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Small-RNA-mediated transgenerational silencing of histone genes impairs fertility in piRNA mutants AUTHORS

PIWI-interacting RNAs (piRNAs) promote fertility in many animals. Yet, whether this is due to their conserved role in repressing repetitive elements (REs) remains unclear. Here, we show that the progressive loss of fertility in Caenorhabditis elegans lacking piRNAs is not caused by derepression of REs or other piRNA targets, but rather mediated by the epigenetic silencing of all the replicative histone genes. In the absence of piRNAs, downstream components of the piRNA pathway relocalize from germ granules and piRNA targets to histone mRNAs to synthesize antisense small RNAs (sRNAs) and induce transgenerational silencing. Removal of the downstream components of the piRNA pathway restores histone mRNA expression and fertility in piRNA mutants, and the inheritance of histone sRNAs in wild-type worms adversely affects their fertility for multiple generations. We conclude that the sRNA-mediated silencing of histone genes impairs fertility of piRNA mutants and may serve to maintain piRNAs across evolution.

MAIN TEXT

Among different classes of endogenous small RNAs in animals, PIWI-interacting RNAs (piRNAs) play a conserved role in repressing transposons and other repetitive elements (REs)1, and in several animal species the loss of piRNAs causes sterility2. Because of the role of piRNAs in transposon silencing, the sterility phenotype observed in animal lacking piRNAs is commonly believed to be caused by derepression of REs and consequently DNA damage3. However, nontransposon derived piRNAs promote fertility in mouse4, and a piRNA-independent function of one of the PIWI proteins, MIWI, has been implicated in male fertility5. Therefore, the requirement of piRNAs and PIWI for animal fertility can be uncoupled from their role in transposon silencing and might be due to additional piRNA regulatory functions. In C. elegans, mutations in components of the piRNA pathway show progressive loss of fertility across generations, which ultimately leads to a sterile population of worms6. This transgenerational phenotype is often temperature dependent and reversible whereby animals gradually become sterile at elevated temperature and recover their fertility when grown at lower temperature7-10. Thus, whether the role of piRNAs in promoting fertility depends on the silencing of 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, they regulate their targets even by imperfect complementarity17,18. Thus, any REs or other germlineexpressed RNA sequences, including protein-coding transcripts are potential targets and their regulation can also contribute to promote 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 pathway and silence the complementary targets at the transcriptional and the post-transcriptional levels8,19,20. PIWI and its downstream effectors localize to specific perinuclear compartment called germ granules, and some of the structural components of germ granules also participate in heritable RNAi21-23.

Here, we investigate the mechanisms underlying the transgenerational loss of fertility in population of C. elegans lacking 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 relocalize from piRNA targets to histone mRNAs. This process leads to the accumulation of 22G-RNAs antisense to all the replicative histone genes and to the transgenerational silencing of histone mRNAs, which ultimately lead to sterile animals.

RESULTS

piRNA targets are not desilenced in piwi mutant

To understand the reduced fertility and transgenerational sterility observed in piRNA mutants6,12,14, we identified transcripts directly regulated by piRNAs. We combined small RNA sequencing (sRNA-seq) with strand-specific RNA sequencing (RNA-seq) and compared mutants of the C. elegans PIWI protein PRG-1 with wild-type worms, using populations of synchronized young adult worms of the null allele prg-1(n4357)14 almost sterile at 20 °C (Extended Data Fig. 1a). To identify piRNA-dependent 22G-RNA protein-coding targets, we selected 1017 proteincoding genes from which substantially reduced levels of 22G-RNAs were produced (< 4-fold) in the prg-1(n4357) mutant compared to wild-type worms. Only 6% (67 genes) of these mRNA transcripts became up-regulated (> 2-fold; padj <0.05) (Fig. 1a). Analysis of 958 RE families revealed that 154 REs had reduced 22G-RNAs (< 2-fold) in prg-1(n4357) compared to wild-type worms, yet only three RE families were significantly up-regulated (> 2-fold; padj < 0.05) (Fig. 1b).

We also used uniquely mapped reads to analyze the expression of approximately 60,000 discrete REs24, and found that less than 100 individual REs were significantly up-regulated (≥ 2-fold and padj < 0.05) in piwi mutant compared to wild-type worms (Extended Data Fig. 1b,d). Therefore, the decrease in 22G-RNAs antisense to protein-coding genes or REs was not sufficient to derepress them, and they were likely kept repressed by nuclear RNAi and/or chromatin factors24-26. Indeed, RNA-seq analysis and RT-qPCR of individual REs in the mutant of the nuclear Argonaute HRDE-1, a downstream effector of the piRNA pathway that acts at the transcriptional level, resulted in a larger number of up-regulated REs compared to prg-1(n4357) mutant (Extended Data Fig. 1b,d).

Nonetheless, the hrde-1 (tm1200) mutant analyzed was not sterile and showed only a mild reduced fertility compared to 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 only be required to initiate, and not to maintain, the silencing of their targets as proposed by previous research19,27-29.

Histone mRNA silencing correlates with transgenerational sterility in piwi mutant

The RNA-seq and sRNA-seq analyses also revealed several protein-coding genes that showed reduced mRNA levels and increased 22G-RNAs in prg-1(n4357) compared to wild-type worms (Fig. 1a), suggesting they had been silenced by small RNAs. The majority of these transcripts corresponded to the replicative histone mRNAs (Fig. 1a), and most of the histone gene clusters acquired a substantial number of 22G-RNAs causing their complementary mRNAs to become substantially down-regulated (Fig. 1c). We also analyzed by RT-qPCR mRNA levels in the mutant of the piRNA biogenesis factor PRDE-130, and observed a substantial depletion of histone mRNAs (Extended Data Fig. 1c). Mutants of the nuclear Argonaute HRDE-1 did not silence histone mRNAs (Extended Data Fig. 1c,e) and nascent RNA sequencing (nRNA-seq) revealed only a mild down-regulation of some histone genes in prg-1(n4357) compared to wildtype (Extended Data Fig. 1f,g), indicating that the down-regulation of the histone genes occurred at the post-transcriptional level in piRNA mutants.

In C. elegans, histone mRNA silencing using RNA interference (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 (Fig. 1d), selected two independently-edited CRISPR-Cas9 lines and propagated isogenic populations of homozygote piwi mutant and wild-type worms (Extended Data Fig. 2b). We maintained these lines for 10 generations until the piwi mutant became almost completely sterile (Fig. 1e and Extended Data Fig. 2a), sampling the populations using RNA-seq and sRNA-seq.

Mutant worms propagated for two generations after homozygosis (F4) showed no phenotypic differences compared to wild-type worms (Fig. 1e and Extended Data Fig. 2a) and RNA-seq analysis showed very few gene expression changes (Extended Data Fig. 2c). At later generations, individuals from the piwi mutant isogenic population started to display fertility defects, including full sterility in some individuals, until the population became almost completely sterile after 10 generations (Fig. 1e and Extended Data Fig. 2a). These results correlated with substantial gene expression changes across generations (Extended Data Fig. 2c-e). 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. 1f and Extended Data Fig. 2f). The modest desilencing of piRNA-dependent 22G-RNA protein-coding and RE targets did not correlate with the progressive loss of fertility (Extended Data Fig. 2f-h). To evaluate the impact of histone mRNA silencing on histone protein 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. 2j). However, piwi mutants showed significantly reduced levels of H2B::mCherry in germline nuclei of animals with reduced fertility (Fig. 1g and Extended Data Fig. 2i). Western blotting analysis confirmed the reduced levels of H2B::mCherry in populations of piwi mutant worms (Extended Data Fig. 2j), and Chromatin Immunoprecipitation (ChIP) experiments revealed reduced incorporation of H2B::mCherry into the chromatin of piwi mutant animals (Fig. 1h). These results are in accordance with the observed defect in chromosome compaction in pachytene nuclei of sterile piwi mutant animals (Extended Data Fig. 2k), which can be a consequence of the lack of histone incorporation into chromatin.

Altogether, 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 mutants.

The downstream component of the PIWI pathway, WAGO-1, targets histone mRNAs for silencing

To identify RNAi factors involved in histone mRNA silencing we asked whether Argonaute proteins downstream of PIWI in the piRNA-induced silencing pathway might ectopically load small RNAs derived from histone mRNA transcripts. We identified several Argonaute proteins interacting with PIWI by mass spectrometry, among which many are known to participate in piRNA-induced silencing20 (Fig. 2a and Supplementary Table 1). The most highly enriched PIWIinteracting Argonaute protein was WAGO-1, which plays a role in the post-transcriptional silencing of piRNA targets19,33. We generated a FLAG tagged version of WAGO-1 and confirmed the interaction between WAGO-1 and PIWI by mass spectrometry and Co-immunoprecipitation (Co-IP) experiments (Fig. 2c, and Extended Data Fig. 4a). Next, we immunoprecipitated WAGO-1 associated 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 WAGO-1 was instead enriched in histone 22G-RNAs, and the loading of 22G-RNAs derived from piRNA-dependent 22G-RNA targets was significantly 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 components upon piwi mutation

The quantification by mass spectrometry of PIWI-interacting proteins revealed, in addition to Argonaute proteins and 22G-RNA biogenesis factors, the enrichment of specific germ granule components, which are also known to participate in heritable RNAi21-23 (Fig. 2a-c, and Supplementary Table 1). WAGO-1 also interacts with some germ granule factors, and preferentially with DEPS-1 (Fig 2b,c, and Extended Fig. 4a), a germ granule component known to participate in RNAi34. Many of these factors act downstream of the piRNAs to promote RNA silencing across generations8,19,20,22,23. Therefore, PIWI and piRNAs might 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 upon removal of PIWI proteins, we quantified WAGO-1-interacting proteins by mass spectrometry in wild-type compared to three progressive generations of piwi mutants. Our analysis revealed that the interactions between WAGO-1 and germ granule components gradually diminished across generations in absence of PIWI protein (Fig. 3a,b). Instead, WAGO-1 interaction with some Argonaute protein, such as PPW-1 and the WAGO-1-interacting 22G-RNA biogenesis factor RDE-1235, was maintained even in late generation of piwi mutants (Fig. 3a,b).

Taking together, these results suggest that the loss of interaction between WAGO-1 and germ granule components might affect WAGO-1 localization. To test this hypothesis, we performed live imaging of WAGO-1 and the germ granule component PGL-1 in wild-type and piwi mutant. 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, WAGO-1 lost its germ granule localization and remained mainly cytoplasmic (Fig. 3c). We confirmed this results by immunostaining experiments using 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 showed that the loss of WAGO-1 germ granule localization was not caused by a disruption of germ granule assembly (Fig. 3c), since PGL-1 granules were still formed even in sterile animals (Extended Data Fig. 3c). In addition, live imaging of the Argonaute 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 is specific to the WAGO-1 Argonaute (Figure 3c and Extended Data Fig. 3c).

The CSR-1 pathway triggers the biogenesis of histone 22G-RNAs

The data presented so far suggest that in absence of PIWI, another RNAi pathway is responsible to trigger the biogenesis and loading of histone 22G-RNAs into WAGOs. The proteomic analysis of PIWI-interacting proteins revealed the interaction with the Argonaute CSR-1 (Fig. 2a and Supplementary Table 1), which is known to counteract piRNA-silencing on mRNAs36,37 and to promote histone biogenesis38. We confirmed this interaction by Co-IP experiments using a FLAG tagged CRISPR-Cas9 strain of CSR-1 (Extended Data Fig. 4a). We also analyzed CSR-1-interacting proteins by mass spectrometry and found, in addition to known components of the CSR-1 pathway, interactions with PIWI and WAGO-1 and many of their RNAiand germ granule-interacting proteins (Fig. 4a, Extended Data Fig. 4d, and Supplementary Table 1). However, some germ granule components, such as DEPS-1, appear to specifically interact only with 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 absence of PIWI, WAGO-1 might preferentially interact with CSR-1 in the cytoplasm. To confirm this hypothesis, we performed Co-IP experiments that show interaction between WAGO-1 and CSR-1 also in piwi mutant (Fig. 4b and 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 to wild-type worms (Fig. 3c, and Extended Data Fig. 4c,e). CSR-1 is known to bind histone mRNAs and is thought to participate in the 3'end cleavage of histone mRNAs38 together with its interacting stem-loop binding protein CDL-139 (Fig. 4a, Extended Data Fig. 4d).

Metaprofile analysis of histone 22G-RNAs in piwi mutant showed a strong bias towards the end of the histone genes (Extended Data Fig. 4f), right upstream to the location of the stem-loop structure bound by CDL-1 (Fig. 4c). Thus, in the absence of PIWI the histone mRNA 3'-end cleavage 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 catalytic domain of CSR-1 by CRISPR-Cas9 and crossed this strain with the piwi mutant. We observed a substantial reduction of histone 22G-RNAs in piwi mutant animals where the catalytic activity of CSR-1 was zygotically abolished (Fig. 4d). Similar results were obtained by using csr-1 RNAi treatment in the piwi mutant (Extended Data Fig. 4g).

Moreover, RNAi treatment of CDL-1 results in a slight reduction of 22G-RNAs in the region corresponding to the location of the stem-loop structure and spreading of 22G-RNAs along the coding region towards the 5' end (Extended Data Fig. 4h). These results suggest that the interaction 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 pathway in absence of PIWI.

Inactivation of downstream components of the piRNA pathway restores histone expression and piwi mutant fertility

To determine whether the histone 22G-RNAs cause the transgenerational loss of fertility in piRNA mutant worms, we set out to rescue the fertility defects by inactivating the downstream piRNA factors responsible for the production of 22G-RNAs. MUT-16 is one of the biogenesis factors that promote 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 piwi mutant fertility (Fig. 5b), and piwi mutant worms treated continuously with mut-16 RNAi did not become sterile (Extended Data Fig. 5a,b). Additionally, mut-16 RNAi treatment on 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, the restored fertility was lower than mut-16 RNAi treatment, suggesting that other Argonaute proteins might participate in histone mRNA silencing in piwi mutant (Fig. 5g). Indeed, RNAi treatment of ppw-1 or ppw-2, the two other Argonautes that interact with CSR-1, PIWI and WAGO-1 (Fig. 4a), showed rescued piwi mutant fertility (Extended Data Fig. 5 c,d). Instead, RNAi knock down of HRDE-1 did not recover piwi fertility, likely because histone mRNAs are mainly silenced at the post-transcriptional level (Extended Data Fig. 5c,d). To demonstrate that the recovered fertility in mut-16 RNAi treated animals was specifically promoted by the desilencing of histone mRNAs we analyzed 22G-RNAs and mRNAs using RNAseq. The reduction of histone 22G-RNAs 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 re-silencing signature, suggesting that they were unlikely to contribute to the recovered fertility (Extended Data Fig. 5e). Absence of re-silencing of REs was observed upon mut-16 RNAi treatment in the piwi mutant background (Fig. 5e). The rescued fertility of piRNA mutants treated with mut-16 RNAi was instead accompanied by further desilencing of REs (Fig. 5e and Extended Data Fig. 5f). In addition, WAGO-1 remained cytoplasmic in those fertile animals, suggesting no restoration of canonical WAGO-1 silencing complex in germ granules (Fig. 5f).

Moreover, WAGO-1 and CSR-1 interaction persisted even in 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 upon mut-16 RNAi treatment and not the re-silencing of REs restored the fertility of piwi mutants.

Inheritance of piwi mutant phenotype and histone 22G-RNAs in wild-type worms

To test whether 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 prg-1 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 heterozygotes (+/-) F1 lines in each cross, and propagated two F2 homozygote (-/-) prg-1(n4357) mutant and one wild-type (+/+) animals from each line and analyzed the brood of the F3 progeny (Fig. 6b and Extended Data Fig. 6a-d). The homozygote prg-1(n4357) mutants remained almost completely sterile after the cross (Fig. 6b, and Extended Data Fig. 6a,c). The homozygote wild-type (+/+) animals displayed a piwi-like phenotype, showing reduced fertility compared to the parental P0 wild-type (Fig. 6b, and Extended Data Fig. 6a,c). To determine whether this reduced fertility was caused by inherited DNA mutations, we performed brood size assay on all the progeny from one of the most affected F3 worms. All the resulting F4 animals showed increased fertility compared to the parental F3 animal (Fig. 6c), indicating that DNA mutation was not responsible for the observed phenotype in outcrossed wild-type worms. To further exclude possible genetic effects of the parental prg-1(n4357) mutant allele, we repeated the outcross experiment using one of the prg-1 mutant allele generated by CRISPR-Cas9 (Extended Data Fig. 6g), and observed the same results (Fig. 6d and Extended Data Fig. 6e,f). In addition, 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 fertility. Sequencing 22G-RNAs from three of the outcrossed homozygote wild-type lines after 6 generations revealed inherited histone 22G-RNAs (Fig. 6e). We also crossed heterozygote hermaphrodite animals with wild-type males, and we observed similar inherited phenotype in wild-type worms (Fig. 6f, g and Extended Data Fig. 6h,i).

Based on these results, we propose that the maternal transmission of a pool of histone 22G-RNAs into wild-type worms can epigenetically affects their fertility.

Discussion

Here we have revealed the epigenetic mechanism underlying the transgenerational loss of fertility in C. elegans piRNA mutants. We have shown that the piwi phenotype is not related to the role of piRNAs 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 the replicative histone genes. Previous reports have proposed that the sterility of piwi mutants is a consequence of "heritable stress" caused by REs derepression, which lead to a form of adult diapause in late generations of piwi mutant6,41. Our RNA-seq analysis of almost 60,000 individual REs has shown that only less than 100 REs are upregulated in piwi mutant 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 chromosome 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 underlie the "heritable stress" that ultimately lead to sterile animals.

Our results show that the silencing of histone genes is caused by targeting of 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 piRNAdependent 22G-RNA targets in the absence of PIWI for several generations. We speculate that the germ granule localization of WAGO-1 and its interaction with specific germ granule components, such as DEPS-1, help to maintain the piRNA-induced WAGO-1 silencing complex on piRNA targets even in absence of PIWI for certain generations. However, the interaction between WAGO-1 and DEPS-1 might not be stable without PIWI, and WAGO-1 interaction with CSR-1 might be favored in the cytoplasm allowing WAGO-1 silencing complex to localize on histone mRNAs. In support of this hypothesis, we have shown that WAGO-1 interaction with germ granule components is gradually decreased across generations of piwi mutant, 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 on histone mRNAs in absence of PIWI. We have shown that two of these Argonaute, PPW-1 and PPW-2, which also interacts with CSR-1 in wild-type worms, are required for histone mRNA silencing in piwi mutant, suggesting they might also relocalize on histone mRNAs similarly to WAGO-1.

Our results suggest that the cleavage of histone pre-mRNAs by CSR-1 is required to facilitates the synthesis and loading of histone 22G-RNAs by the WAGO pathway in 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 mutants. 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-specific 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 piRNAs might only be required to initiate and not to maintain the silencing of REs. Nonetheless, a continuous synthesis of piRNAs is required in each generation to repress potential RE invasions. We speculate that the piRNAdriven production of WAGO-bound 22G-RNAs 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. Nonetheless, it is unclear how the piRNA pathway can be evolutionary retained if it is only "waiting" for a potential invasion. Previous works have shown the physiological function of PIWI in regulating some germline mRNA targets44,45. Based on our results, we propose a model where the coupling between the lack of piRNAs and the consequent silencing of histone genes, initiated by CSR-1 and CDL-1, acts as the 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 keeping the piRNA pathway in some nematode lineages. Indeed, nematode clades that have lost the piRNA pathway also lack CSR-146, except for clade III nematodes47, which retain the CSR-1 pathway. We speculate that clade III nematodes escaped the sterility phenotype because they have polyadenylated histone mRNAs48, which likely do not require CSR-1 and CDL-1 for their processing.

We have observed the transmission of a piwi-like phenotype in wild-type worms through small RNAs. These results implicate small RNAs as molecules capable of transmitting epigenetic information between individuals and across generations, over and above the information encoded in their genomes. 
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