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ABSTRACT

PIWI-interacting RNAs (piRNAs) are predominantly produced in animal gonads to suppress transposons during germline
development. Our understanding about the piRNA biogenesis and function is predominantly from studies of the Drosophila
female germline. piRNA pathway function in the male germline, however, remains poorly understood. To study overall and
stage-specific features of piRNAs during spermatogenesis, we analyzed small RNAs extracted from entire wild-type testes and
stage-specific arrest mutant testes enriched with spermatogonia or primary spermatocytes. We show that most active piRNA
clusters in the female germline do not majorly contribute to piRNAs in testes, and abundance patterns of piRNAs mapping to
different transposon families also differ between male and female germlines. piRNA production is regulated in a stage-specific
manner during spermatogenesis. The piRNAs in spermatogonia-enriched testes are predominantly transposon-mapping
piRNAs, and almost half of those exhibit a ping-pong signature. In contrast, the primary spermatocyte-enriched testes have a
dramatically high amount of piRNAs targeting repeats like suppressor of stellate and AT-chX. The transposon-mapping piRNAs
in the primary spermatocyte stages lacking Argonaute3 expression also show a ping-pong signature, albeit to a lesser extent.
Consistently, argonaute3 mutant testes also retain ping-pong signature–bearing piRNAs, suggesting that a noncanonical ping-
pong cycle might act during spermatogenesis. Our study shows stage-specific regulation of piRNA biogenesis during
spermatogenesis: An active ping-pong cycle produces abundant transposon-mapping piRNAs in spermatogonia, while in
primary spermatocytes, piRNAs act to suppress the repeats and transposons.
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INTRODUCTION

Germline cells pass genetic information to the next genera-
tion in sexually reproducing organisms. The integrity of the
genome of the germline cells is carefully maintained in order
to produce healthy progeny. Transposons are a major threat
to the integrity of the germline genome: They have the ability
to insert themselves at new locations in host genomes and can
compromise genome integrity by disrupting the genome
sequence (McClintock 1951; Lim et al. 2009). The transpo-
sons in animal gonads are silenced by a conserved small
RNA-based defense mechanism involving the PIWI family
proteins and associated small RNAs that are 23–29 nucleo-
tides (nt) long, called PIWI-interacting RNAs (piRNAs)
(Aravin et al. 2006; Girard et al. 2006; Grivna et al. 2006;
Lau et al. 2006; Brennecke et al. 2007). In Drosophila gonads,
the biogenesis of piRNAs requires three PIWI family pro-

teins: Piwi, Aubergine (Aub), and Argonaute3 (Ago3) (Cox
et al. 2000; Harris and Macdonald 2001; Brennecke et al.
2007). These three proteins together with their associated
piRNAs ensure the repression of transposons through tran-
scriptional and post-transcriptional silencing (Brennecke
et al. 2007; Lim et al. 2009; Le Thomas et al. 2013).
Production of piRNAs inDrosophila ovarian germline cells

consists of a primary pathway and an amplification loop
termed ping-pong cycle. The primary pathway is a process
where long piRNA precursor transcripts are parsed into
shorter fragments, loaded onto PIWI proteins and further
processed into mature primary piRNAs (Brennecke et al.
2007; Kawaoka et al. 2011). The ping-pong cycle is a second-
ary pathway that is initiated by primary piRNAs. In this cycle,
Aub, guided by an antisense piRNA, can target a sense tran-
script from an active transposon and slices it by endonucleo-
lytic cleavage. This cleavage on the sense transcripts occurs
precisely 10 nt downstream from uracil (U) at the 5′ end of

3These authors contributed equally to this work.
4Present address: Graduate School of Frontier Biosciences, Osaka

University, Suita, Osaka 565-0871, Japan
Corresponding author: toshie_kai@fbs.osaka-u.ac.jp
Article published online ahead of print. Article and publication date are at

http://www.rnajournal.org/cgi/doi/10.1261/rna.055996.116.

© 2016Quénerch’du et al. This article is distributed exclusively by the RNA
Society for the first 12 months after the full-issue publication date (see http://
rnajournal.cshlp.org/site/misc/terms.xhtml). After 12 months, it is available
under a Creative Commons License (Attribution-NonCommercial 4.0 Inter-
national), as described at http://creativecommons.org/licenses/by-nc/4.0/.

1044 RNA 22:1044–1054; Published by Cold Spring Harbor Laboratory Press for the RNA Society

 Cold Spring Harbor Laboratory Press on February 26, 2022 - Published by rnajournal.cshlp.orgDownloaded from 

mailto:toshie_kai@fbs.osaka-u.ac.jp
mailto:toshie_kai@fbs.osaka-u.ac.jp
mailto:toshie_kai@fbs.osaka-u.ac.jp
mailto:toshie_kai@fbs.osaka-u.ac.jp
http://www.rnajournal.org/cgi/doi/10.1261/rna.055996.116
http://www.rnajournal.org/cgi/doi/10.1261/rna.055996.116
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/
http://www.cshlpress.com


the antisense piRNA, generating a 10-nt
overlap between the sense and antisense
piRNAs as well as a bias for adenine (A)
at the 10th position of the sense piRNA.
The sense piRNA intermediate is then
loaded onto Ago3 and further processed
for maturation. In turn, Ago3 with ma-
ture sense piRNA can slice antisense
piRNA precursors, thus producing the
5′ end of the antisense piRNA to be load-
ed onto Aub, and the cycle continues
(Brennecke et al. 2007; Gunawardane
et al. 2007).
Two PIWI family proteins, Aub and

Ago3, involved in the ping-pong cycle,
localize to the nuage in germline cells
(Harris and Macdonald 2001; Brennecke
et al. 2007; Gunawardane et al. 2007).
Nuage (which means “cloud” in French)
is a conserved perinuclear structure pre-
sent at the cytoplasmic face of the nuclear
envelope in germline cells (Eddy 1975).
Interestingly, in Drosophila, many of the
nuage proteins have been involved in
the production of piRNAs, such as
DEAD-box RNA helicases like Vasa
(Liang et al. 1994), PIWI family proteins
Aub and Ago3 (Harris and Macdonald
2001; Brennecke et al. 2007; Gunawar-
dane et al. 2007), and many Tudor do-
main proteins such as Krimper (Krimp)
(Lim and Kai 2007; Sato et al. 2015) and
Qin/Kumo (Zhang et al. 2011; Anand
and Kai 2012). Thus, nuage was proposed
as the potential site for a ping-pong am-
plification loop in the germline.
While the biogenesis and function of piRNAs have been

extensively studied using Drosophila female germline cells,
they remain poorly understood in the male germline. The
Drosophila testis contains 6–9 germline stem cells (GSCs)
that are maintained in a microenvironment known as
the niche (Hardy et al. 1979; Spradling et al. 2008). GSCs di-
vide asymmetrically to give rise to a GSC and a gonialblast.
The gonialblast undergoes four mitotic divisions to form a
16-cell interconnected cyst known as spermatogonia. Sper-
matogonia then differentiate into primary spermatocytes.
At this stage, the spermatocytes switch into a state of growth
and gene expression (Fig. 1A; Fuller 1993). InDrosophila ova-
ries, Aub and Ago3 are expressed in germline cells of all stages
except for quiescent oocytes and are proposed to act together
for efficient piRNA production via the ping-pong cycle
(Brennecke et al. 2007; Li et al. 2009; Malone et al. 2009).
In contrast, expression of PIWI family protein Ago3 is not
observed during later stages of spermatogenesis (Fig. 1B;
Nagao et al. 2010). The unique spatial expression of PIWI

family proteins implicates different modes of piRNA biogen-
esis during spermatogenesis. Previous studies showed that
Aub in Drosophila testes associates with two predominant
classes of piRNAs: One derives from the Suppressor of
Stellate [Su(Ste)] repeats on the Y chromosome, named Su
(Ste) piRNAs, and the other derives from the AT-chX region
on the X chromosome, named AT-chX piRNAs (Nishida
et al. 2007; Nagao et al. 2010). The Su(Ste) piRNAs suppress
Ste expression, and perturbation of piRNA pathway results
in the formation of Ste protein crystals in primary sper-
matocytes (Bozzetti et al. 1995; Aravin et al. 2001, 2004;
Kotelnikov et al. 2009). AT-chX piRNAs have strong comple-
mentarity to vasa (vas)mRNA, and aubmutant testes exhib-
its increased Vas expression, implicating that vas may be a
target of AT-chX piRNAs in the male germline (Nishida
et al. 2007). Previous studies indicated that Su(Ste) and AT-
chX piRNAs derive mostly from antisense precursors and
that their production through a ping-pong cycle is unlikely
(Nagao et al. 2010). In contrast, >50% Ago3 bound
piRNAs in testes are mapped to transposons (Nagao et al.

FIGURE 1. Aub and Ago3 exhibit distinct expression patterns during spermatogenesis. (A)
Schematic representation of a wild-type Drosophila testis. The asterisk denotes the anterior
apex. Germline stem cells (GSCs, shown in red) located next to the hub divide asymmetrically
to give rise to GSCs and differentiating gonialblasts. Gonialblasts undergo four rounds of mitotic
division, producing germline cysts collectively known as spermatogonia (shown in pink) located
in the germinal proliferation center (GPC). Spermatogonia further differentiate into primary
spermatocytes (shown in blue). (B) y w testes stained for Aub and Ago3 showing apex region
(top), magnified GPC (middle), and primary spermatocytes (bottom). Scale bars represent 50
µm in the top panels and 10 µm in the middle and bottom panels. While Aub was expressed
from GSCs to primary spermatocytes, Ago3 was detected only in GPC. (C) Schematic represen-
tation of the purification method used to enrich testicular extract with spermatogonia or primary
spermatocytes. bam and bgcnmutant testes were used to obtain GPCs containing GSCs and sper-
matogonia. The apex of can and sa mutant were manually removed to get rid of spermatogonia.
(D) Western blots showing the expression of Aub, Ago3, and the loading control α-Tubulin in y
w, bam, bgcn, can, and sa testes. Ago3 expression was observed in y w, bam, and bgcn, but not in
can and sa testes devoid of GPCs.
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2010). These findings suggest that Aub and Ago3 may be in-
volved in piRNA biogenesis in additional ways apart from
ping-pong amplification of transposon-derived piRNAs dur-
ing Drosophila spermatogenesis (Nishida et al. 2007; Nagao
et al. 2010). However, the details of piRNA biogenesis during
spermatogenesis remained elusive.

In order to probe piRNA dependent suppression of repeti-
tive elements and transposons in the male germline, we ana-
lyzed piRNA pathway components expression and piRNA
populations during spermatogenesis. Using mutant testes
containing stage-arrested germline cells, we conclusively
showthatAubandAgo3 exhibiteddistinct expressionpatterns
during spermatogenesis. While Aub was expressed broadly
from GSCs to primary spermatocytes, Ago3 was detected
only inmitotically dividing germline cells (GSCs and sperma-
togonia), indicating stage-specific modulations of the piRNA
pathway. Analysis of stage-specific piRNAs isolated from
stage-arrestedmutant testes revealed that distinct piRNApop-
ulations are expressed at different stages. We observed that
piRNAs with the ping-pong signature are more abundant in
spermatogonia albeit still detectable in primary spermatocytes
where Ago3 is not expressed. These results suggest that robust
piRNAproduction via the ping-pong cycle takes place in sper-
matogonia, and to a lesser extent in primary spermatocytes
even in the absence of Ago3. Consistently, we also detected
piRNAs with a ping-pong signature from ago3mutant testes,
suggesting that a noncanonical ping-pong cycle acts during
spermatogenesis. This work illustrates the high versatility of
the piRNA pathway and indicates a novel developmental di-
mension of the piRNA-based mechanisms.

RESULTS

Aub and Ago3 exhibit distinct expression patterns
during spermatogenesis

In order to characterize the piRNA pathways in the male
germline, we first examined the expression pattern of Aub
and Ago3 during spermatogenesis by immunostaining. In
agreement with a previous report, Aub and Ago3 localized
to perinuclear foci known as nuage in the male germline
(Fig. 1B; Eddy 1975; Nagao et al. 2010). However, unlike
their uniform expression during oogenesis, Aub and Ago3
exhibited a stage-specific expression pattern during sperma-
togenesis (Fig. 1B; Brennecke et al. 2007). Though Aub was
expressed widely from GSCs to primary spermatocytes,
Ago3 was detected only in the gonial proliferation center
(GPC) where germline cells divide mitotically, i.e., in GSCs
and spermatogonia, but not in primary spermatocytes.
Expression of Aub alone in primary spermatocytes suggests
a distinct mechanism of piRNA generation.

The distinct expression patterns of the PIWI family pro-
teins prompted us to examine stage-specific characteristics
of the piRNA pathway during spermatogenesis. In order to
obtain testicular samples enriched with male germline cells

representing different stages of spermatogenesis, we used
developmentally arrested mutant testes: “bag of marbles”
(bam) and “benign gonial cell neoplasm” (bgcn), where testes
predominantly contain GSCs and spermatogonia, and “can-
nonball” (can) and “spermatocyte arrest” (sa), where testes are
enriched with primary spermatocytes. In bam and bgcn mu-
tant testes, germline cells are unable to differentiate into pri-
mary spermatocyte, resulting in testes enriched with
spermatogonia (McKearin and Ohlstein 1995; Gonczy et al.
1997). Besides having bright nuclear staining with DAPI,
the early germline cells accumulating in bam and bgcn mu-
tants have branched fusomes as revealed by immunostaining
with the fusome marker, Hu-li tai shao (Hts) (Supplemental
Fig. S1A; Lin et al. 1994). In addition, in the bam and bgcn
mutant testes, qRT-PCR failed to detect the expression of
the male fertility genes, kl-5 and kl-3 and ory, which are
known to be expressed in the primary spermatocytes
(Supplemental Fig. S1B; Meyer et al. 1961). Together, these
results suggest that the early germline cells accumulating in
bam and bgcn testes most resemble spermatogonia. In con-
trast, to obtain testes enriched with primary spermatocytes,
we used mutants of can and sa, which encode testicular
TBP-associated factors (tTAFs) required for the entry into
the first meiotic division (Hiller et al. 2004; Chen et al.
2005). The germline cells in can and samutant testes cannot
progress beyond the primary spermatocyte stage, resulting in
an enrichment of spermatocytes expressing a spermatocyte
marker, S5 (Supplemental Fig. S1C; Risau et al. 1983). To
examine the functionality of the piRNA pathway in these
developmentally arrested mutants, we first examined the ex-
pression of Ste, which is silenced by the piRNA pathway dur-
ing spermatogenesis (Bozzetti et al. 1995; Aravin et al. 2001,
2004; Kotelnikov et al. 2009). In wild-type and all the exam-
ined developmentally arrested mutant testes, Ste expression
could not be detected, while we observed Ste crystals in mu-
tant testes of a robust piRNA pathway component, aub
(Supplemental Fig. S2A), indicating that Ste is properly si-
lenced via piRNA pathway in those developmentally arrested
testes. In addition, developmentally arrested testes did not
show de-repression of transposons, such as 1360 and mdg3,
which are severely up-regulated in aub mutant testes
(Supplemental Fig. S2B). These results suggest that the
piRNA pathway remains functional to silence transposons
and other repetitive elements in these developmentally ar-
rested mutant testes. It has been reported that localization
of piRNA pathway components to the perinuclear nuage,
the site for piRNA biogenesis via the ping-pong cycle, is often
perturbed in the germline cells of piRNA pathway mutants
(Findley et al. 2003; Lim and Kai 2007; Li et al. 2009; Patil
and Kai 2010; Anand and Kai 2012). In developmentally ar-
rested mutant testes, however, the PIWI family proteins, Aub
and Ago3, remained localized to their characteristic perinu-
clear foci (Supplemental Fig. S3). Both Aub and Ago3 stain-
ing exhibited perinuclear foci in undifferentiated germline
cells (from apex to distal part in bam and bgcnmutant testes,
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and at the apex of can and sa testes). Like in wild-type, in the
arrested primary spermatocytes of can and sa testes, only Aub
but not Ago3 was detected at the perinuclear foci. These re-
sults suggest that bam, bgcn, can, and samutant testes have a
functional piRNA pathway.
To investigate the dynamics of the piRNA pathway during

spermatogenesis, we used whole bam and bgcnmutant testes
enriched with spermatogonia, while we manually removed
the apical regions of can and sa mutant testes to obtain
samples enriched with primary spermatocytes devoid of
undifferentiated germline cells (Fig. 1C). The use of the
bam, bgcn, can, and samutant testes allowed us to investigate
the stage-specific characteristics of the piRNA populations
at the spermatogonia and primary spermatocyte stages.
Consistent with the immunostaining, we detected Aub ex-
pression in testicular extracts from the wild-type control yel-
low white (y w), mutants enriched with spermatogonia, bam
and bgcn, and mutants enriched with primary spermatocytes,
can and sa, by Western blot (Fig. 1D). In contrast, Ago3 was
detected in y w, bam, and bgcn, but not in can and sa testes
devoid of apex (Fig. 1D).

Distinct piRNA populations are produced during
spermatogenesis

To characterize the piRNAs produced at these different
stages of spermatogenesis, we performed deep sequencing
of size-selected small RNAs (∼15–40 nt) from whole y w,
bam, and bgcn testes, and from can and sa testes devoid
of apical tips. We excluded the reads mapping to the
rRNA, tRNAs, and snoRNAs. The reads in each library
were normalized with three different methods: sequencing
depth, relative log expression (RLE) method, and a normal-
ization factor derived from Rfam RNAs (Burge et al. 2013;
see details in Supplemental Information). Normalizations
with all methods were comparable (Supplemental Table
S1), and for the subsequent analyses in this study, we
used RLE normalization unless otherwise noted. Like the
small RNAs in ovaries, these small RNA libraries from tes-
ticular samples had a characteristic size peak ranging from
23 to 29 nt, indicating an enrichment of the piRNA popu-
lation (Supplemental Table S1).
In order to characterize the piRNAs present in these librar-

ies, we examined 23- to 29-nt reads mapping to canonical
transposons, transposon insertions in the genome, and
piRNA clusters. In general, we observed 23- to 29-nt reads
mapping to canonical transposons and clusters were globally
more abundant in spermatogonia libraries (bam and bgcn)
compared with spermatocyte libraries (can and sa) (Fig.
2A). The spermatogonia libraries also had a higher number
of piRNAsmapping to annotated transposons on the genome
compared with those in primary spermatocytes: bam and
bgcn libraries had an average of 27% of 23- to 29-nt sequences
mapping to transposons compared with an average of 16.5%
in can and sa libraries (Supplemental Fig. S4A). The higher

amount of piRNAs in spermatogonia may have resulted
from a general increase in piRNAs, or enrichment of
piRNAs targeting certain transposons. The spermatogonia
and primary spermatocytes represent different stages of sper-
matogenesis with differences in the spatial expression of
PIWI family proteins (Fig. 1; Supplemental Figs. S1, S2).
These results prompted us to examine for possible differences
in piRNA populations between these samples. We used prin-
cipal component analysis (PCA) to compare the piRNAs
mapping to canonical transposons from testes enriched
with different stages of germline cells (Fig. 2B). PCA grouped
transposon-mapping piRNAs from spermatogonia samples,
bam and bgcn, together, while those from primary sper-
matocyte samples, can and sa, were grouped together sepa-
rately. This suggests that transposon-mapping-piRNA
populations in individual mutants representing the same
stage are alike and that transposon-mapping piRNAs from
spermatogonia and primary spermatocyte samples are dif-
ferent. The transposon-mapping piRNAs from whole y w
testes showed greater similarity with primary spermatocytes
samples (Fig. 2B), possibly because whole testes contain a
large quantity of spermatocytes. Consistently with PCA,
the Kolmogorov–Smirnov test (KS test) also confirmed
the congruence between the transposon-mapping piRNA
populations in the mutants representing the same stage
(Supplemental Fig. S4B). These results suggest that male
germline cells at different stages, spermatogonia and primary
spermatocyte are enriched with piRNAs mapping to distinct
transposon families.
Indeed, a detailed examination of piRNAs confirms dif-

ferences in enrichment of piRNAs mapping to different
transposon families between spermatogonia and primary
spermatocyte samples.
Among the 99 canonical transposon families examined,

anti-sense piRNAs that mapped to most of those were
more enriched in spermatogonia (73/99) (Fig. 2C, red dots;
Supplemental Table S2). Highly abundant piRNAs targeting
transposon families such as INE-1, gypsy5, rover, Bari1, and
HMS-Beagle were more enriched in the spermatogonia sam-
ples (Supplemental Fig. S4E, upper panel), suggesting
that the production of anti-sense piRNAs takes place more
actively in spermatogonia. However, 14 transposon families
including aurora-element, Dsim-ninja, opus, and baggins
had more piRNAs mapping to those in primary sper-
matocytes than spermatogonia (14/99) (Fig. 2C, blue dots;
Supplemental Fig. S4E, bottom panel). This suggests that
piRNA biogenesis might be dynamically modulated to sup-
press the transposons in a stage-specific manner. We also
did not observe a significant change in overall sense/antisense
ratios for any transposon family between different samples
(Fig. 2D; Supplemental Fig. S4C), suggesting that our obser-
vations were not influenced by accumulation of degradation
products or sense piRNAs.
In addition to transposon-mapping piRNAs, spermatogo-

nia libraries (bam and bgcn) also had more cluster-mapping
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piRNAs in comparison to those in the primary spermatocyte
libraries (can and sa) (Fig. 2A). Notably, testicular cluster
mapping-piRNAs exhibited distinct trends compared with

those in ovarian piRNAs. In ovaries,
piRNAs mapping to the 42AB cluster
contributes to 32%–46% among clus-
ter-mapping piRNAs derived from the
top 15 piRNA clusters (Supplemental
Fig. S5A; data taken from Malone et al.
2009; Patil et al. 2014). In contrast, in
developmentally arrested mutant and
wild-type testes, 42AB-derived piRNAs
contributed only to 6%–15% among the
top 15 clusters (Supplemental Fig. S5A).
Two bidirectional clusters at 38C contrib-
uted to the maximum amount piRNAs,
between 28% and 42% among the top
15 clusters in testicular libraries, while
these clusters contribute only 5%–7%
among the 15 most active clusters in the
ovarian libraries (Supplemental Figs.
S5B, S6; Supplemental Table S3). These
clusters, at 38C, house transposons such
as 1360, invader, GATE, and G2, and
piRNAs mapping to those transposons
were highly enriched in all testicular sam-
ples (Fig. 2C,D; Supplemental Table S3).
The difference in the abundance of clus-
ter-derived piRNAs betweenmale and fe-
male gonads implicates a sex-dependent
mechanism for piRNA production to
combat with distinct populations of
transposons in each gonad. Although tes-
ticular piRNAs mapping to a majority of
clusters were more abundant in the sper-
matogonia libraries than those in the pri-
mary spermatocytes, piRNAs mapping to
a few clusters, such as those at 3LHet and
Chr U, were more enriched in the prima-
ry spermatocyte libraries, can and sa
(Supplemental Fig. S5B). These results
suggest that the generation of piRNAs
from clusters may be temporally regulat-
ed during spermatogenesis.
It is known that two unique species of

piRNAs, Su(Ste), and AT-chX piRNAs,
are expressed abundantly in Drosophila
testes (Nishida et al. 2007; Nagao et al.
2010). They are the most abundant
piRNAs associated with Aub in Droso-
phila testes (Nagao et al. 2010). In stark
contrast to the transposon- and cluster-
mapping piRNAs, both Su(Ste) and AT-
chX piRNAs were highly enriched in the
spermatocyte can and sa libraries (Fig.

2E,F), suggesting that the production of those distinct classes
of piRNAs is highly regulated during the development of the
male germline. In addition, the vast majority of Su(Ste) and

FIGURE 2. Distinct piRNA populations are produced during spermatogenesis. (A) The normal-
ized numbers of 23- to 29-nt reads mapping to canonical transposons and clusters in bam, bgcn,
can, sa, and y w libraries. Transposon and cluster-mapping piRNAs were globally more abundant
in bam and bgcn testes. (B) Principal component analysis of transposon-mapping piRNAs in each
different type of arrestedmutant testes.While piRNAs in can and samutants, and those in bam and
bgcn exhibit similarity, respectively, they are quite different compared with the other group. (C)
Scatter-plot representing the expression of transposon-mapping piRNAs in spermatogonia versus
primary spermatocytes. Log2 of themean number of reads of piRNAsmapping to each transposon
families in bam and bgcnmutant testes are plotted on the x-axis, and those in can and samutant
testes are plotted on the y-axis. piRNAsmapping tomost of the transposon families aremore abun-
dant in spermatogonia (red dots) while some others aremore abundant in primary spermatocytes
(blue dots). (D) Heat-map representing the normalized expression levels of the most abundant
transposon-mapping piRNAs (minimum in white, maximum in red) in bam, bgcn, can, sa, and
y w libraries. Most of the transposon-mapping piRNAs were enriched in bam and bgcn libraries
while some others show different trends. (E) The normalized number of AT-chX piRNAs in the
indicated libraries. (F) The normalized number of Su(Ste) piRNAs in the indicated libraries.
Both Su(Ste) and AT-chX piRNAs were highly enriched in can and sa libraries.
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AT-chX piRNAs were in antisense orien-
tation (Supplemental Fig. S5C,D). This
further supports that Su(Ste) and AT-
chX piRNAs are produced by the prima-
ry piRNA pathway and that biogenesis
of these piRNAs via the ping-pong cycle
is very unlikely (Nagao et al. 2010). The
unique expression patterns of Aub and
Ago3 during spermatogenesis, and the
distinct abundances of cluster-, transpo-
son-, Su(Ste)-, and AT-chX-mapping
piRNAs in spermatogonia and primary
spermatocytes indicate that piRNA bio-
genesis is temporally regulated in a
stage-specific manner.

piRNAs with ping-pong signature are
more abundant in spermatogonia

In the female germline, secondary ampli-
fication involves both Aub and Ago3, and
is fuelled by cleaved transposon tran-
scripts to produce abundant piRNA
quantities (Brennecke et al. 2007; Li
et al. 2009). To examine the prevalence
of the ping-pong cycle during spermato-
genesis, we calculated ping-pong ratios
of sense and antisense piRNAs pairs
with 10-nt overlaps to overall piRNAs
(Fig. 3). The spermatogonia transpo-
sons-mapping piRNAs from bam and
bgcn testes contained more ping-pong
piRNAs comparedwith the primary sper-
matocyte transposons-mapping piRNAs
from can and sa testes (41% and 40% in
bam and bgcn, respectively, versus 19% and 32% in can and
sa, respectively; Fig. 3A). We further analyzed the ping-pong
z-score for piRNAs mapping to 79 transposon families; small
RNAsmapping to these constitute >90%of transposon-map-
ping piRNAs. The ping-pong z-scores for piRNAsmapping to
those transposon families were clearly higher globally in the
spermatogonia samples than those in primary spermatocyte
samples (Supplemental Fig. S7A). Consistently, piRNAsmap-
ping to 29 transposon families in spermatogonia showedhigh-
er ping-pong z-scores than those in primary spermatocyte
samples (Supplemental Fig. S7B). The higher ping-pong z-
scores indicate more robust ping-pong amplification of
piRNAs in spermatogonia stages. The can and samutant testes
devoid of the apex express only Aub but not Ago3 contained
piRNAs with a ping-pong signature (Figs. 1, 3). These results
indicate that piRNA production via the ping-pong cycle
takes placemore actively in spermatogonia, and to a lesser ex-
tent in primary spermatocytes where Ago3 expression is not
detectable.

We speculated that the piRNAs harboring a ping-pong
signature in primary spermatocytes could arise de novo
from a noncanonical secondary amplification. Alterna-
tively, they may have been generated in spermatogonia
expressing both Aub and Ago3, and passed on while
spermatogonia differentiate into primary spermatocytes.
For the majority of transposon families, the ping-pong ra-
tios were higher in spermatogonia (bam and bgcn libraries)
compared with primary spermatocytes (can and sa libraries)
(Fig. 3B; Supplemental Fig. S7B). However, there were some
exceptions: For some specific transposon families such as
roo, baggins, and opus, a higher ping-pong ratio was seen
in primary spermatocytes compared with spermatogonia.
In addition, the ping-pong z-scores for baggins and roo
piRNAs were comparable between spermatogonia and pri-
mary spermatocyte samples (Supplemental Fig. S7B–F).
These observations suggest that a noncanonical ping-pong
cycle may act, reflected by an increase in ping-pong
piRNAs for few transposons, in primary spermatocytes in
an Ago3-independent manner.

FIGURE 3. piRNAs with ping-pong signature are more abundant in spermatogonia but still
detected in primary spermatocytes. (A) Bar graph showing the normalized numbers of transpo-
son-mapping piRNAs in the indicated libraries. Black and gray bars represent those without a
ping-pong signature and with a ping-pong signature, respectively. The pie charts represent the
percentage of those piRNAs in the total population of transposon-mapping piRNAs. piRNAs
with ping-pong signature were more abundant in bam and bgcn libraries but still detected in
can and sa libraries. (B) Heat-map representing the ping-pong ratios of the transposon-mapping
piRNAs (minimum in white, maximum in green) in the indicated libraries. For most transpo-
son-mapping piRNA families, the ping-pong ratios are higher in spermatogonia (bam and
bgcn libraries) compared with primary spermatocytes (can and sa libraries).
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A noncanonical ping-pong cycle likely takes place
in Drosophila testes

In order to examine whether a noncanonical ping-pong cycle
takes place in the absence of Ago3 in the male germline, we
deep-sequenced small RNAs from aub and ago3 mutants of
loss-of-function alleles and their heterozygous testes (Fig.
4A; Supplemental Table S4;Li et al. 2009). In aubmutant tes-
tes, not only was Aub expression lost, but Ago3 expression

was also significantly reduced. In contrast, in ago3 mutant
testes, we did not observe a detectable change in Aub expres-
sion levels (Fig. 4A). In addition, even in the absence of
Ago3, Aub was found to localize to perinuclear nuage (Fig.
4A). In aubmutant testes, where Ago3 expression is also per-
turbed, the total number of transposon-mapping piRNAs
was severely reduced (Supplemental Fig. S8A; 88% reduction
compared with heterozygous control). The reduction of
those piRNAs in ago3 mutant testes was milder than that

in aub mutants (Supplemental Fig. S8A;
77% reduction compared with hetero-
zygous control). The aub heterozygous
testes contained a lower sense/antisense
piRNA ratio compared with that in
ago3 heterozygous testes. This result
may indicate that loss of a single
aub copy could also mildly affect
piRNA biogenesis. However, in aub mu-
tant testes, transposon-mapping sense
piRNAs were almost lost (96% loss;
Supplemental Table S4), while in ago3
mutant testes, both sense and antisense
piRNAs were comparably affected.
Hence the sense/antisense ratio of trans-
poson-mapping piRNAs appears to be
more severely affected in aubmutant tes-
tes (Supplemental Fig. S8A). We further
examined piRNAs mapping to each
transposon family in the mutant testes
(Supplemental Fig. S8B). Evidently,
piRNAs mapping to all transposon fam-
ilies are almost lost in aub mutant testes,
while in ago3 mutants, piRNAs mapping
to some transposon families still re-
mained. Collectively, these results sug-
gest that in ago3 mutant testes, Aub
alone is likely to retain some activity to
produce the piRNAs. Next, we analyzed
the effect of aub and ago3 loss on Su
(Ste) and AT-chX piRNAs. In aub mu-
tant testes where both Aub and Ago3 ex-
pression are perturbed, Su(Ste) and AT-
chX piRNAs are almost lost. Consistent
with piRNAs mapping to transposons,
however, ago3 mutant testes still con-
tained a small number of Su(Ste) and
AT-chX piRNAs (Supplemental Fig.
S8C,D). Our data suggest that both
Aub and Ago3 are required for the suffi-
cient production of these piRNAs. These
results correlate with the severity of aub
and ago3male sterility phenotypes: while
aub mutant males are totally sterile, ago3
males are semi-fertile (Schmidt et al.
1999; Li et al. 2009).

FIGURE 4. A noncanonical ping-pong amplification cycle takes place in Drosophila testes. (A)
Immunostaining of endogenous Aub and Ago3 in Drosophila testis of the indicated genotype.
The asterisk denotes the anterior apex. Scale bars represent 50 µm. Insets show magnified cells
from the GPC. In aub mutant testes, Aub and Ago3 expressions were significantly reduced. In
ago3mutant testes, Ago3 was lost but Aub was comparably expressed and localized to perinuclear
nuage. (B) Bar graph showing the normalized numbers of transposon-mapping piRNAs in the
indicated libraries. Black and gray bars represent those without a ping-pong signature and with
a ping-pong signature, respectively. The pie charts represent the percentage of those piRNAs in
the total population of transposon-mapping piRNAs. Transposon-mapping piRNAs with a
ping-pong signature were totally lost in aubmutant testes, while a small fraction of them was still
present in ago3 mutants. (C) Heat-map representing the ping-pong ratios of the transposon-
mapping piRNAs (minimum in white, maximum in green) in the indicated libraries. In aub
mutant testes, piRNAs containing ping-pong signatures are significantly reduced for almost all
transposon families. Ago3 loss did not cause as severe a loss in ping-pong signatures for most
transposon-mapping piRNAs as observed for that in aub mutants.
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Next, we examined ping-pong cycle activity for the trans-
poson-mapping piRNAs in aub and ago3 mutant testes.
Transposon-mapping piRNAs with a ping-pong signature
were almost completely lost in aub mutant testes due to
severe reduction in sense piRNAs, while a small fraction of
them was still present in ago3 mutants (Fig. 4B). We further
analyzed the ratios of ping-pong piRNAs with overall piRNAs
for every transposon family (Fig. 4C). Expectedly, in aubmu-
tant testes, the ping-pong ratios for almost all transposons
were severely reduced, indicating that aub loss in testes causes
severe perturbation in ping-pong amplification. In ago3mu-
tants, both overall piRNAs and ping-pong piRNAs were glob-
ally reduced. Loss of Ago3 resulted in the reduction of ping-
pong ratios for many transposons. However, ping-pong
ratios for several transposon families such as baggins and in-
vader2 did not show any significant change (Fig. 4C).
Consistently, although the ping-pong z-scores were reduced
for several transposon families, for a few transposon families
such as baggins and invader the z-scores were not reduced
even in the absence of Ago3 (Supplemental Fig. S8E). The
presence of ping-pong piRNA in ago3mutants could also ex-
plain the occurrence of piRNAs with a ping-pong signature in
the wild-type primary spermatocyte where Ago3 expression
is not detected (Figs. 1, 3).

DISCUSSION

In this study, we investigated the dynamics of the piRNA
components and piRNA populations during spermatogene-
sis using mutant testes enriched with distinct stages of male
germline cells. Our results indicated that distinct piRNA
populations are produced in spermatogonia and in primary
spermatocytes. In general, higher amounts of transposon-
mapping piRNAs are present in spermatogonia, while Su
(Ste), AT-chX and a specific subset of transposon-mapping
piRNAs are produced at higher levels in primary spermato-
cytes (Fig. 2; Supplemental Figs. S4,S5). These results suggest
that piRNA production may be optimized in a stage-specific
manner to potentially combat with different classes of trans-
posons and repetitive sequences during male germline devel-
opment. Consistent with the dynamics of Su(Ste) piRNAs
expression, Ste protein is depressed and its crystals are accu-
mulated in primary spermatocyte stages (Meyer et al. 1961).
Previous studies showed that Su(Ste) piRNAs are derived
from the Y chromosome, which is silenced as heterochro-
matin in most cell types except for primary spermatocytes
(Pimpinelli et al. 1976; Aravin et al. 2004). Therefore, we
speculate that the production of precursor transcripts of Su
(Ste) piRNAs from the Y chromosome takes place predomi-
nantly in primary spermatocytes. The production of Su(Ste)
piRNAs derived from the Y chromosome might have evolved
to be maximized in primary spermatocytes in order to com-
bat with their target element, Ste. It is known that Y chromo-
some heterochromatin opens up for active transcription in
primary spermatocytes (Bonaccorsi et al. 1988). Hence any

other piRNAs originated from the Y-chromosomemay be ac-
tively produced in primary spermatocytes. However, our at-
tempts to map these piRNAs onto the Y chromosome failed
due to the poor annotation of the Y chromosome sequence.
Our study also demonstrated that male piRNA production

and processing mechanisms differ from that in the female
germline. The most active cluster in the female germline,
42AB, is not very active during spermatogenesis; rather,
many of the cluster-derived male piRNAs come from two
clusters at 38C (Supplemental Figs. S5, S6).These results sug-
gest that cluster piRNAs are produced in a sex-dependent
manner. In addition, several distinct clusters produce more
piRNAs in each different type of male germline cells, sperma-
togonia, and primary spermatocytes, further supporting a dif-
ferential spatial and temporal dynamic of piRNA production
during spermatogenesis (Supplemental Fig. S5). The clusters
producing a high amount of piRNAs in testes enriched with
spermatogonia house transposons against which an increased
amount of ping-pong piRNAs were present in the spermato-
gonia samples, suggesting that cluster-derived piRNAs may
trigger active piRNA production via ping-pong (Fig. 2;
Supplemental Table S3). Molecular mechanism of stage- or
sex-specific piRNA production remains an open question.
Temporal regulation of piRNA production and distinct ex-
pression patterns of PIWI family proteins were also reported
in mouse (Deng and Lin 2002; Kuramochi-Miyagawa et al.
2004, 2008; Aravin et al. 2007, 2008; Gan et al. 2011). In
mouse spermatogonia, only MILI is expressed, while MILI
andMIWI expression is observed in the pachytene spermato-
cytes and later stages (Deng and Lin 2002; Kuramochi-
Miyagawa et al. 2004). In addition, two distinct piRNA pop-
ulations are produced during mouse spermatogenesis, the
pre-pachytene and pachytene piRNAs (Aravin et al. 2007,
2008; Kuramochi-Miyagawa et al. 2008; Gan et al. 2011).
Similar to what we observed in Drosophila spermatogonia,
pre-pachytene piRNAs contain more transposon-derived se-
quences compared with the pachytene piRNAs. Higher
amounts of piRNAs in the early stages of male germline cells
in both flies and mammals suggest that transposons are likely
more poised toward active offense in the early stages of germ-
line cells. In contrast, the piRNA-mediated response against
some coding elements, such as Ste, is observed in later stages.
These observations indicate that transposon activity and the
protection mechanism might be evolutionarily conserved.
We further revealed that large amounts of ping-pong

piRNAs are expressed in spermatogonia samples, but abun-
dant Su(Ste) and AT-chX piRNAs in primary spermatocytes
are devoid of the ping-pong signature (Figs. 2, 3). This differ-
ence in the prevalence of ping-pong piRNAs during sperma-
togenesis also supports distinct piRNA biogenesis in each
stage. Indeed, two PIWI family proteins required for the
ping-pong cycle, Aub and Ago3, are expressed in spermato-
gonia, while only Aub but not Ago3 is detected in primary
spermatocytes where fewer piRNAs with a ping-pong signa-
ture are seen (Fig. 1). However, the ping-pong cycle is yet
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noticeable in primary spermatocytes for a specific subset of
transposon-mapping piRNAs (Fig. 3; Supplemental Fig.
S7). This result suggests that a noncanonical ping-pong cycle
acts in primary spermatocytes in an Ago3-independent man-
ner. Indeed, ping-pong piRNAs remain present, albeit at low-
er levels, in ago3 mutant testes expressing Aub alone (Fig. 4;
Supplemental Fig. S8), further supporting an Ago3-indepen-
dent ping-pong cycle in the testicular germline. Taking clues
from the female germline, Aub might mediate a homotypic
ping-pong cycle in the absence of Ago3 in primary spermato-
cytes (Zhang et al. 2011). However, there may be a possibility
of new players in the male germline piRNA biogenesis.
The next challenge will aim at dissecting the functions of
other piRNA pathway components for production of
piRNAs and their precursors in a stage-specific manner dur-
ing spermatogenesis.

In contrast to the female germline where the PIWI family
proteins are expressed throughout oogenesis, we confirmed
that Aub and Ago3 exhibit distinct spatial expression during
spermatogenesis. In spermatogonia, both are expressed,
while in the primary spermatocyte, only Aub can be detected.
Using developmentally arrested mutant testes, we observed a
higher abundance of overall piRNA levels in spermatogonia
than primary spermatocyte stages. However, piRNAs map-
ping to selective transposons and clusters were more abun-
dant in the primary spermatocyte stages compared with
spermatogonia stages. In addition, a significant amount of
Su(Ste) and AT-chX mapping piRNAs is present in primary
spermatocyte stages compared with that in spermatogonia,
further indicating a temporal regulation of the piRNA path-
way duringDrosophila spermatogenesis. Although the prima-
ry spermatocytes lack Ago3 expression, they still retain
piRNAs containing a ping-pong signature. Consistently,
ago3mutant testes also contain ping-pong piRNAs, support-
ing noncanonical Ago3-independent piRNA amplification in
spermatogenesis. Our study shows that piRNA biogenesis is
modulated during spermatogenesis to silence the different
kinds of transposons and repetitive elements that are poised
to be expressed during different stages of spermatogenesis.

MATERIALS AND METHODS

Fly strains

Drosophila melanogaster strains and alleles used were y w (wild-type
control unless otherwise stated), aubN11, aubHN2 (Schupbach and
Wieschaus 1991; Wilson et al. 1996), ago3t2, ago3t3 (Li et al. 2009),
bamΔ86 (McKearin and Spradling 1990), bgcnQS2 (Schupbach and
Wieschaus 1991), can12 (Hiller et al. 2001), and sa2 (Lin et al.
1996).Theywere grownon standard cornmeal-agarmediumat25°C.

Immunostaining

Antibodies that were used for immunostaining were anti-Ago3
(mouse, 1:200) (Lim et al. 2009), anti-Aub (rabbit, 1:300; a kind

gift from Dr. Paul Lasko) (Lim and Kai 2007), anti-Hts (mouse,
1:20; DSHB), anti-S5 (mouse, 1:5; a kind gift from Dr. Harald
Saumweber) (Saumweber et al. 1980), anti-Ste (rabbit, 1:1000; a
kind gift from Dr. William Theurkauf) (Klattenhoff et al. 2007),
anti-Lam (mouse, 1:5; DSHB). Alexa Fluor- (488, 555 or 633) con-
jugated goat anti-mouse and anti-rabbit immunoglobulin (1:200;
Invitrogen) were used as secondary antibodies. Images were cap-
tured with a Zeiss LSM 510 META inverted confocal microscope
and processed with Adobe Photoshop.

Western blotting

Testicular lysates were prepared as described previously
(Drummond-Barbosa and Spradling 2004). The following primary
antibodies were used: anti-Aub (mouse, 1:1000) (Nishida et al.
2007), anti-Ago3 (mouse, 1:500) (Gunawardane et al. 2007) and
anti-α-Tubulin (DM1A, mouse, 1:1000, Upstate). HRP-conjugated
anti-mouse immunoglobulin (1:5000; Bio-Rad) was used as the sec-
ondary antibody.

Small RNA sequencing and analysis

RNA isolation, small RNA library preparation, and deep-sequencing
analysis from testes are described in detail in the Supplemental
Information. The libraries are deposited in the GEO database and
can be accessed with accession number GEO: GSE69417.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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