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D E V E L O P M E N TA L  B I O L O G Y

Pachytene piRNAs control discrete meiotic events 
during spermatogenesis and restrict gene expression in 
space and time
Jacob Ortega1,2, Lamia Wahba3,4,5, Jacob Seemann2, Shin-Yu Chen2, 
Andrew Z. Fire3,4, Swathi Arur1,2*

Pachytene piRNAs, a Piwi-interacting RNA subclass in mammals, are hypothesized to regulate non-transposon 
sequences during spermatogenesis. Caenorhabditis elegans piRNAs, the 21URNAs, are implicated in regulating 
coding sequences; the messenger RNA targets and biological processes they control during spermatogenesis 
are largely unknown. We demonstrate that loss of 21URNAs compromises homolog pairing and makes it permis-
sive for nonhomologous synapsis resulting in defects in crossover formation and chromosome segregation dur-
ing spermatogenesis. We identify Polo-like kinase 3 (PLK-3), among others, as a 21URNA target. 21URNA activity 
restricts PLK-3 protein to proliferative cells, and expansion of PLK-3 in pachytene overlaps with the meiotic de-
fects. Removal of plk-3 results in quantitative genetic suppression of the meiotic defects. One discrete 21URNA 
inhibits PLK-3 expression in late pachytene cells. Together, these results suggest that the 21URNAs function as 
pachytene piRNAs during C. elegans spermatogenesis. We identify their targets and meiotic events and highlight 
the remarkable intricacy of this multi-effector mechanism during spermatogenesis.

INTRODUCTION
Faithful production of gametes, either egg or sperm, from germ cells 
is essential for fertility. Each germ cell requires careful coordination 
of several developmental processes from the regulation of germline 
stem cells and gametogenesis to the protection of the germline ge-
nome. Previous work has established that small noncoding RNA 
(ncRNA) populations, such as microRNAs (miRNAs), endogenous 
small interfering RNAs (endo-siRNAs), and Piwi-interacting RNAs 
(piRNAs), all play key roles in regulating the development of germ 
cells through posttranscriptional gene regulation (1–3).

First studied in Drosophila where they were found to derive 
primarily from repetitive sequences and transposable elements, a 
well-defined role of one class of piRNAs is to suppress transposon 
activity (4, 5). Subsequently, piRNAs were identified in rat (6) and 
mouse genomes (7–9), and, in these animals, piRNAs were also 
found to include many sequences mapping to repeated sequences 
including transposable elements.

Despite diversity in sequence origin between and within organi
sms, all piRNAs depend on their associated PIWI argonaute proteins 
for accumulation and function. Studies of PIWI protein mutants in 
many animals have uncovered an essential role for piRNAs in fertility, 
particularly during spermatogenesis. For example, in mouse, mutants 
for PIWI-homologs MIWI (10) and MILI (11) result in spermato-
genic arrest followed by apoptosis and the loss of post-meiotic germ 
cells rendering the males sterile.

Studies of mammalian piRNAs have suggested a somewhat 
broader functional role than seen in the early fly studies. Mammalian 
piRNAs are separated into at least two distinct classes based on 

spatiotemporal expression and their genomic origin. “Pre-pachytene 
piRNAs” are primarily derived from transposon-based sequences 
and are expressed in gonocytes and spermatogonia (12). By contrast, 
“pachytene piRNAs” are depleted of transposon sequences and are 
expressed during the pachytene stage in spermatocytes as well as 
round spermatids (12). The distinctions between the two classes re-
flect a specialization in function, whereby pre-pachytene piRNAs 
target transposons in pre-meiotic germ cells and pachytene piRNAs 
may regulate other transcripts such as gene-encoding mRNAs dur-
ing meiosis. Yet, while a role has been determined for pre-pachytene 
piRNAs in regulating transposon expression in primordial germ 
cells, identification of specific function and targets for pachytene 
piRNAs has remained elusive. Multiple studies in mice have ob-
served that loss of pachytene piRNA regulators results in a distinct 
spermatid arrest phenotype (10, 13, 14). More recently, Wu et al. (15) 
supported these findings by demonstrating that loss of the major 
piRNA cluster pi6 resulted in a spermiogenic defects accompanied 
by a reciprocal increase in mRNAs associated with spermiogenesis. 
However, poor sequence conservation among pachytene piRNAs 
between species has made it difficult to identify individually relevant 
piRNAs, and even deletion of major piRNA clusters can yield no 
discernable effect on fertility (16, 17).

Study of pachytene piRNAs has been largely limited to verte-
brates (principally mice). Despite this, piRNAs in C elegans, also 
known as 21URNAs (18, 19), were originally speculated by Wang 
and Reinke (18) to be analogous to the MIWI-associated pachy-
tene piRNAs based on lack of sequence-matching to transposons. 
Multiple groups studying mutants of the worm PIWI-homolog 
piwi-related gene 1 (prg-1) have demonstrated that 21URNAs sup-
press the expression of only specific classes of transposons (19–21). 
Further, global regulation of transposons is largely independent of 
21URNAs (22). Cornes et al. (23) have recently suggested that 
Caenorhabditis elegans 21URNAs may initiate transcriptional silenc-
ing of spermatogenic genes during larval stages in C. elegans her-
maphrodites. In that study, many previously identified piRNA targets 
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showed no changes in transcription, leading to the question of what 
targets these 21URNAs regulate and what processes they control 
during spermatogenesis.

Here, we use a combination of developmental and genomic anal-
ysis to interrogate the function of spermatogenic 21URNAs and the 
C. elegans piwi homolog prg-1 in the male C. elegans germline. We 
show that prg-1 controls male fertility through the piRNA pathway, 
and loss of this function leads to distinct defects in meiotic progres-
sion, pairing of homologous chromosomes, crossover formation, 
and chromosome segregation. Small-RNA sequencing identified 
many potential targets of 21URNAs in the male germline, including 
Polo-like kinase 3 (plk-3), which we studied further to understand 
the spatiotemporal regulatory mechanisms of piRNAs. Notably, we 
found that the expression pattern of PLK-3 protein is restricted to 
the progenitor zone, but loss of prg-1 or a single piRNA target site 
permits ectopic expression in pachytene cells, coincident with mei-
otic phenotypes. In addition, we find that deletion of one 21URNA 
targeting site on PLK-3 results in early onset of PLK-3 protein ex-
pression in late pachytene. Defining pachytene piRNAs as Piwi-
dependent small RNAs that regulate physiological meiotic events 
during pachytene, these data lead us to propose that C. elegans male 
21URNAs can function as spermatogenic pachytene piRNAs. Last, 
we show that piRNAs regulate protein translation to restrict PLK-3 
protein function in the male germline.

RESULTS
C. elegans male fertility is dependent on the prg-1 
PAZ domain
Previous studies have indicated that PRG-1 is essential for fertility 
in both male and hermaphrodite animals (18, 19). Unlike flies (24, 
25) and mice (26, 27), the essential function of the piRNA pathway 
in worms does not require the endonuclease-mediated slicing 
function of the PIWI domain (28). However, at least one group has 
reported that loss of PRG-1 slicing function results in fertility de-
fects (29). Thus, whether the endonuclease function contributes to 
the regulation of male fertility or whether PRG-1 could have func-
tions independent of canonical piRNA targeting remains to be 
evaluated. To determine the protein domain through which PRG-1 
functions to regulate male fertility, we used CRISPR-Cas9 genome 
editing to introduce targeted mutations into the prg-1 gene (Fig. 1B; 
fig.  S1, A to D; and Materials and Methods). To generate an 
endonuclease-dead allele, we introduced a single-nucleotide edit to 
substitute aspartic acid 583 within the PIWI domain for alanine. 
This residue is part of a highly conserved catalytic domain D-D-H 
(Asp-Asp-His) motif found in Argonaute-family proteins and has 
been previously shown to be essential for endonuclease function 
in vitro (30, 31); therefore, we refer to this allele as “endonuclease-
dead” or prg-1(EnD). To assess a piRNA-dependent role for PRG-1, 
we deleted a 238-nucleotide (nt) region in the PRG-1 gene that 
codes for the RNA binding PAZ domain, which is essential to bind 
to piRNAs (fig. S1 and table S7) (32). We ensured that the deletion 
was generated in-frame and ascertained that the truncated protein 
maintained the coding frame. To confirm that the single point mu-
tation for endonuclease-dead allele or the large deletion to remove 
the PAZ domain did not affect PRG-1 protein expression or localiza-
tion, these mutants were generated in a backcrossed line where 
PRG-1 was tagged at its endogenous locus with V5::mCherry (Ma-
terials and Methods).

Analysis of prg-1(EnD) and prg-1(ΔPAZ) alleles showed that 
both PRG-1 endonuclease-dead and ΔPAZ mutant protein accumu-
late in meiotic cells in perinuclear granules, similar to wild-type 
PRG-1 protein (Fig.  1C and fig.  S1E), a localization noted previ-
ously for PRG-1 in several studies, and consistent with observed as-
sociation with the germ granules (18, 19). Because the observed 
PRG-1 pattern was not affected by mutations in the endonuclease 
domain or the PAZ domain either spatially or at the subcellular lev-
el (Fig. 1C and fig. S1E), we conclude that neither domain is critical 
for the localization of PRG-1 at the germ granules in male germ cells.

To investigate the contribution of the PAZ domain to PRG-1 sta-
bility and piRNA loading, we performed a Western blot analysis as 
well as an RNA immunoprecipitation (IP) experiment using wild-
type PRG-1 and ΔPAZ PRG-1 (Materials and Methods). We ob-
serve that deletion of the PAZ domain results in 50% reduction in 
the total protein level, relative to the wild-type PRG-1 protein levels, 
and normalized with a tubulin loading control (Fig.  2, A and B). 
RNA IP (Materials and Methods) analysis of the interacting piRNAs 
eluted from equal amounts of wild-type and ΔPAZ PRG-1 protein 
revealed that there was ~90% reduction in the interacting piRNAs in 
ΔPAZ PRG-1 protein relative to wild-type PRG-1, (Fig. 2D, fig. S2, 
data S2, and table S2), normalizing each sample reads by total num-
ber of reads that mapped to the entire C. elegans genome (data S2). 
These data suggest that loss of the PAZ domain results in reduced 
stability of the protein as well as a significant reduction in piRNA 
interaction despite being localized to P granules. Thus, we consider 
the ΔPAZ PRG-1 allele as a reduction of function allele.

To determine whether loss of PAZ domain and endonuclease 
mutations in PRG-1 result in reduced small-RNA levels, we next 
performed small-RNA sequencing of the wild-type, prg-1(ΔPAZ), 
and prg-1(EnD) alleles, from both males and hermaphrodites. Her-
maphrodites were used in this experiment as internal control against 
males. Small-RNA sequencing revealed that there was no significant 
reduction in piRNA levels in the prg-1(EnD) alleles, as opposed to 
prg-1(null) allele, which was completely depleted in piRNAs (Fig. 2C 
and fig. S3). In addition, we observed that loss of the PAZ domain 
led to 60% reduction in piRNA levels in hermaphrodites and 52% 
reduction in males (figs. S3C and S2C and tables S1 and S3). The 
reads were normalized for each sample with total number of reads 
that mapped to the entire C. elegans genome (data S4). We ascribe 
the difference in piRNA interaction versus change in overall piRNA 
levels in the ΔPAZ PRG-1 allele to the difference in the assays used 
and caution against a direct comparison between these assays. Nev-
ertheless, these data allow us to conclude that loss of the PAZ do-
main generates a strong reduction of function allele and results in 
reduction in piRNA loading (Fig. 2D) and piRNA levels (Fig. 2C). 
Thus, we proceeded with the analysis of the phenotypes during 
spermatogenesis with these alleles.

To determine the fertility of male prg-1 mutants, we mated mutant 
males from prg-1(cc3504) [Materials and Methods, referred to here 
on forward as prg-1(null)] (33) as well as the prg-1(EnD) and prg-
1(ΔPAZ) alleles (Materials and Methods) to female worms and as-
sayed the number of progeny produced over several days relative to 
wild-type males in the same experiment (Materials and Methods). 
We observed that complete loss of prg-1 as well as loss of the PAZ 
domain from males led to a significant reduction in progeny pro-
duced, while the endonuclease-dead allele resulted in no significant 
change in progeny numbers relative to wild-type males (Fig. 1D). To-
gether, these data lead us to conclude that prg-1 contributes to male 
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fertility in C. elegans primarily through the PAZ domain and thus 
likely a piRNA-mediated function not requiring the endonuclease 
activity.

C. elegans prg-1 regulates meiotic processes in pachytene
To determine the underlying cause of the reduced male fertility 
in  the prg-1(null) and prg-1(ΔPAZ) animals, we performed high-
definition analysis of meiotic progression on dissected adult male 
germlines from each of the mutant animals and compared them to 

wild-type and prg-1(EnD) germlines (Materials and Methods). Con-
sistent with reduced fertility, germlines from prg-1 null and ΔPAZ 
mutants were significantly smaller relative to wild-type or prg-
1(EnD) mutant germlines. This observation led us to ask two ques-
tions: (i) Were specific stages of germ cells missing in the prg-1 
mutant alleles? (ii) Was there was a defect in meiotic progression 
itself? In the event of the latter, meiotic germ cells with defects in 
different processes, such as pairing or recombination, might prog-
ress at distinct rates from wild type, overall leading to shrinkage in 

Fig. 1. Loss of the PRG-1 PAZ domain regulates male fertility while retaining germ granule association. (A) Schematic of a male C. elegans germline displaying the 
spatiotemporal arrangement of germ cell development. Cells of the progenitor zone (oriented left in the schematic) are located at the most distal end of the germline and 
enter meiosis in the TZ. Progression through meiosis I continues in the pachytene and diplotene stages before meiotic divisions giving rise to the mature spermatids in 
the most proximal portion of the germline. (B) prg-1 gene structure with corresponding protein structure. PAZ-domain (green) and PIWI-domain (orange) functions were 
ablated with targeted CRISPR mutations (Materials and Methods) creating ΔPAZ and RNase-dead (RD) alleles. (C) Representative 4′,6-diamidino-2-phenylindole (DAPI)–
stained (white) adult male germlines displaying expression of wild-type PRG-1 and PRG-1(ΔPAZ) (magenta) and subcellular localization around the nucleus in pachytene 
cells (inset, yellow boxes). (D) Quantitative analysis of male fertility in prg-1 mutant alleles. Statistical significance was calculated by Student’s t test; mutant groups were 
compared to wild type. Scale bar, 50 μm. Each experiment was conducted at least in triplicate and over at least 25 to 30 germlines analyzed each time.
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the size of the germlines (Fig. 3A). To distinguish these possibilities, 
we used a combination of meiotic markers [pSUN-1 (34), HIM-3 
(35), and SYP-1 (36)], to define four specific meiotic stages: transi-
tion zone (TZ), early pachytene, mid-late pachytene, and diplotene 
(fig. S4E). Specifically, pSUN-1 marks TZ (34) and early pachytene, 
while HIM-3 and SYP-1 denote chromosome synapsis (36), which is 
a process that begins after pairing of homologous chromosomes and 
defines the pachytene stage. Thus, we used these markers in combi-
nation with traditional staging methods based on chromosomal 
morphology (37, 38) to define TZ (pSUN-1+ cells with crescent-
shaped chromatin morphology), early pachytene (pSUN-1+ cells 
with incomplete HIM-3/SYP-1 synapsis and paired chromatin mor-
phology), mid-late pachytene (full HIM-3/SYP-1 synapsis and paired 
chromatin morphology), and diplotene (HIM-3/SYP-1 desynapsis 
and condensing chromatin morphology).

We observed that the prg-1 mutant germlines expressed the mei-
otic markers assayed and exhibited similar germ cell chromosome 
morphologies as wild-type germlines (fig. S4, A to D), suggesting 

that there was no gross loss of any specific stage of meiosis upon loss 
of prg-1 or PAZ domain. Because all germ cell stages were present, 
we next considered whether meiotic progression was altered. In the 
C. elegans gonad, rows of germ cells are sequentially arranged in a 
spatiotemporal gradient where earlier stages of meiosis are more 
distally located in the germline and later stages are more proximally 
located (Fig. 1A). In this manner, the number of cell rows per germ 
cell stage is constant unless meiotic errors alter progression from 
one stage to the next producing either fewer or more cell rows. 
Therefore, we quantified the number of cell rows per each germ 
cell  stage of meiosis to assay meiotic progression (Materials and 
Methods). We found that the prg-1(null) and prg-1(ΔPAZ) mutants 
exhibit fewer pachytene germ cell rows, resulting in a shorter pachy-
tene stage (fig.  S4E). Because of the spatiotemporal nature of the 
C. elegans germline, the static observation of fewer pachytene cell 
rows in the prg-1 mutant male germlines indicate that germ cells are 
progressing to the diplotene stage of meiosis at a potentially earlier 
spatial position. Thus, while we find that all stages of meiotic germ 

Fig. 2. Loss of the PRG-1 PAZ domain reduces PRG-1 expression and disrupts piRNA loading. (A) Western blot data demonstrating reduction of PRG-1 expression 
after PAZ-domain deletion relative to a tagged control strain. (B) Quantification of band signal intensity from Western blot after normalization to tubulin loading control. 
Signal intensity is given as a percentage relative to tagged control strain signal. (C) Quantification of piRNA counts from sequenced samples as a percentage of average 
piRNA reads from wild-type samples, normalized to total mapping reads. (D) Quantification of piRNA counts from RNA IP experiments as a percentage of average piRNA 
reads from wild-type samples, normalized to total mapping reads.
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cells are present in prg-1 mutant germlines, progression between these 
stages is altered, suggesting that the underlying meiotic processes that 
define these stages have been altered or are defective.

To test this hypothesis and determine the meiotic processes that 
may be affected by the loss of prg-1 function, we assayed homolo-
gous chromosome pairing, synapsis, and crossover formation that 
occur preceding and during pachytene stage of meiosis I (Fig. 3A). 
In the TZ, germ cells enter meiosis I and homologous chromosomes 
undergo meiotic pairing, which is essential for events of synapsis 
and homologous recombination that occur during pachytene in 
C. elegans (37). In C. elegans, pairing of homologous chromosomes is 
mediated by cis-acting DNA sequence motifs known as pairing cen-
ters (PCs) (37). Associated with these motifs are a family of zinc-
finger proteins including ZIM-1, -2, -3, and HIM-8, which control 
the pairing process (39). ZIM-2 associates with the PC of chromo-
some V and facilitates its use as marker to assess proper pairing of 
homologs: Two ZIM-2 foci indicate individual, unpaired homologs, 
whereas a single focus denotes the completion of pairing. We as-
sayed for ZIM-2 loci to determine and assess pairing of chromosome 

V in wild-type and prg-1 mutants. We observed that prg-1(null) and 
prg-1(ΔPAZ) display a reduction in paired chromosomes assayed as 
an increase in number of germ cells with more than one ZIM-2 fo-
cus (Fig. 3, B and C), suggesting that loss of prg-1 function results in 
reduced homologous pairing.

Despite a reduction in pairing, we observed that the chromo-
somes synapsed (fig. S4, A to D). One hypothesis is that homolog 
pairing is delayed, but another possibility is that synapsis is occur-
ring with nonhomologous chromosomes. Normally, these events 
will be cleared by activation of meiotic checkpoints and apoptosis in 
the germline. However, C. elegans males lack meiotic checkpoints 
and apoptosis (40); thus, we hypothesized that if chromosomes were 
synapsing with nonhomologs, then it should lead to a lower number 
of crossover designations in pachytene since only homologous pair 
of chromosomes designate productive crossovers, which are essen-
tial for recombination and chromosome segregation (37). To assess 
for the formation of crossovers, we endogenously tagged the protein 
COSA-1 (Materials and Methods), which localizes to and mediates 
the formation of crossovers in C. elegans (41). C. elegans males have 

Fig. 3. Multiple meiotic processes are defective in prg-1 mutants. (A) Schematic of meiotic progression and meiotic events by germ cell stage. Homolog pairing occurs 
in the TZ, followed by crossover formation in pachytene stage. Meiotic divisions occur in the division zone following diplotene stage. (B) Immunolocalization of ZIM-2 
(green) in DAPI-stained nuclei (blue) of TZ cells. Two foci in a nucleus indicates unpaired homologs. One focus in a nucleus indicates paired homologs. Red arrowheads 
indicate nuclei with unpaired homologs. (C) Quantification of the percentage of germ cells with unpaired homologs per germline analyzed. (D) Localization of GFP::COSA-1 
(green) in late pachytene nuclei stained with DAPI (blue). Red arrowheads indicate nuclei with fewer than five crossovers. (E) Quantification of the percentage of germ cells 
with less than five crossovers per nucleus per germline analyzed. (F) Representative DAPI (DNA, white) images of meiotically dividing germ cells from the division zone. 
Red arrowheads indicate anaphase bridges. (G) Quantification of percentage of germlines displaying meiotically dividing cells with anaphase bridges. Statistical signifi-
cance was calculated by Student’s t test, mutant groups were compared to wild type. Scale bars, 5 μm. Each experiment was conducted at least in triplicate and over at 
least 25 to 30 germlines analyzed each time and at least 500 germ cells each time.
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five autosomes and an X chromosome, which does not pair since 
males bear the karyotype XO. Thus, male pachytene germ cells 
should have five COSA-1 foci per nucleus (42). Analysis of green 
fluorescent protein (GFP)::COSA-1 foci in the male germ cells from 
wild-type and prg-1 mutant animals revealed that loss of prg-1 or 
PAZ function results in an increased number of pachytene stage 
germ cells with less than five crossovers (Fig. 3, D and E).These data 
indicate that loss of prg-1 function or PAZ-domain activity results 
in difficulties in designating crossovers consistent with defects in 
chromosome pairing and suggest that synapsis may be occurring 
between nonhomologous chromosomes, which collectively affect 
meiotic progression.

While several germ cells displayed lower number of crossovers, 
consistent with lack of appropriate pairing between homologs, 
there were others that displayed five crossovers per nucleus (Fig. 3). 
These observations suggest one of two possibilities (i) that some 
chromosomes did pair appropriately with their homologs and 
formed productive crossovers with their partners, as expected, or 
(ii) were forming crossovers with nonhomologous chromosomes, 
as hypothesized above. If the latter where the crossovers were 
formed between non-homologous chromosomes, then it would re-
sult in chromosome segregation errors during meiotic divisions, or 
aneuploidy during meiosis. To assess whether the crossover desig-
nation was abnormal leading to defects in chromosome segrega-
tion during meiotic division, which would have a direct impact on 
fertility (43), we assayed for anaphase bridges in meiotic divisions 
in the region of the male germline following diplotene. In wild-
type germlines, we observe few anaphase bridges (Fig. 3, F and G), 
while in prg-1 mutant germlines, we observe an increased frequen-
cy of germlines with anaphase bridges. The presence of anaphase 
bridges indicates aberrant chromosome segregation. Together, 
these data demonstrate a role for prg-1 PAZ domain–dependent 
processes in meiotic pairing, crossover designation, meiotic pro-
gression, normal chromosome segregation, and fertility of male 
gametes.

The piRNA pathway regulates genes involved in meiosis and 
germ cell development during spermatogenesis
In C. elegans, silencing initiated by piRNAs and PRG-1 leads to the 
biogenesis of complementary endo-siRNA populations belonging to 
the worm 22G siRNA class (44). The 22G endo-siRNAs bind to the 
WAGO-family Argonautes resulting in silencing of target RNAs that 
can be transcriptional and/or posttranscriptional. To determine the 
nature of the targets and the corresponding molecular pathways 
through which piRNAs may regulate meiotic events during sper-
matogenesis, we sequenced small RNAs from males to identify 22G 
siRNAs that are absent in prg-1 mutants (Materials and Methods, 
data S4, and table S4).

To identify targets depleted for prg-1–dependent 22G siRNAs, 
we focused on prg-1(null) and compared these with wild-type ani-
mals (Fig. 4A). We first mapped the absolute number of 22G siRNA 
reads to C. elegans cDNAs, normalizing each sample reads by total 
number of reads that mapped to the entire C. elegans genome (data 
S4). Next, we compared reads between wild-type and prg-1(null) 
animals on a gene-by-gene basis to determine differences in mapped 
22G siRNAs. To determine significantly altered 22G siRNA popula-
tions, we applied an arbitrary threshold based on two criteria: (i) 
whether there was at least a fourfold difference [2log (2)] in mapped 
22G siRNAs and (ii) whether there were at least 50 reads total 

mapping to a particular gene. Given our interest in understanding 
piRNA-mediated silencing of endogenous targets, we focused on 
the candidates with lower 22G siRNA read levels in prg-1(null) sam-
ples (table S4). Overall, with this stringent cutoff, we identified 217 
genes with reduced 22G siRNAs that mapped to them (table S4).

After identifying the corresponding mRNA targets of down-
regulated 22G siRNAs (data S2), we cross-referenced the potential 
mRNA targets with known germline microarray as well as RNA se-
quencing–based databases (45, 46) to focus on germline expressed 
genes. We reasoned that these genes would likely be up-regulated if 
they were true targets. In this analysis, we identified genes such as 
glh-1 and pan-1 (fig. S5, A and B), which are germ granule compo-
nents essential for fertility (47, 48). We also found genes known or 
predicted to function in meiotic processes such as rec-1 (fig. S5C), 
demonstrated to be involved in double-strand break formation and 
crossover distribution in worms (49, 50), mlh-1 (fig. S5D), a worm 
homolog of the human mismatch repair gene MLH-1, and plk-3 
(Fig. 4C), a worm member of the Polo like Kinase (PLK) family of 
unknown function.

To better understand how these genes are targeted by piRNA-
dependent 22G siRNAs, we mapped the location of the small-RNA 
reads on the target genes and assayed their distribution. As expect-
ed, some genes that are targeted by 22G siRNAs have small-RNA 
reads localized to discrete clusters (Fig. 4C and fig. S5, A to D), indi-
cating sequences within the gene that served as templates for endo-
siRNA biogenesis. Comparatively, some of the 22G siRNA clusters 
are depleted in the prg-1(null) mutant, allowing us to identify which 
22G siRNAs are dependent on the activity of prg-1 and, thus, piRNAs. 
In addition, the location of the 22G siRNAs themselves suggests that 
those RNA sequences are likely targeting sites for piRNAs and thus 
ideal for downstream validation. To explore whether the presence of 
the 22G siRNA reads was coincident with a piRNA target site, we 
cross-referenced 22G siRNA read clusters on a per-gene basis against 
results from pirTarBase. pirTarBase features both algorithm-predicted 
and experimentally validated piRNA binding sites determined 
through the cross-linking, ligation, and sequencing of hybrids (CLASH) 
method (51, 52).

Among target mRNAs investigated for piRNA sites, we found 
that there was a lack of consensus among piTarBase prediction and 
CLASH-identified sites, so we focused on CLASH-identified sites 
since we reasoned that these sites likely reflect direct in vivo piRNA-
mRNA binding events. We used plk-3 as a case study for our analy-
sis of candidate mRNA target. plk-3 has 55 piRNA target sites listed 
in piTarBase, 21 of which are algorithm-predicted and 34 are 
CLASH-identified. These 34 CLASH-identified sites were distrib-
uted throughout the plk-3 coding sequence, including a site in the 3′ 
untranslated region (Fig. 4B). Only a single targeting site was found 
to coincide with a large cluster of 22G reads: a CLASH-verified site 
for the piRNA 21ur-10935 in the last exon of the gene (Fig.  4C). 
Zooming in on this target site, many of the 22G siRNAs mapped to 
the middle of the 21ur-10935 piRNA target sequence (Fig. 4D), a 
feature that is thought to define a “real” piRNA-generated 22G 
endo-siRNAs (52).

In C. elegans, Reed and Barucci et al. (22, 53) found that piRNAs 
indirectly regulate histone loci through 22G endo-siRNAs in her-
maphrodites. To assess whether histone loci were similarly targeted 
by 22G endo-siRNAs in the male germlines, we assayed the histone 
locus to determine whether there was depletion of 22G endo-
siRNAs (fig. S5E). We observed that unlike the hermaphrodites, in 
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male germlines, 22G endo-siRNAs accumulated normally at the 
histone loci, suggesting that the histone loci were not targets of the 
male piRNAs. The observations that (i) plk-3 locus loses 22G 
endo-siRNAs, (ii) has CLASH-identified piRNA sites and (iii) one 
CLASH-identified site, in particular, the 21ur-10935 accumulates 
22G endo-siRNAs in the middle, a criterion that is considered a 
critical feature of 22G endo-siRNAs that are produced by piRNAs 
(52), and (iv) 21ur-10935 is depleted from both prg-1(null) and prg-
1(ΔPAZ) alleles, led us to hypothesize that PLK-3 may be a direct 
target of piRNAs in the male germline. Thus, we proceeded with 
testing plk-3 as a piRNA target during spermatogenesis.

PLK-3 is regulated by the piRNA pathway to restrict its 
expression to the distal germline
To determine whether plk-3 is regulated by piRNAs in the male 
germline and infer the contribution of the CLASH-validated piRNA 
site on plk-3, we tagged plk-3 at its endogenous locus with GFP to 
observe its protein expression in the germline. The PLK-3::GFP did 
not present with any overt phenotypes, suggesting that the knock-in 
did not disrupt function. We found that PLK-3::GFP is expressed in 
the distal region of the germline, particularly at the end of the pro-
genitor zone where germ cells begin to transition into meiosis 
(Figs. 1A and 5, A and B). Within these cells, PLK-3 localizes to the 

Fig. 4. The piRNA pathway targets genes involved in meiosis and germ cell development, including plk-3, a member of the PLK family. (A) Scatterplot of mapped 
22G reads per C. elegans gene in matched wild-type versus prg-1 mutant samples. Highlighted genes met the 2log (2) cutoff for enrichment of 22G reads in either wild-
type (blue) or prg-1 mutant (red). (B) Schematic displaying CLASH-identified piRNA binding sites within the plk-3 coding sequence. (C) Histogram for 22G reads mapped 
to plk-3 in wild-type (blue) or prg-1 mutant (red) replicates. Red arrowhead denotes cluster of 22G reads that coincided with 21ur-10935 binding site. (D) Magnification of 
histogram including all wild-type (top, blue) or prg-1 mutant (bottom, red) 22G reads mapping to plk-3 around the location of the 21ur-10935 binding site (magenta).
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Fig. 5. PLK-3 expression is restricted to the distal germline by piRNA function. (A and B) Wild-type adult male germline expressing PLK-3::GFP (green) stained with DAPI 
(white). (A) PLK-3::GFP is expressed in the distal regions of the germline in the areas noted by the yellow arrowheads. (B) Zoomed in region of the distal germline from (A), 
displaying PLK-3::GFP expression between the progenitor zone and meiotic regions of the germline. (C and D) Wild-type adult male germline expressing PLK-3::GFP (green) 
and V5::mCherry::PRG-1 (magenta) stained with DAPI (white). (D) Zoomed in distal germline from (C), showing that PLK-3 expression is spatially expressed before and almost 
mutually exclusive with PRG-1 expression at the end of the progenitor zone, but PRG-1 expression is highest in the meiotic region. Inset 1 (yellow, dashed lines) shows a single 
TZ nucleus with visible PLK-3 perinuclear granules, whereas inset 2 (red, dashed lines) shows a pachytene nucleus with PRG-1 perinuclear granules. (E) Wild-type adult male 
germline stained with DAPI (white) and plk-3 HCR-FISH, showing expression of plk-3 mRNA throughout the distal regions with the mRNA expression significantly reduced in 
mid/late pachytene (red arrowhead). (F) A prg-1(null) adult male germline expressing PLK-3::GFP (green) stained with DAPI (white). Inset (yellow, dashed lines) displays single 
pachytene nucleus in the meiotic region expression PLK-3::GFP. (G) Schematic displaying the plk-3 coding sequence where 21ur-10935’s target sequence maps. Below, plk-
3(Δpi) designates CRISPR-edited sequence with specific base changes noted (red, underlined). Predicted base-pairing within seed sequence (yellow box) and supplemental 
sequence (orange box) is noted. (H) Germline with PLK-3(Δpi)::GFP (green) stained with DAPI (white). Inset (yellow, dashed lines) displays pachytene nucleus in the meiotic 
region expressing PLK-3(Δpi)::GFP. Scale bars, 50 μm. Each experiment was conducted at least in triplicate and over at least 25 to 30 germlines analyzed each time.



Ortega et al., Sci. Adv. 10, eadp0466 (2024)     2 October 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

9 of 18

perinuclear region in puncta like germ granules (Fig. 5, C and D). 
As germ cells enter early pachytene, PLK-3 expression tapers and is 
no longer visible. This expression was notable since PLK-3 protein 
expression seemed restricted to the proliferative cells, whereas PRG-1 
is expressed weakly in the progenitor zone where PLK-3 accumula-
tion is strongest, but markedly increases until the pachytene region 
where PLK-3 is not observed (Fig.  5D). Given that PRG-1 is re-
quired to initiate piRNA silencing the negative correlation between 
PLK-3 protein expression and PRG-1 accumulation, we hypothe-
sized that PRG-1–dependent 21URNAs spatially restricted PLK-3 
to the proliferative region.

To test the hypothesis that piRNAs restricted PLK-3 expression to 
the progenitor zone and away from meiotic germ cells, we assayed for 
plk-3 mRNA using hybridization chain reaction–fluorescence in situ 
hybridization (HCR-FISH; Materials and Methods). mRNA FISH 
analysis revealed that plk-3 mRNA accumulates from the progenitor 
zone continuously throughout pachytene (Fig. 5E, yellow and red ar-
rows, fig. S6). This would suggest that the sharp restriction of PLK-3 
protein to the progenitor zone cells was likely due to translational 
inhibition of PLK-3 protein in TZ of meiosis and pachytene, or a 
rapid turnover of PLK-3 protein in this region. To assess whether the 
restriction of PLK-3 protein to the progenitor zone was dependent 
on piRNAs, we crossed in the PLK-3::GFP into prg-1 mutant back-
grounds. We observed that complete loss of PRG-1, as well as loss of 
the PAZ domain, led to an accumulation of PLK-3 in the meiotic 
pachytene germ cells into late pachytene, and the PLK-3::GFP 

localizes to perinuclear structures (Fig. 5F and fig. S7), leading us to 
conclude that the restriction of PLK-3 to the progenitor zone was 
because of piRNAs. Because plk-3 mRNA is expressed throughout 
pachytene in wild-type, prg-1(null), and prg-1(ΔPAZ) domain mu-
tants (Fig.  5E and fig.  S6A), we infer that piRNAs are unlikely to 
regulate the transcription of plk-3 but either inhibit the translation of 
the plk-3 mRNA directly or control its translation or protein turnover 
in an indirect manner.

To determine whether PLK-3 protein expression in pachytene 
was dependent on piRNAs, we focused on the CLASH-identified 
piRNA site located at the 3′ end of plk-3 that we had correlated with 
a cluster of 22G siRNAs (Fig.  4D). The presence of an unrelated 
overlapping piRNA locus within 21ur-10935 precluded the possibil-
ity of deleting the piRNA itself. Instead, we introduced mutations 
into the coding sequence of PLK-3::GFP to disrupt the target site for 
21ur-10935. Seven silent mutations were introduced throughout the 
21ur-10935 target sequence (Fig. 5G), with three mutations being in 
the seed and supplemental regions that are thought to be particu-
larly important for targeting (Materials and Methods) (52). We call 
this allele plk-3(Δpi).

The plk-3(Δpi) allele is fertile, with normal progression of meio-
sis in males, and does not present with any gross defects in fertility 
(Fig. 6D). To determine whether the mutation has any consequenc-
es for regulation, we assayed for PLK-3::GFP. We observed that loss 
of 21ur-10935 leads to ectopic PLK-3::GFP protein expression only 
in late pachytene stage cells (Fig. 5H). As observed for wild-type and 

Fig. 6. Loss of plk-3 partially rescues prg-1 meiotic progression defects. (A) Representative images of TZ and pachytene germ cells stained with DAPI (white), SYP-1 
(green), and pSUN-1 (magenta). (B) Graphical representation of average TZ and pachytene cell rows per genotype across germlines analyzed. (C) Quantification of the 
average total meiotic germ cell rows. Numbers graphed are averages across germlines analyzed. Statistical significance between groups was calculated by one-way 
analysis of variance (ANOVA) with Bonferroni correction; comparisons not shown on graph: Wild type versus plk-3(ok2812), P <  0.0001; wild type versus plk-3(Δpi), 
P = 0.0039; prg-1(null);plk-3(ok2812) versus plk-3(Δpi), P < 0.0001; prg-1(null) versus plk-3(ok2812), P < 0.0001; prg-1(null) versus plk-3(Δpi), P < 0.0001; plk-3(ok2812) ver-
sus plk-3(Δpi), P = 0.0050. (D) Brood sizes for corresponding genotypes from (B) and (C). Each experiment was conducted at least in triplicate and over at least 25 to 30 
germlines analyzed each time.
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prg-1(null) and PAZ domain deletion, there was no change of plk-3 
mRNA expression as assayed by FISH (fig. S6B).

This result was interesting for two reasons: (i) It suggests that 21ur-
10935 piRNA targets plk-3 mRNA only in late pachytene cells and 
inhibits its protein expression, and (ii) distinct piRNAs likely regulate 
PLK-3 expression in distinct stages of germ cell development. We 
speculate that loss of the plk-3 piRNA targeting does not affect mei-
otic progression or fertility because 21ur-10935 only results in onset 
of late pachytene expression of PLK-3, while the meiotic defects of 
pairing and crossover designation would occur only if there was PLK-3 
activity in TZ and early and mid-pachytene. Thus, 21ur-10935 seems 
to repress PLK-3 expression in late pachytene for a function that we 
currently do not understand, but because we observe an onset of 
PLK-3 expression upon loss of this targeting site, it does allow us to 
conclude that plk-3 is directly regulated by piRNAs. It is likely that 
one, or more, of the other 33 piRNAs that target plk-3 regulate its ex-
pression in early and mid-pachytene and the TZ. Together, we con-
clude that PLK-3 is a target of piRNAs and that its spatiotemporal 
expression is intricately controlled by the piRNA pathway.

Loss of plk-3 partially suppresses meiotic progression 
defects in the prg-1 mutant
The observation that plk-3 expression in meiotic germ cells is con-
trolled by the piRNA pathway leads to the hypothesis that the meiotic 
dysfunction in prg-1 mutants arises, at least in part, from the ectopic 
expression of piRNA targets. If true, we predict that removing plk-3 
function from the meiotic region could restore the meiotic progres-
sion defects of the prg-1 mutants. We tested this hypothesis by re-
moving plk-3 function through introducing a plk-3 loss-of-function 
mutant (Materials and Methods) into prg-1 mutants to observe 
whether the reduction in PLK-3 would rescue the meiotic progression 
defects observed in PRG-1 mutants. We found that loss of plk-3 from 
the prg-1 mutant germlines partially rescues the meiotic progression 
defects. The prg-1;plk-3(ok2812) mutant germlines are not as reduced 
in size as prg-1(null) germlines alone (Fig. 6C), and pachytene stage of 
meiosis is spatially expanded in the double mutant, relative to prg-1 
single mutant (Fig. 6B). However, as expected, removal of plk-3 func-
tion while partially restoring the meiotic progression defects in the 
prg-1(null) mutants does not restore their fertility (Fig. 6D and fig. S8) 
to that of plk-3(ok2812) levels (which is completely fertile). This could 
be because multiple other targets may need to be restored for onset of 
complete fertility in the prg-1 mutant animals. These observations 
suggest that the meiotic progression defects in the prg-1 mutant male 
germline are, in part, alleviated by the absence of plk-3. We note here 
that genetic interactions while quantitative (where neither mutation 
has an absolute effect on the phenotype being measured) present 
challenges in assignment of upstream-versus-downstream epistasis 
(54). Nonetheless, the double-mutant phenotype indicates a conse-
quential interaction between the plk-3 and the piRNA regulatory ma-
chinery and is supportive of a model in which the piRNA pathway 
functionally mitigates the potential for meiotic dysregulation that 
would occur from expression of PLK-3 in meiosis.

DISCUSSION
Spermatogenic 21URNAs are a C. elegans equivalent of 
mammalian pachytene piRNAs
Although pachytene piRNAs are considered a mammalian phenom-
enon, we propose that this work, and previous studies, collectively 

support C. elegans 21URNAs as a model for mammalian pachytene 
piRNAs based on several criteria. (a) Much like MIWI, which asso-
ciates with pachytene piRNAs in mice, PRG-1 is temporally present 
during meiotic pachytene (18, 19, 55). (b) In both mice and 
C. elegans, phenotypes arise in early spermatids upon loss of pachy-
tene piRNAs and 21URNAs, respectively, reinforcing that their 
functions are specifically important during the pachytene stage be-
fore spermiogenesis (18, 23, 56). In this study, we delineate (i) the 
distinct meiotic processes that are affected by loss of prg-1 during 
pachytene stage of meiosis and identify the earliest events misregu-
lated resulting in loss of male fertility. (ii) We find that the meiotic 
processes that are affected by loss of prg-1 correlate with the tempo-
ral expression of PRG-1 and their targets, both of which had been 
previously undescribed. (iii) Last, while many groups have postu-
lated a role for pachytene piRNAs and 21URNAs in the regulation of 
protein-coding genes, identifying definitive links between individu-
al pachytene piRNAs and their targets has been challenging. To date, 
in C. elegans, the piRNA 21UX-1 was identified to regulate the dos-
age of the sex determination switch gene xol-1 representing at least 
one known functional target (57).

We found that distinct piRNAs can regulate a single gene in a 
spatially combinatorial manner. Complete loss of piRNAs led to an 
expansion of PLK-3 protein into early, mid, and late pachytene. plk-3 
mRNA is normally expressed throughout pachytene, suggesting 
that loss of the piRNAs led to at least two distinct phenomena. In 
the first case, loss of piRNAs led to either loss of translational inhi-
bition of plk-3 mRNA pachytene and allowed for protein expression 
directly or loss of piRNAs affected a protein turnover pathway, 
which led to the accumulation of PLK-3 protein indirectly in pachy-
tene. In the second case, loss of 21-ur-10935 led to specific expres-
sion of PLK-3 protein only in this stage, suggesting that 21-ur-10935 
likely controls localized plk-3 translation in late pachytene (58). 
These are intriguing observations since they suggest that the small 
RNAs regulate localized protein expression of the target, a phenom-
enon that has not been described before. Together, these data sug-
gest that pachytene piRNAs function to restrict mRNA expression 
in space and time with plk-3 serving as an example for such target-
ing that had previously been proposed only indirectly (15). Togeth-
er, we provide evidence for the term pachytene piRNA, which was 
coined over a decade ago, in C. elegans, wherein the piRNAs are so 
defined because they encompass both the functional property of 
regulating germ cell development during pachytene stages in sper-
matogenesis (ultimately resulting in loss of fertility and spermatid 
formation) as well as a functional definition of a piRNA that targets 
protein-coding genes.

Sexual dimorphism in the role of the piRNA pathway in the 
regulation of germ cell development
If pachytene piRNAs regulate meiotic pachytene and protein-coding 
genes in the C. elegans male germline, what do piRNAs control in 
the female germline? In hermaphrodites, studies have found that 
piRNAs and prg-1 regulate the maintenance of transgenerational fer-
tility. Reed et al. (53) and Barucci et al. (22) found that in the absence 
of piRNAs, downstream small-RNA machinery generates 22G siRNAs 
that target and silence the expression of endogenous genes, particu-
larly histones, which are then inherited by the next generation 
through the cytoplasm (22). However, in this case, the absence of 
piRNAs themselves did not directly lead to the regulation of targets 
but rather affected the homeostasis of small-RNA pathways, which 
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led to an increase in 22G siRNAs targeting histones causing their 
gradual loss over generations leading to transgenerational sterility. 
Similarly, Wahba et  al. (33) showed that the loss of piRNAs from 
oocytes leads to an amplification of siRNA populations that suppress 
ribosomal RNAs and contribute to loss of fertility across genera-
tions. Together, these studies identify a role for the C. elegans piRNA 
pathway in maintaining a balance between small-RNA pathways to 
prevent erroneous silencing of essential genes in the female germline.

This role is distinct from the function uncovered in this study for 
male germlines, which is in direct regulation of individual targets 
(like PLK-3) that affects male fertility. Work from Cornes et al. (23) 
showed that piRNAs may regulate transcription during larval sper-
matogenic phase (of a hermaphrodite). In that study, they investi-
gated piRNA targets such as Y80D3A.8 to find that their expression 
correlates with spermatogenesis. Intriguingly, they observed that 
prg-1 and hrde-1 mutants had an increase in the number of Y80D3A.8-
expressing germ cells. However, the lack of post-meiotic cells in these 
mutants suggests that this expansion of Y80D3A.8-expressing cells 
may be a result of a general delay in germline development, as expres-
sion levels of Y80D3A.8 do not differ significantly between wild-type 
spermatogenic cells and prg-1 or hrde-1 mutants. An advantage of the 
present study being carried out solely in the male germline is the 
elimination of the hermaphrodite sex switch as a confounding factor, 
whereby we found that prg-1 male germlines although smaller, con-
tained all spermatogenic cell types. Conversely, we also observed that 
in larval hermaphrodite germlines, germline development was de-
layed, leading to fewer cells overall and fewer spermatogenic cells 
(fig. S9.) Thus, spatial expression of a piRNA target to determine that 
PLK-3’s expansion in the prg-1 mutant is independent of factors 
such as differences in developmental timing.

Choi et al. (56), showed that the transcription factor SNPC-1.3 
specifically generates male-specific piRNA transcripts, with loss of 
snpc-1.3 leading to strong fertility defects in the first generation. The 
piRNAs and the male sterility phenotypes overlap with the piRNAs 
identified in this study, suggesting that the male and the female 
piRNAs regulate distinct targets and affect different biological func-
tions. The male-specific piRNAs directly regulate specific germline 
targets and meiotic events, while the female-specific piRNAs con-
trol small-RNA homeostasis and indirectly control targets such as 
histone loci to result in transgenerational sterility.

The sexually dimorphic differences in regulation of piRNAs and 
in their regulation of male and female germ cells remain an active 
field of investigation. The vast range of tested and predicted targets 
of both male and female piRNAs adds to the challenge of assigning 
specific cause of loss of fertility in either case. Thus, a bottleneck to 
understanding the function of piRNAs in either system remains in 
drawing a link between individual piRNAs and their targets. Identi-
fication of specific germ cell target such as PLK-3 during meiosis 
sets the stage for future studies to identify specific targets and link 
them to specific biological processes, which will likely bring more 
clarity and thus resolution to the function of pachytene piRNAs in 
males and females.

plk-3 as a model for understanding the role of the piRNA 
pathway in the spatiotemporal regulation of genes in 
the germline
Given the paucity of piRNA targets that have been directly studied, 
plk-3 presents an opportunity to further understand how piRNA 
regulation interacts with genes that function in the germline and 

meiosis. PLK-3 is member of the PLK family, of which plk-1 and 
plk-2 have previously been identified to regulate meiotic pairing of 
homologous chromosomes, respectively. In these studies, RNA in-
terference–mediated depletion of plk-3 yielded no obvious meiotic 
phenotypes (59, 60). We find that PLK-3 protein accumulates in the 
progenitor zone and drops sharply as germ cells enter meiosis, sug-
gesting that PLK-3 does not function during meiosis normally, and 
since PLK-3 does not accumulate in meiotic stages of wild-type 
male germlines, its depletion should not lead to any obvious meiotic 
phenotypes. In line with this reasoning, expansion of PLK-3 into 
meiotic germ cells upon loss of prg-1 suggests that it is the gain of 
PLK-3 in male meiosis that leads to defects rather than its loss. This 
model is supported by the partial rescue of meiotic progression in 
the prg-1;plk-3. Given that PRG-1–dependent 22G siRNAs regulate 
many different genes (Fig. 4A), there is clearly redundancy in their 
function supported by the partial rescue of meiotic progression 
upon loss of plk-3.

In addition to helping uncover a function for PLK-3 in likely 
“poisoning” events of meiotic progression if expressed in pachytene 
stage of male meiosis, we also uncovered that piRNAs restrict the 
expression of their target gene(s) in space and time. Before this study, 
only one study (57) had uncovered a functional target of piRNAs in 
worms—xol-1, which acts as a sex switch regulator. In our study, we 
find that piRNAs restrict the expression of PLK-3 protein and keep 
it off in meiosis in wild-type animals whereby loss of all the piRNAs 
(in a prg-1 mutant) results in expansion PLK-3 protein into meiosis 
(Fig. 7). Further, we find that this restriction of PLK-3 occurs in two 
distinct manners. (i) plk-3 mRNA is expressed from the progenitor 
zone until late pachytene (Fig. 4H). Thus, we hypothesize that the 
piRNAs inhibit PLK-3 protein from expressing in meiosis in early 
stages of pachytene. (ii) In late pachytene, deletion of piRNA target-
ing site 21ur-10935 results in expression of PLK-3 protein only in 
late pachytene, suggesting that 21ur-10935 regulates plk-3 mRNA by 
posttranscriptional degradation since there is no transcription at 
this stage of male meiosis (58). In this manner, plk-3 appears to re-
veal a previously unidentified mechanism for the piRNA pathway in 
the silencing of genes during early meiotic stages, a mechanism 
reminiscent of how miRNAs regulate their target genes through 
posttranscriptional degradation.

Last, many of the predicted piRNA targets identified in this study 
include either genes ubiquitously expressed in the germline such as 
glh-1 or genes with known predicted functions in meiotic processes 
such as rec-1. In the case of the ubiquitously expressed germline 
genes, it is likely that piRNAs fine tune their expression during 
pachytene, as shown for xol-1. In all cases, further studies of the 
function of direct piRNA targets like plk-3 will be essential to more 
clearly understand how and why their regulation by the piRNA 
pathway is essential to male fertility.

MATERIALS AND METHODS
C. elegans maintenance
All strains (table S3) in this study were maintained at 20°C on plates 
made from nematode growth medium [NGM: NaCl (3 g/liter), pep-
tone (2.5 g/liter), agar (20 g/liter), cholesterol (1 ml/liter) (5 mg/liter 
in ethanol), 1 M CaCl2 (1 ml/liter), 1 M MgSO4 (1 ml/liter), and 1 
M KPO4 buffer (25 ml/liter, pH 6.0) in distilled water] and fed OP50 
Escherichia coli. Unless otherwise noted, experiments were con-
ducted by placing mid-L4 stage male and hermaphrodite animals at 
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25°C and then collecting F1 mid-L4 stage male progeny approxi-
mately 3 days later. Collected progeny were maintained at 25°C for 
24 hours after collection until dissection. We chose 25°C as the tem-
perature to conduct all the fertility assays since argonaute protein 
family mutants have been shown to exhibit strong fertility pheno-
types at 25°C (55).

Male fertility assay
To assess male fertility, males from strains being assayed and fog-
2(oz40) female animals were collected at the mid-L4 at 25°C and sep-
arately aged 12 hours to early adulthood. Adult animals were then 
placed onto smaller mating plates (35-mm NGM plates with OP50) at 
a ratio of three males to one female to ensure successful mating. After 

Fig. 7. Pachytene piRNAs control spatiotemporal gene expression in the male germline. Schematic model for regulation of spatiotemporal gene expression in the 
male germline by the piRNA pathway. In wild-type animals, PRG-1 is expressed most highly beginning in the TZ through the pachytene stage. This expression corresponds 
with essential meiotic processes such as pairing of homologous chromosomes and crossover formation. Conversely, PLK-3 is only expressed between the progenitor zone 
and the early TZ. In PRG-1 mutants, the loss of piRNAs leads to meiotic defects and desilencing of PLK-3 during meiotic stages. Together, our data suggest that loss of 
piRNA silencing such as PLK-3 during meiosis underlies observed meiotic defects.
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12 hours, the male animals were discarded, and the female was trans-
ferred to fresh plate and allowed to lay eggs. Female animals were then 
transferred every 12 hours onto fresh plates until all females in the 
assay stopped laying eggs. After every transfer, the plates containing 
the eggs were maintained at 25°C, and live progeny that hatched from 
these eggs were counted. Total live progeny laid by an individual mat-
ed female was then calculated and used as a readout for male fertility.

Germline dissection and fixation of worms for imaging of 
tagged proteins or immunofluorescence
Male worms aged 24 hours past mid-L4 stage were dissected as pre-
viously described (61). Dissected germlines were fixed in 3% form-
aldehyde diluted in 100 mM K2HPO4 (pH 7.2) for 10 min at room 
temperature then washed three times with PBST (0.1% Tween-20 in 
phosphatebuffered saline).

To maintain fluorescence for experiments in which GFP- or 
mCherry-tagged protein strains were imaged, washed germlines 
were immediately transferred to a 6 mm–by–50 mm Kimble tube in 
with 50 μl of PBST and stained with 4′,6-diamidino-2-phenylindole 
(DAPI, 2 μg/ml) for 10 min in the dark at room temperature. Germ-
lines were washed three times with PBST then mounted in 5 μl of 
PBST on an agarose pad made of 2% agarose on a 25 mm–by–75 mm 
glass microscope slide. Samples were sealed with nail polish and a 
22 mm–by–22 mm coverslip and allowed to settle for 10 min in the 
dark at room temperature before imaging.

For experiments involving immunofluorescence, washed germ-
lines were transferred to a 6 mm–by–50 mm Kimble tube in 5 μl 
of  PBST and permeabilized with 100% methanol overnight at 
−20°C. Methanol was removed, and samples were washed three 
times with 1 ml of PBST. Following the three washes, 50 to 100 μl of 
30% normal goat serum (NGS) was added to the tubes, and the sam-
ples were allowed to block overnight at 4°C. After blocking, 30% 
NGS was removed, and primary antibodies diluted to their final 
concentration in 30% NGS were added to the tube and allowed to 
incubate overnight at 4°C. After the removal of primary antibody, 
the samples were washed three times with 1 ml of PBST and second-
ary antibody diluted to their final concentration in 30% NGS was 
added to the tubes and allowed to incubate for 2 hours at room tem-
perature in the dark. Secondary antibody was removed, and samples 
were washed three times with 1 ml of PBST. During the final wash, 
DAPI (at 2 μg/ml) was added to the tubes and the tubes were allowed 
to incubate for 15 min in the dark at room temperature. DAPI was 
removed from the samples, and then a single drop (~15 μl) of Vector 
Laboratories VECTASHIELD Antifade Mounting Medium (SKU: 
H-1000-10) was added to samples. The stained germlines were then 
mounted in VECTASHIELD on a 2% agarose pad on a microscope 
slide and sealed with a glass coverslip and nail polish.

The following primary antibodies with associated concentrations 
were used in this study: mouse anti-major sperm protein (1:800) 
(Developmental Studies Hybridoma Bank), guinea pig anti-pSun-1 
(1:800) [V. Jantsch (34)], rabbit anti-HIM-3 (1:50 as Alexa Fluor 488 
conjugate) (Novus, catalog no.53470002), rabbit anti–SYP-1 (1:200) 
[A. M. Villeneuve (36)], and guinea pig anti–ZIM-2 (1:1000) 
[A. Dernburg (39)]. To use anti–HIM-3 and anti–SYP-1 simultane-
ously for assessment of synapsis, anti–HIM-3 was conjugated direct-
ly to Alexa Fluor 488 using an Invitrogen Alexa Fluor 488 Microscale 
Protein Labeling Kit (catalog no. A30006) and added after post-
secondary antibody PBST washes to prevent cross-reaction. The fol-
lowing secondary antibodies were used in this study: goat anti-mouse 

Alexa Fluor 555 (Invitrogen catalog no. A-21422), goat anti-rabbit 
Alexa Fluor 555 (Invitrogen catalog no. 11008), and goat anti-guinea 
pig Cy5 (Invitrogen catalog no. A-11076).

Confocal microscopy and image processing
Images were captured with a Zeiss LSM 900 confocal microscope 
and acquired as z-stacks (0.19 μm) using a Zeiss Plan-Apochromat 
63×/1.4 oil objective and Zeiss Zen micro-imaging software. Z-stacks 
were acquired with overlapping boundaries to allow for reassembly of 
montage images from individual focal planes in Adobe Photoshop 
2020. Montage images were processed identically before assembly in 
FIJI (62) where maximum projection images were created and levels 
were adjusted.

Isolation and sequencing of low-input small-RNA samples
Because of low fertility of prg-1 mutant worms, we performed isola-
tion and sequencing of small-RNA samples derived from 20 to 30 
male worms per genotype as previously described (33). In brief, 
adult male worms were picked into TRIzol. RNA was isolated and 
purified with reagents from mirVana miRNA isolation kits (Invitrogen, 
catalog no.AM1560). Samples were then treated with Cap-Clip Acid 
Pyrophosphatase (CellScript) to enrich for 22G siRNAs during cloning 
and small-RNA sequencing. Libraries were prepared using a TruSeq 
Small RNA Library Preparation Kit (Illumina) and then sequenced on 
a Miseq Genome Analyzer (Illumina).

Processing and mapping of small-RNA reads
Library adapter sequences were trimmed from small-RNA reads using 
cutadapt (63), and quality of reads was assessed using FastQC. A cus-
tom Python script(HQAlign) was used to align trimmed reads to 
C. elegans protein-coding genes, ncRNAs, and the entire genome itself. 
A readout was produced of the number of reads that mapped to genes 
(in the case of protein-coding genes or ncRNAs) or to the genome. For 
small RNAs that mapped to multiple regions of the genome, such as 
repetitive regions, a first champion mapping strategy is used to pro-
duce the best match for a read. Reads counts mapping to protein-
coding genes and ncRNAs for each sample were normalized to total 
reads from that sample that mapped to the genome.

HCR-FISH for plk-3 mRNA expression
Adult male worms (24 hours past mid L4) were dissected as de-
scribed above. Fixation was performed with 3% paraformaldehyde 
for 15 min followed by methanol treatment overnight at −20°C. After 
methanol, the germlines were processed as previously described 
(64) with minor alterations (65). The samples were then washed 
with probe wash buffer as described, and probe hybridization was 
finally performed for both plk-3 probe (gene of interest) as well as 
pgl-1 probe, a gene known to be expressed in the germline, which we 
have previously used as a positive control.

Generation of PCR-product repair template for GFP-tag 
knockin strains
Repair templates for GFP-knockin strains were generated using 
DNA purified from the previously described plasmid pJA245 (66) as 
base. Plasmid DNA was extracted from pJA245 bacteria using a 
QIAprep Spin Miniprep Kit (Qiagen, catalog no.27106) and then 
used for both cosa-1 and plk-3 repair templates.

For cosa-1, the following primers were used to amplify, via poly-
merase chain reaction (PCR) with high-fidelity KOD polymerase 
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(Novagen, catalog no.71316), the GFP-coding sequence, and intro-
duce both a linker sequence and 5′ and 3′ homology arms to the 
targeted region of the cosa-1 sequence:

GTGAAAAATCGTGAAAACTGAACTGAAGTGTCAAT-
GAGTAAAGGAGAAGAACTTTTCACTGGAGTTG (forward), 
ATTTTATTTTGAAACGACAACTCACCGAGAACTTGACATC-
GATGCTCCCGATCCTGCCGATGCTCCCGATGCTCCC-
GATCCTGCCGATGCTCCCGATGCACCCGATCCTGCCGAT-
GCTC C C GAGGCTC CAGCTC CAC CTC CAC CTC CT T T 
(reverse). The resultant product of 1047 base pair (bp) was evaluated 
for proper size on a gel then purified using a QIAquick Gel Extraction 
Kit (Qiagen, catalog no.28706).

For plk-3, the following primers were used to amplify, via PCR 
with high-fidelity KOD polymerase (Novagen, catalog no.71316), 
the GFP-coding sequence, and introduce both a linker sequence and 
5′ and 3′ homology arms to the targeted region of the plk-3 sequence:

GCTCCACTTGCTTCCTCCAGATATCTCGCAGGAG-
GATCTGGAGGCGGTTCTGGCGGAGGTTCTGGTATGAGTA-
AAGGAGAAGAACT (forward), ATTATTCACAGATTAGTTG
TGTAGCATTTATTTGTATAGTTCGTCCATGC (reverse). The re-
sultant product of 963 bp was evaluated for proper size on a gel and 
then purified as described above.

CRISPR-Cas9–mediated generation of V5::mCherry-tagged, 
ΔPAZ, and RNase-dead prg-1 alleles
All alleles were generated at the endogenous prg-1 locus using a co-
CRISPR-Cas9 method previously described (67). To tag PRG-1 with 
V5::mCherry, a CRISPR cut site was identified at the N terminus 
allowing for insertion of a sequence containing a V5 epitope tag, the 
mCherry fluorescent protein, and a flexible linker after the first 18 nt 
of the coding sequence. The corresponding CRISPR RNA (crRNA) 
was ordered from Dharmacon: TGGCATCTGGAAGTGGTCGC, 
1-bp downstream the beginning of the prg-1–coding region. The re-
pair template sequence contained the desired insertion and 35-nt 
homology arms on the outside of the cut site. The insertion disrupts 
the crRNA recognition sequence preventing additional recutting by 
Cas9 after editing. An injection mix was made as previously de-
scribed (67) using repair template obtained from Updike D and in-
jected into N2 animals at the young adult stage. The F1 progeny of 
roller animals were screened for the insertion by PCR using the fol-
lowing primers: CGC ACC GAT CGA TTC TGG AT (forward) and 
TGC TGT AGT CGC TTT GAG TCA (reverse). After PCR, wild-
type animals yield a single band of ~200 bp, homozygous insertion 
animals yield a single band of ~1100 bp, and heterozygous insertion 
animals yield bands of both ~200  and  ~1100 bp. Homozygous 
worms with the accurate insertion were used to establish founder 
lines. Founders were backcrossed at least three times with N2 strain 
before use in experiments or the generation of other alleles.

Domain-specific prg-1 mutants were generated by introducing tar-
geted mutations into the V5::mCherry::PRG-1 strain generated above. 
To generate the ΔPAZ allele, we identified CRISPR cut sites flanking 
the 238 nt that encode the PAZ domain to remove this sequence. 
The corresponding CRISPR crRNAs were ordered from Dharmacon:

AAAATGAATGAGATGTACGG, 824 bp downstream the be-
ginning of the prg-1–coding region.

CCAGTCGGGAAGCACAGTTC, and 1120 bp downstream the 
beginning of the prg-1–coding region.

We used a repair template sequence that contained a single-
nucleotide insertion flanked by 35 nt homology arms outside the 

sequence deletion. The single-nucleotide insertion allows for the 
removal of the PAZ-domain sequence without altering the reading 
frame. PAMs for the crRNAs are located within the deleted region; 
thus, Cas9 recutting would be prevented after successful deletion. 
This resulted in the following single-stranded oligo donor (ssODN):

CCACAACGCGTTCAAGAGAAAATGAATGAGATGTACCT-
GTGCTTCCCGACTGGGCTAACGGATGAGATGCG. After in-
jection into the N2 strain, roller F1 progeny were screened by PCR 
using the following primers: GGA ACT ACG ATC GTG CCA GA 
(forward) and CCC ACT CTG CTT GCT TTC CT (reverse). After 
PCR, wild-type animals yield a single band of ~600 bp, homozygous 
deletion animals yield a single band of ~300 bp, and heterozygous in-
sertion animals yield bands of both ~600 and ~ 300 bp. Homozygous 
founders were isolated and backcrossed at least three times with N2 
strain before use in experiments.

To generate the ribonuclease (RNAse)–dead allele, we identified 
CRISPR cut sites near the codon of aspartic acid 583 to introduce a 
mutation to substitute this amino acid for alanine. The correspond-
ing CRISPR crRNAs were ordered from Dharmacon: TACCAC-
GACTCGACATTGAA, 1986 bp downstream of the beginning of the 
prg-1–coding region TTCCTTTCAATGTCGAGTCG, and 1991 bp 
downstream of the beginning of the prg-1–coding region. The repair 
template contained the desired edit as well as homology arms of 36 
and 26 nt outside of the cut sites. A single mutation located in the 
codon for aspartic acid 583 substitutes the amino acid for alanine. In 
addition, four silent mutations serve the purpose to mutate the 
crRNA recognition sites to prevent recutting by Cas9, as well as in-
troducing a DraI restriction digest site to aid in screening. This re-
sulted in the following ssODN with a missense mutation (bold) and 
silent mutations (lowercase, DraI site underlined):

AAAACACAATGATCGTCGGCTACGCTCTGTACCAC-
GAtTCaACaTTaAAAGGAAAAACTGTCGGTGCTTGCGT.

After injection into the N2 strain, roller F1 progeny were screened 
by PCR using the following primers: CCATTCCCAACCAATGC-
GTG (forward) and GTAGAGGATCAAGCGGCTCG (reverse). 
PCR results amplify a single 481-bp band. After overnight restriction 
digest with 5 U/rxn of DraI (New England Biolabs) at 37°C, PCR 
product yields two bands at 246 and 235 bp if homozygously edited 
or three bands at 481, 246, and 235 bp if heterozygously edited. PCR 
product from unedited animals remains completely refractory to 
DraI digest. Homozygous founders were isolated and backcrossed at 
least three times with N2 strain before use in experiments.

CRISPR-Cas9–mediated generation of GFP-tagged 
cosa-1 allele
We tagged cosa-1 at its endogenous locus using the same co-
CRISPR-Cas9 method used to generate the prg-1 alleles noted in the 
section above. To tag COSA-1 with GFP, a CRISPR cut site was iden-
tified at the C terminus allowing for the insertion of a sequence con-
taining GFP and a flexible linker immediately after the start codon 
of the cosa-1 gene. The corresponding CRISPR crRNA was ordered 
from Dharmacon: AAGTGTCAATGTCAAGTTCT, beginning 8 bp 
before the start codon sequence.

The repair template contained the desired insertion as well as 
36- and 39-nt homology arms on the outside of the cut site on the 5′ 
and 3′ end of the insertion, respectively. The insertion disrupts the 
crRNA recognition site to prevent recutting by Cas9.

After injection into the N2 strain, roller F1 progeny were screened by 
PCR using the following primers: AAACTTAGGCTCTGGTCTCGTG 
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(forward), CACCTTCACCCTCTCCACTG (reverse), and GAACCT-
GATTCGCTGCTGA (reverse). After PCR, wild-type animals yield a 
single band of 505 bp; homozygous insertion animals yield two bands of 
1477 and 824 bp; and heterozygous insertion animals yield three bands 
of 1477, 824, and 505 bp. Homozygous worms with the accurate inser-
tion were used to establish founder lines. Founders were backcrossed at 
least three times with N2 strain before use in experiments or the genera-
tion of other alleles.

CRISPR-Cas9–mediated generation of GFP-tagged and 
ΔpiRNA plk-3 alleles
All alleles were generated at the endogenous plk-3 locus using the 
same co-CRISPR-Cas9 method used to generate the prg-1 alleles 
noted in the section above. To tag PLK-3 with GFP, a CRISPR cut 
site was identified at the C terminus allowing for insertion of a se-
quence containing GFP and a flexible linker just before the termi-
nating codon of the coding sequence. The corresponding CRISPR 
crRNA was ordered from Dharmacon: CATTTATGCGAGATATC
TGG, 17 bp upstream the end of the plk-3–coding region. The re-
pair template sequence contained the desired insertion and 35-nt 
homology arms on the outside of the cut site. The insertion disrupts 
the crRNA recognition sequence preventing additional recutting by 
Cas9 after editing. Injections were performed as described for prg-1 
alleles. F1 progeny of roller animals were screened for the insertion 
by PCR using the following three primers: CAA CCA GGA GCA 
TGT CGT CT (forward), CAC CTT CAC CCT CTC CAC TG (for-
ward), and TGC GAA AAG GTT GCA AGG TT (reverse). After 
PCR, wild-type animals yield a single band of 578 bp; homozygous 
insertion animals yield two bands of ~1482 and 239 bp; and hetero-
zygous insertion animals yield three bands of 1482, 578, and 239 bp. 
Homozygous worms with the accurate insertion were used to es-
tablish founder lines. Founders were backcrossed at least three 
times with N2 strain before use in experiments or the generation of 
other alleles.

To generate the ΔpiRNA allele, we identified CRISPR cut sites 
near the 21ur-10935–binding site to introduce single-nucleotide ed-
its disrupting this sequence. The corresponding CRISPR crRNA were 
ordered from Dharmacon: TACGACTGAGATACTTCTTT, 137 bp 
upstream of the end of the plk-3–coding region. The 91-bp repair 
template contained a 31-bp sequence containing the desired edits as 
well as 5′ and 3′ homology arms of 30 nt. The edits consist of eight 
silent mutations that (i) disrupt the piRNA binding site and (ii) dis-
rupt crRNA recognition sequences to prevent additional recutting by 
Cas9 after editing. This resulted in the following ssODN with silent 
mutations (red), seven of which were located within the 21ur-10935 
target site mutations (underlined):

CGCAAACATATTGACAAACAGCTGCCCAAAGAAG-
TATCTGTCCCGTATCGAGTACGCACAGGCCAAAATTA-
AATTGCTTCGTCCTACAAAC.

After injection into the N2 strain, roller F1 progeny were screened 
by PCR using the following primers: CAC CTT CAC CCT CTC CAC 
TG (Reverse) and TCT TGT GAG TTG AAG TGT ATC CTT T (For-
ward), TTG GGC ATA TTC GAT ACG ACT G (Reverse), AGT ATC 
TGT CCC GTA TCG AGT AC (Forward). After PCR, wild-type ani-
mals yield two bands of 465 and 197 bp; heterozygously edited ani-
mals yield three bands of 465, 297, and 197; and homozygously edited 
animals yield two bands of 465 and 297 bp. Homozygous founders 
were isolated and backcrossed at least three times with N2 strain 
before use in experiments.

Western blot analysis
Whole worm protein extract and Western blot analysis were per-
formed as described previously (55). To maximize protein, adult 
hermaphrodites cultured at 25°C were washed from plates of re-
spective genotypes using M-9 buffer then boiled for 2 min with 
2× loading dye at 95°C. Western blot analysis was also performed 
as described (55) with mouse anti-mCherry (1:500) and mouse 
anti-tubulin (1:500) followed by anti-mouse horseradish peroxi-
dase–conjugated secondary antibody (1:5000). Since both pri-
mary antibodies are mouse-derived, membranes were first probed 
with anti-mCherry, imaged, and then stripped with Abcam mild 
stripping buffer [recipe: 15 g of glycine, 1 g of SDS, 10  ml of 
Tween-20 in 1 liter of distilled water, pH adjusted to 2.2] before 
probing with anti-tubulin. Protein levels for each genotype were 
normalized using the corresponding tubulin levels. For quantifi-
cation of band intensity, Western blots were converted to gray-
scale images in Adobe Photoshop and intensity of the bands was 
measured using LI-COR mage Studio 1.0 Western blot analysis. 
The intensity of the tubulin bands was used as the control to cal-
culate the relative amount of mCherry signal and expressed in 
percentage as arbitrary units.

RNA IP
For all RNA IPs, we used 5 mg of worm lysate prepared identically 
to lysates used in Western blot analysis. For the IP of v5::mCherry-
tagged PRG-1 and PRG-1 mutants, 20 μl of V5-Trap magnetic aga-
rose beads (Chromotek) were equilibrated by washing once in 1 ml 
of ice-cold IP buffer in 5-ml tubes. Worm lysate from each genotype 
was then added to tubes of beads, and IP buffer was added to a final 
volume of 5 ml. Protease and phosphatase inhibitors were added, 
and then the reactions were allowed to rotate at 4°C for 1 hour. After 
incubation, the tubes were placed on magnetic racks and superna-
tant was removed. The beads were then washed by adding 5 ml of 
ice-cold IP buffer, rotating at 4°C for 5 min. The tubes were then set 
on a magnetic rack to allow for the removal of the supernatant, and 
then the entire wash process was repeated for a total of five washes. 
After the final wash, the beads were stored at −80°C until RNA 
isolation.

RNA isolation from RNA IP samples for sequencing
Beads were spun down at 4°C before adding 90 μl of 1 M glycine. 
Tubes were agitated and vortexed before spinning the beads down 
and transferring the supernatant to a new tube containing 9 μl if 1 M 
tris (pH 10). The elution process was repeated a total of three times 
for each bead sample, and then all eluates from each corresponding 
sample were combined to obtain a single eluate for each genotype. 
Next, 1000 μl of TRIzol and 200 μl of chloroform was added to each 
sample, and tubes were shaken by hand before centrifugation at 
12,000g for 15 min at 4°C. The resultant aqueous phase from each 
sample (~900 μl) was transferred to new tubes, and an equal volume 
of isopropanol was added along with 20 μg of glycogen. After mix-
ing, the samples were incubated at −20°C for 30 min. Following in-
cubation, the samples were centrifuged at 16,000g for 30 min at 
4°C. The supernatant from each sample was carefully removed with-
out disturbing the RNA pellet. Each pellet was washed with 1 ml of 
ice-cold 70% ethanol, vortexed, and then allowed to rotate at 4°C 
for 10 min. The samples were then centrifuged again at 16,000g for 
30 min at 4°C. As much of the supernatant as possible was removed 
from the samples before letting the RNA pellet air dry for 10 min at 
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room temperature. Last, the pellet was resuspended in 20 μl of RNase-
free water and allowed to dissolve for 10 min at 65°C. The RNA con-
centration of each sample was measured by spectrophotometer before 
the samples were sent for small-RNA sequencing.

Quantification and statistical analysis
Defining meiotic stages and assessing meiotic progression
Meiotic stages in male C. elegans germlines were defined on the ba-
sis of a combination of (i) chromosome morphology as assessed 
from DAPI staining and (ii) the presence or absence of antibody 
staining for meiotic markers. On the basis of these indicators, four 
distinct meiotic stages were defined: TZ, early pachytene, mid/late 
pachytene, and diplotene.

TZ germ cells have crescent-shaped DAPI morphology and stain 
positively for pSun-1, a component of the pairing machinery. How-
ever, TZ germ cells do not display positive indication of synapsis 
as measured by presence and perfect colocalization of HIM-3 and 
SYP-1 on chromosomes. Early pachytene germ cells stain positive for 
pSUN-1 and display thread-like chromosome morphology charac-
teristic of this stage. The beginning of pachytene staged is defined by 
completion of synapsis; thus, HIM-3 and SYP-1 are localized to chro-
mosomes and colocalize indicating completed synapsis. Mid-late 
pachytene stage germ cells have pachytene chromosome morphology 
and display complete synapsis but do not stain positively for p-
SUN-1. Last, diplotene cells display progressive desynapsis, which is 
visualized as HIM-3 staining present on chromosomes and lack of 
SYP-1, as well as progressive condensation of DNA. These features are 
indicative of chromosome remodeling that precedes meiosis I and II.

Because of the linear spatiotemporal nature of the C. elegans germ-
line, disturbances in meiotic progression can be assayed for by count-
ing the number of cell rows per each germ cell stage and comparing to 
a wild-type control. Meiotic cell row counting was performed on con-
focal images using Zeiss Zen Blue analysis software. The first meiotic 
cell row was defined as the first TZ germ cell row where most cells in 
that row met the criteria to be considered TZ germ cells, whereas 
counting concluded at the last diplotene germ cell row. Boundaries 
between germ cell stages were determined by the same criteria where 
a germ cell row was categorized on the basis of what the identity of 
most germ cells in that row. Germ cell rows per stage were added and 
averaged across several germlines and compared among genotypes.
Assay for pairing of homologous chromosomes
Pairing of homologous chromosomes was assessed by analysis of 
wild-type and mutant anti–ZIM-2 immunofluorescence images. 
ZIM-2 localizes to the PC region of C. elegans chromosome V and is 
involved in the pairing of homologous chromosomes during the TZ 
stage. When chromosome V is unpaired, ZIM-2 is visualized as two 
individual foci, whereas when paired, chromosome V is indicated 
by a single ZIM-2 focus. Thus, anti–ZIM-2 staining can be used as a 
proxy to assay for defects in chromosome pairing. For each germline 
of each genotype, germ cells were either scored as having unpaired 
chromosome V (2-foci) or paired chromosome V (1-focus). The 
percentage of germ cells with unpaired chromosome V was calcu-
lated for each germline, and the average percentage of germlines for 
each genotype were reported.
Assay for crossover formation
Formation of crossovers was assessed by analysis of images from 
wild-type and mutant strains containing GFP::COSA-1. In C. elegans, 
COSA-1 localizes to the site of crossovers and mediates their formation. 
Each pair of homologous chromosomes in late pachytene contains 

exactly one COSA-1 focus for a total of five foci per nucleus in male 
germ cells due to the lack of a paired X chromosome. Thus, to assay 
for the formation of crossovers, we observed germ cells from dis-
sected germlines expressing GFP::COSA-1 using Zeiss Zen Blue 
software and categorized these germ cells as either those that formed 
the appropriate number of crossovers (>5 GFP::COSA-1 foci) or 
those that did not appropriately form crossovers (<5 GFP::COSA-1 
foci). The number of germ cells failing to achieve five crossovers per 
germline was calculated as a percentage of total germ cells per germ-
line, and then the percentages were average across germlines for a 
given genotype.
Analysis of chromosome segregation defects
Chromosome segregation defects were assessed from images of 
germlines from wild-type and mutant strains that were stained for 
DAPI. Meiotic divisions occur spatially proximal in the C. elegans 
male germline after diplotene germ cell rows but largely distal to the 
spermatid population. To catch rare division events, germlines were 
dissected and observed for the presence of dividing cells in ana-
phase. Germlines that contained dividing cells in anaphase were 
then assayed for segregation defects, whereas germlines without di-
viding cells were excluded from analysis. Germlines with anaphase 
cells were then assessed for the presence of chromosome segregation 
defects in the form of anaphase bridges. The percentage of germlines 
containing at least one dividing cell with an anaphase bridge among 
total germlines analyzed was reported.
Statistical analysis of small-RNA reads
To determine protein-coding genes for which there were significant 
differences in small-RNA reads, we first applied a cutoff where we 
considered only protein-coding genes for which there was a 2log (2) 
fold difference in reads between wild-type and mutant samples. We 
then assessed the significance of fold differences using a Bayesian 
model as previously described (68).
Analysis of siRNA mapping to protein-coding genes and piRNA 
binding sites
To visualize where 22G siRNAs mapped within protein-coding 
genes, the Integrated Genome Viewer (IGV) (69) was used. The 
mapping of siRNAs was then cross-referenced with piRTarbase (51). 
Candidate piRNA target sites were then entered into IGV to evaluate 
overlap with siRNA reads.

Supplementary Materials
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Figs. S1 to S9
Tables S5 and S6
Legends for tables S1 to S4, and S7
Legends for data S1 to S4
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Data S1 to S4
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