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Among the different classes of endogenous sRNAs in ani-
mals, PIWI-interacting RNAs (piRNAs) play a conserved 
role in repressing transposons and other repetitive elements 

(REs)1; in several animal species, the loss of piRNAs causes steril-
ity2. Owing to the role of piRNAs in transposon silencing, the ste-
rility phenotype observed in animals lacking piRNAs is commonly 
thought to be caused by derepression of REs and, consequently, 
DNA damage3. However, non-transposon-derived piRNAs promote 
fertility in mice4, and a piRNA-independent function of one of the 
PIWI proteins, MIWI, has been implicated in male fertility5. The 
requirement of piRNAs and PIWI for animal fertility can therefore 
be uncoupled from their role in transposon silencing and might be 
due to additional piRNA regulatory functions. In C. elegans, muta-
tions in components of the piRNA pathway show progressive loss 
of fertility across generations, ultimately leading to a sterile popula-
tion of worms6. This transgenerational phenotype is often tempera-
ture dependent and reversible; animals of this phenotype gradually 
become sterile at increased temperature and recover their fertility 
when grown at a lower temperature7–10. Thus, whether the role of 
piRNAs in promoting fertility depends on silencing REs or other 
epigenetic mechanisms remains a matter of debate11.

The majority of C. elegans piRNAs are independently transcribed 
in the germline from thousands of genomic loci and do not have 
sequence complementarity to REs12–16. However, these piRNAs reg-
ulate their targets by imperfect complementarity17,18. Thus, any REs 
or other germline-expressed RNA sequences, including protein-
coding transcripts, are potential targets and their regulation can also 
contribute to promoting fertility. C. elegans piRNAs do not directly 
silence the expression of their targets, but trigger the accumulation 
of small single-stranded antisense 22G-RNAs, which are loaded into 

worm-specific argonaute proteins (WAGOs). These constitute the 
downstream effector factors of the piRNA-induced silencing path-
way and silence the complementary targets at the transcriptional 
and the post-transcriptional levels8,19,20. PIWI and its downstream 
effectors localize to specific perinuclear compartments called germ 
granules, and some of the structural components of germ granules 
also participate in heritable RNA interference (RNAi)21–23.

Here, we investigate the mechanisms that underlie the trans-
generational loss of fertility in a population of C. elegans that lacks 
piRNAs. We show that the removal of piRNAs is not sufficient to 
derepress protein coding and RE transcripts targeted by the piRNA 
pathway. Instead, we found that, in the absence of piRNAs, the 
downstream effectors of piRNA-induced silencing complex relo-
calize from piRNA targets to histone mRNAs. This process leads 
to the accumulation of 22G-RNAs antisense to all of the replica-
tive histone genes and to the transgenerational silencing of histone 
mRNAs, ultimately leading to sterile animals.

Results
piRNA targets are not desilenced in piwi-mutant worms. To 
understand the reduced fertility and transgenerational sterility 
observed in piRNA mutants6,12,14, we identified transcripts that 
are directly regulated by piRNAs. We combined sRNA sequenc-
ing (sRNA-seq) with strand-specific RNA-seq and compared  
C. elegans with a mutation in the PIWI protein PRG-1 with wild-
type worms, using populations of synchronized young adult 
worms carrying the null allele prg-1(n4357)14, which are almost 
sterile at 20 °C (Extended Data Fig.  1a). To identify piRNA-
dependent 22G-RNA protein-coding targets, we selected 1,017 
protein-coding genes from which substantially reduced levels of 
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22G-RNAs were produced (less than fourfold) in the prg-1(n4357) 
mutant compared with wild-type worms. Only 6% (67 genes) of 
these mRNA transcripts became upregulated (more than twofold; 
adjusted P < 0.05; Fig.  1a). Analysis of 958 RE families revealed 
that 154 REs had reduced levels of 22G-RNAs (less than twofold) 
in prg-1(n4357) compared with wild-type worms, yet only three 
families of REs were significantly upregulated (more than twofold; 
adjusted P < 0.05; Fig. 1b). We also used uniquely mapped reads 
to analyse the expression of approximately 60,000 discrete REs24 
and found that less than 100 individual REs were significantly 
upregulated (by at least twofold; adjusted P < 0.05) in piwi-mutant 
compared with wild-type worms (Extended Data Fig. 1b,d). The 
decrease in 22G-RNAs antisense to protein-coding genes or REs 
was therefore not sufficient to derepress these genes, and they 
were probably kept repressed by nuclear RNAi and/or chroma-
tin factors24–26. Indeed, RNA-seq analysis and quantitative PCR 
with reverse transcription (RT–qPCR) of individual REs in the 
mutant of the nuclear argonaute HRDE-1—a downstream effec-
tor of the piRNA pathway that acts at the transcriptional level—
resulted in a larger number of upregulated REs compared with the  
prg-1(n4357) mutant (Extended Data Fig.  1b,d). Nonetheless, 
the hrde-1(tm1200) mutant that we analysed was not sterile and 
showed only a mild reduction in fertility compared with wild-type 
worms (Extended Data Fig. 1a), suggesting that the derepression 
of REs might not be correlated with the piRNA-mutant phenotype. 
These results also suggest that piRNAs might be required to only 
initiate, and not to maintain, the silencing of their targets as pro-
posed by previous research19,27–29.

Histone mRNA silencing correlates with transgenerational steril-
ity in piwi-mutant worms. The RNA-seq and sRNA-seq analyses 
also revealed that several protein-coding genes showed a reduction 
in mRNA levels and increased levels of 22G-RNAs in prg-1(n4357) 
compared with wild-type worms (Fig.  1a), suggesting that they 
had been silenced by sRNAs. The majority of these transcripts 
corresponded with the replicative histone mRNAs (Fig.  1a), and 
most of the histone gene clusters acquired a substantial number 
of 22G-RNAs, causing substantial downregulation in their com-
plementary mRNAs (Fig.  1c). Using RT–qPCR, we also analysed 
mRNA levels in worms carrying a mutation in the piRNA biogen-
esis factor PRDE-1 (ref. 30), and observed a substantial depletion of 
histone mRNAs (Extended Data Fig. 1c). Mutations in the nuclear 
argonaute HRDE-1 did not silence histone mRNAs (Extended Data 
Fig. 1c,e), and nascent RNA-seq (nRNA-seq) revealed only a mild 
downregulation of some histone genes in prg-1(n4357) worms 
compared with the wild type (Extended Data Fig. 1f,g), indicating 
that the downregulation of the histone genes occurred at the post- 
transcriptional level in piRNA mutants.

In C. elegans, histone mRNA silencing using RNA interfer-
ence (RNAi) is sufficient to cause sterility31,32. We therefore tested 
whether histone mRNA silencing correlated with piRNA mutant 
transgenerational loss of fertility. We generated a CRISPR–Cas9 
null allele of the PIWI protein PRG-1, selected two independently 
edited CRISPR–Cas9 lines and propagated isogenic populations of 
homozygote piwi-mutant and wild-type worms (Fig. 1f). We main-
tained these lines for ten generations until the piwi mutant became 
almost completely sterile (Fig. 1d), sampling the populations using 
RNA-seq and sRNA-seq. Mutant worms that were propagated for 
two generations after homozygosis (F4) showed no phenotypic dif-
ferences compared to the wild-type worms (Fig. 1d), and RNA-seq 
analysis showed that there were very few gene expression changes 
(Extended Data Fig. 2a). At later generations, individuals from the 
piwi-mutant isogenic population started to display defects in fertil-
ity, including full sterility in some individuals, until the population 
became almost completely sterile after ten generations (Fig.  1d). 
These results correlated with substantial changes in gene expression 
across generations (Extended Data Fig. 2a–c). The progressive loss of 
fertility was accompanied by a gradual reduction of histone mRNA 
transcripts and a gain of 22G-RNAs antisense to histone mRNAs 
(Fig. 1e, Extended Data Fig. 2d). The modest desilencing of piRNA-
dependent 22G-RNA protein-coding and RE targets did not corre-
late with the progressive loss of fertility (Extended Data Fig. 2d–f). 
To evaluate the impact of histone-mRNA silencing on histone pro-
tein levels in germ cells, we generated a CRISPR–Cas9 null allele 
of PIWI in a transgenic strain expressing a single-copy of histone 
H2B::mCherry in the germline. Live imaging of wild-type worms 
confirmed that the H2B–mCherry was normally expressed in the 
germline and incorporated into chromosomes (Fig.  1g, Extended 
Data Fig. 2h). However, piwi mutants showed significantly reduced 
levels of H2B–mCherry in germline nuclei of animals with reduced 
fertility (Fig. 1g, h, Extended Data Fig. 2g). Western blotting analy-
sis confirmed the reduced levels of H2B–mCherry in populations 
of piwi mutant worms (Fig. 1i), and chromatin immunoprecipita-
tion (ChIP) experiments revealed a reduction in incorporation of 
H2B–mCherry into the chromatin of piwi-mutant animals (Fig. 1j). 
These results are in accordance with the observed defect in chro-
mosome compaction in pachytene nuclei of sterile piwi-mutant 
animals (Extended Data Fig. 2h), which can be a consequence of a 
lack of histone incorporation into chromatin. Together, these results 
suggest that the transgenerational silencing of histone mRNAs, and 
not the desilencing of piRNA targets, correlates with the progressive 
loss of fertility observed in piwi-mutant worms.

The downstream component of the PIWI pathway, WAGO-1, 
targets histone mRNAs for silencing. To identify RNAi factors 
that are involved in histone mRNA silencing, we investigated 

Fig. 1 | Silencing of histone mRNA correlates with progressive sterility in piwi-mutant worms. a, Comparison between log2-transformed fold changes 
in mRNA and 22G-RNA in prg-1(n4357) mutant versus wild-type worms for protein-coding genes. The dashed lines indicate twofold changes and the 
numbers in parentheses indicate the portion of misregulated piRNA-dependent 22G-RNA targets (purple) or histone genes (red) (two-fold changes; 
adjusted P < 0.05, Wald test). The average from two biologically independent replicates is shown. b, A similar comparison as shown in a for misregulated 
RE families (adjusted P < 0.05, Wald test). The average from two biologically independent replicates is shown. c, Genomic view of one histone gene cluster 
showing mRNAs (blue) and 22G-RNAs (red) in wild-type (left) and prg-1(n4357) mutant (right) lines. d, Brood size of the two CRISPR–Cas9 piwi-mutant 
(−/−) and wild-type (+/+) lines. The data points correspond to the number of living larvae from individual worms. Data are mean ± s.d. The sample size 
n (worms) is indicated in parentheses. e, log2-transformed fold change of histone mRNA in CRISPR–Cas9 piwi-mutant worms compared with wild-type 
worms across generations. The line indicates the median, the box indicates the first and third quartiles, and the whiskers indicate the highest and lowest 
value. Two-tailed P values were calculated using Mann–Whitney–Wilcoxon tests; n = 61 genes. f, Immunoblot (IB) showing PIWI protein in the wild-type 
and piwi-mutant lines. The experiment was repeated twice. g,h, Representative images (g) and quantification (h) of germline-expressed H2B–mCherry 
in wild-type and piwi-mutant worms. Scale bars, 10 µm. Data are mean intensity ± s.d. from 15 pachytene nuclei in each worm. Statistical analysis was 
performed using two-tailed unpaired t-tests; n = 12 worms. i, Immunoblot showing H2B–mCherry in wild-type and piwi-mutant worms. Ubiquitous 
(tubulin) and germline (CSR-1) proteins are shown as control. The experiment was repeated twice. j, H2B::mCherry ChIP–qPCR in wild-type and piwi-
mutant worms. The amount of immunoprecipitated DNA is shown as percentage of input. The bars indicate the mean and the black dots individual data 
from two biologically independent experiments. Source data are available online.
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whether argonaute proteins downstream of PIWI in the piRNA-
induced silencing pathway ectopically load sRNAs derived from 
histone mRNA transcripts. We identified several argonaute pro-
teins that interact with PIWI using mass spectrometry (MS), 
among which many are known to participate in piRNA-induced 
silencing20 (Fig.  2a, Supplementary Table 1a). The most highly 

enriched PIWI-interacting argonaute protein was WAGO-1, 
which has a role in the post-transcriptional silencing of piRNA  
targets19,33. We generated a Flag-tagged version of WAGO-1 and con-
firmed the interaction between WAGO-1 and PIWI using MS and 
co-immunoprecipitation (co-IP) experiments (Fig. 2c, Extended 
Data Fig. 4a). We next immunoprecipitated WAGO-1-associated  
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22G-RNAs in wild-type and piwi-mutant backgrounds. In the 
wild-type background, WAGO-1 was loaded with 22G-RNAs 
derived from piRNA-dependent protein-coding targets (Fig. 2d), 
and was not enriched in 22G-RNAs from histone mRNAs 
(Fig.  2d). In the piwi-mutant worms, WAGO-1 was instead 
enriched in histone 22G-RNAs, and the loading of 22G-RNAs 
derived from piRNA-dependent 22G-RNA targets was signifi-
cantly decreased (Fig. 2d). Furthermore, in piwi-mutant worms, 
WAGO-1 decreases its interaction with mRNAs from piRNA-
dependent 22G-RNA targets and instead binds to histone mRNAs 
(Extended Data Fig.  3a). These results indicate that WAGO-1 
relocalized from piRNA-dependent targets to histone mRNAs in 
a 22G-RNA-dependent manner, suggesting that WAGO-1 is one 

of the argonaute proteins that promotes histone mRNA silencing 
in piRNA-mutant worms.

WAGO-1 gradually loses interaction with germ-granule compo-
nents after piwi mutation. The quantification of PIWI-interacting 
proteins using MS revealed, in addition to enrichment of argonaute 
proteins and 22G-RNA biogenesis factors, enrichment of specific 
germ-granule components, which are also known to participate in 
heritable RNAi21–23 (Fig. 2a–c, Supplementary Table 1a). WAGO-1 
also interacts with some germ-granule factors, and preferentially 
with DEPS-1 (Fig. 2b,c, Extended Fig. 4a, Supplementary Table 1b), 
which is a germ-granule component that is known to participate 
in RNAi34. Many of these factors act downstream of the piRNAs to 
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promote RNA silencing across generations8,19,20,22,23. PIWI and piR-
NAs might therefore help to initiate the formation of the piRNA-
induced silencing complex in germ granules. To study whether the 
interactions between the downstream components of the piRNA-
induced silencing complex are perturbed after removal of PIWI 
proteins, we quantified WAGO-1-interacting proteins using MS in 
wild-type worms compared with three progressive generations of 

piwi-mutants. Our analysis revealed that the interactions between 
WAGO-1 and germ-granule components gradually diminished 
across generations in the absence of the PIWI protein (Fig. 3a,b). 
Instead, WAGO-1 interaction with some argonaute proteins, such 
as PPW-1 and the WAGO-1-interacting 22G-RNA biogenesis 
factor RDE-12 (ref. 35), was maintained even in late generations 
of piwi-mutant worms (Fig.  3a,b). Taken together, these results  
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suggest that the loss of interaction between WAGO-1 and germ-
granule components might affect the localization of WAGO-1. 
To test this hypothesis, we performed live imaging of WAGO-1 
and the germ-granule component PGL-1 in wild-type and piwi-
mutant worms. Live imaging of a CRISPR–Cas9 strain expressing 
WAGO-1–GFP in wild-type worms confirmed its predominant 
perinuclear germ-granule localization (Fig.  3c), as previously 
observed33. However, in late generations of piwi mutant worms, 
WAGO-1 lost its germ-granule localization and remained mainly 
cytoplasmic (Fig. 3c). We confirmed these results with immunos-
taining experiments using a CRISPR–Cas9 WAGO-1–Flag strain 
in wild-type and piwi-mutant worms (Extended Data Fig. 3b). Live 
imaging of the germ-granule component PGL-1 in piwi-mutant 
worms showed that the loss of WAGO-1 germ-granule localiza-
tion was not caused by the disruption of germ-granule assembly 
(Fig. 3c), as PGL-1 granules were still formed even in sterile animals 
(Extended Data Fig.  3c). Furthermore, live imaging of the argo-
naute protein CSR-1, which does not belong to the piRNA pathway, 
showed germ-granule and cytoplasmic localization in wild-type 
and piwi-mutant worms, indicating that the loss of germ-granule 
localization in piwi-mutant lines is specific to the WAGO-1 argo-
naute (Fig. 3c, Extended Data Fig. 3c).

The CSR-1 pathway triggers the biogenesis of histone 22G-RNAs. 
The data presented so far suggest that, in the absence of PIWI, 
another RNAi pathway is responsible for triggering the biogenesis 
and loading of histone 22G-RNAs into WAGOs. The proteomic 
analysis of PIWI-interacting proteins revealed the interactions with 
the argonaute CSR-1 (Fig.  2a, Supplementary Table 1a), which is 
known to counteract piRNA-silencing on mRNAs36,37 and promote 
histone biogenesis38. We confirmed this interaction using co-IP 
experiments with a Flag-tagged CRISPR–Cas9 strain of CSR-1 
(Extended Data Fig. 4a). We also analysed CSR-1-interacting pro-
teins using MS and found, in addition to known components of the 
CSR-1 pathway, interactions with PIWI and WAGO-1 and many 
of their RNAi- and germ-granule-interacting proteins (Fig.  4a, 
Extended Data Fig.  4d, Supplementary Table 1c). However, some 
germ-granule components, such as DEPS-1, appear to specifically 
interact with only PIWI and WAGO-1 (Fig.  4a, Extended Data 
Fig. 4a,b). Nonetheless, the piRNA and the CSR-1 pathways shared 
many interactors (Fig. 4a), including WAGO-1, and—in the absence 
of PIWI—WAGO-1 might preferentially interact with CSR-1 in the 
cytoplasm. To confirm this hypothesis, using co-IP experiments, we 
found that WAGO-1 interacts with CSR-1 in piwi-mutant worms 
(Fig. 4b, Extended Data Fig. 4e), even though these mutant animals 
have lost WAGO-1 germ-granule localization and have reduced 
germline tissue and decreased levels of WAGO-1 compared with 
wild-type worms (Fig. 3c, Extended Data Fig. 4c,e). CSR-1 is known 
to bind to histone mRNAs and is thought to participate in the cleav-
age of the 3′ end of histone mRNAs38 together with its interacting 
stem-loop binding protein CDL-1 (ref. 39; Fig.  4a, Extended Data 
Fig. 4d). Metaprofile analysis of histone 22G-RNAs in piwi-mutant 
worms showed a strong bias towards the end of the histone genes 
(Extended Data Fig. 4f), immediately upstream of the location of 
the stem-loop structure bound by CDL-1 (Fig.  4c). Thus, in the 
absence of PIWI, the cleavage of the 3′ end of histone mRNA by 
CSR-1 and CDL-1 may trigger the production of histone 22G-RNAs 
loaded into WAGO-1. To test this hypothesis, we mutated the cata-
lytic domain of CSR-1 using CRISPR–Cas9 and crossed this strain 
with the piwi-mutant strain. We observed a substantial reduction of 
histone 22G-RNAs in piwi-mutant animals, in which the catalytic 
activity of CSR-1 was zygotically abolished (Fig. 4d). Similar results 
were obtained by targeting csr-1 with RNAi treatment in the piwi-
mutant worms (Extended Data Fig. 4g). Moreover, RNAi treatment 
of cdl-1 resulted in a slight reduction of 22G-RNAs in the region 
corresponding to the location of the stem-loop structure, and a 

spreading of 22G-RNAs along the coding region towards the 5′ end 
(Extended Data Fig. 4h). These results suggest that the interactions 
between CSR-1 and CDL-1 help to focus the cleavage activity of 
CSR-1 in proximity of the stem loop structure, and this triggers the 
synthesis and loading of histone 22G-RNAs into the WAGO path-
way in the absence of PIWI.

Inactivation of downstream components of the piRNA pathway 
restores histone expression and fertility in piwi-mutant worms. 
To determine whether the histone 22G-RNAs cause the transgener-
ational loss of fertility in piRNA mutant worms, we set out to rescue 
the fertility defects by inactivating the downstream piRNA factors 
that are responsible for producing 22G-RNAs. MUT-16 is one of the 
biogenesis factors that promotes the synthesis of 22G-RNAs loaded 
into WAGOs40 and interacts with PIWI (Fig. 2a). RNAi depletion 
of MUT-16 (Fig. 5a) over two generations restored the fertility of 
piwi-mutant worms (Fig.  5b), and piwi-mutant worms that were 
treated continuously with mut-16 RNAi did not become sterile 
(Extended Data Fig.  5a,b). Furthermore, mut-16 RNAi treatment 
in sterile piwi-mutant worms was sufficient to restore their fertility. 
RNAi depletion of WAGO-1 also restored the fertility of sterile piwi-
mutant worms (Fig. 5g). However, after RNAi depletion of WAGO-
1, the restored fertility was lower compared with the mut-16 RNAi 
treatment, suggesting that other argonaute proteins might partici-
pate in histone mRNA silencing in piwi-mutant animals (Fig. 5g). 
Indeed, RNAi treatment of ppw-1 or ppw-2—the two other argo-
nautes that interact with CSR-1, PIWI and WAGO-1 (Fig. 4a)—res-
cued the fertility of piwi-mutant worms (Extended Data Fig. 5c,d). 
RNAi knockdown of HRDE-1 did not recover fertility in piwi-
mutant lines, probably because histone mRNAs are mainly silenced 
at the post-transcriptional level (Extended Data Fig. 5c,d). To dem-
onstrate that the recovered fertility in mut-16-RNAi-treated animals 
was specifically promoted by the desilencing of histone mRNAs, we 
analysed 22G-RNAs and mRNAs using RNA-seq. The reduction 
of histone 22G-RNAs was correlated with increased expression of 
the replicative histone mRNAs in mut-16-RNAi-treated animals 
(Fig.  5c,d). Five piRNA-dependent targets showed a modest resi-
lencing signature, suggesting that they were unlikely to contrib-
ute to the recovered fertility (Extended Data Fig. 5e). An absence 
of resilencing of REs was observed after mut-16 RNAi treatment 
in the piwi-mutant background (Fig.  5e). The rescued fertility of 
piRNA mutants treated with mut-16 RNAi was instead accompa-
nied by further desilencing of REs (Fig. 5e, Extended Data Fig. 5f). 
Moreover, WAGO-1 remained cytoplasmic in those fertile animals, 
suggesting that there was no restoration of the canonical WAGO-1 
silencing complex in germ granules (Fig. 5f). Furthermore, inter-
action between WAGO-1 and CSR-1 persisted even in the absence 
of histone 22G-RNAs (Extended Data Fig. 4e), indicating that this 
interaction is upstream of histone 22G-RNA synthesis. Collectively, 
these results suggest that the removal of histone 22G-RNAs after 
mut-16 RNAi treatment, and not the resilencing of REs, restored the 
fertility of piwi-mutant worms.

Inheritance of piwi-mutant phenotype and histone 22G-RNAs 
in wild-type worms. To test whether the inheritance of histone 
22G-RNAs is sufficient to transmit a piwi-like phenotype in wild-type  
worms, we outcrossed prg-1(n4357) hermaphrodites with wild-type 
males (Fig. 6a). We used worms from later generations of the piwi 
mutants, which were almost completely sterile, to select individuals 
expressing high levels of histone 22G-RNAs (Fig. 6b). In 2 out of 5 
crosses, we selected three heterozygote (+/−) F1 lines in each cross, 
and propagated two F2 homozygote (−/−) prg-1(n4357) mutants and 
one wild-type (+/+) animal from each line and analysed the brood of 
the F3 progeny (Fig. 6b, Extended Data Fig. 6a–d). The homozygote 
prg-1(n4357) mutants remained almost completely sterile after the 
cross (Fig. 6b, Extended Data Fig. 6a,c). The homozygote wild-type 
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(+/+) animals displayed a piwi-like phenotype, showing reduced 
fertility compared with the parental P0 wild-type worms (Fig.  6b, 
Extended Data Fig. 6a,c). To determine whether this reduced fertility 
was caused by inherited DNA mutations, we performed a brood size 
assay on all of the progeny from one of the most affected F3 worms. 
All of the resulting F4 animals showed increased fertility compared 
with the parental F3 animal (Fig. 6c), indicating that DNA mutation 
was not responsible for the observed phenotype in the outcrossed 
wild-type worms. To further exclude possible genetic effects of 
the parental prg-1(n4357) mutant allele, we repeated the outcross 
experiment (Fig. 6a) using one of the piwi-mutant alleles generated 
by CRISPR–Cas9, and observed the same results (Fig. 6d, Extended 
Data Fig. 6e). Furthermore, we propagated the selected outcrossed 
homozygote wild-type lines for three subsequent generations and 
observed a gradual recovery of fertility (Fig. 6d), even though some 
wild-type lines did not completely recover the parental level of fertil-
ity. Sequencing 22G-RNAs from three of the outcrossed homozygote 
wild-type lines after six generations revealed that histone 22G-RNAs 
were inherited (Fig.  6e). We also crossed heterozygote hermaph-
rodite animals with wild-type males, and we observed a similar 
inherited phenotype in wild-type worms (Fig. 6f,g, Extended Data 
Fig. 6f). On the basis of these results, we propose that the maternal 
transmission of a pool of histone 22G-RNAs into wild-type worms 
can epigenetically affect their fertility.

Discussion
Here we have revealed the epigenetic mechanism that underlies the 
transgenerational loss of fertility in C. elegans piRNA mutants. We 
have shown that the piwi phenotype is not related to the role of piR-
NAs in repressing REs, but results from the inheritance of a pool 
of 22G-RNAs that are antisense to histone mRNAs, leading to the 
post-transcriptional silencing of all of the replicative histone genes. 
Previous reports have proposed that the sterility of piwi mutants 
is a consequence of ‘heritable stress’ caused by the derepression 
of REs, which leads to a form of adult diapause in late generations 
of piwi-mutant worms6,41. Our RNA-seq analysis of almost 60,000 
individual REs has shown that less than 100 REs are upregulated 
in piwi-mutant lines across generations, and their upregulation 
does not correlate with the sterility phenotype. Instead, we have 
documented the transgenerational silencing of histone mRNAs by 
22G-RNAs, which causes a reduction in the pool of histone proteins 
and lack of incorporation of histones into the chromatin. The lack 
of histone incorporation into chromatin and defects in chromo-
some compaction can explain the reported cell death and germ cell 
atrophy in sterile piwi-mutant animals41. Thus, we propose that the 
inheritance of histone 22G-RNAs underlies the heritable stress that 
ultimately leads to sterile animals.

Our results show that the silencing of histone genes is caused 
by redirecting the WAGO pathway away from piRNA-dependent 
22G-RNA targets to histone mRNAs. This process requires several 
worm generations, possibly because the WAGO pathway can still be 
recruited to piRNA-dependent 22G-RNA targets in the absence of 
PIWI for several generations. We speculate that the germ-granule 
localization of WAGO-1—as well as its interaction with specific 
germ-granule components, such as DEPS-1—helps to maintain the 
piRNA-induced WAGO-1 silencing complex on piRNA targets, even 
in the absence of PIWI for certain generations. However, the inter-
action between WAGO-1 and DEPS-1 might not be stable without 
PIWI, and WAGO-1 interaction with CSR-1 might be favoured in 
the cytoplasm allowing the WAGO-1 silencing complex to localize 
on histone mRNAs. In support of this hypothesis, we have shown 
that the interaction of WAGO-1 with germ-granule components 
is gradually decreased across generations of piwi-mutant animals, 
even though it is still capable of interacting in the cytoplasm with 
the 22G-RNA biogenesis factor RDE-12 and the argonaute CSR-
1. In addition to WAGO-1, other downstream argonautes of the 

piRNA pathway might relocalize to histone mRNAs in the absence 
of PIWI. We have shown that two of these argonautes—PPW-1 and 
PPW-2, which also interact with CSR-1 in wild-type worms—are 
required for histone mRNA silencing in piwi-mutant worms, sug-
gesting that they might also relocalize on histone mRNAs, similar 
to WAGO-1.

Our results suggest that the cleavage of histone pre-mRNAs by 
CSR-1 is required to facilitate the synthesis and loading of histone 
22G-RNAs by the WAGO pathway in the absence of PIWI. CSR-1 
may also cleave other germline mRNA targets42. However, we did not 
observe silencing of CSR-1 mRNA targets by the WAGO pathway in 
prg-1-mutant lines. One possibility is that the amount of cleavage 
product from CSR-1 mRNA targets is much lower than the cleaved 
histone mRNAs. Alternatively, other factors, such as mRNA-spe-
cific nucleotide sequences18,43, may prevent germline mRNAs from 
becoming targets of the WAGO pathway in the absence of piRNAs.

Our results, together with previous reports28,29, suggest that piR-
NAs might be required to only initiate, and not to maintain, the 
silencing of REs. Nonetheless, continuous synthesis of piRNAs is 
required in each generation to repress potential RE invasions. We 
speculate that the piRNA-driven production of WAGO-bound 
22G-RNAs, which we observed against more than a thousand of 
protein-coding genes, functions to maintain the piRNA-induced 
silencing complex in readiness to silence foreign RNAs. However, it 
is unclear how the piRNA pathway can be evolutionary retained if it 
is only waiting for a potential invasion. Previous studies have shown 
the physiological function of PIWI in regulating some germline 
mRNA targets44,45. On the basis of our results, we propose a model 
in which the coupling between the lack of piRNAs and the conse-
quent silencing of histone genes, initiated by CSR-1 and CDL-1, acts 
as an evolutionary force that maintains a functional piRNA-induced 
silencing pathway (Extended Data Fig. 7). Thus, the processing of 
histone mRNAs by CSR-1 and the co-evolution and co-existence 
of both the piRNA and the CSR-1 pathways could be an important 
evolutionary force in retaining the piRNA pathway in some nema-
tode lineages. Indeed, nematode clades that have lost the piRNA 
pathway also lack CSR-1 (ref. 46), except for clade III nematodes47, 
which retain the CSR-1 pathway. We speculate that clade III nema-
todes escaped the sterility phenotype because they have polyadenyl-
ated histone mRNAs48, which probably do not require CSR-1 and 
CDL-1 for processing.

We have observed the transmission of a piwi-like phenotype in 
wild-type worms through sRNAs. These results implicate sRNAs 
as molecules that are capable of transmitting epigenetic informa-
tion between individuals and across generations, over and above the 
information encoded in their genomes.
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Methods
Strains of C. elegans. Strains were maintained at 20 °C using standard methods49. 
The wild-type reference strain used was Bristol N2. A complete list of the strains 
used in this study is provided in Supplementary Table 2.

Generation of CRISPR–Cas9 lines. CRISPR–Cas9 alleles were generated by 
microinjecting Cas9–guide RNA (gRNA) ribonucleoprotein complexes into 
hermaphrodite gonads as described previously50.

gRNA in vitro transcription, repair templates and microinjection. Unique and specific 
gRNA sequences were selected using the off-target prediction CRISPR design 
tool at https://crispr.mit.edu/. Gene-specific gRNA sequences were included in a 
60-nucleotide forward oligo, which contained a 22-nucleotide T7 promoter sequence 
followed by the 20-nucleotide gene-specific gRNA sequence and a 18-nucleotide 
sequence with homology to the 5′ tracrRNA scaffold sequence included in the 
AP0905 plasmid (provided by the laboratory of G. Seydoux). This forward oligo 
was used in combination with a reverse oligo homologous to the 3′ sequence of 
the tracrRNA to amplify, using PCR from the AP0905 plasmid, a double-stranded 
DNA template for gRNA in vitro transcription. PCR reactions were performed using 
High-Fidelity Phusion DNA Polymerase (Thermo Fisher Scientific) and the PCR 
products were purified using the DNA clean and concentrator kit (Zymo Research). 
gRNAs were transcribed in vitro for 3 h at 37˚C from approximately 400 ng of 
template PCR products using the T7 RNA polymerase kit (New England Biolabs) 
following the manufacturer’s instructions. In vitro transcribed RNAs were treated 
with DNase using 2 U of Turbo DNase (Ambion) and then purified using the RNA 
clean and concentrator kit (Zymo Research). For single-nucleotide modifications 
or small tag edits, we used single-stranded oligonucleotides containing homology 
arms of approximately 33 bp as repair templates, ordered from IDT, as standard 4 nM 
ultramer oligos. In the case of larger edits, such as fluorescent protein tag sequences, 
we generated double-stranded DNA repair templates by amplifying eGFP or 
mCherry from PJJR82 and PJJR83 plasmids (provided by the laboratory of  
M. Boxem) by PCR using specific oligos containing homology arms of 
approximately 33 bp. Silent mutations were included where necessary in the repair 
templates to modify either the PAM sequence or the gRNA seed region to prevent 
Cas9 from cleaving the repair template. To improve screening efficiency, a gRNA 
targeting dpy-10 was used as a co-CRISPR marker as described previously51. 
Injection mixes were prepared as described previously50.

In brief, 10 µl mixes typically contained the following: 10–15 µM Cas9-NLS 
protein (Institut Pasteur core facility), 300 ng µl−1 in vitro transcribed dpy-10 
gRNA, 1 µg µl−1 in vitro transcribed target-gene gRNA, 0.44 pmol µl−1 of dpy-10 
single-stranded oligodeoxynucleotide (ssODN) repair template and 0.8 pmol µl−1 
of target-gene ssODN repair template or 300 ng μl−1 target-gene double-stranded 
DNA repair template.

Screening and validation of CRISPR–Cas9 alleles. Modified target loci were 
screened by PCR using target-gene-specific oligos. To generate the piwi mutant, 
we introduced a STOP codon (UAG) followed by a NheI restriction site after the 
5th codon of prg-1. We selected this region because it contained a PAM sequence 
that enabled us to specifically target prg-1 and not prg-2, which is a gene with 
high sequence homology to prg-1. Primers specific to prg-1 were used to amplify 
the genomic region spanning the edited locus, and a restriction enzyme digestion 
was performed on the PCR amplicon. After digestion with NheI, the wild-type 
allele produces an 889-nucleotide band whereas the edited fragments produce two 
bands (616 nucleotides + 275 nucleotides). We used the same gRNA to introduce a 
3×Flag::2×HA epitope tag after the 6th codon of prg-1. Similarly, we used a  
csr-1-specific gRNA to introduce a 3×Flag::1×HA epitope tag after the first codon 
of the short isoform of CSR-1 to tag both the long and the short isoforms of the 
protein. We used the 3×Flag::HA::CSR-1 strain as an entry strain to introduce 
mCherry to create a fluorescently tagged mCherry::3×Flag::HA::CSR-1 strain. 
We also introduced a 3×Flag::OLLAS tag immediately after the start codon of 
wago-1. Owing to the high sequence homology between wago-1 and wago-2 we 
were unable to find a completely specific wago-1 gRNA close to the start codon. 
We used a gRNA that targets both wago-1 and wago-2 and designed gene-specific 
primers to screen for worms in which only wago-1 was edited. To control for 
unwanted modifications at the wago-2 locus, we sequenced the wago-2-targeted 
region and confirmed the absence of any type of edit. Similar to the mCherry-
tagged version of CSR-1, we used the 3×Flag::OLLAS::WAGO-1 strain as an entry 
strain to introduce eGFP into the 3×Flag::OLLAS region to obtain a fluorescently 
tagged 3×Flag::GFP::OLLAS::WAGO-1 strain. To generate a catalytic-dead mutant 
of csr-1, we substituted a conserved aspartic acid residue with an alanine residue 
(D769A), a modification that was previously shown to be sufficient to abolish the 
catalytic activity of CSR-1 in vitro52.

The nucleotide changes introduced to modify the codon in addition to the 
silent changes added to the repair removed a MaeII restriction site in our csr-
1(D769A) edited locus. We screened for the presence of our edit in PCR products 
on the basis of resistance to restriction using MaeII. All of the loci edited in this 
study were verified by sequencing locus-specific PCR products. A detailed list of 
gRNAs, single-stranded DNA and double-stranded DNA repair templates and 
primers used for genotyping is provided in Supplementary Table 3.

Balancers and genetics. csr-1(D769A) mutants were balanced into nT1[qIs51], 
a reciprocal translocation between chromosome IV and V containing a recessive 
lethal marker that causes embryonic lethality of homozygous balanced worms. 
Furthermore, nT1[qIs51] carries a balancer-associated dominant unc phenotype 
and GFP transgenes that enable the visual identification of heterozygous animals53.

We used a COPAS Biosorter (Union Biometrica) to set up a fluorescence-based 
sorting approach that enabled us to obtain large synchronized homozygous  
csr-1(D769A) populations for genome-wide analysis of sRNAs.

The csr-1(D769A) (IV)/nT1[qIs51] (IV;V); piwi/piwi (I) strain was obtained 
after a three-step crossing strategy summarized here as follows. First, wild-type 
males were mated with a single early-generation piwi mutant hermaphrodite. 
Second, the resulting F1 piwi/+ (I) males were mated with csr-1(D769A) (IV)/
nT1[qIs51] (IV;V) balanced worms. The non-GFP males resulting from the crossed 
progeny of this second cross are csr-1(D769A)/+ (IV) and, in 50% of the cases, are 
piwi/+ (I). Third, we pooled at least five of these non-GFP males and crossed them 
with csr-1(D769A) (IV)/nT1[qIs51] balanced worms to introduce the piwi allele in 
heterozygosis in the progeny. We screened for GFP positive (/nT1[qIs51] balanced) 
F1 worms from this cross carrying either csr-1 wild type or the csr-1(D769A) 
allele and the piwi/+ mutation. From these two different lines, we singled out 
GFP balanced progeny individuals to finally obtain the csr-1(D769A) (IV)/
nT1[qIs51] (IV;V); piwi/piwi (I) and their corresponding control +/+ /nT1[qIs51] 
(IV;V); piwi/piwi (I) animals.

Genotyping. For genotyping, single worms were manually picked in 20 µl of worm 
lysis buffer (30 mM Tris pH 8, 8 mM EDTA, 100 mM NaCl, 0.7% NP-40, 0.7% 
Tween 20) containing 100 µg ml−1 proteinase K. The solution was incubated at 65 °C 
for 1 h, then the proteinase K was inactivated at 95 °C for 15 min. A fraction of the 
lysate (5 µl) was used as template for a PCR reaction using gene-specific oligos. The 
sequences of primers used for genotyping are provided in Supplementary Table 3.

Crossing/mating experiments using piwi-mutant worms. Crossing experiments 
were performed on Petri dishes (2.5 cm) seeded with OP50 E. coli food using one 
hermaphrodite piwi-mutant worm at young-adult stage together with around five 
wild-type males. The efficiency of the cross was assessed by the percentage of F1 
males that were present in the progeny. For each experiment, at least five crosses 
were set up, and the best three were selected on the basis of male incidence criteria. 
For each cross, five F1 hermaphrodite L4 larvae were transferred onto individual 
plates and genotyped after egg laying to screen for heterozygous piwi/+ animals. F2 
larvae from piwi heterozygote F1 animals were individually grown and genotyped 
to obtain wild-type and piwi-homozygous mutant lines.

Brood size assays. Manually picked L1 larvae were grown individually on Petri 
dishes (2.5 cm) seeded with OP50 E. coli food until adulthood, and were then 
transferred onto a new plate every 24 h for a total of 3 d. The brood size of each 
worm was scored by counting the total number of larvae laid on the three plates. 
For each brood size experiment, at least 15 worms were scored for each strain.

RNAi experiments. RNAi clones used in this study were obtained from the 
Ahringer library54. An empty vector (L4440) was used as a control in all of our 
RNAi experiments. RNAi experiments for brood size assays were performed using 
manually picked L1 larvae grown on Petri dishes (2.5 cm) seeded with bacteria-
producing double-stranded RNA complementary to the gene of interest or control 
empty vector. RNAi experiments for RNA extraction were performed using Petri 
dishes (15 cm) seeded with concentrated RNAi food.

RNA extraction. Synchronous populations of worms were grown at 20 °C on 
nematode growth medium plates seeded with OP50 E. coli concentrated food at a 
density of maximum 40,000 animals per Petri dish (15 cm) and collected at young-
adult stage 48 h after hatching. The collected animals were washed three times 
with M9 buffer, and 40 µl of worm pellet was frozen in dry ice with TRI Reagent 
(MRC). After five repetitions of freeze and thaw, total RNA was isolated according 
to the TRI Reagent protocol. Then, 10 μg RNA was treated with 2 U Turbo DNase 
(Ambion) at 37 °C for 30 min followed by phenol extraction and isopropanol 
precipitation. An Agilent 2200 TapeStation System was used to evaluate the RIN 
indexes of all of the RNA preps, and only samples with RNA integrity number 
(RIN)  > 8 were used for downstream applications. For the preparation of total 
RNA extracted from generation F4 of wild-type and piwi-mutant worms, ten 
manually picked worms were used.

Strand-specific RNA-seq library preparation. DNase-treated total RNA with 
RIN > 8 was used to prepare strand-specific RNA libraries. We developed an 
RNase-H-based method to degrade C. elegans and mitochondrial ribosomal RNAs 
using 50-nucleotide oligos complementary to C. elegans rRNA and mitochondrial 
RNA sequences. The sequences of the oligos used are provided in Supplementary 
Table 4. DNase-treated total RNA (1 µg) was mixed with 1 µg of oligos at equimolar 
concentration and 1× probe hybridization buffer (200 mM NaCl, 10 mM Tris 
pH 7.5) and incubated in a thermocycler using the following parameters: 2 min at 
95 °C followed by 0.1 °C s−1 at 95–45 °C, and then held for 2 min at 45 °C. Next, 2 µl 
of Thermostable RNase H (epicentre) was added to the reactions together with  
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1× RNase H reaction buffer (50 mM Tris pH 7.5, 100 mM NaCl, 10 mM MgCl2) and 
incubated for 30 min at 45 °C. Digested RNAs were next treated with 2 U of Turbo 
DNase (Ambion) at 37 °C for 30 min followed by purification using 2.2 volumes 
of Agencourt RNAClean XP Beads (Beckman Coulter, NC0068576) following the 
manufacturer’s instructions. Then, 100 ng of Ribosomal-depleted RNAs were used 
to generate strand-specific RNA libraries using NEBNext Ultra II Directional RNA 
Library Prep Kit for Illumina (E7760S). Multiplexed RNA libraries were quantified 
using the Qubit Fluorometer High Sensitivity dsDNA assay kit (Thermo Fisher 
Scientific, Q32851) and were sequenced on a NextSeq-500 Illumina platform using 
the NextSeq 500/550 High Output v2 kit 75 cycles (FC-404–2005).

sRNA-seq library preparation. Total RNA (10 µg) with RIN > 8 was used to 
generate sRNA libraries. The library preparation was performed essentially as 
described previously55, except that a 5′ polyphosphatase (lucigen RP8092H) 
treatment was performed so that we were able to clone tri-phosphate sRNAs, 
and the PAGE gel extraction after each ligation was substituted with purification 
using 1.8 volumes of Agencourt RNAClean XP Beads (Beckman Coulter, 
NC0068576) and 3 volumes of isopropanol. The multiplexed amplified libraries 
were further purified using PippinPrep DNA size selection with 3% gel cassettes 
and the following parameters for the selection: BP start (115); BP end (165). The 
purified libraries were quantified using the Qubit Fluorometer High Sensitivity 
dsDNA assay kit (Thermo Fisher Scientific, Q32851) and sequenced with either a 
NextSeq-500 Illumina platform using the NextSeq 500/550 High Output v2 kit 75 
cycles (FC-404-2005) or an Illumina MiniSeq platform using the MiniSeq High 
Output Reagent Kit 75 cycles (FC-420-1001).

GRO-seq. Global run-on sequencing (GRO-seq) experiments were performed as 
described previously56, except that biotin-UTP was used to label nascent RNAs. 
Two biological replicates were generated using synchronous 40,000 wild-type and 
prg-1(n4357)-mutant worms collected 48 h after hatching.

IP for the co-IP or MS experiments. A synchronous population of 120,000 (for 
CSR-1, PRG-1 IPs) or 40,000 (for WAGO-1 IPs for MS) worms was collected 48 h 
after hatching and suspended in the extraction buffer (50 mM HEPES pH 7.5, 
300 mM NaCl, 5 mM MgCl2, 10% glycerol, 0.25% NP-40, protease inhibitor 
cocktails (Fermentas)) followed by 30 strokes using a metal dounce on ice. Crude 
protein extracts were centrifuged at 12,000 r.p.m. at 4 °C for 10 min. Protein 
concentration was quantified using the Bradford assay, and 2 mg of protein extract 
was incubated with 15 μl of packed anti-Flag M2 magnetic agarose beads (Sigma 
M8823) for 1 h at 4 °C. After four washes with the extraction buffer, the beads 
were resuspended with 2× NuPAGE LDS sample buffer (Thermo Fisher Scientific) 
for co-IP experiments or washed twice with 100 μl of 25 mM NH4HCO3 for MS. 
For the co-IP experiments shown in Fig. 4b and Extended Data Fig. 4e, the total-
protein extract from piwi-mutant and control strains were normalized to the level 
of CSR-1 protein to avoid differences in the total germline proteins due to the 
reduced germline tissue in piwi-mutant strains.

MS. Digestion with 0.2 μg of trypsine/LysC (Promega) was performed on-beads 
derived from IP experiments for 1 h in 100 µl of 25 mM NH4HCO3. Samples 
were then loaded into a homemade C18 Stage Tips for desalting (principally, by 
stacking one 3M Empore SPE Extraction Disk Octadecyl (C18) and beads from 
SepPak C18 CartridgeWaters into a 200 μl micropipette tip). Peptides were eluted 
using a ratio of 40:60 MeCN:H2O + 0.1% formic acid and vacuum concentrated 
to dryness. Online chromatography was performed using an RSLCnano system 
(Ultimate 3000, Thermo Fisher Scientific) coupled to an Orbitrap Fusion Tribrid 
mass spectrometer (Thermo Fisher Scientific). Peptides were trapped in a C18 
column (75 μm inner diameter × 2 cm; nanoViper Acclaim PepMap 100, Thermo 
Fisher Scientific) with buffer A (2:98 MeCN:H2O in 0.1% formic acid) at a flow 
rate of 4.0 µl min−1 over 4 min. Separation was performed using a 50 cm × 75 μm 
C18 column (nanoViper Acclaim PepMap RSLC, 2 μm, 100 Å, Thermo Fisher 
Scientific), regulated to a temperature of 55 °C with a linear gradient of 5% to 
25% buffer B (100% MeCN in 0.1% formic acid) at a flow rate of 300 nl min−1 
over 100 min. Full-scan MS was acquired using an Orbitrap Analyzer with the 
resolution set to 120,000, and ions from each full scan were higher-energy C-trap 
dissociation (HCD) fragmented and analysed in the linear ion trap.

For identification, the data were searched against the C. elegans (CAEEL) 
UP000001940 database using Sequest HF through Proteome Discoverer (v.2.1). 
Enzyme specificity was set to trypsin and a maximum of two missed cleavage 
sites were allowed. Oxidized methionine, N-terminal acetylation, phosphorylated 
serine/threonine/tyrosine and carbamidomethyl cysteine were set as variable 
modifications. Maximum allowed mass deviation was set to 10 ppm for 
monoisotopic precursor ions and 0.6 Da for MS/MS peaks.

The resulting files were further processed using myProMS57 v.3.6 (work in 
progress). False-discovery rate (FDR) was calculated using Percolator and was 
set to 1% at the peptide level for the whole study. Label-free quantification was 
performed using peptide extracted ion chromatograms (XICs), computed with 
MassChroQ58 v.2.2.2. For protein quantification, XICs from proteotypic peptides 
shared between compared conditions (TopN matching) with missed cleavages 
and some modification (carbamidomethyl cysteines) were used. Global median 

absolute deviation (MAD) normalization was applied to the total signal to correct 
the XICs for each biological replicate. To estimate the significance of the change in 
protein abundance, a linear model (adjusted for peptides and biological replicates) 
was performed, and P values were FDR-adjusted using the Benjamini–Hochberg 
procedure with a control threshold set to 0.05. Cytoscape59 was used to generate the 
interactome network map.

The MS proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE60 partner repository with the dataset identifier 
PXD012557.

Western blotting. Protein extracts, prepared as described above, were resolved 
on precast NuPAGE Novex 4–12% Bis-Tris gels (Invitrogen, NP0321BOX). The 
proteins were transferred to a nylon membrane with the semidry transfer Pierce 
Power System (Thermo Fisher Scientific) using the preprogrammed method 
for high-molecular-mass protein. The primary antibodies used included anti-
PRG-1 (ref. 6; a gift from the Mello laboratory), anti-CSR-1 (ref. 61), anti-PGL-1 
(ref. 62) and anti-DEPS-1 (ref. 38; a gift from the Strome laboratory), anti-Flag 
(F3165, Sigma), anti-GAPDH (Ab125247, Abcam), anti-mCherry (RFP (6G6), 
Chromotek) and anti-tubulin (Ab6160, Abcam) antibodies, and the secondary 
antibodies used included anti-rabbit (31460, Pierce), anti-mouse (31430, Pierce) 
and anti-rat (A9037, Sigma) HPR antibodies. The SuperSignal West Pico PLUS 
Chemiluminescent Substrate was used to detect the signal using a ChemiDoc MP 
imaging system (Biorad).

Confocal live imaging. Transgenic worms were mounted on 2% agarose pads 
in the presence of 0.5% sodium azide. Confocal images were obtained using a 
ZEISS LSM 700 microscope with a ×40 objective or ×63 objective for the H2B–
mCherry quantification. Images were obtained using the ZEISS ZEN microscope 
software and processed using ImageJ v.2.0.0. The quantification of the histone 
H2B–mCherry was performed on a single confocal image taken at the surface of 
the pachytene region of the germline from 12 individual worms. In each worm, 
the intensity of H2B–mCherry fluorescence was measured in 15 nuclei using 
ImageJ. The incorporation of histone H2B–mCherry into the chromatin enables 
the visualization of chromosome compaction. Pachytene nuclei from wild-type and 
sterile piwi-mutant animals were scored for lack of visible signs of chromosome 
compaction. The scored piwi-mutant nuclei were still showing a diffused signal of 
histone H2B–mCherry in the nucleus. Nuclei with very low histone H2B–mCherry 
were excluded from counting.

Immunostaining. Plates of adult worms were washed with PBS containing 0.1% 
Tween (PBST). Ten worms were placed on a polylysine-coated slide in the presence 
of 0.5% sodium azide, and the gonads of immobilized worms were dissected. The 
slide was fixed with 1% paraformaldehyde for 5 min, frozen in liquid nitrogen 
and then immersed for at least 1 min in methanol at −20 °C. The slides were then 
washed in PBST. Blocking was performed in PBST containing 0.5% BSA. Primary 
antibodies were diluted in PBST containing 0.5% BSA, and incubated overnight at 
room temperature. Slides were washed at least three times for 5 min in PBST with 
0.5% BSA, and secondary antibodies were added and incubated for 2 h at room 
temperature. The slides were then washed at least twice in PBST with 0.5% BSA 
and were then counterstained with DAPI and mounted using Vectashield. The 
primary antibodies used were anti-Flag (Sigma, F1804) antibodies at a dilution of 
1:500, and the secondary antibodies used were goat anti-mouse (Invitrogen, Alexa 
Fluor 488) antibodies at a dilution of 1:500.

RNA IP. A synchronous population of 40,000 worms was collected 48 h after 
hatching and suspended in extraction buffer (50 mM HEPES pH 7.5, 300 mM 
NaCl, 5 mM MgCl2, 10% glycerol, 0.25% NP-40, protease inhibitor cocktails 
(Fermentas)), and samples were treated by 30 strokes using a metal dounce on ice. 
Crude protein extracts were centrifuged at 12,000 r.p.m. at 4 °C for 10 min. Protein 
concentration was quantified using the Bradford assay, and 1 mg of protein extract 
was incubated with 15 μl of packed anti-Flag M2 magnetic agarose beads (Sigma, 
M8823) for 1 h at 4 °C. After four washes with extraction buffer, the IP protein 
was eluted twice with 100 µl of 3×Flag peptide (Sigma, F4799) for 30 min at 4 °C. 
The eluate was next incubated with 750 µl of TRI reagent (MRC) to extract the 
immunoprecipitated RNAs. Then, 750 µl of TRI reagent (MRC) was also added to 
10% of protein extract before the IP (input). The extracted RNA was then analysed 
using RT–qPCR to quantify mRNA or used to clone sRNAs.

RT–qPCR. DNase-treated total RNA (1 μg) was used as a template to generate 
cDNA, using random hexamer primers and M-MLV reverse transcriptase, and the 
qPCR reactions were performed using Applied Biosystems Power up SYBR Green 
PCR Master mix following the manufacturer’s instructions and using an Applied 
Biosystems QuantStudio 3 Real-Time PCR System. The primers used for the qPCR 
are provided in Supplementary Table 5.

ChIP. ChIP procedures were as described previously9 with the following 
modification. We collected eggs by hypochlorite treatment, and synchronous 
populations of worms were grown for 48 h after hatching at 20 °C on OP-50 E. coli 
at a density of approximately 40,000 animals per Petri dish (15 cm). Approximately 
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2 mg of protein chromatin extract was used for each ChIP experiment. The RFP-
Trap coupled to agarose beads (Chromotek) was used for IP of chromatin extracts, 
and was performed for 2 h at 4 °C. The primers used for the qPCR are provided in 
Supplementary Table 5.

Sequencing data analyses. RNA-seq. Multiplexed Illumina sequencing data were 
demultiplexed using Illumina bcl2fastq converter (v.2.17.1.14). The read quality of 
all of the libraries was assessed using fastQC (v.0.11.5). Fastq reads were aligned on 
the C. elegans genome (ce11, C. elegans Sequencing Consortium WBcel235) using 
HISAT2 (ref. 63) v.2.0.4 with the default settings. After alignment to the C. elegans  
genome sequence, featureCounts64 v.1.5.2 was used to count reads mapped to 
annotated genomic features, such as protein-coding genes, pseudogenes, RNA 
transposons, DNA transposons, simple repeats, satellites, rRNAs, transfer RNAs, 
small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), antisense RNAs. 
Annotations were obtained from the Ensembl release 81 as distributed in the 
Illumina iGenomes collection, with the exception of repetitive sequences, which 
were obtained from the repeatMasker annotation file present in the UCSC genome 
annotation database for the February 2013 (WBcel235/ce11) assembly of the  
C. elegans genome. Counted reads for each genomic feature were used for 
differential-expression analysis using the R/Bioconductor package DESeq2 (ref. 65) 
v.1.20.0. Upregulated and downregulated genes were detected on the basis of the 
differential expression criteria of adjusted P < 0.05 and at least a twofold increase or 
decrease in expression levels relative to the control samples.

sRNA-seq. Multiplexed Illumina sequencing data were demultiplexed 
using Illumina bcl2fastq converter (v.2.17.1.14). The read quality of all 
of the libraries was assessed using fastQC. The 3′ adapter was trimmed 
from raw reads using Cutadapt66 v.1.15 using the following parameter: 
-a TGGAATTCTCGGGTGCCAAGG --discard-untrimmed. 5′ and 3′ end 
unique molecular identifiers (UMIs) were used to deduplicate the trimmed reads. 
Deduplication was performed by first sorting reads by sequence using the option 
-s in fastq-sort (from fastq-tools v.0.8; https://github.com/dcjones/fastq-tools/tree/
v0.8) and then using a custom Haskell program that retained the best quality reads 
at each position among reads of identical sequences. Then, 4-nucleotide UMIs were 
trimmed at both ends using Cutadapt (options, -u 4 and -u -4). Finally, we selected 
only deduplicated reads ranging from 18 to 26 nucleotides using bioawk (https://
github.com/lh3/bioawk). The selected 18–26-nucleotide reads were aligned to the 
C. elegans genome sequence (ce11, C. elegans Sequencing Consortium WBcel235) 
using Bowtie2 (ref. 67) v.2.3.4.1 with the following parameters: -L 6 -i S,1,0.8 -N 0. A 
custom Python script was used to classify reads into sRNA categories on the basis 
of the known annotations at their mapping positions, their orientation with respect 
to these annotations, and their length and starting nucleotide. Annotation sources 
were the same as for RNA-seq analyses. Roughly, reads matching piRNA (allowing 
for up to 26 nucleotides to account for the possible presence of not completely 
matured piRNAs) or miRNA annotations were classified as such. 21–23-nucleotide 
reads that were not classified as piRNAs or miRNAs and that started with G were 
classified as potential 22G-RNAs and were further classified into sub-categories 
on the basis of them being antisense to protein-coding genes, pseudogenes, RNA 
transposons, DNA transposons, simple repeats or satellites. We call the set of all 
of these antisense 22G-RNAs ‘si 22G’. Reads per million (RPM) were calculated by 
dividing the read counts by the total number of reads minus structural RNAs—that 
is, sense sRNA reads that were probably derived from degraded rRNAs, tRNAs, 
snRNAs or snoRNAs, as estimated by running featureCounts on the mapped 
18–26-nucleotide reads—and multiplied per 1,000,000. Next, log2-transformed fold 
changes were calculated for each replicate, adding 0.25 RPM as a pseudocount, and 
the mean value across replicates was used. For IP experiments, we calculated the 
RPM of the reads from input and from IP. Next, we calculated the log2-transformed 
fold changes between IP versus input. sRNAs from genes with log2-transformed 
fold changes of at least 1 in IP versus input were considered to be associated with 
the IP AGO protein.

GRO-seq. Multiplexed Illumina sequencing data were demultiplexed using 
Illumina bcl2fastq converter (v.2.17.1.14). The read quality of all of the libraries 
was assessed using fastQC. The 3′ adapter was trimmed from raw reads using 
Cutadapt (option, -a TGGAATTCTCGGGTGCCAAGG). Only reads with at least 
24 nucleotides after trimming (but including 5′ and 3′ randomized tetramers) 
were retained (option -m 24). Reads in which the adapter was not found were also 
retained (option, --untrimmed-output). 5′ and 3′ end tetramers were removed 
using Cutadapt (options -u  4 and -u -4). The reads were aligned on the C. elegans 
genome (ce11, C. elegans Sequencing Consortium WBcel235) using Bowtie2 with 
the default parameters. After alignment to the C. elegans genome, read counting 
using featureCounts and differential expression analysis using DESeq2 were 
performed as described for the RNA-seq data, using the same criteria to detect 
upregulated and downregulated genes.

Generation of bigwig files. For all of the library types, normalized bigwig files were 
generated from the mapping results using millions of non-structural mappers as 
a normalization factor. This normalized coverage information was computed for 
10 bp bins using the bedtools68 and bedops69 v.2.4.26 packages.

Comparison between RNA-seq or GRO-seq and sRNA-seq. To compare RNA-seq or 
GRO-seq and sRNA-seq data, plots were generated by plotting, in DESeq2, log-
transformed fold changes of the RNA-seq (or GRO-seq) data against the RPM fold 
changes of the si_22G sRNA category using custom Python scripts.

Metaprofile. Metaprofiles were generated using RPM from sRNA-seq analysis by 
summarizing normalized coverage information (taken from bigwig files and averaged 
across replicates) along histone genes or 200 nucleotides upstream and downstream of 
the stem-loop structure of histone mRNAs using the deeptools70 package v.3.1.2.

Gene lists. The gene lists used are provided in Supplementary Table 6.

Statistics and reproducibility. Almost all of the experiments shown in this study 
were performed independently at least twice and no inconsistent results were 
observed. All attempts at replication were successful. IP and MS experiments were 
conducted with four biological replicates. All of the RNA-seq experiments were 
performed using two biological replicates. For details of the particular statistical 
analyses used, precise P values, statistical significance and sample sizes for all of the 
graphs, see the figure legends and the Methods. The source data for Figs. 1–6 and 
Extended Data Figs. 1–6 are provided.

Reporting Summary. Further information on research design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability
All sequencing data (GRO-seq, RNA-seq and sRNA-seq from total lysate or 
IP experiments) are available at the Gene Expression Omnibus (GEO) under 
accession code GSE125601. The MS proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE partner repository with the dataset 
identifier PXD012557. All other data supporting the findings of this study are 
available from the corresponding author on reasonable request. Source data are 
available online for Figs. 1–6 and Extended Data Figs. 1–6.

Code availability
The custom scripts generate for this study are available from the corresponding 
author on reasonable request.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Histone silencing occurs at the post-transcriptional level only in mutants of the piRNA biogenesis pathway. a, Brood size assay of 
wild-type, prg-1 (n4357) and hrde-1 (tm1200) mutant worms as in Fig. 1d. The black lines indicate the mean, the error bars the standard deviation, and the 
n (animals) is indicated above in parenthesis. b, Number of individual misregulated REs by RNA-seq (≥ 2-fold and padj < 0.05, Wald test) in piwi or hrde-1 
mutants. Data shown represent average of two biologically independent replicates. c, RT-qPCR log2 fold change of histone mRNAs and piRNA-dependent 
22G-RNA targets in prg-1 (n4357), prde-1 (mj207), and hrde-1 (tm1200) mutants compared to wild-type worms. The bars indicate the mean and error bars 
indicate the standard deviation. n = 3 biologically independent experiments. d, RT-qPCR showing log2 fold change of individual DNA or RNA transposons 
in mutant vs. wild-type. Up-regulated transposons by RNA-seq are labelled in red. The bars indicate the mean and the black dots individual data from two 
biologically independent experiments. e, mRNA log2 fold change (y axis) and 22G-RNA log2 fold change (x axis) in hrde-1(tm1200) mutant vs. wild-type 
worms for protein-coding genes as in Fig. 1a. Wald test was used to calculate the p value. Data shown represent average of two biologically independent 
replicates. f, nascent RNA (nRNA) log2 fold change (y axis) and 22G-RNA log2 fold change (x axis) in prg-1 (n4357) mutant vs. wild-type worms for 
protein-coding genes. Red dots indicate the replicative histone genes. Wald test was used to calculate the p value. Data shown represent average of two 
biologically independent replicates. g, Box plot showing transcriptional (GRO-seq) and post-transcriptional (RNA-seq) histone gene expression changes in 
prg-1 (n4357) mutant vs. wild-type worms. The median (line), first and third quartiles (box), and whiskers (5th and 95th percentile) are shown. Two-tailed 
p value calculated with the Mann-Whitney-Wilcoxon tests is shown, using the sample size n (number of genes) = 61. Source data are available in Source 
Data Extended Data Fig. 1.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Transgenerational gene expression changes of protein-coding genes and REs in piwi mutant. a–c, MA-plot showing mRNA log2 
fold change between piwi mutant and wild-type lines at different generations. Red and blue dots correspond to significant log2 fold change (padj < 0.05, 
Wald test). The number in parenthesis indicates the number of misregulated genes ≥ 2-fold. The average from two biologically independent replicates 
is shown. d, Comparison between mRNA log2 fold change (y axis) by and 22G-RNA log2 fold change (x axis) as shown in Fig. 1a using piwi mutant and 
wild-type CRISPR-Cas9 lines at F9 (left) and F12 (right). e, Plot showing the number of individual up-regulated and down-regulated REs by RNA-seq (padj 
< 0.05, Wald test) in piwi mutant compared to wild-type CRISPR-Cas9 lines at F4, F9, and F12. Only uniquely mapped reads were considered for this 
analysis. Data shown represent average of two biologically independent replicates. f, Comparison between RNA log2 fold change (y axis) by and 22G-RNA 
log2 fold change (x axis) as shown in Fig. 1a using piwi mutant and wild-type CRISPR-Cas9 lines at F9 (left) and F12 (right). Significant misregulated RE 
families are indicated (padj < 0.05, Wald test). The average from two biologically independent replicates is shown. g, Average and standard deviation of 
H2B-mCherry quantification in 15 pachytene nuclei in each individual wild-type and piwi mutant worm. n = 15 animals. h, Visualization of chromosome 
compaction in pachytene nuclei using H2B-mCherry wild-type and piwi mutant worms. The arrow indicates an example of nucleus with defective 
chromosome compaction in sterile piwi mutant. The percentage of nuclei lacking chromosome compaction in piwi mutant is shown below the images and 
the number in parenthesis indicates the number of nuclei counted. The white bars indicate 20 µM size. The experiment was repeated twice with similar 
results. Statistical source data are available in Source Data Extended Data Fig. 2.
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Extended Data Fig. 3 | WAGO-1 relocalize from piRNA targets to histone mRNAs. a, RNA immunoprecipitation (RIP) experiments followed by RT-qPCR 
showing the log2 fold change of the WAGO-1-interacting mRNAs in piwi mutant vs. wild-type worms. The bars indicate the mean and error bars indicate 
the standard deviation. n = 4 biologically independent experiments. b, Co-IP experiments showing CSR-1 interactions with WAGO-1 in wild-type and piwi 
mutant worms. Presence (+) or absence (-) of the tagged proteins or piwi mutation are indicated. Immunoprecipitation was performed using α-FLAG 
antibody, and the blots were probed with α-CSR-1 or α-FLAG antibodies. c, Immunostaining with α-FLAG antibody showing WAGO-1-FLAG localization in 
wild-type and piwi mutant (green signal). DAPI signal is shown in blue. The white bars indicate 20µM size. The experiment was repeated independently 
twice with similar results. d, Live confocal images of WAGO-1-GFP, PGL-1-mCherry, and CSR-1-mCherry in sterile piwi mutant germlines. The white bars 
indicate 10µM size. The experiment was repeated independently three times with similar results. Source data are available in Source Data Extended  
Data Fig. 3.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | CSR-1 and CDL-1 contribute to the biogenesis of histone 22G-RNAs in piRNA mutant. a, Co-IP experiments using α-FLAG 
antibody for IPs and α-PIWI, α-DEPS-1 or α-FLAG antibodies for blots. Presence (+) or absence (-) of the FLAG tagged proteins are indicated. The 
experiment was repeated independently twice with similar results. b, Co-IP experiments as in a, showing DEPS-1 interaction with PIWI and not with CSR-
1. The blots were probed with α-DEPS-1 or α-FLAG antibodies. The experiment was repeated independently twice with similar results. c, Immunoblot 
showing CSR-1, PGL-1, DEPS-1, GAPDH from total protein lysate or FLAG immunoprecipitation in WT and piwi mutant worms. Blots for germline-enriched 
and ubiquitous proteins are shown in red and blue respectively. The experiment was repeated independently twice with similar results. d, Volcano plot 
showing enrichment values and corresponding significance levels for proteins co-purifying with CSR-1 (see also Supplementary Table 1c). Argonaute 
proteins, germ granule components, 22G-RNA and histone biogenesis factors are indicated. The size of the dots is proportional to the number of peptides 
used for the quantification. The linear model was used to compute protein quantification ratio and the red horizontal line indicates the two-tailed p value = 
0.05. n = 4 biologically independent experiments. e, Co-IP experiments as in a, showing CSR-1 interaction with WAGO-1 in wild-type, piwi mutant and piwi 
mutant treated with mut-16 RNAi. The blots were probed with α-CSR-1 or α-FLAG antibodies. * The higher migration of this band is due by the GFP fused to 
WAGO-1-FLAG in this strain. The experiment was repeated independently twice with similar results. f–h, Metaprofile analysis showing the distribution of 
normalized 22G-RNA reads (RPM) across histone genes in wild-type (blue line), piwi mutant (red line), and piwi mutant animals treated with control RNAi 
(blue line), csr-1 RNAi (light blue line) or cdl-1 RNAi (yellow line). The experiment was repeated independently twice with similar results. Statistical source 
data and unprocessed blots are available in Source Data Extended Data Fig. 4.
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Extended Data Fig. 5 | Depletion of MUT-16, PPW-1, PPW-2 and not HRDE-1 restores fertility in piwi mutant independently of REs silencing.  
a, Schematic of the RNAi experiment using CRISPR-Cas9 piwi mutant worms grown immediately on plates seeded with E. coli expressing dsRNA targeting 
mut-16 or empty vector for 20 generations. b, Results from the experiments described in a. Each dot corresponds to the number of alive larvae from 
individual worms. The black lines indicate the mean and the error bars the standard deviation. Two-tailed p value calculated using the Mann-Whitney-
Wilcoxon tests is shown. n = 15 animals. c, Schematic of the RNAi experiment using CRISPR-Cas9 piwi mutant worms grown for 10 generations on plates 
seeded with E. coli OP50 (standard maintenance food) and then shifted for two generations on plates seeded with E. coli expressing dsRNA targeting 
hrde-1, ppw-1, ppw-2, mut-16 or empty vector. d, Results from brood size assay of the experiment described in c. The brood size assay is performed as in 
b. hrde-1 RNAi and its own control has been performed independently from the other RNAi treatment. The black lines indicate the mean and the error 
bars the standard deviation. Two-tailed p value calculated using the Mann-Whitney-Wilcoxon tests is shown. n = 20 animals. e, Comparison similar to 
the one showed in Fig. 1a between mRNA log2 fold change (y axis) and 22G-RNA log2 fold change (x axis) in piwi mutant animals treated with mut-16 
RNAi compared to control RNAi for protein-coding genes. Purple dots indicate the piRNA-dependent 22G-RNA targets. f, Plot showing the number of 
up-regulated and down-regulated individual REs by RNA-seq (padj < 0.05, Wald test) in piwi mutant animals treated with control or mut-16 RNAi. Only 
uniquely mapped reads were considered for this analysis. Data shown represent average of two biologically independent replicates. Source data available 
in Source Data Extended Data Fig. 5.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Decreased fertility in wild-type worms after crossing with piRNA mutants. a, Brood size assay similar to the one showed in 
Fig. 6b of the outcross experiment described in Fig. 6a. One wild-type and two piwi mutants were selected from independent F2 heterozygote lines from 
cross number 4. The black lines indicate the mean, the error bars the standard deviation, and the n (animal number analyzed) is indicated in parenthesis. 
b, Genotyping results by electrophoresis gel analysis of the F3 lines derived from self-crossed F2 heterozygote lines. Genomic DNA were extracted from 
individual animals after they released their progeny and a region spanning prg-1 mutation was amplified by PCR and digested with a restriction enzyme. 
The expected mutant and wild-type pattern of digestion is indicated by the black arrows compared to the marker (M). The selected wild-type and piwi 
mutant F3 lines are indicated by arrows with different colors corresponding to the colors used in the brood size assay shown in a. The experiment was 
repeated independently twice with similar results. c, same analysis as in a, performed with the crossing experiment number 5. The black lines indicate 
the mean, the error bars the standard deviation, and the sample size (n) is indicated in parenthesis. d, same analysis as in b, performed with the crossing 
experiment number 5. The experiment was repeated independently twice with similar results. White cross marks in the upper two panels indicate some 
of the selected lines used) e, Genotyping results similar to the one described in b using F3 lines derived from the crossing experiment between CRISPR-
Cas9 piwi mutant hermaphrodite and wild-type males. The experiment was repeated independently twice with similar results. f, Genotyping results similar 
to the one described in b. The experiment was repeated independently twice with similar results. Statistical source data are available in Source Data 
Extended Data Fig. 6.
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Extended Data Fig. 7 | Model illustrating the molecular consequences in animals losing piRNAs. a, PRDE-1 promotes the transcription of piRNAs 
from thousands of genomic loci. piRNAs are then loaded into PIWI, which triggers the biogenesis of WAGO-bound 22G-RNAs from thousands protein-
coding genes and REs and keep the WAGO pathway in a paused state (left). In case of new genomic invasions, the piRNAs and WAGOs machineries 
promptly silence new REs at the transcriptional and the post-transcriptional levels (right). REs can be kept silenced at the chromatin level by H3K9 methyl 
transferases in a piRNA-dependent or piRNA-independent manner. b, In early generations of piRNA mutants (left), the PIWI-induced silencing complex 
is still maintained on piRNA targets thanks to the interaction with germ granule components. In late generations (right), the piRNA-induced silencing 
complex is disrupted and some of its components, including WAGO-1, relocalize to the cytoplasm where it interacts with CSR-1 on histone mRNAs to 
synthesize antisense 22G-RNAs in a CSR-1-dependent manner (right). The PIWI, the WAGO and the CSR-1 pathways share interactions with many RNAi 
factors and germ granule components in wild-type worms, and in late generations of piwi mutants WAGO-1 and possibly PPW-1 and PPW2 become 
preferentially loaded by CSR-1-dependent histone 22G-RNAs to silence histone mRNAs, which lead to sterility. We propose that the histone mRNA 
silencing acts as an evolutionary force to maintain a constant production of piRNAs ready to silence new genomic invasion.
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