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ABSTRACT 

 

Gene silencing mediated by dsRNA (RNAi) can persist for multiple generations in 

Caenorhabditis elegans (termed RNAi inheritance). Here we describe the results of a forward 

genetic screen in C. elegans that has identified six factors required for RNAi inheritance: GLH-

1/VASA, PUP-1/CDE-1, MORC-1, SET-32, and two novel nematode specific factors that we term 

here (heritable RNAi defective) HRDE-2 and HRDE-4. The new RNAi inheritance factors exhibit 

mortal germline (Mrt) phenotypes, which we show is likely caused by epigenetic deregulation in 

germ cells. We also show that HRDE-2 contributes to RNAi inheritance by facilitating the binding 

of small RNAs to the inheritance Argonaute (Ago) HRDE-1. Together, our results identify 

additional components of the RNAi inheritance machinery whose conservation provides insights 

into the molecular mechanism of RNAi inheritance, further our understanding of how the RNAi 

inheritance machinery promotes germline immortality, and show that HRDE-2 couples the 

inheritance Ago HRDE-1 with the small RNAs it needs to direct RNAi inheritance and germline 

immortality. 
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INTRODUCTION 

 

For most of the last century, it was widely believed that all epigenetic information was 

erased at, or near, the start of each new generation.  It is now clear that this is not the case and 

that epigenetic information can be passed from parent to progeny. In some cases, epigenetic 

information can be transmitted from parent to progeny for multiple generations (termed 

transgenerational epigenetic inheritance, TEI). Examples of TEI include paramutation in plants, 

the inheritance of acquired traits in mammals, and RNA interference in nematodes (reviewed in 

Miska and Ferguson-Smith 2016). In many eukaryotes, dsRNA triggers silencing of cellular 

mRNAs, which contain sequence homology to the dsRNA, via a process known as RNA 

interference (RNAi). Interestingly, RNAi is heritable in C. elegans: the progeny of animals exposed 

to dsRNA continue to silence genes that were targeted by dsRNA in previous generations (termed 

RNAi inheritance). In some cases, RNAi inheritance can perdure for many generations (>5 

generations) (Vastenhouw et al. 2006). RNAi inheritance is not accompanied by changes in DNA 

sequence, indicating that RNAi inheritance is an epigenetic phenomenon and a robust and 

unambiguous example of TEI. 

dsRNAs are processed into small interfering RNAs (siRNAs) by the RNase III-like enzyme 

Dicer (Bernstein et al. 2001). siRNAs are bound by a conserved family of proteins termed the 

Argonautes (Agos). Together, Ago proteins and their associated siRNAs regulate gene 

expression by binding and inhibiting complementary cellular RNAs. In some organisms, like C. 

elegans, RNA-dependent RNA polymerases (RdRPs) use mRNA templates to amplify siRNAs 

populations (termed 2° siRNAs) (Motamedi et al. 2004; Pak and Fire 2007; Sijen et al. 2007). In 

many animals, siRNAs enter the nucleus and regulate gene expression co-transcriptionally 

(termed nuclear RNAi) (Martienssen and Moazed 2015). In C. elegans, the nuclear-localized Agos 

HRDE-1 (germline) and NRDE-3 (soma) bind 2° siRNAs in the cytoplasm, move to the nucleus, 

and interact with complementary nascent transcripts via base pairing of their associated 2° 
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siRNAs. The nuclear Agos then recruit the nuclear RNAi factors (NRDE-1/2/4) to genomic sites 

of RNAi. Together, the nuclear RNAi machinery (by unknown mechanisms) directs the deposition 

of repressive chromatin marks such as H3K9me3 at RNAi-targeted loci and induce co-

transcriptional inhibition of RNA Polymerase II (Guang et al. 2008; Guang et al. 2010; Burkhart et 

al. 2011). In the fission yeast S. pombe, nuclear RNAi triggers H3K9 methylation via the histone 

methyltransferase (HMT) Clr4 (Hall et al. 2002; Volpe et al. 2002). H3K9me contributes to nuclear 

RNAi by recruiting RNAi silencing factors to sites of nuclear RNAi (Motamedi et al. 2004). Thus, 

in S. pombe, non-coding RNAs and H3K9 methylation are part of a feed-forward loop that maintain 

stable states of nuclear gene silencing (Martienssen and Moazed 2015). It is not clear if or how 

RNAi-directed H3K9 methylation contributes to gene silencing in C. elegans.  

Nuclear RNAi and RNAi inheritance require the same factors in C. elegans and nuclear 

gene-silencing events are needed for RNAi silencing signals to be inherited (Burton et al. 2011; 

Ashe et al. 2012; Buckley et al. 2012; Shirayama et al. 2012). Thus, nuclear RNAi and RNAi 

inheritance are related processes. HRDE-1 is an Ago that drives both nuclear RNAi and RNAi 

inheritance in germ cells (Buckley et al. 2012; Ashe et al. 2012; Shirayama et al. 2012; Luteijn et 

al. 2012). HRDE-1 is a member of an expanded clade of twelve C. elegans Agos (termed worm-

specific Agos or WAGOs). The WAGOs are thought to bind endogenous small RNAs termed the 

22G endo-siRNAs to mediate gene silencing of endogenous genes and RNAs (termed 

endogenous RNAi) (Billi et al. 2014). The degree to which the WAGOs act independently or 

redundantly during endogenous RNAi is unclear. It is also unclear if WAGOs bind the same 

siRNAs or if systems exist to direct subsets of 22G siRNAs to subsets of WAGOs. 

HRDE-1 binds 22G endo-siRNAs that direct nuclear RNAi at hundreds of germline-

expressed genes during the normal course of development (termed HRDE-1 target genes) 

(Buckley et al. 2012). HRDE-1 target genes include conserved genes, cryptic loci, and 

retrotransposons. Of these, LTR retrotransposons appear to be the most dramatically regulated 

loci (Ni et al. 2014). 21U RNAs, which are the C. elegans piRNAs, likely direct RdRPs to interact 
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with mRNAs to generate a subset of the 22G endo-siRNAs that bind HRDE-1 (Bagijn et al. 2012). 

However, most endo-siRNAs that associate with HRDE-1 are not piRNA dependent and the 

signals that direct RdRPs to produce these HRDE-1 siRNAs remain unknown (Ni et al. 2014). 

HRDE-1(-) animals (and animals lacking other known components of nuclear RNAi machinery) 

exhibit a mortal germline (Mrt) phenotype: Disabling the nuclear RNAi/RNAi inheritance 

machinery by mutation does not cause fertility defects immediately, however, after 3-5 

generations mutant animals become sterile (Buckley et al. 2012). The following events occur 

coincidently with the loss of germ cell viability, H3K9me3 marks are progressively lost at HRDE-

1 target genes while expression of many HRDE-1 genes progressively increases (Buckley et al. 

2012). Therefore, the RNAi inheritance machinery may promote germline immortality by 

maintaining H3K9me3 at HRDE-1 target genes to fine tune germline gene expression programs 

that are necessary for germ cell totipotency. The RNAi machinery is also known to silence 

parasitic genetic elements such as DNA transposons (Ketting et al. 1999). Therefore, it is also 

possible that Mrt could be caused by the accrual of genetic damage over generations as 

transposons or retrotransposons are mobilized in the germline of RNAi inheritance defective 

animals.   

Here we report on the results of a genetic screen to identify factors required for RNAi 

inheritance in C. elegans. This screen identified six RNAi inheritance factors: GLH-1/VASA, a 

conserved RNA helicase, PUP-1/CDE-1, a nucleotidyltransferase, SET-32, a putative histone 

methyltransferase, MORC-1, a conserved GHKL ATPase, and two novel nematode specific 

factors that we term HRDE-2 and HRDE-4. We explore the role of these new RNAi inheritance 

factors in germline immortality and investigate in detail the mechanism by which one of these 

factors, HRDE-2, contributes to RNAi inheritance.  
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MATERIAL AND METHODS 

 

Strains: N2, (YY513) pkIs32[pie-1p::gfp::h2b], (YY528) hrde-1(tm1200);pkIs32, (YY1063) hrde-

2(gg517);pkIs32, (YY673) hrde-3(gg266);pkIs32, (YY676) hrde-4(gg300);pkIs32, (YY494) glh-

1(ok439);pkIs32, (YY1217) pup-1(gg574);pkIs32, (YY714) morc-1(gg430);pkIs32;dpy-17(e164), 

(YY538) hrde-1(tm1200), (YY1013) hrde-2(gg517), (YY902) set-32(gg266), (YY1197) hrde-

4(g300), (YY976) pup-1(gg519), (YY1195) glh-1(gg408), (YY890) morc-1(tm6048), (YY626) 

hrde-2(gg268), (YY657) hrde-1(tm1200);hrde-2(gg268), (YY909) ggSi2[hrde-

1p::3xflag::gfp::hrde-2];unc-119(ed3), (YY913) nrde-2(gg518), (YY934) hrde-2(gg517);nrde-

2(gg518), (YY946) rde-1(ne219);nrde-2(gg518), (YY947) hrde-1(tm1200);nrde-2(gg518), 

(YY584) ggSi1[hrde-1p::3xflag::gfp::hrde-1], (YY921) rde-1(ne219);ggSi1, (YY922) hrde-

2(gg517);ggSi1, (YY636) hrde-2(gg268);ggSi1, (SX1316) mjIs144[mex-5p::gfp::his-58::21UR-

1::tbb-2 3’UTR];unc-119(ed3), (YY1041) hrde-2(gg517);mjIS144, (YY742) hrde-2(gg252), 

(YY737) hrde-2(gg399), (GR1747) mut-15(tm1358), (YY626) hrde-2(gg268);pkIs32, (YY1143) 

hrde-2(gg517);ggSi3[hrde-1p::gfp::hrde-2(AAAA)], (YY910) hrde-2(gg252);ggSi2, (YY634) hrde-

1(gg265);pkIs32, (YY631) hrde-1(gg257);pkIs32, (YY562) hrde-1(tm1200);oma-1(zu405), 

(TX20) oma-1(zu405), (YY635) hrde-2(gg268);oma-1(zu405), (SX461) mjIs31[pie-

1::gfp::h2b];unc-119(ed3), (YY720) hrde-1(tm1200);mjIs31, (YY722) hrde-2(gg268);mjIs31, 

(YY721) hrde-1(tm1200);hrde-2(gg268);mjIs31, (YY1246) wago-3(gg589), (YY1340) hrde-

2(gg517);wago-3(gg589), (YY1312) hrde-1(gg594), (YY1192) hrde-1(gg594);hrde-2(gg517)        

 

Construction of plasmids and transgenic strains: For 3XFLAG::GFP::HRDE-1 

(ggSi1)(referred to as FLAG::HRDE-1 when assaying HRDE-1 immunoprecipitation) the hrde-1 

promoter, coding region, and predicted 3’ UTR were amplified by PCR from genomic N2 DNA 

and cloned into pCFJ151 using Gibson cloning. For GFP::3XFLAG::HRDE-2 (ggSi2), the hrde-2 
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coding region and predicted 3’UTR, along with the hrde-1 promoter were amplified by PCR and 

assembled using Gibson cloning into pCFJ151. DEVD sequence (A.A. 99-102) in HRDE-2 was 

mutated to AAAA in ggSi3. The forementioned plasmids were injected into EG6699 and integrated 

into the genome using the MosSCI technique (Frøkjaer-Jensen et al. 2008). Insertions were 

verified using PCR and sequencing.  

NRDE-2::3XFLAG::HA (nrde-2(gg518)) (referred to as FLAG::NRDE-2 when assaying 

NRDE-2 immunoprecipitations) CRISPR strain was generated with 50ng/ul pDD162 (Cas9), 

25ng/ul pRB1017-derived guide RNA, and 500nM single-stranded oligo (IDT 4-nmol Ultramer) 

using protocol as previously described (Farboud and Meyer 2015). A gRNA targeting unc-58 and 

repair oligo (AF-JA-76) were used as a co-conversion marker. Insertions were verified using PCR 

and sequencing.  

CRISPR deletions (hrde-2(gg517), set-32(gg545), set-32(gg546), hrde-4(gg558), pup-

1(gg519)) were generated using the protocol above with the exception of an extra gRNA were 

added to cause two dsDNA breaks. 

 

RNAi: RNAi experiments were conducted as previously described (Timmons and Fire 1998; 

Burton et al. 2011). All clones were taken from the Ahringer library (Kamath et al. 2003). 

 

RNA IP: Adult worms were flash frozen then sonicated (2 min, 30s ON 30s OFF 30% amplitude) 

three times in sonication buffer (20mM Tris pH 7.5, 200mM NaCl, 2.5mM MgCl2, 0.5% NP-40, 

10% glycerol, RNaseOUT, Proteinase Inhibitor(Roche)) in a QSonica 800R sonicator. Samples 

were then rotated for 15 min at 4°C then spun at 14k, 15min, 4°C. Lysates were pre-cleared with 

30ul Protein-A/Salmon Sperm DNA agarose beads (16-157, Millipore) for 30min at 4°C then spun 

14k, 5 min, 4°C. Supernatant was then transferred to fresh tube with 2ul of anti-flag M2 conjugated 

to agarose (A2220, Sigma) and rotated at 4°C for 4hrs-O/N. Six washes with 1mL RIP buffer 

[20mM Tris pH 7.5, 200mM NaCl, 2.5mM MgCl2, 0.5% NP-40, 10% glycerol] spin at 2K, 1min. 
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After washes, 100ul of elution buffer (1mL sonication buffer, 3ul 3xFLAG peptide (5 mg/mL, F4799 

Sigma)) was then added and rotated 30min at 4°C. Supernatant transferred to new tube, 5ul 

saved for protein assays, the sample was then DNaseI treated (add MgCl2), 37°C, 20min. 

Samples were then added to 400ul TRIzol and standard isopropanol precipitation. Resuspended 

in 20ul dH20.  

 

Chromatin IP: Gravid adult animals were cross-linked in 2% formaldehyde/M9 solution for 30 

min at room temperature, and fixation was stopped by adding glycine to 0.125M and incubating 

for 5 min. Gravid adult animals were washed twice with M9 and stored in -80°C. Fixed gravid adult 

animals were resuspended in 1 ml FA buffer (50 mM Tris/HCl pH 7.5, 1 mM EDTA, 1% Triton X-

100, 0.1% sodium deoxycholate, 150 mM NaCl, with proteinase inhibitor (Roche)). Samples were 

sonicated 30s ON 30s OFF 70% amplitude for 20 mins in a QSonica 800R sonicator. Lysates 

were clarified by centrifugation for 10 minutes at 4°C. Supernatant was transferred to a new tube 

and pre-cleared with salmon sperm DNA-coated protein-A agarose beads (16-157, Millipore). 

Pre-cleared lysates were incubated with 2 μl anti- trimethylated Histone 3 lysine 9 (Upstate 07-

523) for 2hrs - O/N. BSA and ssDNA pre-treated protein-A agarose beads were added. Beads 

were pelleted and washed twice in FA buffer, twice in FA-500 buffer (50 mM Tris/HCl pH 7.5, 1 

mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 500 mM NaCl), once in LiCl wash buffer 

(0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.0), and 

once in TE buffer. Chromatin was eluted with elution buffer (1% SDS, 0.1M NaHCO3) for 30 

minutes each at room temperature. 30 ul 5 M NaCl was added, and reversed crosslinks by heating 

at 65°C O/N. DNAs were further purified by QIAquick PCR purification kit (Qiagen), and analyzed 

by quantitative real-time PCR (qPCR). ChIP data was normalized to co-immunoprecipitated eft-

3.  
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cDNA Preparation: RNAs were converted to cDNA using the iScript cDNA Synthesis Kit (Bio-

Rad, 170-8890) following manufacturer's protocol.  

 

TaqMan: Total RNA was isolated from adult worms by vortexing flash frozen extracts for 10min 

in TRIzol, followed by isopropanol precipitation. oma-1 small RNAs were reverse-transcribed by 

microRNA reverse-transcription kits (4366596; Applied Biosystems). cDNA was quantified by 

qPCR using custom Taqman small RNA assay from Applied Biosystems (4398987; assay IDs 

CSKAJ9W, CSLJIF4, CSMSGMC, CSN1ESK). Taqman sequences were the same as used in 

(Buckley et al. 2012).   

 

Small RNA cloning and Computational Analysis: Small RNAs were enriched with a mirVana 

miRNA Isolation Kit (Ambion, AM1560). 2ug of small RNAs were cloned using a 5’-mono-

phosphate independent small RNA protocol as previously described by (Gent et al. 2009). 

Libraries were multiplexed with a 4nt 5’ barcode and a 6nt 3’ barcode and pooled for HTS on a 

NextSeq500 (Biopolymers Facility, HMS).  

 Fastx 0.0.13 was used to separate reads that contained the 3’ adapter and filter low quality 

reads for further analysis. Custom scripts were used to separate samples based on the in-line 5’ 

barcode. Reads >17nt were mapped to the C. elegans genome (WS220) using Bowtie 1.1.1 ‘ -f -

v 3 -p 4 -a --best --strata -m 400’ (described in (Shirayama et al. 2014)). The read counts were 

normalized to the total number of reads that matched the genome (in millions). To account for 

differences in sequencing volume between samples, reads were normalized too non-structural 

RNAs. Custom scripts were used to draw the single nucleotide plots. All scripts available upon 

request.  

 

Accession numbers: Illumina data are available from GEO under the accession number 

GSE92840. 
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Mrt assay: At each generation, 6 larval stage (L3) animals were picked to a single plate. Average 

brood sizes were calculated by counting the total number of progeny per plate. 

      

oma-1 RNAi assay: 6 larval stage (L1) were singled onto bacteria expressing oma-1 dsRNA and 

propagated at 20°C (restrictive temperature). These animals were designated the P0/RNAi 

generation. 6 L1 progeny (F1) animals were then transferred to bacteria without oma-1 dsRNA. 

Brood size was obtained from counting F1 gravid adults remaining on the P0 plates. This process 

was repeated at every generation.  

 

Primers: oma-1 1F/R: (TTGTTAAGCATTCCCTGCAC) and (TCGATCTTCTCGTTGTTTTCA) 

oma-1 2F/R: (GTGAGTTTAACAAAATTCAAATGAAAA) and (AGTGGTGAAACGGGCAAAGT) 

spr-2 RT 1F/R: (AAACTTTCGCAATGTAACTCTTCC) and (CTGGTAGTGCTGCGTACGTG) 

C09G9.5 RT 1F/R: (CCAACGAAGCTTTGTGGATA) and (GCGTGTGGGAACCTAGAAAA) 

C27B7.2 1F/R: (TGGGTTAACTGAAACAACTTGAA) and (TCACAAACAACGTCTTTTCGAT)  

crs-2: (GCCGGAAGTTGAAAACTACATC) and (TTCGTCCAAATCCTCGAATC)  

Y61A9LA.12: TGGAGAGCACTCTGAAAAATTG) and (TCTATTCCAGCAATTTCTTATCTCAA) 

bath-45: (CTGATTCAAAGCTATTCGGAGAA) and (CATCGATCAGGAAAGCATCA) 

R11A8.1: (TCTTCGGCGCTAATCTTTTC) and (TTGGTAGAAGCTGCATCACTTT) 

tlk-1: (TCATTTTGGCGACTTCATCA) and (TTTGTTATTGAATGTGACGTG) 

lit-1: (TCAATTTTTGCCATGGAATC) and (ATGTCCTTCTCCCACTTTGG)  

eft-3: (ACTTGATCTACAAGTGCGGAGGA) and (CGGGTGAGAAAATCTTTCAAACTA)   
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RESULTS 

 

A genetic screen identifies RNAi inheritance factors: Exposure of wild-type C. elegans to gfp 

dsRNA causes silencing of a germline-expressed gfp transgene and this silencing is heritable 

(Figure 1) (Vastenhouw et al. 2006; Buckley et al. 2012). To further our understanding of the 

mechanism of RNAi inheritance, we conducted a forward genetic screen looking for mutations 

that specifically disrupted the inheritance phase of RNAi. Briefly, animals expressing GFP in germ 

cells were EMS mutagenized. F2 progeny of mutagenized animals were exposed to gfp dsRNA. 

We isolated mutant animals that were able to silence GFP in response to gfp RNAi but failed to 

inherit GFP silencing in subsequent generations. We screened ~6,000,000 haploid genomes and 

identified 57 heritable RNAi defective (hrde) alleles (Figure S1). Previously, this screen identified 

the nuclear Ago HRDE-1/WAGO-9 (henceforth referred to as HRDE-1) and the nuclear RNAi 

factors NRDE-1/2/4 (Buckley et al. 2012). The following approaches were used to focus our efforts 

on novel RNAi inheritance factors. First, animals lacking NRDE-1/2/4 respond idiosyncratically to 

dsRNAs targeting the pos-1 and lin-26 genes (Burkhart et al. 2011; Buckley et al. 2012). Mutant 

strains that behaved like nrde-1/2/4 mutant animals, when treated with pos-1 and lin-26 RNAi, 

were discarded as many of these animals likely harbored mutations in nrde-1/2/4. Second, hrde 

alleles were complemented with hrde-1(tm1200) animals, and those alleles that failed to 

complement hrde-1 were not analyzed further (Figure S2). The remaining hrde alleles (23/57) 

were subjected to whole genome sequencing (WGS). Combinations of the following approaches, 

which varied for each hrde gene, were used to assign molecular identities: positional mapping, 

complementation analysis, genetic rescue, and in silico complementation analysis (Minevich et 

al. 2012) (see below). Finally, additional mutant alleles (generated by CRISPR/CAS9, or obtained 

from the Caenorhabditis Genome Center) of candidate hrde genes were tested for RNAi 

inheritance defects in order to confirm identities. Evidence establishing the identity of each hrde 

gene is summarized in Table 1 and is described in detail in Figure S2-S8. In addition, a detailed 
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description of the identification of hrde-2 is presented in the main text below. Together, these 

experiments show that GLH-1/VASA, PUP-1/CDE-1, SET-32, MORC-1, and two nematode 

specific factors HRDE-2 and HRDE-4, are required for RNAi inheritance in C. elegans (Figure 1). 

The causative mutations in three hrde strains remain to be identified.   

 

RNAi inheritance factors promote germline immortality: The germline is immortal in the sense 

that, unlike somatic cells, germ cells and their descendents are able to divide in perpetuity. 

Germline immortality is under genetic control (Ahmed and Hodgkin 2000; Buckley et al. 2012; 

Simon et al. 2014; Sakaguchi et al. 2014). Interestingly, the previously known components of the 

RNAi inheritance machinery are required for germline immortality: animals that lack NRDE-1/2/4 

or HRDE-1 show near wild-type fertility, however, the descendents of these animals become 

sterile after 3-5 generations at 25°C (Buckley et al. 2012). This transgenerational loss of fertility 

is referred to as a mortal germline (Mrt) phenotype (Ahmed and Hodgkin 2000). We asked if 

animals lacking the newly identified components of the RNAi inheritance machinery were Mrt. 

Note, the Mrt phenotype of RNAi inheritance defective animals (such as nrde-2 or hrde-1 mutants) 

is temperature sensitive: growth at 25°C induces Mrt, however, growth at 20°C does not induce 

Mrt (Buckley et al. 2012). Therefore, we shifted glh-1, pup-1, set-32, morc-1, hrde-2, and hrde-4 

mutant animals to growth at 25°C and monitored the fertility of these animals over generations. 

As expected, wild-type animals were not Mrt, and hrde-1 mutant animals were Mrt (Figure 2). glh-

1, pup-1, set-32, morc-1, hrde-2, and hrde-4 mutant animals were Mrt (Figure 2). We tested a 

second allele of each of these genes (except for morc-1) and found that these strains also 

exhibited Mrt phenotypes. These data show that a general property of RNAi inheritance factors is 

to promote germline immortality.  

 

The RNAi inheritance machinery likely promotes germline immortality by maintaining the 

C. elegans epigenome: The RNAi machinery regulates the expression of both protein-coding 
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genes and parasitic nucleic acids such as transposons (Meister 2013). Therefore, the Mrt 

phenotype of RNAi inheritance defective animals might be caused by progressive changes in 

gene expression or by genetic damage resulting from transposon mobilization. The following 

experiments show that the cause of germline mortality in RNAi inheritance defective animals is 

unlikely to be genetic damage. After 2-3 generations of growth at the non-permissive (25°C) 

temperature, the brood size of hrde-1 or hrde-2 mutant animals was <25% that of wild-type 

animals (Figure 3A). We transferred these low-fertility animals to the permissive temperature 

(20°C) and found that after three generations, fertility in these populations was restored to near 

wild-type levels (Figure 3A and Figure S9). Moving these animals back to the non-permissive 

temperature again resulted in a progressive decline in fertility, which, again, could be reversed by 

a shift to permissive temperatures (Figure 3A and Figure S9). These data show that the Mrt 

phenotype of hrde-1 or hrde-2 mutant animals is reversible and these data are consistent with 

recently published reports (Simon et al. 2014; Sakaguchi et al. 2014; Ni et al. 2016). We 

considered the possibility that rare individuals, which had not incurred DNA damage, might be 

present in hrde populations undergoing Mrt. These animals might, over generations, overtake 

sicker DNA-damaged siblings, thus, reversing Mrt. To address this issue, we quantified the brood 

of 84 hrde-1/-2 double mutant animals from populations that were almost Mrt at permissive 

temperatures. We found that animals from a Mrt population exhibited a spectrum of fertility rates 

ranging from zero to near wild-type (Figure 3B, top). Importantly, individuals in the population that 

had the lowest (non-zero) brood sizes gave rise to progeny that had wild-type fertility (Figure 3B, 

bottom). We conclude that Mrt is reversible and that the accumulation of DNA damage does not 

cause Mrt in RNAi inheritance defective animals.  

How then does the RNAi inheritance machinery promote germline immortality? It has been 

proposed that endogenously expressed siRNAs may promote germline immortality by maintaining 

a germline H3K9me3 pattern that is necessary for germ cell health (Buckley et al. 2012). Our 

inheritance screen identified nine alleles of the gene set-32, which encodes a SET domain protein 
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with homology to S. pombe Clr4 and fly Su(var)3-9. Clr4 and Su(var)3-9 are founding members 

of a family of enzymes that methylate H3K9 (Rea et al. 2000). Thus, SET-32 is a candidate H3K9 

methyltransferase. Additionally, set-32 mutant animals are Mrt, consistent with the idea that 

maintenance of germline H3K9me3 patterns by SET-32 is required for germline immortality 

(Figure 2). HRDE-1 is the Ago that engages nuclear RNAi to maintain germline immortality and 

the gene targets of HRDE-1 are known (Buckley et al. 2012). To test the idea that SET-32-directed 

H3K9me3 may promote germline immortality, we asked if SET-32 contributed to H3K9me3 at 

HRDE-1 target genes. Animals lacking SET-32 had less H3K9me3 at HRDE-1 target genes than 

wild-type animals (Figure 4A). H3K9me3 at control (non-HRDE-1 target) genes was unaffected 

by loss of SET-32 (Figure 4A). Exposing C. elegans to experimental dsRNAs mimics the effects 

of endogenous siRNAs and induces H3K9me3 at genomic sites that exhibit sequence homology 

to dsRNAs (Guang et al. 2010). SET-32 was required for experimentally supplied oma-1 dsRNA 

to trigger H3K9me3 at the oma-1 locus (Figure 4B). Thus, SET-32 is required for H3K9me3 to 

accumulate at genes targeted by exogenous and endogenous sources of siRNAs in C. elegans. 

These data suggest that SET-32 is an siRNA-directed H3K9 methyltransferase and that siRNA-

directed H3K9 methylation is an obligate step during RNAi inheritance. Additionally, these data 

support the model that the RNAi inheritance machinery promotes germline immortality by 

establishing an epigenome conducive to germ cell function. 

 

Molecular identification of hrde-2:  The remainder of this paper describes the identification and 

characterization of hrde-2. hrde-2 was identified in our genetic screen for heritable silencing of a 

gfp transgene. We wondered if HRDE-2 was required for RNAi inheritance at endogenous genes. 

oma-1 and pos-1 are two germline expressed genes and RNAi silencing of these genes is 

heritable. hrde-2 animals were defective for the inheritance of oma-1 and pos-1 RNAi gene 

silencing, indicating that HRDE-2 is generally required for RNAi inheritance in C. elegans (Figure 

S10A,B). The following lines of evidence show that hrde-2 is t01c3.9, a nematode specific factor 
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required for RNAi inheritance. We mapped hrde-2 to a 2 cM interval on chromosome V (Figure 

S3B). Within this interval, we identified loss of function mutations in the open reading frame of 

t01c3.9 in three out of our three hrde-2 strains, which previous work had established were 

members of the hrde-2 complementation group (Figure 5A, Table 1, and Figure S3A). We 

generated a deletion in t01c3.9 with CRISPR/Cas9 and found that animals harboring this deletion 

allele were defective for RNAi inheritance (Figure 1). Finally, a wild-type copy of t01c3.9 was 

sufficient to rescue the Mrt phenotype of hrde-2 mutant animals (Figure S11). We conclude that 

hrde-2 is t01c3.9, a nematode specific protein that is required for RNAi inheritance. Note, t01c3.9 

is co-transcribed in an operon with the gene mut-15/rde-5, which is known to be involved in RNAi 

silencing in C. elegans (Sijen et al. 2007; Phillips et al. 2012). hrde-2(gg268) complemented mut-

15(tm1358) for RNAi defects, indicating that mutation of t01c3.9 does not cause RNAi inheritance 

defects by affecting expression of mut-15 (Figure S3C).  

 

HRDE-2 localizes to cytoplasmic foci in germ cells: The following observations argue that 

HRDE-2 is a germline-expressed RNAi inheritance factor. First, we created a gfp::hrde-2 fusion 

gene, which we integrated into the genome using MosSCI technology (Frøkjaer-Jensen et al. 

2008). gfp::hrde-2 rescued the Mrt phenotype of hrde-2 mutant animals, suggesting that gfp::hrde-

2 encodes a functional protein whose expression likely reflects that of endogenous HRDE-2 

(Figure S11). We observed GFP::HRDE-2 fluorescence throughout the male and female germline 

in gfp::hrde-2 animals (Figure 5B and Figure S12). GFP::HRDE-2 appeared concentrated in 

perinuclear foci that surrounded nuclei (see discussion). In addition, microarray and RNA-seq 

based studies show that the hrde-2 mRNA expression is enriched/restricted to the germline 

(Reinke et al. 2004; Ortiz et al. 2014). Together, these data argue that HRDE-2 is a germline-

expressed RNAi inheritance factor.  
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HRDE-2 is a component of the C. elegans nuclear RNAi pathway in the germline: The C. 

elegans nuclear RNAi machinery is required for RNAi inheritance (Burton et al. 2011; Buckley et 

al. 2012; Ashe et al. 2012; Shirayama et al. 2012). We wondered if HRDE-2 might function as 

part of the nuclear RNAi pathway. To address this question, we first conducted a genetic analysis 

with hrde-2 and the nuclear RNAi Ago hrde-1 to ask if these genes acted in the same genetic 

pathway. Animals lacking both HRDE-1 and HRDE-2 became Mrt at a similar rate as animals 

lacking either HRDE-1 or HRDE-2, individually (Figure 6A). This data suggests that hrde-2 acts 

in the same genetic pathway as hrde-1 to promote germline immortality.  

The following data provide further evidence that HRDE-2 is a component of nuclear RNAi 

pathway. First, piRNA-mediated gene silencing of a gfp reporter transgene (mjIs144) requires 

nuclear RNAi (Bagijn et al. 2012). We found that, like the known components of the nuclear RNAi 

pathway, HRDE-2 was required for piRNA-mediated gene silencing of this reporter gene (Figure 

6B). Second, as described above, exposing C. elegans to dsRNAs is sufficient to induce 

H3K9me3 at genomic sites that exhibit sequence homology to dsRNAs (Guang et al. 2010). We 

found that, like the other known components of the nuclear RNAi pathway, HRDE-2 was required 

for oma-1 dsRNA to trigger H3K9 methylation at the oma-1 locus (Figure 6C and Figure S13). 

The nuclear RNAi factor NRDE-2 binds nascent RNAs (pre-mRNA) when genes are targeted by 

dsRNA, and this step of nuclear RNAi requires the Ago HRDE-1 (Guang et al. 2010; Buckley et 

al. 2012). We found that, like HRDE-1, HRDE-2 was required for dsRNA to induce NRDE-2/pre-

mRNA association (Figure 6D). Similarly, we found that HRDE-2 was required for NRDE-2 to bind 

the pre-mRNA of an endogenous target of nuclear RNAi, bath-45 (Figure 6E). Taken together, 

these data show that HRDE-2 is a component of the nuclear RNAi pathway and that HRDE-2 acts 

upstream of NRDE-2/pre-mRNA binding and NRDE-dependent H3K9 methylation during nuclear 

RNAi.  
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HRDE-2 is required for the Ago HRDE-1 to bind siRNAs following RNAi: HRDE-2 acts in the 

nuclear RNAi pathway upstream of NRDE-2/pre-mRNA binding and NRDE-dependent H3K9 

methylation. HRDE-1 is the major Ago that drives germline nuclear RNAi in C. elegans (Buckley 

et al. 2012). To further pinpoint how HRDE-2 contributes to nuclear RNAi, we asked if HRDE-2 

was required for HRDE-1 to bind siRNAs. HRDE-1 binds endogenous small RNAs (termed 22G 

siRNAs), which are produced by RdRPs acting upon cytoplasmic mRNA templates (Pak and Fire 

2007; Sijen et al. 2007; Buckley et al. 2012). For unknown reasons, 22G siRNAs are 

predominantly antisense to the RNAs used by RdRPs for their production. We treated wild-type 

and hrde-2 mutant animals with oma-1 dsRNA, immunoprecipitated HRDE-1, and isolated co-

precipitating RNAs. We then used four sets of TaqMan probes, which were designed to detect 

oma-1 22G siRNAs (antisense to the oma-1 mRNA), to ask if HRDE-2 was required for HRDE-1 

to associate with siRNAs. Two of these Taqman primer sets detect antisense oma-1 siRNAs 

derived from sequences covered by the oma-1 dsRNA and two primer sets detect antisense oma-

1 siRNAs derived from sequences not covered by the oma-1 dsRNA. Using all four probe sets, 

we found that HRDE-1 failed to associate with oma-1 siRNAs in hrde-2 mutant animals (Figure 

7A and Figure S14). Note: Expression of the HRDE-1 was reduced (1.4-fold) in a hrde-2 mutant 

background (Figure S15), however, this reduction is unlikely to explain the 60-fold reduction in 

HRDE-1 co-precipitating small RNAs that we observe in hrde-2 mutant animals (Figure 7A). 

Together, these data suggest that the reason HRDE-2 is required for RNAi inheritance is that 

HRDE-2 is required for the Ago HRDE-1 to bind siRNAs.  

HRDE-1 is one of twelve members of a clade of C. elegans Agos collectively referred to 

as the worm-specific Agos or WAGOs (Yigit et al. 2006). Like HRDE-1, the other eleven WAGOs 

are thought to bind RdRP-produced 22G siRNAs (Yigit et al. 2006; Gu et al. 2009). We wondered 

if HRDE-2 was generally required for all WAGOs to bind siRNAs or if HRDE-2 function might be 

restricted to a subset of the WAGOs. To address this question, we used CRISPR/Cas9 to tag the 

endogenous wago-3/ppw-2 locus (hereafter referred to as WAGO-3) with an HA-epitope and then 
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used this reagent to ask if HRDE-2 was required for WAGO-3 to associate with siRNAs. We chose 

WAGO-3 for these experiments because, like HRDE-1, WAGO-3 is expressed in the germline 

(data not shown). After exposure to oma-1 dsRNA, HA::WAGO-3 associated with similar amounts 

of oma-1 siRNAs in wild-type and hrde-2 mutant animals (Figure 7A). These data show that the 

role of HRDE-2 in WAGO/siRNA binding is limited to a subset of the WAGOs. 

HRDE-2 might be required for producing HRDE-1 siRNAs or for facilitating the binding of 

HRDE-1 to siRNAs. To begin to address this question, we sequenced total small RNAs from wild-

type and hrde-2 mutant animals that were exposed to oma-1 dsRNA or empty vector. Wild-type 

and hrde-2 mutant animals produced similar levels of oma-1 siRNAs (Figure 7B). The similarity 

in oma-1 siRNA patterns extended to regions of the oma-1 mRNA not directly targeted by oma-1 

dsRNA, establishing that RdRP activity is present and apparently normal in hrde-2 mutant animals 

(Figure 7B). In empty vector treated animals, very few oma-1 siRNAs were identified (<0.5% of 

oma-1 RNAi treated animals) (Figure S16). These results indicate that hrde-2 mutant animals do 

not exhibit obvious defects in generating the type of siRNA to which HRDE-1 binds. Taken 

together, our results suggest that the function of HRDE-2 is to facilitate the binding of HRDE-1 to 

the siRNA cofactors it needs to direct RNAi inheritance and germline immortality. 
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DISCUSSION 

 

Here we report the identification of six RNAi inheritance factors; GLH-1/VASA, CDE-1/PUP-1, 

SET-32, MORC-1, HRDE-2, and HRDE-4. HRDE-2 is required for the Ago HRDE-1 to bind 

siRNAs after RNAi treatment. Interestingly, HRDE-2 does not appear to be needed for the 

production of the siRNAs to which HRDE-1 binds, suggesting that the function of HRDE-2 is to 

assist HRDE-1 in binding siRNAs. It is unclear if HRDE-2 has a direct or indirect role in 

promoting this HRDE-1/siRNA interaction. In S. pombe, the Argonaute small interfering RNA 

chaperone (ARC) complex facilitates Ago1 siRNA binding (Holoch and Moazed 2015). C. 

elegans HRDE-2 may function analogously to ARC complex to directly mediate the loading of 

siRNAs into HRDE-1. Alternatively, HRDE-2 may promote HRDE-1/siRNA binding by an indirect 

mechanism. For instance, HRDE-2 could be needed to activate a factor that itself is required for 

HRDE-1/siRNA binding. Favoring (but not proving) this model, is the fact that at steady state, 

HRDE-2 localizes to the cytoplasm (Figure 5B and Figure S12) while HRDE-1 localizes to the 

nucleus (Buckley et al. 2012; Shirayama et al. 2012). Future in vivo interaction and in vitro 

biochemical studies may help differentiate these models. Interestingly, we find that HRDE-2 is 

not required for other Agos (WAGO-3) to bind siRNAs in response to dsRNA treatment, 

indicating some degree of specificity for HRDE-2 function during Ago/siRNA binding. C. elegans 

possess ~27 Agos and more than twelve of these Agos (WAGOs) are thought to bind 

chemically indistinguishable 22G siRNAs. If or how WAGOs associate with subsets of the total 

cellular pool of 22G siRNAs is unknown. Our results suggest that HRDE-2 could be one 

mechanism by which different WAGOs are coupled to different 22G siRNAs. Interestingly, the 

C. elegans genome encodes two paralogs of hrde-2 (t24c2.2 and f43c11.9), which may act as 

specificity factors for other C. elegans Argonaute proteins.  
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H3K9me3, RNAi inheritance, and germline immortality: There are 38 potential histone-tail 

methyltransferases (HMTs) encoded in the C. elegans genome (Andersen and Horvitz 2007). Our 

genetic screen identified nine alleles of one of these HMTs, SET-32. These results suggest that 

SET-32 is the major HMT contributing to germline RNAi inheritance in C. elegans. SET-32 is 

required for H3K9me3 to accumulate at genomic sites targeted by endogenous and exogenous 

siRNAs (Figure 4). Together, these data argue that SET-32 is likely an H3K9 methyltransferase 

and that siRNA-directed H3K9 methylation is likely an important step for transgenerational gene 

silencing. In addition, we show that SET-32 is required for germline immortality, suggesting that 

siRNA-directed H3K9 methylation is likely an important facet of small RNA-mediated germline 

immortality. 

How might SET-32 promote RNAi inheritance? In S. pombe, Ago1 directs the HMT Clr4 

to genomic sites targeted by siRNAs so that Clr4 can methylate H3K9 (Volpe et al. 2002). 

Additionally, the chromodomain protein Chp1 binds H3K9me3 and recruits Ago1 to genomic sites 

of RNAi (Partridge et al. 2002; Verdel et al. 2004; Hayashi et al. 2012; Rougemaille et al. 2012). 

Thus, in S. pombe, small RNAs and H3K9 methylation act together in a feed-forward loop to 

maintain stable states of nuclear gene silencing (Martienssen and Moazed 2015). It is possible 

that a similar feed-forward mechanism may be at play in C. elegans. The nuclear RNAi machinery 

could direct SET-32 to chromatin to deposit H3K9me3, which could then help stabilize the nuclear 

RNAi machinery at repressive chromatin. It will, therefore, be of interest to ask if SET-32 physically 

associates with chromatin in response to RNAi, and if SET-32 and the nuclear RNAi factors 

require each other for stable association with chromatin. Finally, it may be worth noting that our 

screen identified a mutation in SET-32 that mutates a serine residue to phenylalanine 

(Ser170Phe), hinting that SET-32 might be regulated by phosphorylation. If this turns out to be 

the case, such a system might provide an elegant mechanism by which C. elegans could fine 

tune RNAi inheritance programs in response to changing environmental conditions.  
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VASA, germ granules, and RNAi inheritance: VASA is a conserved DEAD-box RNA helicase 

that contributes to germ cell function in most metazoans (Voronina et al. 2011). Here we show 

that C. elegans lacking GLH-1/VASA are defective for RNAi inheritance (Figure 1). In insects, 

VASA helps to silence transposable elements (TEs) by binding TE RNAs and processing TE 

RNAs into intermediates that are fed to Ago proteins ( Guzzardo et al. 2013; Xiol et al. 2014). The 

association between VASA-like helicases and Ago proteins may be conserved: RDE-12, Belle, 

and MVH are all VASA homologues that associate with Ago proteins in worms, flies, and mice, 

respectively ( Kirino et al. 2010; Pek and Kai 2011; Shirayama et al. 2014; Yang et al. 2014). 

Together, these observations hint that GLH-1/VASA helicases may be conserved mediators of 

small RNA-based gene silencing pathway in metazoans and that VASA-like enzymes might fulfill 

this role by linking RNAi factors to RNAs in need of silencing.  

A previous study failed to detect RNAi defects in glh-1/vasa mutant animals (Spike et al. 

2008). We speculate that this is likely due to the fact that, while glh-1/vasa mutant animals are 

defective for RNAi inheritance, they respond normally when exposed directly to dsRNA (Figure 

1). Why would the loss of GLH-1/VASA specifically affect the inheritance phase of RNAi? Germ 

granules are self-assembling non-membrane bound organelles found in the germ cells of most 

metazoans (Voronina et al. 2011). In C. elegans, germ granules are referred to as P granules. P 

granules segregate with the germ lineage during embryonic cell divisions (Strome and Wood 

1983). GLH-1 (like VASA homologues in most animals) localizes to germ granules (Voronina et 

al. 2011). The concentration of GLH-1/VASA into P granules, and the segregation of these 

granules with the germline, position GLH-1/VASA perfectly to mediate heritable gene silencing 

events. It is important to note, however, that GLH-1/VASA activity is required for normal P granule 

formation (Spike et al. 2008). Several core RNAi factors (such as Dicer, Agos, and RdRPs) 

localize to P granules (Gu et al. 2009; Claycomb et al. 2009; Conine et al. 2010; Vasale et al. 

2010; Beshore et al. 2011). It is possible, therefore, that failure to properly concentrate core RNAi 

factors in P granules could be responsible for the RNAi inheritance defects observed in GLH-1(-) 
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animals. Consistent with this latter idea, DEPS-1 and PGL-1 are two germline factors that are 

required for wild-type P granule assembly and animals lacking either of these factors exhibit RNAi 

defects (Spike et al. 2008; Robert et al. 2005).  

 

RNA uridylation and RNAi inheritance: Poly(u) polymerase-1 (pup-1, also known as cde-1 or 

cid-1) encodes a poly(U) polymerase that adds short tracts of uracil to the 3’ termini of RNAs in 

C. elegans (Kwak and Wickens 2007; van Wolfswinkel et al. 2009). PUP-1 is thought to uridylate 

the endo-siRNAs that bind a germline Ago called CSR-1 (van Wolfswinkel et al. 2009). PUP-1 

uridylation is thought to destabilize CSR-1 siRNAs (van Wolfswinkel et al. 2009). Thus, in animals 

lacking PUP-1, more CSR-1 siRNAs are available for binding to CSR-1. Unlike most Agos (which 

negatively regulate target RNAs), CSR-1, and its associated siRNAs, are thought to activate gene 

expression (Cecere et al. 2014; Wedeles et al. 2013; Seth et al. 2013). Therefore, one model to 

explain why PUP-1 is required for RNAi inheritance is the following: in pup-1 mutant animals, 

CSR-1 is hyperactive and the enhanced anti-silencing activity of CSR-1 prevents RNAi 

inheritance by overriding the pro-silencing activity of the RNAi inheritance machinery. 

Alternatively, PUP-1 may also play a direct role in RNAi inheritance. In S. pombe, a homologue 

of PUP-1 (Cid12) is part of a complex of proteins termed the RNA directed RNA polymerase 

complex (RDRC). RDRC consists of Cid12, as well as an RNA helicase (Hrr1), and an RNA 

dependent RNA Polymerase (RdRP) (Motamedi et al. 2004). The RDRC is thought to produce 

silencing RNAs needed to perpetuate stable long-term heterochromatic states in S. pombe 

(Martienssen and Moazed 2015). Thus, PUP-1-like enzymes have now been associated with 

long-term gene silencing processes in both yeast and worms. Perhaps RNA uridylation in C. 

elegans is a signal that shunts RNAs into long-term gene silencing pathways. For instance, in 

somatic cells of C. elegans, the putative poly(U) polymerase RDE-3 is thought to add a uracil to 

the 3’ end of mRNA fragments produced in response to RNAi (Tsai et al. 2015). It has been 

suggested that these 3’ uracils may serve as beacons to recruit RdRPs, which amplify small RNA 
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populations and reinforce gene silencing (Tsai et al. 2015). PUP-1 could function analogously by 

marking germline RNAs as templates for RdRPs activity each generation during RNAi inheritance. 

By so doing, PUP-1 could maintain small RNA populations at levels sufficient to trigger gene 

silencing over multiple generations.  

 

MORC-1: MORC-1 is a member of a conserved family of GHKL ATPases named after the 

mouse Microorchidia (Morc) gene. In plants, MORC family members help silence repetitive 

genomic elements such as TEs. Plant MORCs are thought to be recruited to TE genes by RNA-

directed DNA methylation (RdDM) (Liu et al. 2014). Once localized to TEs, MORC enzymes 

may regulate gene expression by compacting chromatin into higher order structures that are not 

conducive to transcription (Moissiard et al. 2012). Interestingly, in mice, MORC also repress 

TEs, hinting that the silencing of genome parasites may be conserved feature of the MORC 

family of ATPases (Pastor et al. 2014). The C. elegans MORC homologue (MORC-1) has been 

previously implicated in RNAi silencing processes (Robert et al. 2005; Kim et al. 2005; 

Moissiard et al. 2012). Our results suggest that MORC-1 activity may be particularly important 

during the inheritance phase of RNAi. If MORC-1 were a component of the nuclear RNAi 

machinery one would expect such an inheritance specific defect. Perhaps nuclear RNAi directs 

MORC-1 to genes undergoing heritable gene silencing in C. elegans in order to compact 

chromatin into states not compatible with gene expression. Asking if nuclear RNAi compacts 

chromatin in C. elegans, and if MORC-1 is needed for this compaction, will be an important test 

of this model.  
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Figure Legends 

 

Figure 1. Genetic screen identifies hrde genes. Animals of the indicated genotype expressing 

a pie-1p::gfp::h2b transgene were exposed to bacteria producing gfp dsRNA. F1 embryos were 

isolated by hypochlorite treatment and grown on bacteria not expressing gfp dsRNA. GFP 

expression in oocytes of animals exposed to gfp dsRNA (RNAi generation) and the progeny of 

these animals (inheriting generation) were visualized by fluorescence microscopy. Percentage of 

animals expressing GFP is indicated (n>50). Note: morc-1 is marked with dpy-17(e164). 

 

Figure 2. hrde genes are required for germline immortality. Brood sizes for animals of 

indicated genotype were counted as detailed in material and methods. Data are mean ±s.d. (n=3).  

 

Figure 3. Genetic damage is unlikely the cause of Mrt in RNAi inheritance defective 

animals. (A) Brood sizes for animals of indicated genotype were counted as detailed in material 

and methods. Shift in temperature is indicated by changing color scheme (n=6, ±s.d.). (B) hrde-

1;hrde-2 animals from the 5th generation at 25°C were singled and grown at 20°C and their brood 

sizes were scored (B, top). Animals whose parents had a low brood size (indicated by red bars) 

were singled, grown at 20°C, and their brood sizes were scored (B, bottom).  

 

Figure 4. SET-32 is required for nuclear RNAi-directed H3K9me3. (A) H3K9me3 ChIP was 

conducted on animals of indicated genotype as described in materials and methods. qPCR of 

H3K9me3 co-precipitating DNA using primers detecting 5 genes thought to be targeted by nuclear 

RNAi and 3 genes not thought to be targeted by nuclear RNAi. Data are relative to co-precipitating 

eft-3 DNA and expressed as a ratio of signal from indicated mutant to signal from wild-type (n=6, 

±s.d). (B) Animals exposed to oma-1 dsRNA (+ oma-1 dsRNA) or control bacteria with L4440 

vector (- oma-1 dsRNA) were subjected to H3K9me3 ChIP. Co-precipitating oma-1 DNA was 
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quantified by qPCR. Data were normalized to co-precipitating eft-3 DNA and expressed as a ratio 

of signals in animals subjected to oma-1 RNAi over signals from no RNAi (-) animals (‘1’ denotes 

no change) (n=3, ±s.d). On the x-axis, 0 denotes the predicted start codon of oma-1.  

 

Figure 5. hrde-2 encodes a germline factor required for RNAi inheritance. (A) Predicted 

hrde-2 gene structure. Arrows indicate mutant alleles identified in genetic screen and black bar 

indicates deletion allele created by CRISPR/CAS9. (b) HRDE-2 localizes to cytoplasmic foci in 

germ cells. Fluorescence microscopy of the hermaphrodite germline in adult animals expressing 

gfp::hrde-2. Arrow shows perinuclear puncta.  

 

Figure 6. HRDE-2 is part of the nuclear RNAi pathway. (A) Brood sizes for animals of indicated 

genotype were counted as detailed in material and methods. hrde-1;hrde-2 double mutant 

animals do not show an additive fertility defect at 25°C when compared to the single mutant 

animals, suggesting HRDE-1 and HRDE-2 act in the same pathway. (n=6, ±s.d) (B) Fluorescence 

images of oocytes from wild-type animals expressing a piRNA sensor transgene (mjIs144), which 

contains a binding site for the piRNA 21U-1, and a control piRNA sensor transgene (mjIs145) 

which lacks the 21U-1 site (as described in Bagijn et al., 2012). Right panel, hrde-2(gg517) 

animals harboring mjIs145 (top) and mjIs144 (bottom). (C) Animals of the indicated genotypes 

were exposed to oma-1 dsRNA (+ oma-1 dsRNA) or empty L4440 vector (- oma-1 dsRNA) and 

subjected to H3K9me3 ChIP. Co-precipitating oma-1 DNA was quantified by qPCR. Data were 

normalized to co-precipitating eft-3 DNA and expressed as a ratio ±oma-1 RNAi (‘1’ denotes no 

change) (n=3, ±s.d). On the x-axis, 0 denotes the predicted start codon of oma-1. (D/E) FLAG-

NRDE-2 was precipitated from animals of indicated genotypes with an anti-Flag antibody and 

NRDE-2 co-precipitating RNA was isolated by Trizol extraction. RNA was converted to cDNA and 

quantified by qRT-PCR with primers detected oma-1 pre-mRNA or bath-45 pre-mRNA as 

described in materials and methods. Comparisons were performed using t-tests (Prism) (E) Data 
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are expressed as fold change ±oma-1 RNAi, or (E) as fold change mutant/control. Mean +/- s.d. 

are shown (n=3.).  

 

Figure 7. HRDE-2 is required for HRDE-1 to associate with siRNAs. (A) FLAG::HRDE-1 or 

HA::WAGO-3 expressing animals were treated with oma-1 dsRNA (+oma-1 dsRNA) or with empty 

L4440 vector (-oma-1 dsRNA). HRDE-1 and WAGO-3 were immunoprecipitated with anti-Flag 

and anti-HA antibodies respectively, and co-precipitating RNA was isolated by TRIzol extraction. 

oma-1 co-precipitating siRNAs were quantified with an oma-1 TaqMan probe set that detected a 

22G RNA antisense to the oma-1 mRNA. TaqMan signals shown relative to Taqman signals from 

non-RNAi treated control animals, which was defined as one. Relative enrichment following RNAi 

treatment is shown (n=3, ±s.d.). Comparisons were performed using t-tests (Prism) (B) Wild-type 

and hrde-2(gg517) animals were treated with oma-1 dsRNA. Small RNAs were sequenced as 

described in materials and methods. Small RNAs that mapped to the oma-1 locus are shown. 

Sense siRNA (red) and antisense siRNA (blue). Data were normalized by the total number of 

sequenced reads for each genotype, reads per million (rpm). oma-1 siRNAs sequenced from 

control (non RNAi) samples are shown in Figure S16. A cartoon representing the oma-1 genomic 

regions is shown below the graphs. The region of the oma-1 locus targeted by dsRNA is 

demarcated with a red line and a black box.   

      

Figure S1. Genetic screen for hrde alleles. pie-1p::gfp::h2b (pkIs32) expressing animals were 

mutagenized with EMS. F2 progeny of these mutagenized animals were subjected to gfp RNAi. 

F3 progeny were scored for GFP expression. Mutant animals unable to inherit gfp RNAi silencing 

were kept for further analysis. As a secondary screen, we tested mutant animals for their ability 

to silence gfp, pos-1, and lin-26 dsRNA. We discarded mutants that failed to silence gfp or pos-1 

when exposed directly to dsRNA (likely representing animals with global defects in RNAi silencing 

(rde)). Next we used lin-26 RNAi in an attempt to identify and eliminate mutants harboring alleles 
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of nrde-1/2/4. lin-26 RNAi induces a lethal phenotype in wild-type animals. nrde-1/2/3/4 mutant 

animals fail to respond to lin-26 RNAi when directly exposed to lin-26 dsRNA. Mutant animals that 

were defective for lin-26 RNAi were discarded. Note: it is possible that these secondary screens 

may have prevented our identification of some genes involved in multi-generational RNAi 

inheritance. Of the remaining 122 mutant strains, we chose a single mutant from each pool, which 

exhibited highly (>90%) penetrant RNAi inheritance defects (57 total) for further analysis. 

1Additional screens used dpy-17(e164);pkIs32 and dpy-17(e164);pkIs32;neSi21[3xflag:hrde-1] 

as the starting strain. 2Some additional screens put F3 animals onto RNAi opposed to F2 animals. 

(Adapted from Buckley et al.,2012) 

 

Figure S2. hrde-1 is required for RNAi inheritance hrde-1 was the first gene identified by this 

genetic screen and reported in Buckley et al., 2012 (a) Predicted domain structure of HRDE-1 

protein is shown. hrde-1 mutant alleles (missense only) are indicated by arrows. (b) List of 

identified mutations for each allele which are grouped based on missense, nonsense, or 

unidentified. Sanger sequencing identified mutations within the c16c10.3 coding regions in 19 

strains. Complementation analyses support the identification of 6 additional alleles. N/A, Not 

Available. 

     

Figure S3. t01c3.9 is required for RNAi inheritance (a) List of alleles and identified mutations 

within the t01c3.9 coding region. Supporting evidence for each allele (RNAi inheritance defects, 

H3K9me3 defects after exposure to oma-1 dsRNA, and Mrt phenotype) is reported. ND, not done. 

(b) hrde-2 mutant animals expressing gfp::h2b were crossed with a mapping strain (gfp::h2b 

transgene backcrossed to CB4856 (Hawaiian)). Recombinant F2 animals were exposed to gfp 

dsRNA and F3 animals that were defective for GFP silencing were isolated and genotyped. We 

mapped hrde-2 to a 2 cM interval on LG V. (c) hrde-2(gg268) and mut-15(tm1358) mutant animals 
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expressing gfp::h2b were mated and heterozygous progeny were exposed to gfp dsRNA. GFP 

was visualized by fluorescent microscopy.  

 

Figure S4. set-32 is required for RNAi inheritance (a) Predicted set-32 gene structure. Arrows 

indicate mutant alleles. Black bar indicates deletion allele. (b) List of alleles and identified 

mutations within the set-32 coding region. Supporting evidence for each allele (RNAi inheritance 

defects, H3K9me3 defects after exposure to oma-1 dsRNA, and Mrt phenotype) is reported. ND, 

not done. 

 

Figure S5. t10b11.7 is required for RNAi inheritance (a) Predicted hrde-4 gene structure. 

Arrows indicate mutant alleles. Black bar indicates deletion allele. (b) List of alleles and identified 

mutations within the t10b11.7 coding region. Supporting evidence for each allele (RNAi 

inheritance defects, H3K9me3 defects after exposure to oma-1 dsRNA, and Mrt phenotype) is 

reported. ND, not done. 

 

Figure S6. glh-1 is required for RNAi inheritance (a) Predicted glh-1 gene structure. Arrow 

indicates mutant allele. Black bar indicates deletion allele. (b) List of alleles and identified 

mutations within the glh-1 coding region. Supporting evidence for each allele (RNAi inheritance 

defects, H3K9me3 defects after exposure to oma-1 dsRNA, and Mrt phenotype) is reported. ND, 

not done. 

 

Figure S7. pup-1 is required for RNAi inheritance (a) Predicted pup-1 gene structure. Arrows 

indicate mutant alleles. Black bars indicate deletion alleles. (b) List of alleles and identified 

mutations within the pup-1 coding region. Supporting evidence for each allele (RNAi inheritance 

defects, H3K9me3 defects after exposure to oma-1 dsRNA, and Mrt phenotype) is reported. ND, 

not done. 
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Figure S8. morc-1 is required for RNAi inheritance (a) Predicted morc-1 gene structure. 

Arrows indicate mutant alleles. Black bar indicates deletion allele. (b) List of alleles and identified 

mutations within the morc-1 coding region. Supporting evidence for each allele is reported (RNAi 

inheritance defects, H3K9me3 defects after exposure to oma-1 dsRNA, and Mrt phenotype). ND, 

not done. 

 

Figure S09. Non-genetic damage likely driving progressive sterility in hrde mutant animals. 

Brood sizes of the indicated genotypes were scored across generations. Temperature shift are 

denoted in blue=20°C or pink=25°C. Data are mean ±s.d. (n=6). Middle and Bottom graphs are 

continuations of the graphs above them. 

 

Figure S10. hrde-2 is required for RNAi inheritance (a) Animals of the indicated genotypes 

were exposed to pos-1 dsRNA at a concentration that produced >50% F1 lethality. Surviving F1 

progeny were grown in the absence of pos-1 dsRNA and % F2 embryonic arrest was scored. (b) 

zu405ts is a temperature sensitive (ts) lethal (embryonic arrest at 20°C) allele of oma-1 (Lin 2003). 

oma-1 RNAi suppresses oma-1(zu405ts) lethality, and this effect is heritable (Alcazar, Lin, and 

Fire 2008). P0 animals were exposed to oma-1 RNAi and number of viable progeny in the 

indicated generations were scored (20°C) (n=3, ±s.d.). Note: hrde-2(gg268) animals are partially 

defective for inheritance of oma-1 silencing suggesting that HRDE-2 helps promote RNAi 

inheritance, albeit weaker than HRDE-1. 

 

Figure S11. GFP::T01C3.9 rescues defects in hrde-2 mutant animals An exogenous copy of 

hrde-2 is sufficient of rescuing the brood size defects associated with hrde-2 mutant animals at 

elevated temperatures, confirming the molecular identity of hrde-2. t01c3.9 fused to gfp (gfp::hrde-

2) was integrated as a single copy transgene into the genome using MosSCI. gfp::hrde-2 was 
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crossed into hrde-2(gg252) and hrde-2(gg517) backgrounds then shifted to the restricted 

temperature to test for rescue of the Mrt phenotype. 

 

Figure S12. gfp::hrde-2 is expressed during spermatogenesis and in the male germline 

GFP::HRDE-2 was visualized using fluorescent microscopy in the male germline. Arrow shows 

perinuclear puncta.  

  

Figure S13. HRDE-2 is required for RNAi-directed H3K9me3 Animals of the indicated 

genotypes were exposed to oma-1 dsRNA (+oma-1 dsRNA) or with empty vector (-oma-1 dsRNA) 

and subjected to H3K9me3 ChIP. Co-precipitating oma-1 DNA was quantified by qPCR. Data 

were normalized to co-precipitating eft-3 DNA and expressed as a ratio ±oma-1 RNAi (‘1’ denotes 

no change) (n=3, ±s.d). On the x-axis, primer pairs were located within the transcriptional unit 

(oma-1 and spr-2), or outside the transcriptional unit (rad-26).  

 

Figure S14. HRDE-2 is required for HRDE-1 to associate with siRNAs (a/b/c) FLAG::HRDE-

1 or HA::WAGO-3 expressing animals were treated with oma-1 dsRNA (+oma-1 dsRNA) or with 

empty vector (-oma-1 dsRNA). HRDE-1 and WAGO-3 were immunoprecipitated with anti-Flag 

and anti-HA antibodies, respectively. Co-precipitating RNA was isolated by TRIzol extraction. 

oma-1 co-precipitating siRNAs were quantified with an oma-1 TaqMan probe set that detected a 

22G RNA antisense to the oma-1 mRNA. TaqMan signals shown relative to Taqman signals from 

non-RNAi treated control animals, which was defined as one. Relative enrichment following RNAi 

treatment is shown (n=3, ±s.d.) (d) Schematic of oma-1 locus with TaqMan probes labeled A-D 

and region targeted by dsRNA labelled in red. Data for probe A is in Figure 7. 

 

Figure S15. GFP::HRDE-1 is not mislocalized in hrde-2 mutant animals nor is expression 

of HRDE-1 dramatically affected by loss of HRDE-2. (a) HRDE-1 is localized to germ cell nuclei 
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(Ashe et al. 2012; Buckley et al. 2012). 3XFLAG::GFP::HRDE-1 (ggSi1) localizes to germ cell 

nuclei and is not mislocalized in hrde-2(gg268) mutant animals. GFP::HRDE-2 was visualized 

using fluorescent microscopy. Arrows indicate nuclei. (b/c) Western blot detecting HA::WAGO-3 

and FLAG::HRDE-1 and, as a loading control, tubulin. (b) YY1246 (lane 1) and YY1340 (lane 2) 

(c) YY584 (lane 1), YY922 (lane 2), YY636 (lane 3), and YY921 (lane 4) animals were boiled in 

Laemmli buffer and samples were subjected to SDS PAGE electrophoresis followed by probing 

with (b) α-HA or (c) α-FLAG and (b/c) α-tubulin antibodies. Band intensities were quantified with 

ImageJ software.  

 

Figure S16. HRDE-2 is not required for small RNA biogenesis. Wild-type and hrde-2(gg517) 

animals were treated with oma-1 dsRNA. Small RNAs were sequenced as described in materials 

and methods. Small RNAs that mapped to the oma-1 locus are shown. Sense siRNA (red) and 

antisense siRNA (blue). Data were normalized by the total number of sequenced reads for each 

genotype reads per million (rpm). oma-1 siRNAs sequenced from control (non RNAi) samples. A 

cartoon representing the oma-1 genomic regions is shown below the graphs. The region of the 

oma-1 locus targeted by dsRNA is demarcated with a red line and a black box. oma-1 dsRNA 

treated sample are from Figure 7.  
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Table 1: Genetic screen identifies seven genes as required for RNAi inheritance. a Number 

of alleles identified from the forward genetic screen outlined in Figure S1. b Independently isolated 

alleles in the corresponding gene (obtained via CGC or CRISPR/Cas9). c Defining members of 

each complementation group were determined by exposing F1 trans-heterozygotes to gfp dsRNA 

and assaying percentage of F2 animals that failed to inherit GFP silencing.  
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