta 1983). Decades of theoretical and ex-

perimental research have established a framework for the pop-

ulation genetics of TEs, after making nearly universal assump-

tions of equilibrium between transposition/retrotransposition,

excision, migration, recurrent horizontal transfers, genetic drift,

and natural selection (Charlesworth and Charlesworth 1983;

Charlesworth 1988; Charlesworth and Langley 1989; Biemont

1992; Brookfield and Badge 1997; Charlesworth et al. 1997;

Nuzhdin 1999; Bartolome et al. 2002; Brookfield 2005; Le Rouzic

and Deceliere 2005).

Various mechanisms of repression of TE activities have been

incorporated into our understanding of the population genetics

of TEs, including self-regulation of copy number by reducing

transposition rates (Charlesworth and Charlesworth 1983;

Langley et al. 1983), cis-acting regulation (transposition immu-

nity) and trans-acting regulation (transposition repression) of TEs

(Charlesworth and Langley 1986), regulation of transposition by

host factors (Badge and Brookfield 1998), or more specifically,

regulation of transposition by the interaction between TEs and

the host genome such as the P-M hybrid dysgenesis system (Engels

1986; Boussy et al. 1988; Brookfield 1991; Coen et al. 1994;
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Quesneville and Anxolabehere 1997, 1998) or the I-R hybrid dys-

genesis system (Proust et al. 1992; Chaboissier et al. 1995; Jensen

et al. 1995, 2002). Recently, it was discovered that PIWI-interacting

RNAs (piRNAs), a class of small (26–31 bp) RNA molecules, are

crucial repressors of active TEs in the germlines of fruit flies and

worms (Aravin et al. 2001, 2007; Nishida and Siomi 2006; Vagin

et al. 2006; Brennecke et al. 2007, 2008; Nishida et al. 2007; Yin

and Lin 2007; Das et al. 2008; Ghildiyal et al. 2008; Girard and

Hannon 2008; Siomi and Siomi 2008; Li et al. 2009; Malone and

Hannon 2009; Malone et al. 2009). In Drosophila, three paralogs of

the PIWI family—PIWI, AUB, and AGO3—are crucial components

of the RNA-induced silencing complex (RISC). RISC incorporating

a piRNA can bind and cleave RNAs that have complementary se-

quences to the piRNA. Using an RNA-seq method, Brennecke et al.

(2007) comprehensively sequenced small RNAs bound to the three

PIWI proteins and identified 142 piRNA loci in the genome of

D. melanogaster. They discovered that the piRNA loci were mainly

comprised of disrupted transposable elements, and more inter-

estingly, were located in genome regions biased toward hetero-

chromatin. They proposed that piRNAs are produced from inactive

TEs through a ping-pong mechanism and form a surveillance

system against active TE invasion (Brennecke et al. 2007). Inter-

estingly, only a small fraction of piRNAs discovered by Brennecke

et al. (2007) were recovered in the study of deep sequencing PIWI-

bound rasiRNAs by Yin and Lin (2007), which reflects the com-

plexity of piRNA populations.

Genes encoding small RNAs, like other kinds of genes, should

experience a history of birth, persistence, and death. It was recently

demonstrated that microRNAs, a class of small RNAs that are

generally conserved, stand as a dynamic class of genes in terms of

birth and death at both the macro- and microevolutionary levels

(Allen et al. 2004; Fahlgren et al. 2007; Grimson et al. 2008; Lu et al.

2008a,b). It was also found that the piRNAs are evolutionarily

dynamic in rodents (Assis and Kondrashov 2009) as well as in

Drosophila (Malone et al. 2009). In Drosophila, transposition/ret-

rotransposition and excision of TEs occur frequently, and TE in-

sertions are highly polymorphic among individuals (Montgomery

and Langley 1983; Charlesworth and Langley 1989; Nuzhdin

1999; Petrov et al. 2003; Gonzalez et al. 2008). Since the majority of

piRNAs were generated from TE loci, one would expect that piRNAs

would similarly experience rapid population dynamics. Previous

studies have surveyed population dynamics of individual piRNA

loci such as Su(Ste) (Lyckegaard and Clark 1989; Kalmykova et al.

1998), flamenco (Bucheton 1995), and the I element (Chambeyron

et al. 2008). Due to their recent discovery, piRNAs as a class of

master regulators have yet to be considered in the framework of the

theoretical population genetics of TEs.

In this study, we first demonstrate that activities of a large

number of retrotransposons are severely silenced by piRNAs. Next,

we carry out forward simulations and empirical data analysis to

investigate the population dynamics of retrotransposons that

generate piRNAs (piRTs) and retrotransposons that do not generate

piRNAs but are repressed by piRNAs (targetRTs) in D. melanogaster.

Our theoretical and empirical results indicate that piRNAs can

significantly increase the fitness of organisms by reducing the

fitness cost of retrotransposons. However, targetRTs also have

a higher probability of reaching high frequency or fixation be-

cause their deleterious effects are (partially) attenuated. Once ret-

rotransposons attain high frequency in the population, the host

can only evade the deleterious consequences of frequent retro-

transposition if the piRNA can successfully continue to repress the

retrotransposons.

Results

Activities of retrotransposons are severely silenced by piRNAs

There are about 120 TE families that have been characterized in

the reference genome of D. melanogaster (Kaminker et al. 2002;

Quesneville et al. 2005). In the annotation of FlyBase (Release

5.13), there are 100 retrotransposon families, 21 transposon fam-

ilies, and one family of INE-1 whose biology remains largely un-

known (Quesneville et al. 2005). We quantified expression levels of

32 TE families (26 retrotransposon and six transposon families) in

the ovaries of one wild-type and three piRNA mutants with real-

time PCR. The three mutants include one piwi allele (piwi06843/CyO),

and two aub alleles (aubQC42/CyO and aubHN/CyO). Our PCR primers

can potentially detect 486 TEs annotated in the reference genome,

and the majority of them are putatively autonomous or virulent

(Methods). For the 26 families of retrotransposons tested, expression

levels were significantly elevated in the heterozygous piRNA mu-

tants compared to the wild type. The magnitude of the expression

increase was approximately twofold in both piwi06843/CyO and

aubQC42/CyO and ;10-fold in aubHN/CyO (Fig. 1) (P < 0.0001 in all

the three cases; paired t-tests were used to compare the original Ct

values). Mixed results were obtained for the six families of trans-

posons tested in piwi06843/CyO and aubQC42/CyO. However, in

aubHN/CyO, we still observed increased expression levels (ranging

from approximately twofold to 16-fold) across all six transposon

families (Fig. 1). (In Supplemental Figs. S1 and S2 and Supplemen-

tal Methods, we provide evidence that the elevated expression of

TE mRNAs in the mutants was not due to the bias in the copy

number of TEs.) The differences among transposons and retro-

transposons in piRNA repression efficiency might be shaped by

natural selection. The activities of retrotransposons are mainly

mediated at the RNA level, while transposons move by a ‘‘cut-and-

paste’’ mechanism, and therefore the expression levels of trans-

poson-encoded genes might not be a crucial factor for their

activity.

In addition to our real-time PCR results, other studies also

demonstrated that piRNAs can repress activities of retrotransposons

such as gypsy, Idefix, ZAM, roo, mdg1, copia, I element, and Het-A

(Sarot et al. 2004; Vagin et al. 2006; Klenov et al. 2007; Mevel-Ninio

et al. 2007; Pelisson et al. 2007; Brennecke et al. 2008; Chambeyron

et al. 2008; Desset et al. 2008). Using whole-genome tiling micro-

arrays and quantitative RT-PCR, Li et al. (2009) found that expres-

sion levels of a large number of retrotransposon families are up-

regulated in the absence of AGO3. Our study, together with others,

suggests that activities of a large number of retrotransposons are

severely silenced by piRNAs, while mixed results were obtained for

transposons. In this study, we focus on the population dynamics of

retrotransposons only.

Forward simulations of the population genetics of piRTs
and targetRTs

To model the population dynamics of retrotransposons that can

generate piRNAs (piRTs) as well as the retrotransposons that do not

generate piRNAs but are repressed by piRNAs (targetRTs), we per-

formed forward simulations. The simulation processes are similar

to those proposed by Dolgin and Charlesworth (2008) except that

we incorporate piRNAs into the population dynamics and we only

focus on retrotransposons. We assume that

1. The population is diploid, panmictic, constant-sized, and has

no overlapping generations.
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2. We only consider one chromosome with a size (L) of 40 Mb,

which is close to the actual size of chromosomes 2 and 3 of

D. melanogaster.

3. The recombination rate is 2.5 3 10�8 per nucleotide per gen-

eration so that in each generation one chromosome will have

roughly one crossover.

4. Although different retrotransposon families impose detri-

mental effects on the host through different mechanisms

(Charlesworth and Langley 1989; Carr et al. 2002; Petrov et al.

2003), the fitness (w) of a chromosome overall can be modeled

by a linear function,

w = 1 + +si;

where +si is the sum of the selective effects (si < 0) of all the ret-

rotransposons carried on one chromosome (Le Rouzic and Capy

2006), or modeled by an exponential quadratic function,

w ¼ e�an�1
2bn2

;

where a and b are constants and n is the number of retro-

transposons (Charlesworth 1990). We use the latter function in our

simulations.

5. piRNAs are generated from long precursors, and any retro-

transposons inserted into the piRNA-generating regions will

be recruited by the piRNA biogenesis machinery and thus will

result in suppression of activities of the retrotransposons.

6. 4.2% of the chromosomal genes are potential piRNA-gener-

ating regions as estimated by the size of the 142 piRNA loci in

the genome of D. melanogaster.

7. There is no sequence divergence between paralogous copies of

retrotransposons so that one piRNA can potentially repress all

the retrotransposons.

8. Inside a cell, piRNAs from one gamete can silence retro-

transposons of both gametes.

9. Retrotransposons located inside piRNA loci lose the ability to

retrotranspose.

10. For a retrotransposon located outside piRNA regions, its ret-

rotransposition rate is u1 if the piRNA is not expressed in the

cell; it is u2 if the piRNA is expressed in the cell.

11. The excision rate is v.

12. The insertion of retrotransposons does not change the chro-

mosome size.

13. Ectopic recombination was assumed to be strongly deleteri-

ous, and products of ectopic recombination are rapidly elim-

inated from the population (for more details, see Methods).

The following parameter settings in our simulations are cru-

cial for the biological outcomes: (1) the effective population size

Ne, (2) the retrotransposition rate u1 and u2, (3) the excision rate v,

and (4) the constants a and b in the exponential quadratic function

of fitness. The effective population size of D. melanogaster has been

estimated to be between 106 (Kreitman 1983) and 105 (Schug et al.

1998). The retrotransposition/transposition rates of TEs vary

greatly across families in D. melanogaster, ranging from 0 to 3.94 3

10�3 per element per generation (Ising and Block 1981; Biemont

and Aouar 1987; Biemont et al. 1990; Harada et al. 1990; Nuzhdin

and Mackay 1994, 1995; Suh et al. 1995; Maside et al. 2000, 2001).

(Rates estimated from previous studies are summarized in Supple-

mental Table S1.) The retrotransposition/transposition rate esti-

mates for individual TE families often differ among studies, but the

genomic average retrotransposition/transposition rate is usually

within the range of 1.15 3 10�4 to 3.5 3 10�4 per element per

generation (summarized in Supplemental Table S2), with the exci-

sion rate one or two orders of magnitude lower (Eggleston et al.

1988; Harada et al. 1990; Nuzhdin and Mackay 1995; Nuzhdin

et al. 1997; Maside et al. 2000). In natural populations of D. me-

lanogaster, the selective intensity against a segregating TE has

been estimated to be on the order of 10�5–10�4 per element,

thus in the quadratic function of fitness, a is usually set at 10�5

and b is in the range of 10�6–10�5 (Charlesworth et al. 1994;

Dolgin and Charlesworth 2006, 2008). In our simulations we fol-

lowed the parameter estimates for D. melanogaster used by Dolgin

and Charlesworth (2008) and set Ne = 105 (or 5 3 104), u1 = 10�4,

Figure 1. Fold changes of TE mRNAs in piRNA pathway mutants relative to the wild type. The x-axis provides the names of the 32 TE families tested, and
the y-axis is the log2 value of the fold changes. (A) piwi06843/CyO; (B) aubQC42/CyO; (C ) aubHN/CyO. In each panel, the horizontal line at 0 represents the
case when the expression level is the same in the mutants and wild-type flies. Three replicates were performed, and the average values 6 standard errors
are presented.
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a = 10�5, and v = 0 (or 10�6), with b varying between 10�6 and 10�5.

We also set Ne = 106, u1 = 3 3 10�4, a = 10�5, and v = 0 (or 3 3 10�6),

and b varying between 10�6 and 10�5, based on the effective

population size estimation by Kreitman (1983) and retrotrans-

position/excision rates estimated by previous studies (Supple-

mental Tables S1, S2). To expedite the simulation processes, we

scaled up the retrotransposition/excision rates and selection pa-

rameters (u1, u2, v, a, and b) by 100-fold and scaled down the ef-

fective population size (Ne) and generation by 100-fold. (The re-

combination rate r is not scaled so that one chromosome will

roughly have one crossover in each generation.) This reciprocal

scaling technique does not affect the evolutionary consequences,

as demonstrated and validated by previous studies (Dolgin and

Charlesworth 2006, 2008; Le Rouzic et al. 2007; Soderberg and

Berg 2007).

The simulations were performed under four different sce-

narios with regard to the repressing capabilities of piRNAs on their

target retrotransposons. In scenario I, piRNAs have no repression

effect on the activities of their targets (u1 = u2). Thus, scenario I

serves as a reference and is a canonical population genetic frame-

work based on the assumption of equilibrium between retro-

transposition and natural selection. In scenarios II, III, and IV, we

assume the existence of piRNAs that reduce retrotransposition

rates to 10%, 1%, and 0.1% of their original rates, respectively (i.e.,

u2 is 0.1u1, 0.01u1, and 0.001u1 under scenarios II, III, and IV). The

rates of recombination, retrotransposition, and excision are all

modeled as Poisson processes.

piRNAs significantly reduce the fitness cost of retrotransposons

After 1000 generations, the number of retrotransposons carried by

each chromosome reaches equilibrium under all parameter com-

binations used. In Figure 2A, we present the simulation results by

varying u2 while keeping other parameters fixed. The parameters

after scaling are set as follows: Ne = 1000, a = 0.001, b = 0.0005, r =

2.5 3 10�8, u1 = 0.01, and v = 0. The corresponding unscaled pa-

rameters are Ne = 105, a = 10�5, b = 5 3 10�6, r = 2.5 3 10�8, u1 =

10�4, and v = 0. To obtain the biologically relevant values, one

should use the unscaled parameters and scale up the generation

number in our simulations by 100-fold. Under scenario I, where

piRNAs are assumed not to have any impact on the activities of the

target retrotransposons (u2 = 0.01 after scaling), at equilibrium

each chromosome on average bears 16.4 retrotransposons with

a 90% confidence interval of (14.4–18.4). In scenario II, where

piRNAs are assumed to repress the retrotransposons to 10% of their

original retrotransposition rates (u2 = 0.001 after scaling), the

number of retrotransposons on each chromosome at equilibrium

is 6.4 with 90% CI (1.4–10). In other words, piRNAs can reduce the

number of retrotransposons persisting in the genomes by 60%.

Correspondingly, in our simulations (a = 0.001 and b = 0.0005 after

scaling), the fitness of a chromosome imposed by the retro-

transposons increases from 0.92 under scenario I to 0.98 under

scenario II, an increase of 6.5% in each generation (Fig. 2B).

However, since a and b are scaled up 100-fold in our simulations,

the effect of piRNAs on host fitness improvement is also upscaled

Figure 2. The number of retrotransposons carried by one chromosome and the fitness costs to the host. (A) The number of retrotransposons carried by
one chromosome. (B) The fitness of the host using the scaled a and b values in the simulations. (C ) The fitness of the host using the unscaled a and b values.
In scenario I, piRNAs have no repression effect on the activities of their targets. In scenarios II, III, and IV, piRNAs reduce a retrotransposon’s retro-
transposition rates to 10%, 1%, and 0.1% of its original rate, respectively. The solid line in each panel is the mean value, and the thin dashed lines represent
the upper and lower 90% confidence bounds (Ne = 1000, a = 0.001, b = 0.0005, r = 2.5 3 10�8, u1 = 0.01, v = 0, after scaling for all the four scenarios,
where Ne is the effective number of individuals, a and b are constants in the quadratic fitness function, u1 is the retrotransposition rate for each retro-
transposon outside piRNA regions in the cells where piRNA is not expressed, v is the excision rate, and r is the recombination rate per nucleotide per
generation; u2 is the retrotransposition rate for each retrotransposon outside piRNA regions in the cells where piRNA is expressed, u2 = 0.01, 0.001, 0.0001,
and 0.00001, after scaling for scenarios I, II, III, and IV, respectively). In C, a = 10�5 and b = 5 3 10�6 were used in the quadratic fitness function.
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by 100-fold. With the unscaled settings (a = 10�5 and b = 5 3 10�6),

the fitness of a chromosome imposed by the retrotransposons in-

creases from 0.99916 under scenario I to 0.99983 under scenario II,

which suggests that piRNAs can increase the host fitness by

0.067% in each generation in natural populations (Fig. 2C). Since

only one family of retrotransposons on one chromosome was

considered in our simulations, piRNAs can potentially improve the

fitness of hosts by 0.9998330/0.9991630 � 1 = 2.03% in each gen-

eration if the genome hosts 30 similarly active retrotransposon

families and there are no synergistic effects between families. The

effect of piRNAs on host fitness improvement might be conser-

vative here because (1) in our simulation we only consider one

chromosome which accounts for 25%–30% of the genome size of

D. melanogaster, (2) the number of active retrotransposon families

might be greater than 30 in the genome (Kaminker et al. 2002;

Quesneville et al. 2005), and (3) piRNAs might reduce the retro-

transposition rates by more than 10-fold (Das et al. 2008). More

pronounced effects of piRNAs were observed if we increase the

effective population size by 10-fold and the retrotransposition

rates by threefold. (The scaled parameters are Ne = 10,000, a =

0.001, b = 0.0005, r = 2.5 3 10�8, u1 = 0.03, and v = 0 in our sim-

ulation, and the corresponding unscaled parameters are Ne = 106,

a = 10�5, b = 5 3 10�6, r = 2.5 3 10�8, u1 = 3 3 10�4, and v = 0.) After

reaching equilibrium, the average number of retrotransposons

carried by one chromosome decreases from 45 under scenario I to

10 under scenario II (Supplemental Fig. S3), and under these pa-

rameter settings, piRNAs can potentially improve the fitness of

hosts by 19.3% if the genome hosts 30 similarly active retro-

transposon families and there are no synergistic effects between

families. Interestingly, the number of retrotransposons carried by

each chromosome does not reduce in scale with increasing piRNA

silencing efficiency. Under scenarios III and IV, where piRNAs in-

hibit activities of TEs to 1% (u2 = 0.0001 after scaling) and 0.1%

(u2 = 0.00001 after scaling) of the original levels, at equilibrium

the number of retrotransposons carried by each chromosome is

around five in both cases given the parameter settings in Figure 2.

The reduction of fitness cost by piRNAs can be consistently ob-

served if we incorporate excision (Supplemental Figs. S4, S5) or use

different settings of parameter b (Supplemental Fig. S6).

piRTs are selectively more advantageous than targetRTs

In the above simulations (Fig. 2; Supplemental Figs. S3–S6), we

assume that piRTs (retrotransposons that generate piRNAs) and

targetRTs (retrotransposons that are repressed by piRNAs and

outside piRNA loci) contribute equally to the fitness costs as de-

fined by the exponential quadratic function. The reduction of

fitness cost by piRNAs is more pronounced when we assume only

targetRTs contribute to the fitness costs and piRTs are selectively

neutral (Supplemental Fig. S7). The mechanism of piRNAs repress-

ing the active targetRTs is essentially compatible with the ‘‘trans-

position repression’’ model proposed by Charlesworth and Langley

(1986), a model that showed that the selective advantage of regu-

lation of repressors can be promoted by a sufficiently high frequency

of dominant lethal or sterile mutations associated with trans-

positions in diploid organisms. In our simulations, even when we

assume a piTR insertion confers the same degree of fitness cost to

its host as does a targetRT insertion, we still find that fixation

probabilities differ in piRTand targetRT insertions because piRTs can

repress targetRTs and are thus selectively more advantageous. In

Figure 3, we plot the proportion of piRTs out of the total number

of retrotransposons carried on each chromosome over generations

(Ne = 500, a = 0.001, b = 0.0005, u1 = 0.01, v = 0 after scaling). Under

scenario I, where piRTs have no impact on targetRTs (u2 = 0.01 after

scaling), the proportion of piRTs does not change after reaching

equilibrium, while under scenarios II–IV, where piRNAs inhibit

the activities of targetRTs (u2 = 0.001, 0.0001, and 0.00001 after

scaling, respectively), the proportions of piRTs increase steadily over

time (the slope of regression of piRT proportion on generation

number is greater than 0 for scenarios II, III, and IV, respectively; P <

10�15 for all three scenarios; the trend becomes weaker when larger

population size was used) (Supplemental Figs. S8, S10).

The frequency spectrum of TE insertions is a useful metric to

understand the evolutionary forces underlying the insertions

(Langley et al. 1983; Montgomery and Langley 1983; Capy et al.

Figure 3. The dynamics over time (generations) of the mean proportion (%) of all retrotransposons that are piRTs (Ne = 500, a = 0.001, b = 0.0005,
r = 2.5 3 10�8, u1 = 0.01, v = 0, after scaling for all four scenarios; u2 = 0.01, 0.001, 0.0001, and 0.00001, after scaling for scenarios I–IV, respectively).
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1991; Petrov et al. 2003; Neafsey et al. 2004; Gonzalez et al. 2008,

2009). The relatively greater advantage of piRT over targetRT in-

sertions is also manifested by the difference in the frequency

spectra of new insertions. Given the same settings of parameters as

in Figure 3, we observe that under scenario I, where piRNAs do not

silence targetRTs at all, more than 90% of the piRT insertions

persist in the population at a very low frequency (<10% of the

population), and only rarely do they attain intermediate frequency

or fixation (Fig. 4A). In contrast, under scenarios II–IV, ;2%–4% of

piRT insertions become fixed in the population. It is notable that

insertions of piRTs with higher repression capacities tend to have

a greater chance to reach high frequency or fixation—the pro-

portion of piRT insertions that is fixed is 2%, 3.4%, and 4% of all

new insertions when piRNAs reduce activities of targetRTs to 10%,

1%, and 0.1% of their original levels, respectively.

The suppressing effect of piRNAs can drive targetRT insertions to high
frequency or fixation

It is intriguing that compared with scenario I, targetRT insertions

under scenarios II–IV also have higher probabilities of achieving el-

evated frequency or fixation (Fig. 4B). Under scenario I, no targetRT

insertions can expandto 50% or higher frequency in the population,

while under scenarios II–IV, ;0.2%–0.5% of the total targetRT in-

sertions can be fixed in the population (Fig. 4B). In other words,

insertions of targetRTs that are repressed by piRNAs have a higher

probability of reaching high frequency or fixation. A plausible ar-

gument is that under scenario I, where targetRTs are not repressed

by piRNAs, retrotransposition of targetRTs is strongly selected

against so that the TEs cannot reach high frequency in the pop-

ulation. Conversely, under scenarios II–IV, where targetRTs are re-

pressed by piRNAs, the strong deleterious effects of targetRTs are

(partially) alleviated because their retrotransposition capacity is

impaired, so they could segregate like (nearly) neutrally evolving

elements to drift to higher frequency or even fixation (Ohta 1973).

However, under scenarios II–IV, the frequency spectra of targetRT

insertions are still significantly skewed to lower frequencies com-

pared to those of piRTs (P < 10�15 in all three cases, x2 tests) (Fig.

4), which reveals a potentially negative consequence of piRNA

repression.

The shifts in the frequency spectra for both piRTs and targetRTs

are still observed when we use Ne = 1000 (after scaling) while

keeping the other parameter settings at the similar levels as in

Figures 3 and 4 (Supplemental Figs. S8, S9) or when we use the scaled

parameter settings of Ne = 10,000, a = 0.001, b = 0.0005, r = 2.5 3

10�8, u1 = 0.03, and v = 0 (Supplemental Figs. S10, S11). However,

given the generation numbers used in our simulations (15,000

generations for both Ne = 500 and 1000 after scaling, and 9000

generations for Ne = 10,000 after scaling), the difference in pop-

ulation dynamics between piRTs and targetRTs are more pro-

nounced when Ne = 500 (after scaling) is used. This is because in-

creasing the effective population size by a factor of 2 (or 20)

will increase the expected sojourn time for a neutral mutation by

a factor of two (or 20), and the generation numbers used in our

simulations (for Ne = 1000 or 10,000 after scaling) are not large

enough for the difference of piRT and targetRT insertions to be re-

liably manifested.

In summary, our simulation results indicate that (1) piRNAs

significantly increase the fitness of organisms by silencing retro-

transposons, but (2) retrotransposons that are silenced by piRNAs

also have higher probabilities to attain high frequency or fixation

in the population.

Population genomics of piRTs and targetRTs in Drosophila

Our theoretical analysis demonstrates the double-edged effects of

piRNAs on the accumulation of retrotransposons. In this section,

we test these predictions using population genomics data.

High-frequency piRT insertions observed in D. melanogaster

First, let us examine the evolutionary dynamics of piRTs (retro-

transposons that generate piRNAs). A large number of piRNA loci

are located in heterochromatic regions (Brennecke et al. 2007).

However, since annotations of TEs are only available for the eu-

chromatic regions, we only focus on piRTs located there. It is chal-

lenging to determine the retrotransposons in the Drosophila genome

that are not repressed by piRNAs, i.e., the piRTs strictly under sce-

nario I in our simulations. Our simulations indicate that relative to

scenario I, both piRT insertions and targetRT insertions are driven to

higher frequencies in scenarios II–IV; however, under all three latter

scenarios, the frequency spectra of piRT insertions are significantly

Figure 4. (A) Retrotransposon insertions that generate piRNAs (piRT
insertions) have a higher probability of fixation or of attaining high fre-
quency in the population because of their relatively advantageous effects.
(B) Retrotransposon insertions that are repressed by piRNAs (targetRT in-
sertions) also have a higher probability to be fixed or attain high fre-
quency, because their deleterious effects are (partially) alleviated by
piRNAs. (Ne = 500, a = 0.001, b = 0.0005, r = 2.5 3 10�8, u1 = 0.01, v = 0,
after scaling for all four scenarios; u2 = 0.01, 0.001, 0.0001, and 0.00001,
after scaling for scenarios I–IV, respectively, for both A and B.)
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skewed to higher frequencies than the targetRT insertions (Fig. 4).

Thus, rather than directly testing our predictions, we compared the

frequency spectra of retrotransposon insertions that are located

inside (piRTs) and outside the piRNA loci (targetRTs). Genome se-

quences of nine D. melanogaster strains obtained with light whole-

genome shotgun 454 Life Sciences (Roche) pyrosequencing runs

were used to survey the frequency of TEs (Sackton et al. 2009).

For each of the 5408 TEs annotated in the euchromatic re-

gions of the D. melanogaster reference genome (y1; cn1bw1, sp1), we

determined its presence/absence status in other strains by map-

ping the boundary sequences of TEs with shotgun sequencing re-

sults at two levels of precision (Methods). We excluded 344 TEs

because their boundary sites cannot be unambiguously mapped on

the reference genome, and thus the strategy we used cannot ac-

curately determine the frequencies of the insertions in the nine

strains (Methods). TE insertions are generally rare in the pop-

ulations of D. melanogaster; however, some of them can be fixed or

even conserved across divergent Drosophila species (Petrov et al.

2003; Caspi and Pachter 2006; Begun et al. 2007; Gonzalez et al.

2008). To exclude the possibility that the frequency spectrum is

biased by genealogy, in this analysis we further exclude 835 TE

insertions that putatively have conserved boundary sequences in

Drosophila simulans (Methods). These 835 TE insertions might be

formed before the split of D. melanogaster and D. simulans, or are

trans-species polymorphisms in the two species, or are recently

horizontally transferred between the two species.

Many TE insertions are present in the reference genome but

not in any of the strains we investigated (Table 1; Supplemental

Fig. S12). Overall, ;52% of all the TE insertions are restricted only

to the reference genome and are found in none of the nine strains

we surveyed. Among the 4239 (5408 � 344 � 835 = 4239) TE in-

sertions, 1695 (40%) are from the INE-1 family, which are highly

abundant across the Drosophila genus, while little is known about

their biology (Quesneville et al. 2005; Yang and Barbash 2008). Of

the remaining TE insertions, 652 (15%) are from transposons and

1892 (45%) are from retrotransposons. The three classes of TE in-

sertions exhibit distinct frequency spectra: the proportion of in-

sertions that are restricted to the reference genome is ;43% for

INE-1, ;54% for transposons, and ;60% for retrotransposons

(Table 1; Supplemental Fig. S12). For all 4239 TE insertions, TEs

with length <500 nt (or 1000 nt) are significantly skewed to higher

frequency than TEs >500 nt (or 1000 nt) (P < 10�15 in both cases, x2

tests) (Supplemental Fig. S13, A vs. B; Supplemental Fig. S14, A vs.

B). However, the overall difference seems to be contributed solely

by retrotransposons (P < 10�15 in both cases, x2 tests) (Supple-

mental Fig. S13, G vs. H; Supplemental Fig. S14, G vs. H), but by

neither INE-1 nor transposons (Supplemental Fig. S13, C vs. D, E

vs. F; Supplemental Fig. S14, C vs. D, E vs. F). To understand the

mechanisms regulating distinct retrotransposon families, we fol-

lowed the analysis of Carr et al. (2002) and contrasted the observed

proportion of X-linked retrotransposon insertions against the

expected values under various selection mechanisms (Supple-

mental Tables S3, S4). Our results suggest that the regulatory

mechanisms against the retrotransposon insertions are not mu-

tually exclusive for the majority of the families examined. Detailed

analysis is presented in Supplemental material.

For the 1892 retrotransposons, the 309 that are located inside

piRNA loci defined by Brennecke et al. (2007) are treated as piRTs,

and the remaining 1583 that are outside those loci are treated as

targetRTs. (Many of the targetRTs might be nonautonomous or

inactive, which makes our analysis conservative; see below for

details.) The frequency spectra of piRT insertions are significantly

skewed to higher frequencies than targetRT insertions (P = 2.5 3

10�15, x2 test) (Supplemental Fig. S15, A vs. B). This pattern holds

true if we only consider the retrotransposons that are >500 nt (P =

2 3 10�8, x2 test) (Fig. 5, A vs. B) or >1000 nt (P = 6.2 3 10�10, x2 test)

(Supplemental Fig. S15, C vs. D). It is well known that different

families of retrotransposons might be heterogeneous in their in-

sertion history (Bergman et al. 2006; Bergman and Bensasson

2007). In Supplemental Table S5, we present the frequency spectra

for retrotransposon insertions of the 60 families that have at least

one insertion located inside piRNA loci (only retrotransposons

>500 nt were considered here). Due to the small number of retro-

transposon insertions within each family, we do not have enough

statistical power to detect the difference in frequency spectra be-

tween insertions located inside and outside piRNA loci. However,

these 60 families are likely to be sufficiently old in the genome of

D. melanogaster since at least one member of each family had the

chance to be inserted into the piRNA regions. The pooled result of

the 60 families strongly suggests that piRT insertions are signifi-

cantly skewed to higher frequencies than their counterparts outside

piRNA loci (P = 1.6 3 10�8, x2 test) (Supplemental Table S6). The

difference between the frequency spectra is congruent with what

we observed in the simulation—piRTs are selectively more advan-

tageous than targetRTs. In our simulations, the relatively advanta-

geous nature of piRTs over targetRTs can be manifested even when

we assume piRTs are strictly neutral or deleterious. The frequency

spectrum of piRT insertions observed in D. melanogaster might be

shaped by compound effects of purifying selection (because they

mediate ectopic recombination) and positive selection (because

they repress active retrotransposons) or hitchhiking. However, we

are not sure about the overall consequences of the compound ef-

fects on a piRT insertion, because whether it is overall under neg-

ative, neutral, or positive selection, the relatively advantageous

nature of piRT relative to targetRT insertions can always be detected

by the difference in the frequency spectra.

The difference in frequency spectra of retrotransposon in-

sertions is more significant in the regions where recombination is

frequent (retrotransposons >500 nt were examined here; P = 2 3

10�9, x2 test) (Fig. 5, C vs. D). In genomic regions without re-

combination events (r = 0), however, the relative advantage of

piRTs over targetRTs vanishes—the frequency spectra of piRT and

targetRT insertions are not statistically different (P = 0.70, x2 test)

(Fig. 5, E vs. F). In other words, we only observed piRTs to be se-

lectively more advantageous than targetRTs in genomic regions

that undergo recombination. The observation might be attributed

Table 1. Frequency spectrum of TE insertions across nine strains
of D. melanogaster

Frequency All TEs INE-1 Transposon Retrotransposon

0 2205 721 353 1131
1 1261 607 177 477
2 562 275 91 196
3 159 70 23 66
4 41 18 7 16
5 11 4 1 6
Total 4239 1695 652 1892

Among the 5408 TEs annotated in the reference genome (FlyBase R5.13),
344 TE insertions mapped on multiple locations and 835 insertions that
have putatively homologous sequences in D. simulans were excluded.
Frequency 0 means the TE insertion was only detected in the reference
genome but in none of the nine strains surveyed. Frequencies 1–5 mean
that the TE insertions exist in one to five out of the nine strains surveyed.
No TE insertions were detected in more than six out of the nine strains.
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to the Hill-Robertson effect, which argues that tight linkage limits

the power of natural selection (both positive and purifying selec-

tion) (Hill and Robertson 1966). It is well known that in no (or low)

recombination regions, the efficacy of purifying selection is re-

duced so that both transposons and retrotransposons can accu-

mulate (Charlesworth and Langley 1989; Bartolome et al. 2002;

Dolgin and Charlesworth 2008). In regions where recombina-

tion occurs, however, ectopic recombination occurs sufficiently

frequently that retrotransposons are more intensively selected

against. It should be noted, however, that both piRTs and targetRTs

participate in ectopic recombination so that neither has an ad-

vantage over the other. As a result, the fitness advantage of piRTs

relative to targetRTs is manifested only in genomic regions where

recombination occurs.

Only a small fraction of piRNAs discovered by Brennecke et al.

(2007) was recovered in deep sequencing of PIWI-bound rasiRNAs

by Yin and Lin (2007). A plausible explanation to reconcile this

discrepancy is that piRNA populations are complex (Li et al. 2009),

the sequencing platforms used by both studies might have re-

covered a subset of piRNAs from each locus, and thus individual

piRNAs obtained in both studies are not necessarily the same ones.

Out of the 12,903 unique piRNA reads obtained by Yin and Lin

(2007), we find that 8604 (67%) are mapped on the piRNA loci

defined by Brennecke et al. (2007). In Figure 5, G and H, we show

that RT insertions located inside piRNA loci defined by both

Brennecke et al. (2007) and Yin and Lin (2007) also have a fre-

quency spectrum that is significantly skewed to higher frequency

compared to insertions outside piRNA loci defined by both studies

(retrotransposons >500 nt were used in comparison, P = 0.0007, x2

test) (Fig. 5, G vs. H).

Identifying retrotransposons targeted by piRNAs

Before we provide evidence that piRNAs can increase the frequency

of retrotransposons in the population of D. melanogaster, we shall

describe the procedure for identifying TEs that are targeted by

piRNAs. We retrieved extensive sequencing results of piRNAs from

ovaries of four strains of D. melanogaster, mapped them on the

piRNA loci, normalized the number of reads, and calculated the

mean read number for each piRNA species (Methods). The average

read numbers are assumed to be the expression levels of piRNA

species across the population of D. melanogaster. We predicted the

targets of piRNAs by requiring the piRNAs to be perfectly com-

plementary to the target TEs (all the 5408 TEs annotated in FlyBase

R5.13 were used here). We assigned a score S to each TE with the

formula

S = +
n

j = 1

Mj:Rj=Tj=L;

where n is the number of piRNA species that are perfectly com-

plementary to this TE; Mj is the number of target sites of a piRNA

species j on this TE; Rj is the read number of a piRNA species

j (normalized to reads per million reads); Tj is the total number of

target sites for piRNA species j; and L is the length of this TE (in

kilobases). Thus, S is the density of piRNAs whose sequence is

complementary to one TE, normalized by the length of the re-

spective TE and corrected for multiple hits of the piRNAs. In our

target prediction model, we not only took into account of the

number of target sites, but also the expression levels of piRNAs. The

S score is inversely related to the activities of TEs. A TE with a lower

S score means that it has higher activity. In the extreme case of S = 0,

Figure 5. Frequency spectra of retrotransposons and other TEs. (A vs. B) The frequency spectra of piRT insertions are significantly skewed to higher
frequencies than those of the targetRT insertions (only retrotransposons longer than 500 nt are considered). The difference in frequency spectra is
statistically significant in the regions where recombination occurred (C vs. D), but vanishes in regions where recombination does not occur (E vs. F ). (G vs.
H ) The difference in frequency spectra of piRT versus targetRT insertions is statistically significant if we use the piRNA loci defined by both Brennecke et al.
(2007) and Yin and Lin (2007). (BY) piRNA locus defined by both Brennecke et al. (2007) and Yin and Lin (2007). The numbers in parentheses are the
number of retrotransposons in that category. The x-axis is the frequency of insertion out of the nine strains of D. melanogaster. ‘‘0’’ means the insertion is
only restricted in the reference genome of D. melanogaster. The y-axis is the proportion (%) of retrotransposon insertions with distinct frequency across the
nine strains.
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that is, in the piRNA mutant background, the activities of auton-

omous TEs would be maximal.

Elevated frequencies of targetRT insertions due to piRNA silencing

For retrotransposons, the S scores are the densities of piRNAs tar-

geting the targetRTs after correcting for differences in the lengths

of the retrotransposons. However, we find that S is significantly

positively correlated with the length of the 1583 putative targetRTs

analyzed above in the section High-Frequency piRT Insertions

Observed in D. melanogaster (the Pearson correlation coefficient is

0.23, P < 10�16 for all the targetRTs; the Pearson correlation co-

efficient is 0.11, P = 0.0007, for the 969 targetRTs that are >500 nt).

One plausible explanation is that longer retrotransposons are

generally more virulent and kept at low frequency in the pop-

ulation (Petrov et al. 2003), so that piRNAs that target such ele-

ments are selectively more advantageous to the host. In this case,

such piRNAs are kept in greater abundance in the transcriptome.

Nine-hundred-eighty-one (62%) of the 1583 targetRT insertions

are restricted to just the reference genome of D. melanogaster, and

the remaining 602 insertions can be found in at least one of the

nine strains we surveyed. The 981 rare targetRTs are significantly

longer than the 602 targetRTs that are more common (length is

3678 6 107 nt for the former and 1319 6 100 nt for the latter

category, P < 10�16, Kolmogorov-Smirnov test). Thus, it is not

surprising that the score S is significantly higher in the former than

in the latter category (S is 75.2 6 3.9 for the 981 targetRTs in the

former and 33.9 6 4.3 for the 602 targetRTs in the latter category;

P < 10�16, Kolmogorov-Smirnov test).

One should keep in mind that the 1583 targetRTs (as well as

other TEs in the genome) can be divided into three classes based on

their retrotransposition capabilities: (1) autonomous, which have

ORFs that encode the products required for retrotransposition and

have full capabilities to be autonomously retrotransposed; (2)

nonautonomous, which do not encode retrotransposition pro-

teins but are able to retrotranspose with the aid of autonomous

retrotransposons; and (3) inactive, which are inactive relics of the

former two classes.

It is well documented that the three classes of retro-

transposons have distinct evolutionary dynamics—the inactive

retrotransposons might evolve like neutral elements, while au-

tonomous retrotransposons, which are generally much longer and

most virulent among the three classes, are strongly selected against

(Petrov et al. 2003; Bergman and Bensasson 2007).

Since the targetRTs in our simulations are all autonomous and

such elements are more intensively silenced by piRNAs (see be-

low), we will only focus on the relationship between S scores and

population frequency of the autonomous retrotransposons.

Among the 5408 annotated TEs, 537 (520 retrotransposons and 17

transposons) have nearly intact open reading frames (ORFs), and

therefore are considered putatively autonomous TEs (Methods).

Four-hundred-sixty-two autonomous retrotransposon (34 piRT

and 428 targetRT) insertions can be uniquely mapped to the ref-

erence genome of D. melanogaster and do not have conserved

boundary sites in D. simulans (Methods). Four-hundred-thirty-two

(93.5%) are found only in the reference genome and not in any of

the nine strains we surveyed. Overall, the autonomous retro-

transposon insertions have significantly lower frequencies than

the nonautonomous or inactive retrotransposons (P < 10�16, x2

test) (Supplemental Fig. S16, A vs. B). This pattern is observed even

after we correct the possible bias caused by the length difference

between the two categories (the length is 6994 6 201 nt for the

putative autonomous retrotransposons and only 1468 6 61 nt for

the nonautonomous and inactive retrotransposons; if we only

consider nonautonomous retrotransposons with length >4500 nt

so that the mean 6 SE is 7038 6 240 nt for this category, the same

pattern is still observed: P < 10�16, x2 test [Supplemental Fig. S16, B

vs. C]). This comparison suggests that the putative autonomous

retrotransposons are more virulent and are selected against be-

cause of their ability to retrotranspose. It is notable that the 38

putative autonomous piRT insertions have significantly higher

frequencies than the 428 autonomous targetRT insertions (P <

10�10, x2 test) (Supplemental Fig. S16, D vs. E), which is consistent

with the frequency spectrum comparisons between the total piRT

and targetRT insertions in the above section High-Frequency

piRT Insertions Observed in D. melanogaster. Another salient ob-

servation is that autonomous targetRTs on average have higher

S scores than the nonautonomous and inactive targetRTs (P <

10�16, Kolmogorov-Smirnov test) (Fig. 6, A vs. B). Since the average

length is 6603 6 125 nt for the autonomous targetRTs and 1365 6

63 nt for the nonautonomous and inactive targetRTs (P < 10�16,

Kolmogorov-Smirnov test), this observation is consistent with the

positive correlation between S scores and the lengths of targetRTs

as observed above.

Only 18 (4.2%) of the 428 putative autonomous targetRT

insertions are detected at least once in the nine strains we surveyed.

To increase the statistical power of our analysis, we combined our

data with the retrotransposon insertion frequencies determined by

Gonzalez et al. (2008). Gonzalez et al. (2008) screened 902 TE in-

sertions in the American and African populations of D. mela-

nogaster based on PCR amplification. Among the 410 autonomous

targetRT insertions that are not detected by the nine strains we

surveyed, 124 are detected in at least one line of the American or

African populations surveyed by Gonzalez et al. (2008). Thus, in the

combined data set, 286 (410 � 124 = 286) autonomous targetRT

insertions are found exclusively in the reference genome (referred to

as the ‘‘rare’’ class), and 142 (18 + 124 = 142) are detected in at least

one of the two studies (the ‘‘common’’ class).

It is compelling that the autonomous targetRTs in the com-

mon class have significantly higher S scores than those in the rare

class (Fig. 6, C vs. D). The average S score is 97 for the 286 rare

autonomous targetRTs and 136.4 for the 142 common autono-

mous targetRTs (P = 0.004, Kolmogorov-Smirnov test). The differ-

ence in the S score distribution is predominantly contributed by

targetRTs in genomic regions where recombination occurs—the

average S score is 100 for the 264 rare autonomous targetRTs and

is 141 for the 132 common autonomous targetRTs (P = 0.0075,

Kolmogorov-Smirnov test) (Fig. 6, G vs. H). In regions lacking re-

combination, the mean S score is 62 for the rare autonomous tar-

getRTs and 73 for the common class (P = 0.95, Kolmogorov-

Smirnov test) (Fig. 6, E vs. F). This observation is, once more,

explained by the Hill-Robertson effect—only in recombining re-

gions, where the efficacy of natural selection is not reduced, can

the impact of piRNAs on the frequency spectrum of targetRT in-

sertions be manifested. Thus, the positive correlation between the

S scores and the population frequency of autonomous targetRTs

validates our theoretical prediction that the repression effect of

piRNAs on targetRTs will increase the chance that those targetRTs

will reach higher frequencies. This observation is in strong contrast

to the opposite pattern observed for the nonautonomous and in-

active retrotransposons and makes our conclusions about the im-

pact of piRNAs on the frequency spectrum of retrotransposons

conservative.

In our piRNA target prediction, we only considered piRNAs

that are perfectly antisense to targetRTs. However, imperfect piRNA:
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targetTE pairing can also lead to recognition and cleavage of tar-

get mRNAs. One well-documented example is Su(Ste), a piRNA lo-

cus capable of efficiently repressing the activity of Stellate, even

though the sequence similarity between the two loci is ;90%

(Aravin et al. 2001). If we also allow up to three mismatches be-

tween piRNAs and the target sites, our observation still holds true

(data not shown).

Discussion
In our theoretical modeling and empirical data analysis, we assume

that piRNAs silence the activities of retrotransposons by antisense

targeting their mRNAs. For a new retrotransposon insertion, it

might be deleterious to the host, because (1) it disrupts genes, (2)

its transcription and translation are costly, or (3) it mediates ec-

topic recombination. A piRNA cannot directly repress the ectopic

recombination mediated by this newly inserted retrotransposon or

the mutagenesis effects caused by this new insertion; however,

a piRNA targeting this newly inserted retrotransposon can repress

its activity and reduce its retrotransposition rate to other genomic

regions, thereby potentially alleviating the fitness costs imposed

by the retrotransposon. Recently it was demonstrated that piRNAs

might direct the PIWI/SU(VAR)205 complex [SU(VAR)205 also

known as HP1a] to piRNA-corresponding genomic regions to reg-

ulate the euchromatic histone modifications and hence the tran-

scription activities of the target regions (Brower-Toland et al. 2007;

Yin and Lin 2007; Lin and Yin 2008; Thomson and Lin 2009). It

would be interesting to incorporate this new mechanism into our

simulation model once we know more about the regulation of ac-

tivities of retrotransposons and other classes of TEs by piRNAs

through this mechanism.

The Ping-Pong model of piRNA biogenesis proposed by

Brennecke et al. (2007) elegantly explains how piRNAs silence the

target mRNAs and how piRNAs get amplified; however, the bio-

genesis mechanism of the original primary piRNAs is still not clear

(Aravin et al. 2007). In our simulation model of piRNA biogenesis,

we assume that once a retrotransposon has been inserted into

a piRNA cluster, the retrotransposon will generate a piRNA. This

assumption might be valid because the origin of piRNAs appears to

have been rapid. For example, P-element-derived piRNAs were

detected in D. melanogaster (Brennecke et al. 2008), although

P-elements invaded the D. melanogaster genome only within the

last 50 yr (Kidwell 1983).

In the above analysis, we only focused on piRNAs that are

generated from the large piRNA loci defined by Brennecke et al.

(2007) and updated by Malone et al. (2009). It is possible that some

small individual loci would also generate piRNAs but are not cov-

ered by these defined piRNA loci. A second consideration is that

siRNAs, which are ;21 nt in length, can also silence transposable

elements in somatic cells (Ghildiyal et al. 2008) and germline

(Czech et al. 2008). Of the small RNAs retrieved from the four

libraries (Table 2), a small fraction of them have a length of

21 nt (see Methods for details; also see Supplemental Fig. S17).

Such possibilities are highlighted by 20 putatively autonomous

retrotransposons (15 flea and five Transpac) with S scores of zero if

we only consider small RNAs generated from the defined large

piRNA loci. However, if we consider all the small RNAs obtained

from the four aforementioned small RNA libraries, all 20 autono-

mous retrotransposons can be targeted by small RNAs with con-

siderable S scores. Thus, we align all the small RNAs (the majority

of them are piRNAs, and only a small fraction are siRNAs) that are

perfectly antisense to all the TEs and calculate the S score for each

Figure 6. The boxplots of S scores for targetRTs (retrotransposons that are outside piRNA loci). (A) Nonautonomous/inactive retrotransposons. (B–H )
Putatively autonomous targetRTs: (B) total putatively autonomous targetRTs; (C ) rare autonomous targetRT insertions (the insertions only exist in the
reference genome); (D) common autonomous targetRT insertions (the insertions exist in the reference genome and in at least one strain surveyed in this
study or Gonzalez et al. 2008); (E ) rare autonomous targetRT insertions in regions where recombination occurs; (F ) common autonomous targetRT
insertions in regions where recombination occurs; (G) rare autonomous targetRT insertions in nonrecombining regions; (H ) common autonomous
targetRT insertions in nonrecombining regions. The S scores of A–H are based on the small RNAs from the four piRNA libraries that are located inside the
piRNA loci and perfectly antisense to TEs annotated in FlyBase R5.13 (see text). (I,J ) S scores for all the putatively autonomous retrotransposons (inside and
outside piRNA loci) with all the small RNAs in the four libraries (they can be inside piRNA loci or not). (I ) The rare class; ( J ) the common class. The number
of retrotransposon insertions in each category, the mean and standard error (SE) of S scores for each category appears below each boxplot. Kolmogorov-
Smirnov tests were used to assess the statistical significance, and the P-values appear above the boxplots. In each boxplot, the minimum, 25%, 50%, and
75% quantiles, and the maximum S scores are represented by horizontal lines. The black dot is the mean S score. S scores greater than 500 are not plotted.
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TE using the same procedure as implemented above in the section

Identifying Retrotransposons Targeted by piRNAs (Methods). The

S score is significantly higher for the common class than the rare

class (153 6 13 vs. 113 6 6, P = 0.0002, Kolmogorov-Smirnov test)

(Fig. 6I,J) for all the autonomous retrotransposons. (Note that

Figure 6, I and J, include insertions of both autonomous targetRTs

and autonomous piRTs, because insertions of both targetRTs that

have higher S scores and piRTs are predicted to attain higher fre-

quencies in our simulations.)

The impact of piRNAs on the population dynamics of piRTs

and targetRTs modeled in our theoretical studies were confirmed

by the frequency spectrum analysis of retrotransposon insertions

in nine strains of D. melanogaster. One should keep in mind that

population dynamics of retrotransposon insertions are influenced

by compound regulatory mechanisms: including the three puri-

fying selection mechanisms mentioned above, genetic drift, as

well as positive selection associated with the retrotransposon in-

sertions. Recently, Gonzalez et al. (2008) demonstrated that 13

TE insertions in D. melanogaster were positively selected. (Six of

them are retrotransposon insertions: FBti0019170, FBti0019386,

FBti0019430, FBti0019443, FBti0020046, and FBti0020091.) Ex-

cluding those elements does not influence any of our analysis.

Thus, the patterns revealed by our empirical analysis are not likely

to be biased by these positively selected retrotransposon in-

sertions. In our frequency spectrum analysis, we did not consider

the TEs specifically present in any of the nine strains but not in the

reference genome, because the low coverage of shotgun sequenc-

ing we used does not admit such an analysis. Thus, the approach

we used to detect TE insertion frequencies will be biased toward

insertions at medium or high frequencies. Another consideration

is that, due to the light coverage of genome sequences of the nine

strains we surveyed, we might have failed to detect some insertions

at medium/high frequencies. However, since each of the nine

strains was sequenced randomly, we do not expect the frequency

spectrum to be biased to any of the categories we analyzed. Cur-

rently there remain uncertainties about the impact of piRNAs,

relative to other regulatory mechanisms, on the population dy-

namics of new insertions of retrotransposons. The ongoing pop-

ulation genomics projects of D. melanogaster, such as the Drosophila

Genetics Reference Panel (DGRP) and Drosophila Population Ge-

nomics Project (DPGP), will provide a more comprehensive picture

of the population dynamics of TEs.

It is remarkable that the 142 piRNA loci identified in D. me-

lanogaster are significantly enriched in pericentromeric or telomeric

heterochromatin (Supplemental Table S6; Brennecke et al. 2007). It

is possible that chromatin structure plays an important role in

defining piRNA clusters (Aravin et al. 2007). It is notable that re-

combination does not occur in heterochromatic regions. We found

those TEs are significantly enriched in low recombination re-

gions, even in euchromatin (Supplemental Fig. S18). When re-

combination occurs, piRTs are advanta-

geous because they silence targetRTs, but

also disadvantageous because they can

mediate ectopic recombination (which

has deleterious consequences). However,

when recombination is absent, ectopic

recombination does not occur so that the

overall advantageous effects of piRNAs

are maximally manifested. To quantify

the advantageous effect, we performed

forward simulations under scenarios III

and V (Ne = 1000, a = 0.001, b = 0.0005, r =

2.5 3 10�8, u1 = 0.01, u2 = 0.0001, and v = 0 after scaling). Under

scenario III, we assume that piRNAs can repress the activities of

targetRTs to 1% of their original level and piRTs have the same

recombination rates as targetRTs; while under scenario V, we used

the same parameter settings as under scenario III except that we

assume there is no recombination on the piRTs, so that piRTs

do not contribute to the fitness cost of retrotransposons because

they do not retrotranspose and they are not involved in ec-

topic recombination. At equilibrium, the mean number of retro-

transposons carried on one chromosome is approximately six

under scenario III, but less than two under scenario V, an ;70%

reduction (Fig. 7). Thus, we propose that the enrichment of piRTs

in heterochromatic and low recombination regions might be

shaped by natural selection. (Similar observations were made

when we assume that recombination occurs in piRNA regions, but

they have no fitness cost; see Supplemental Fig. S7 for details.)

Conclusions

In this study, we provide experimental evidence that piRNAs can

silence a large number of retrotransposon families in Drosophila.

Our theoretical and empirical analysis suggests that piRNAs can

significantly increase the fitness of individuals that bear them;

however, piRNAs may provide a shelter or Trojan horse for retro-

transposons to increase in frequency in a population by shielding

the host from the deleterious consequences of retrotransposition.

Once the piRNAs attain high frequency, the host fitness then de-

pends on the piRNAs to successfully continue to repress the ele-

ments, making retention of the piRNAs vital to the host.

Methods

Fly stocks
piRNA mutant stocks are one piwi mutant (P{PZ}piwi06843cn1/CyO;ry506)
and two aub mutants (w1118;aubQC42cn1bw1/CyO,P{sevRas1.V12}FK1
and aubHNcn1bw1/CyO). The heterozygotes of the three mutant
strains were used for real-time PCR analysis. The three mutant
strains were ordered from the Bloomington Drosophila Stock
Center with the accession numbers of 12225, 4968, and 8517, re-
spectively. The wild type is an out-crossing strain of D. melanogaster,
outbred5.

RNA extraction, cDNA synthesis, and real-time PCR

About 50 pairs of ovaries were dissected from the mutant and wild-
type flies. RNA was isolated using TRIzol (Invitrogen) and reverse-
transcribed with Oligo-dT (IDT DNA) by M-MLV Reverse Tran-
scriptase (Promega). The resulting cDNAs were used as templates
for real-time PCR. The experimental procedures followed the man-
ufacturers’ protocols. For each RNA sample, reverse transcription

Table 2. Small RNA libraries from ovaries of four distinct strains of D. melanogaster

Reads that are perfectly
antisense to at least one

of the 5408 TEs

Reads that are mapped inside
piRNA loci of Brennecke et al.

(2007) and Malone et al. (2009)
and perfectly antisense to

the 5408 TEs

GSM280082 323,958 309,560
GSM280083 371,850 356,601
GSM280084 277,808 264,669
SRR010960 1,018,295 980,842
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and real-time PCR were independently repeated three times.
Primers of the 32 TE families were designed using Primer3 software
(Rozen and Skaletsky 2000). The primer sequences were given in
Supplemental Table S7. Our primer set can potentially amplify 486
unique TEs annotated in FlyBase R5.13. (375 of them are putative
autonomous TEs that have alignable length >99% of the canonical
proteins). The TEs that can be amplified with our primers are given
in Supplemental Table S8. One housekeeping gene, RpL32 (also
known as RP49), was used to normalize the cDNA concentrations.
SYBR GreenER qPCR SuperMixes for ABI PRISM (Invitrogen) were
used in real-time PCR reactions. All PCRs were run in an ABI 7000
Sequence Detection System (Applied Biosystems) with the fol-
lowing conditions: 2 min at 50°C, 10 min at 95°C, and 40 cycles of
15 sec at 95°C and 1 min at 60°C. The computer program SDS 2.0
(Applied Biosystems) was used to analyze the real-time PCR data.

Simulation of population dynamics of piRTs and targetRTs

The forward simulation processes are similar to Dolgin and
Charlesworth (2008) except we consider piRNAs in the model.
The simulation procedures are fully described in Dolgin and
Charlesworth (2008). To expedite the simulation process, we scaled
the parameters by 100 times, as described in Results. The following
are settings of parameters in the simulations:

1. The effective number of individuals (Ne) is 500, 1000, or 10,000
after scaling.

2. The recombination rate is r = 2.5 3 10�8 per nucleotide per
generation so that one chromosome will have roughly one
crossover in each generation.

3. u1 is the retrotransposition rate for a retrotransposon located
outside piRNA regions when a piRNA is not expressed in the
cell; it is 0.01 or 0.03 per element per generation after scaling.

4. u2 is the retrotransposition rate for a retrotransposon located
outside piRNA regions when a piRNA is expressed in the cell; it

is equal to u1, 0.1u1, 0.01u1, and 0.001u1 in scenarios I, II, III,
and IV, respectively.

5. The excision rate (v) is 0, 0.001, 0.0001, or 0.0003 after scaling.
6. The fitness (w) of a chromosome is

w = e�an�1
2bn2

(Charlesworth 1990), where n is the number of TEs carried by the
chromosome, a = 0.001 after scaling, and b is 0.005, 0.001, 0.0008,
0.0006, 0.0005, or 0.0003 after scaling in our simulations.

Simulations were initiated by randomly inserting a single trans-
posable element on the non-piRNA-generating regions of each
chromosome. Each generation, the two gametes of each offspring
were sampled from the previous generation based on the fit-
ness of the two gametes. The two gametes then recombine with
the rates proportional to the physical distances of neighboring
retrotransposons. Next, each retrotransposon retrotransposes at
the rate u1 (or u2, depending on whether piRNA is expressed or
not) per element per generation. Rates of recombination, retro-
transposition, and excision are all modeled by Poisson distribu-
tions. The simulation was performed for 15,000 generations when
scaled Ne is 500, or 1000, and 9000 generations when scaled Ne is
10,000. For every 10 generations, the number and frequencies of
retrotransposons inside and outside piRNA loci were recorded.
Each set of initial parameters was run in the simulation with 20–
400 independent repetitions. For each run when Ne is 500 or 1000
after scaling, the frequency spectra of retrotransposon insertions
from generations 13,000 to 15,000 were averaged and the mean
value of the independent runs was obtained. Frequency spectra of
retrotransposon insertions from generations 8000 to 9000 were
summarized when Ne = 10,000 (after scaling) was used in the
simulations.

Recombination rates of TEs were taken from Comeron and
Kreitman (2002). All the simulations and statistical analyses were

Figure 7. Simulation results indicate that reducing recombination rates of piRNA loci can greatly reduce the number of retrotransposons carried in the
genome. Under scenario III, the piRNAs can repress the activities of targetRTs to 1% of their original level, and piRTs have the same recombination rates as
targetRTs; under scenario V, the same parameter settings were used as under scenario III except that there was no recombination on the piRTs so that
piRTs do not contribute to the fitness cost of retrotransposons because they do not retrotranspose or get involved into ectopic recombination. At
equilibrium, the mean number of retrotransposons carried on one chromosome is approximately six under scenario III, while it is fewer than two under
scenario V (Ne = 1000, a = 0.001, b = 0.0005, r = 2.5 3 10�8, u1 = 0.01, u2 = 0.0001, and v = 0, after scaling for both scenarios III and V).
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performed using the R environment (http://www.r-project.org). In
testing the difference in frequency spectra of TE insertions, the
frequency is binned into 0, 1, and >1 out of the nine strains we
surveyed. A x2 test (degrees of freedom [df] = 2) is used for a com-
parison between any two categories.

Polymorphisms of TE insertions

Sequences and annotations of TEs (FlyBase R5.13) were down-
loaded from the FlyBase website (http://www.flybase.net). Nine
strains of D. melanogaster were sequenced by the Washington
University Genome Center as part of an NHGRI pilot study (di-
rected by D.L. Hartl and A.G. Clark) using the 454 Life Sciences
(Roche) technique. Strains were North Carolina 301, 303, 306, 358,
375, 732, and Malawi 28-5, 56-4, and 63-5. The detailed sequenc-
ing procedure is described in Sackton et al. (in press). To determine
TE insertion polymorphisms in the nine strains, we map all the 454
shotgun reads on the reference genome of D. melanogaster (FlyBase
R5.13) using BLAT (Kent 2002). For each read, the highest score of
BLAT alignment with the reference genome is recorded. If a read is
mapped on more than one position with the highest BLAT score, it
is removed in further analysis. The remaining shotgun reads that
can be mapped on unique locations of the reference genome and
covering at least one boundary site of a TE are used to infer the
presence/absence of TE insertions. A TE insertion is determined to
be present in the strain to which a shotgun read is assigned with
the following strategies: (1) a shotgun read has $90 nt that can be
perfectly mapped on the reference genome and at least 25 nt are
mapped on both sides of a TE boundary site, or (2) a shotgun read
has $100 nt mapped on the reference genome with the sequence
identity $98% and at least 40 nt are mapped on both sides of a TE
boundary site. Among the 5408 TEs annotated in FlyBase R5.13,
334 TEs are excluded from our analysis because they have flanking
sequences (50 nt at each side) that can be perfectly mapped on
multiple locations of the reference genome. The aligned length be-
tween the 454 shotgun reads and the reference genome is 111.7 6

0.2 nt and the sequence identity is 99.66% 6 0.01% (Supplemental
Fig. S19). A summary of the mapping results for the nine strains by
Sackton et al. (2009) is presented in Table 1.

Mapping TE insertions in D. simulans

The shotgun reads of D. simulans were downloaded from ftp://ftp.
ensembl.org/pub/traces/drosophila_simulans/. The shotgun reads
were mapped on the reference genome of D. melanogaster using
BLAST with an E cutoff value of 10�5. Only the reads that mapped
to unique positions of D. melanogaster were used in this analysis.
For a TE insertion annotated in D. melanogaster (R5.13), it is deter-
mined to be present in D. simulans if a shotgun read of D. simulans
has $150 nt that can be best mapped on the genome of D. mela-
nogaster with sequence $80% and at least 50 nt of the read is
mapped on both sides of a TE boundary site. The aligned length
between the shotgun reads and the reference genome is 415.1 6

2.4 nt. The sequence identity is 91.19% 6 0.06% (Supplemental
Fig. S20), which is close to the genomic average divergence be-
tween D. melanogaster and D. simulans (Begun et al. 2007; Drosophila
12 Genomes Consortium 2007). Eight-hundred-seventy-one TE
insertions are conserved between D. melanogaster and D. simulans
based on this criterion (36 TE insertions cannot be unambiguously
mapped on D. melanogaster).

Identifying putative autonomous TEs

The 5408 TEs annotated consist of three categories in regard to
their transposition/retrotransposition capabilities: (1) autono-

mous TEs, which have ORFs that encode the products required for
transposition and have full capabilities to be transposed by
themselves; (2) nonautonomous TEs, which do not encode trans-
position proteins but are able to transpose with the aid of auton-
omous TEs; and (3) inactive TEs, which are inactive relics of the
former two classes. We identify putatively autonomous TEs based
on whether they carry intact ORFs. Using the 140 protein se-
quences encoded by canonical transposable elements (Kaminker
et al. 2002), we identified the ORFs from the 5408 TEs with
the GeneWise2 program (Birney et al. 2004). The E-value cut-
off was set at 10�6. TEs that have putatively functional ORFs
with aligned protein length >99% of the canonical proteins were
arbitrarily chosen as putative autonomous TEs. Five-hundred-
thirty-seven putative autonomous TEs were identified by this set of
criteria.

piRNA loci

Brennecke et al. (2007) sequenced small RNAs bound by PIWI,
AUB, and AGO3 proteins from ovaries of D. melanogaster and de-
fined 142 piRNA loci by using the piRNAs that can be uniquely
mapped on the reference genome. Boundary regions of a subset of
loci were updated in a recent study (Malone et al. 2009). Among
the 5408 TEs annotated in FlyBase (R5.13), 680 are completely
located inside (or overlapping at least 50 nt with) these piRNA loci.
Yin and Lin (2007) sequenced 12,903 unique piRNAs bound by
PIWI and defined 369 piRNA clusters. Among the 12,903 unique
piRNA reads from Yin and Lin (2007), we find that 8604 (67%) can
be mapped on the piRNA loci defined by Brennecke et al. (2007).
Two-hundred-forty-one TEs in FlyBase (R5.13) are located in this
set of piRNA clusters defined by Yin and Lin (2007). One-hundred-
thirty-two TEs are located in the piRNA clusters defined by both
studies.

Small RNA libraries

To obtain an unbiased expression level of distinct piRNAs in
vivo, small RNAs from ovary libraries of four distinct strains of
D. melanogaster were used (Czech et al. 2008; Li et al. 2009). The
first strain is a wild-type (GEO accession no. GSM280082); the
second strain is a Dcr-2L811Fsx homozygote (GSM280083); the third
strain is a loqsf00791 homozygote (GSM280084); and the last strain
is Oregon-R (SRA accession no. SRR010960). Since neither dcr-2 nor
loqs is involved in the piRNA biogenesis and functionality path-
ways, all four libraries were treated as wild type for piRNAs. These
four small RNA libraries provide 277,808 to 1,018,295 small RNAs
that can be perfectly mapped as antisense to the 5408 TEs anno-
tated in FlyBase R5.13 (Table 2). The reads of piRNAs from these
four libraries were normalized by dividing by the total read count,
and the average read number for each unique piRNA sequence was
calculated. The small RNA libraries were summarized in Table 2.
The length distributions of the small RNAs antisense to any of the
5408 TEs were presented in Supplemental Figure S17. Supple-
mental Figure S17A is the antisense small RNAs that can be map-
ped on the 142 piRNA loci, and the length distribution is bimodal:
the major peak is 25 nt, which represents piRNAs, and a minor
peak is 21 nt, which represents siRNAs. The minor peak is con-
spicuous in libraries GSM280082 and SRR010960 but vanishes in
GSM280083 and GSM280084, because the latter two libraries are
mutants for the siRNA pathways. Supplemental Figure S17B is the
length distribution of all the small RNAs perfectly antisense to any
of the 5408 TEs. The pattern is the same as in Supplemental Figure
S17A. Overall, most of the small RNAs examined in this study are
contributed by piRNAs.
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Target prediction

A few cases have been reported where piRNAs can cleave the TE
mRNAs to which they are perfectly complementary (Brennecke
et al. 2007; Nishida et al. 2007). For the first step of target pre-
diction, we focused on piRNAs:TEs with perfect antisense matches.
For each TE, a score (S) is defined with the following formula:

S = +
n

j = 1

Mj:Rj=Tj=L;

where n is the number of piRNA species that are perfectly com-
plementary to this TE; Mj is the number of target sites of a piRNA
species j on this TE; Rj is the read number of a piRNA species j
(normalized to reads per million reads); Tj is the total number of
target sites for piRNA species j; and L is the length of this TE (in
kilobases). In other words, for each TE, S is the density of piRNAs
complementary to this TE, normalized by the length of the TE and
corrected for multiple hits of the piRNAs. Thus, in our target pre-
diction model, we not only took into account the possible target
sites, but also the expression levels of piRNAs. We also allowed up
to three mismatches between each piRNA and the target sites (data
not shown).
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