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Abstract

PIWI-interacting RNAs (piRNAs) protect the animal germline by silencing transposons. Primary 

piRNAs, generated from transcripts of genomic transposon ‘junkyards’ (piRNA clusters), are 

amplified by the “Ping-Pong” pathway, yielding secondary piRNAs. We report that secondary 

piRNAs, bound to the PIWI protein Ago3, can initiate primary piRNA production from cleaved 

transposon RNAs. The first ~26 nt of each cleaved RNA becomes a secondary piRNA, but the 

subsequent ~26 nt becomes the first in a series of phased primary piRNAs that bind Piwi, allowing 

piRNAs to spread beyond the site of RNA cleavage. The Ping-Pong pathway increases only the 

abundance of piRNAs, whereas production of phased primary piRNAs from cleaved transposon 

RNAs adds sequence diversity to the piRNA pool, allowing adaptation to changes in transposon 

sequence.

In animals, PIWI proteins guided by single-stranded, 23–36 nucleotide (nt) small RNAs, 

PIWI-interacting RNAs (piRNAs), suppress germline transposon expression. In Drosophila, 

piRNAs bind the PIWI proteins, Piwi, Aubergine (Aub) and Argonaute3 (Ago3) (1). Fly 

primary piRNAs derive from long transcripts from piRNA clusters—discrete genomic loci 

comprising transposon fragments (2). The endonuclease Zucchini (Zuc) is thought to cut 

cluster transcripts into fragments whose 5′ ends correspond to the 5′ ends of piRNAs, but 

whose length is longer than piRNAs; these piRNA precursors are loaded into Piwi and Aub 

and then trimmed from their 3′ ends, yielding mature primary piRNAs (1, 3–5). In the fly 

oocyte, maternally inherited and primary piRNAs made de novo initiate production of 

secondary piRNAs, which subsequently self-amplify via reciprocal cycles of Aub- and 

Ago3-catalyzed cleavage of transposon mRNAs and cluster transcripts, a process known as 

the Ping-Pong pathway (Fig. S1) (6, 7). The Ping-Pong pathway increases piRNA 

abundance, but cannot create novel piRNA sequences. Yet piRNA populations are highly 

diverse, with most individual species of low abundance.
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We used genetic mutants to separate primary, maternal, and secondary piRNAs. To assess 

the mutants’ effects on the germline, we examined piRNAs from the largest piRNA cluster, 

42AB (6). aubHN2/QC42; ago3t2/t3 double-mutants lack the Ping-Pong pathway, so they 

contain only maternal and primary piRNAs (for 42AB, Z10 = 0.6; Z-score ≥ 2.81 corresponds 

to p-value ≤ 0.005; Fig. 1A). In contrast, zuc mutants contain maternal and secondary, but 

not primary piRNAs. Loss of Zuc decreased 42AB piRNAs 50-fold (Fig. S2A), but the 

piRNAs remaining showed significant Ping-Pong amplification (42AB piRNAs, Z10 = 39; all 

piRNAs, Z10 = 42), consistent with a small pool of maternal piRNAs being amplified into 

secondary piRNAs.

The 5′ ends of piRNAs mapping to the same genomic strand and present in aubHN2/QC42; 

ago3t2/t3 but not zucHM27/Df, typically lay 25–28 nt apart, the same length as piRNAs 

themselves (Fig. S2B). Thus, the maternal and primary piRNAs remaining in aubHN2/QC42; 

ago3t2/t3 double-mutant ovaries were phased, suggesting that a nuclease initiates production 

of piRNAs from one end of a piRNA precursor, moving 5′-to-3′ to clip off successive 

piRNAs.

The distance from the 3′ end of each piRNA to the 5′ end of the next downstream piRNA 

measures piRNA phasing (Fig. 1B). The most common 3′-to-5′ distance was 1 nt: a single 

cleavage event appears to produce the 3′ end of one piRNA and the 5′ end of the adjacent, 

downstream piRNA more often than expected by chance (Z1 for w1 = 6.5). Production of 

phased piRNAs required Zuc but not Ping-Pong: the 1 nt peak was more prominent in 

aubHN2/QC42; ago3t2/t3 ovaries (Z1 = 22) than in w1, but undetectable in zucHM27/Df (Z1 = 

1.5).

piRNA phasing differed among the three Drosophila PIWI proteins (Fig. 1B). By 3′-to-5′ 

distance, Piwi-bound piRNAs displayed the most significant phasing (Z1 = 21); Aub-bound 

piRNAs displayed reduced, but still significant phasing (Z1 = 4.0); Ago3-bound piRNAs 

were not phased (Z1 = −1.3). Thus, Piwi- and Aub-, but not Ago3-bound primary piRNAs 

are produced by a processive mechanism that requires Zuc.

piRNAs associated with Piwi and Aub, but not Ago3, typically begin with uridine (6). 

Phased piRNAs beginning with U could be produced by a processive nuclease complex 

measuring out ~26 nt, then cleaving at the nearest U. Alternatively, they could be made by 

the same nuclease measuring out ~26 nt, but cleaving at all nucleotides with similar 

efficiency; subsequent binding of Piwi and Aub would select for piRNAs starting with U. 

The first model predicts that the nucleotide immediately following the 3′ end of a piRNA—

in genomic sequence but not mature piRNAs—is more likely to be U than expected. The 

second model predicts that when one piRNA follows another in phase, the second piRNA is 

more likely to begin with U because of the preference of Aub and Piwi; the genomic 

nucleotide following a piRNA would not have any sequence bias, because selection for a 5′ 

U follows piRNA precursor cleavage. To distinguish between the models, we measured the 

composition of the nucleotide after the 3′ ends of piRNAs (“+1U percentage”). This 

nucleotide was typically uridine in both w1 and aubHN2/QC42; ago3t2/t3, but not in 

zucHM27/Df (Fig. S2D), indicating that phased piRNAs are likely produced by direct 

cleavage 5′ to U, before pre-piRNAs are loaded into PIWI proteins. Since purified Zuc 
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shows no nucleotide preference (4, 5), we propose that other factors direct Zuc to cleave 

before U.

We analyzed piRNAs derived from 42AB for 21 different mutant or germline RNAi strains. 

Phasing was detected in all strains except those with an impaired primary piRNA pathway 

(Fig. 1C) (2, 8–13). Compared to wild-type, phasing was more readily detected in mutants 

defective in Ping-Pong, likely because loss of secondary piRNAs reduced background 

signal. We also detected Zuc-dependent phasing for somatic piRNAs, which are always 

primary (Fig. S2E). We conclude that phasing is an inherent feature of primary, but not 

secondary, piRNA production.

To test whether the production of phased piRNAs depends on maternal piRNAs, we used a 

strain bearing a ~7 kbp transgene, P{GSV6}, inserted into 42AB. P{GSV6} carries both gfp 

and w+mC and produces both sense and antisense piRNAs (Figs. S3A and S3B). Both 

transgene piRNA abundance and Ping-Pong were greater when P{GSV6}42A18 was 

inherited maternally (Figs. 2A and S3A) (14–16), but primary piRNA phasing was unaltered 

by the parental source of the transgene (Z1 maternal = 13; Z1 paternal = 13). As an additional 

test of the idea that phased piRNAs are primary, not maternal, we sequenced piRNAs from 

vasaD5/PH165 ovaries that had inherited the P{GSV6} transgene maternally or paternally 

(Fig. 2A); Vasa is required for Ping-Pong amplification. Regardless of which parent 

contributed the transgene, P{GSV6}-derived piRNAs displayed significant phasing (paternal, 

Z1 = 12; maternal, Z1 = 9.0; wild-type, Z1 = 13), consistent with the idea that phasing is a 

primary piRNA signature that requires neither maternal piRNAs nor Ping-Pong 

amplification.

Without Vasa, piRNA phasing (Z1) and the percentage of uridine at the genomic nucleotide 

immediately after the 3′ ends of the piRNAs (+1U percentage) was unchanged, but the 

abundance of Piwi-bound piRNAs was less than one-tenth of wild-type (Figs. 2B and S3C). 

Piwi is likely loaded only with primary piRNAs (Fig. S3D) (16–18). Why then should Vasa, 

a central component of the secondary piRNA pathway, affect the abundance of Piwi-bound 

piRNAs? One explanation is that production of Piwi-loaded, phased primary piRNAs 

requires precursor cleavage directed by secondary piRNAs. To test this idea, we sequenced 

the “degradome”—RNAs >200 nt and bearing 5′ monophosphates—to detect the RNAs 

cleaved by secondary piRNAs bound to Aub or Ago3. In w1 control ovaries, we readily 

identified long transposon RNAs whose 5′ ends were generated by Aub or Ago3 (Fig. S4A) 

(19); such degradome reads were absent from aubHN2/QC42; ago3t2/t3 mutants (Z10 = 0.8). 

Moreover, degradome reads corresponding to Piwi-catalyzed cleavage were 

indistinguishable from background (Z10 = 0.4), consistent with Piwi silencing via 

transcriptional repression, rather than RNA cleavage (18). Thus 3′ cleavage products of 

Aub- or Ago3-catalyzed slicing are subsequently used to produce phased primary piRNAs.

We determined the fraction of piRNA 5′ ends at each position ±150 nt from an Aub or Ago3 

cleavage site (Fig. S4B). In both w1 and zuc mutant ovaries, piRNA 5′ ends were more 

likely to map to the cleavage site than expected by chance (w1, Z0 = 27; zucHM27/Df, Z0 = 34; 

Fig. S4C). These piRNAs correspond to secondary piRNAs produced by the Ping-Pong 

cycle. We also detected phased piRNAs in w1 as a peak ~26 nt after the Aub or Ago3 
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cleavage sites that corresponds to the 5′ ends of primary piRNAs immediately following the 

3′ end of secondary piRNAs, and as a ~53 nt peak representing the 5′ end of another primary 

piRNA immediately following the 3′ end of the first primary piRNA. zucHM27/Df ovaries 

lacked both peaks.

We separated degradome reads based on the likelihood (p-value ≤ 0.005, χ2 test) that they 

were produced by Aub versus Ago3 (Fig. S4D) (19), then analyzed the distance between the 

5′ ends of Piwi-bound piRNAs and the sites of Aub- or Ago3-catalyzed cleavage. The 5′ 

ends of Piwi-bound piRNAs coincided with the Zuc-dependent ~26 and ~53 nt peaks for 

both Aub- and Ago3-cleaved RNAs (Fig. 3). A small but significant fraction of Aub-, but 

not Ago3-bound piRNAs also began ~26 and ~53 nt after the Ago3-cleaved sites.

Small RNA and degradome sequencing data from zuc mutant ovaries unambiguously 

identified sites cleaved by Aub or Ago3. Using this data, the 5′ ends of Piwi-bound piRNAs 

in w1 ovaries were typically ~26 and ~53 nt downstream from where Aub or Ago3 cleaved 

(Fig. S4E), a relationship not detected using degradome data from aubHN2/QC42; ago3t2/t3 

ovaries, which lack secondary piRNAs (Fig. S4F). Next, we measured the distance from the 

5′ ends of Aub- and Ago3-bound piRNAs to the 5′ ends of Piwi-bound piRNAs on the same 

genomic strand (Fig. S5A). Again, the 5′ ends of Piwi-bound piRNAs were typically 26 nt 

downstream from the 5′ ends of Ago3-piRNAs and 27–29 nt downstream of the 5′ ends of 

Aub-piRNAs. Similarly, the 5′ ends of Aub-bound piRNAs lay ~26 nt downstream from the 

5′ ends of Ago3-bound piRNAs. In contrast, the 5′ ends of Ago3-bound piRNAs were no 

more likely to be ~26 nt downstream from the 5′ ends of Aub-bound piRNAs than would be 

expected by chance. Thus, RNAs cut by Ago3 produce phased, Aub-bound piRNAs, but 

RNAs cut by Aub do not make phased, Ago3-bound piRNAs.

The distance between the 5′ ends of Piwi-bound piRNAs and the 5′ ends of Ago3- or Aub-

bound piRNAs on the opposite genomic strand (i.e., Ping-Pong analysis) again suggests that 

the 3′ cleavage product generated by Ago3 or Aub is initially processed into a secondary 

piRNA, and thereafter is used for the production of phased primary piRNAs loaded into 

Piwi (Fig. S5B). Piwi does not directly participate in Ping-Pong, and the 5′ ends of Piwi-

bound piRNAs did not map 10 nt from the 5′ ends of Aub- or Ago3-bound piRNAs. Instead, 

Piwi-bound piRNAs lay 15–19 nt after the 5′ ends of Aub- or Ago3-bound piRNAs. Such 

phased piRNAs have been detected previously, but were attributed to Ping-Pong 

amplification (20).

In the absence of Ago3 or Vasa, 42AB-derived, Piwi-bound piRNAs decreased to ~10% of 

the w1 level (Fig. 4A). Loss of Aub had a more modest effect: 42AB-derived, Piwi-bound 

piRNAs were ~47% of w1. Thus, Ago3 initiates the production of most phased, Piwi-bound 

primary piRNAs. These data help explain why transposon silencing requires heterotypic 

Aub:Ago3 Ping-Pong amplification (17): homotypic Aub:Aub Ping-Pong cannot generate 

enough Piwi-bound, antisense, primary piRNAs.

Experiments in silkmoth cells and mice implicate the Tudor protein Papi in 3′ piRNA 

trimming (21, 22). To test the role of 3′ trimming in the biogenesis of phased primary 

piRNAs, we sequenced small RNAs from papi mutant fly ovaries (Fig. S6A). The median 
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length of piRNAs from nearly all transposon families increased 0.35 nt (p-value < 2.2 × 

10−16, Wilcoxon signed-rank test; Figs. S6B–S6D) and germline and somatic piRNA 

phasing became more pronounced (Figs. S6E and S6F). We propose that 3′ trimming of 

Piwi-bound piRNAs allows the use of uridines >26 nt after the 5′ end of a pre-piRNA as 

cleavage sites to make piRNAs.

In testes from wild-type mice, one piRNA 5′ end often lies 30–40 nt downstream from 

another (Figs. S7A–C), possibly because mouse pre-piRNAs are longer than those in flies 

and require the 3′ trimming of ~3–10 nt. Analysis of Papi (Tdrkh−/−) mutant testes supports 

this view. Tdrkh−/− testes accumulate 31–37 nt RNAs instead of 26–30 nt piRNAs, and 

most of these longer species share their 5′ ends with mature piRNAs from Tdrkh+/− 

heterozygotes (22). At 11 dpp, 3′-to-5′ distance analysis of piRNAs from Tdrkh−/− testes 

showed clear evidence for phasing (Fig. 4B). Mouse piRNAs typically begin with uridine, 

and the 3′ ends of the longer RNAs in Tdrkh−/− testes were generally followed by a uridine 

in genomic sequence (Fig. 4C). piRNA 5′-to-5′ distance analysis of Tdrkh+/− and Tdrkh−/− 

showed broad peaks at 35–43 nt—the same length as the pre-piRNAs detected in Tdrkh−/− 

(Fig. S7D). We conclude mammalian primary piRNAs are phased, but are more extensively 

trimmed than those in flies.

Our findings suggest a model for primary piRNA biogenesis (Fig. S8) in which each RNA 

cleaved by Ago3 or Aub produces not only a secondary Ping-Pong piRNA, but also primary 

piRNAs from the sequences immediately 3′ to the secondary piRNA. Such a spreading 

mechanism calls to mind features of siRNA production in Caenorhabditis elegans and 

Arabidopsis thaliana (23–26), and primed CRISPR adaptation in Escherichia coli (27, 28). 

Although the detailed mechanisms differ, signal amplification with sequence diversification 

is clearly a recurrent theme for RNA-guided silencing in animals, plants, and bacteria.
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Fig. 1. 
Zuc-dependent phasing of primary piRNAs. (A) Ping-Pong analysis of all piRNAs from w1, 

aubHN2/QC42; ago3t2/t3 and zucHM27/Df. (B) Distance from the 3′ ends of upstream piRNAs 

to the 5′ ends of downstream piRNAs on the same genomic strand. (C) Nucleotide 

composition immediately after the 3′ ends of uniquely mapping 42AB piRNAs. Z10: Ping-

Pong; Z1: phasing.

Han et al. Page 7

Science. Author manuscript; available in PMC 2015 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Contribution of maternal and secondary piRNAs to phasing. (A) Ping-Pong, phasing, and 

+1U percentage were analyzed for P{GSV6}42A18-derived piRNAs inherited paternally or 

maternally, with or without Vasa. (B) Length distribution of Piwi-bound, uniquely mapping 

P{GSV6}42A18 piRNAs. Reads were normalized to flamenco-derived, uniquely mapping 

piRNAs.
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Fig. 3. 
Phasing of Piwi-bound piRNAs after sites of Aub- or Ago3-cleavage. Distance was 

measured from the 5′ ends of Piwi-, Ago3-, and Aub-bound piRNAs to sites of Aub- or 

Ago3-cleavage on the same genomic strand.
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Fig. 4. 
Mouse piRNAs are phased. (A) Length distribution of Piwi-bound, uniquely mapping fly 

piRNAs derived from 42AB in w1, aubHN2/QC42, ago3t2/t3 and vasaD5/PH165. Reads were 

normalized to flamenco-derived, uniquely mapping piRNAs. (B) Distance from the 3′ ends 

of upstream piRNAs to the 5′ ends of downstream piRNAs on the same genomic strand for 

uniquely mapping piRNAs in Tdrkh+/− and Tdrkh−/− mouse testes at 11 dpp. (C) Genomic 

nucleotide composition 29 nt before and 1 nt after the 3′ ends of uniquely mapping mouse 

piRNAs.

Han et al. Page 10

Science. Author manuscript; available in PMC 2015 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


