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Transgenerational epigenetic inheritance (TEI) is the transfer of nongenetic information between generations. In Caenorhabditis ele
gans, RNA interference (RNAi) is a conserved process initiated by double-stranded RNA, which can induce TEI. While many factors 
have been implicated in TEI, whether they act in establishment or maintenance of the transgenerational signal, and the generation in 
which they act, has not been defined. Here, we characterize the actions of glh-1, hrde-1, −2, −4, morc-1, nrde-1, −2, −4, set-25, 
−32, wago-1, −4, znfx-1, pup-1, and emb-4 within RNAi-induced TEI. We show that these genes can be classified into 3 groups: those 
involved in only establishment or maintenance, or those involved in both. We identify a heterochromatin-based pathway established in 
the P0 generation by histone methyltransferases and maintained in later generations by MORC-1, upstream of HRDE-1-dependent si
lencing. By investigating lineage dynamics, we provide evidence that inheritance patterns are partially determined in RNAi-exposed par
ents, but that variation between offspring also contributes. And finally, we demonstrate that polyUG RNAs broadly correlate with, but do 
not define, inheritance patterns. Together, this work forms a cohesive model of RNAi-induced TEI.

Keywords: epigenetics; C. elegans; chromatin; small RNA; epigenetic inheritance; WormBase

Received on 25 February 2025; accepted on 23 May 2025
© The Author(s) 2025. Published by Oxford University Press on behalf of The Genetics Society of America. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons. 
org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered 
or transformed in any way, and that the work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for 
reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information 
please contact journals.permissions@oup.com.

Introduction
Epigenetic mechanisms are factors other than the sequence of 
DNA that act to modulate gene expression. These mechanisms 
are tightly regulated and in many organisms reprogrammed sig
nificantly during gametogenesis and early development (Feng 
et al. 2010). However, examples of inherited changes in phenotype 
or gene regulation in a manner independent of genetic changes 
have been observed, suggesting that epigenetic mechanisms are 
not always entirely erased between generations (Feng et al. 2010; 
Skvortsova et al. 2018). In Caenorhabditis elegans, such gene silen
cing can be inherited for multiple generations (Ashe et al. 2012; 
Rechavi et al. 2014), but the molecular mechanisms underpinning 
this inheritance are not well characterized.

Several genes have been implicated in transgenerational epi
genetic inheritance (TEI), however these genes have been discov
ered by multiple laboratories across several different paradigms 
including variations of RNA interference (RNAi)-induced TEI 
(Vastenhouw et al. 2006; Ashe et al. 2012; Buckley et al. 2012; 
Akay et al. 2017; Spracklin et al. 2017; Newman et al. 2018; Wan 
et al. 2018), piRNA-induced TEI (RNAe) (Luteijn et al. 2012; 
Shirayama et al. 2012), TEI of lifespan extension (Greer et al. 

2011, 2016; Lee et al. 2019), mortal germline (Greer et al. 2014; 
Kerr et al. 2014; Lev et al. 2017; Spracklin et al. 2017), and more 
(Rechavi et al. 2014; Schott et al. 2014; Klosin et al. 2017; Minkina 
and Hunter 2017; Camacho et al. 2018; Moore et al. 2019; 
Kaletsky et al. 2020; Pereira et al. 2020; Wan et al. 2021). While a 
handful of factors have been implicated across paradigms, it is 
unclear whether these different paradigms rely on a common mo
lecular pathway, or whether different pathways contribute to dif
ferent inheritance paradigms.

RNAi is initiated through the introduction of dsRNA that is pro
cessed by Dicer into primary sRNAs. These primary sRNAs com
plex with argonaute proteins such as RDE-1 and target 
complementary mRNAs. Subsequently, the endonuclease RDE-8
mediates mRNA cleavage and the recruitment of RDE-3 (Tsai 
et al. 2015), which produces poly-UG RNAs by 3′ UG tailing 
(Shukla et al. 2020); and RNA-dependent RNA polymerases (Tsai 
et al. 2015), which produce 22 nucleotide long secondary siRNAs 
with a 5′ G bias (22Gs) (Gu et al. 2009). The secondary siRNAs asso
ciate with additional argonaute proteins, trigger the degradation 
of complementary transcripts and mediate gene silencing. For 
some loci, this silencing is maintained for many generations after 
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the removal of the dsRNA. It is hypothesized that a molecular signal 
must be produced within the RNAi-exposed generation to establish 
a state of epigenetic silencing that can bypass normal developmen
tal reprograming (establishment), and this may be related to levels 
of HSF-1 in the parental generation (Houri-Zeevi et al. 2020). 
Furthermore, successive generations must have mechanisms to re
ceive this signal to allow them to maintain and propagate this si
lenced state (maintenance) (Woodhouse et al. 2018). Although 
histone methyltransferases, other nuclear machinery, cytoplasmic 
RNA pathway components (including poly-UG RNAs) and germ 
granules (Ashe et al. 2012; Wan et al. 2018; Woodhouse et al. 2018; 
Shukla et al. 2020; Sundby et al. 2021) have all been implicated in 
this process, it remains poorly understood, particularly the differ
entiation between establishment and maintenance of silencing. 
Recently, it has been suggested that 2 pathways—nuclear (requir
ing hrde-1) and cytoplasmic (requiring znfx-1)—are both required 
for efficient TEI and work in parallel (Ouyang et al. 2022).

In this study, we investigate a range of proteins and character
ize their generational requirements within RNAi-induced TEI to 
discover their role in establishing or maintaining the transgenera
tional silencing signal. We identify a heterochromatin-based 
pathway established in the P0 generation by histone methyltrans
ferases and maintained in later generations by MORC-1, upstream 
of HRDE-1-dependent silencing. We also examine the long-term 
dynamics of TEI, showing that animals display heterogeneous in
heritance responses, and investigate poly-UG RNAs, demonstrat
ing that these molecules are crucial to the establishment and 
maintenance of TEI as well as germ granule stability, but do not 
correlate with silencing longevity. Finally, we form a cohesive 
model of TEI in C. elegans.

Methods
Cultivation and maintenance of C. elegans
C. elegans strains (Supplementary Table 1) were cultured accord
ing to standard procedures (Brenner 1974). Unless otherwise spe
cified, animals were grown on Nematode Growth Medium (NGM) 
(2% (w/v) agar, 50 mM NaCl, 0.25% (w/v) peptone, 1 mM CaCl2, 
5 μg/mL cholesterol, 25 mM K3PO4, and 1 mM MgSO4) seeded 
with E. coli strain OP50. Experiments were performed at 20°C. 
SX461 was used as the wild-type, which is Bristol strain N2 carry
ing the TEI sensor mjIs31[ppie-1::gfp::h2b]. The sensor is an inte
grated transgene, which expresses a histone (h2b)-GFP fusion 
protein under the control of the germline-specific promoter pie-1.

RNAi inheritance assays
RNAi was performed by feeding as previously described (Kamath 
et al. 2000). HT115(DE3) bacteria carrying IPTG-inducible 
L4440-gfp or L4440 (empty vector) plasmids was grown with 
100 µg/mL ampicillin at 37°C for 7–8 h with shaking. Cultures 
were seeded on NGM plates containing 25 µg/mL carbenicillin 
and 1 mM IPTG and grown overnight at room temperature. Day 1 
adults were plated onto RNAi bacteria the next day to produce 
the RNAi-exposed P0 generation. In every experiment, an equal 
number of replicates were fed on empty vector bacteria as a con
trol, and 0% of empty vector P0 animals were GFP-silenced (data 
not shown). After 4 days silenced adults were transferred to OP50
plates to produce subsequent generations, unexposed to RNAi. In 
each generation, 25 day 1 adult animal were randomly selected 
for scoring from across the plate, representing offspring from the 
middle of the brood. Animals were scored for the presence of GFP 
using a Nikon SMZ18 Microscope with Nikon Intensilight C-HGF1 
Lamp. Scoring was performed blind to the genotype of the strain 

by experts in the assay. If a replicate (plate) displayed 0% silencing 
in a particular generation, no silenced animals could be selected to 
create the next generation and so the replicate was not continued. 
Mutants were tested in batches, and so some wild-type control va
lues are shared between figure panels.

To determine the duration of TEI, 8 F1 plates were selected, 
which showed a range of silencing proportions. Two to five si
lenced adults from each of the selected F1 plates were plated indi
vidually onto OP50 plates to create the F2 generation (termed 
sublineages). All sublineages were then maintained generation 
to generation by transferring a single silenced adult to a new 
OP50 plate every 4 days until silencing inheritance had ceased 
and the entire population was GFP-expressing. Presence of GFP 
was scored at every generation.

To test for a requirement in the P0 lineage, 1 silenced mutant 
hermaphrodite was selected from each P0 plate and placed on a 
separate NGM plate seeded with OP50 alongside 4–5 unexposed 
males. These males were wild-type for all loci and had a gfp trans
gene inserted stably into the genome under the control of a 
pharynx-specific promoter. The plates were incubated at 20°C 
overnight, allowing the males to cross with the hermaphrodites. 
The following day the mutant hermaphrodites were moved to 
new NGM plates with OP50 and incubated at 20°C. As crossing 
was conducted when the P0 hermaphrodites were young adults, 
the first few eggs laid were the result of self-fertilization. This 
means the F1 progeny produced on that day consisted of a mix 
of self-progeny and cross-progeny. The progeny produced by the 
crossed P0 hermaphrodites on the second day, after being trans
ferred to a new plate, were comprised entirely of cross-progeny. 
Cross-progeny were identified based on the presence of pharyn
geal GFP and were scored upon reaching adulthood. To generate 
uncrossed controls, silenced mutant P0 hermaphrodites were 
transferred to NGM plates seeded with OP50 and their self- 
progeny scored upon reaching adulthood.

To test for requirement in the F1 generation for rde-3 or emb-4, 
mutant (rde-3(ne298) or emb-4(sa44)) L4 hermaphrodites were 
crossed to wild-type males on OP50 plates (5 plates per biological 
replicate, 2 biological replicates). Twenty-four hours later, ferti
lized adult hermaphrodites were plated onto RNAi bacteria plates 
prepared as above. Four days later adult hermaphrodites were 
transferred to OP50 plates to produce the F1 generation (10 plates 
per biological replicate). After 3 days, P0 adults were scored for 
silencing then lysed and genotyped to confirm heterozygosity. 
F1 offspring were scored for silencing and lysed and genotyped 
(∼40 silenced and 40 nonsilenced per biological replicate). 
Scoring was performed blind to the genotype of the strains.

CRISPR-Cas9
All projects used CRISPR-Cas9 crRNA and tracrRNA and Cas9 pro
tein as a ribonucleoprotein complex. All projects used a single 
stranded oligonucleotide repair template. crRNAs, tracrRNAs, 
and repair templates (Ultramer® DNA Oligos) were ordered 
from IDT. Cas9 nuclease included a C-terminal SV40-NLS and 
6xHis tag, and was expressed from the plasmid pHO4d-Cas9 
(Addgene plasmid #67881, a gift from Michael Nonet; Fu et al. 
2014), and produced by Protein Production and Characterization 
at Sydney Analytical (University of Sydney).

crRNAs were designed using the IDT Custom Alt-R® 
CRISPR-Cas9 guide RNA design tool https://sg.idtdna.com/site/ 
order/designtool/index/CRISPR_CUSTOM. crRNAs were selected 
based on proximity to the edit site, presence of 3′ GG(NGG) 
(Farboud and Meyer 2015) or G(NGG), and IDT on-target and off- 
target score.
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For hrde-2(smb64), hrde-4(smb66), znfx-1(smb69), and cec- 
3(smb70), single stranded oligonucleotide repair templates with 
30–50 bp homology arms (Paix et al. 2014) were used to generate 
predicted null mutations. Each repair template incorporated 1 
or more premature stop codons, a mutation at the PAM site or sev
eral mutations in the guide sequence to prevent cleavage of the 
repair template, and mutation(s) to introduce a restriction en
zyme cleavage site for ease of identifying edited animals. 
Hrde-2(smb64) has a stop codon and a PvuII site in the first exon. 
The hrde-4(smb66) has a stop codon and a BamHI site in the second 
exon. znfx-1(smb69) has a stop codon and an EcoRI site in the first 
exon of isoform 2a, which is the sixth exon of isoform 2b, and a 
single base deletion to alter the reading frame in case of stop co
don read-through. cec-3(smb70) has a stop codon and an EcoRI 
site in the second exon.

For hrde-2(smb64) and hrde-4(smb66), we used a dpy-10
co-CRISPR strategy (Arribere et al. 2014). Injection mixes were 
adapted from the Dernburg lab (Köhler and Dernburg 2016) and 
included 15.5 µM tracrRNA, 14.3 µM target crRNA, 5 µM dpy-10
crRNA, 7 µM Cas9 protein, 6 µM target repair (for all except 
damt-1(smb67)), and 0.5 µM dpy-10 repair. To prepare the mix, 
the tracrRNA and crRNA were incubated at 95°C for 5 min then 
20°C for 5 min to hybridize the gRNA complex. Cas9 was incu
bated with the gRNA at 37°C for 15 min to form the ribonucleopro
tein complex. The repair templates were then added at room 
temperature. Mixes were injected into the gonads of young adult 
SX461 mjIs31[ppie-1::gfp::h2b] animals. Injected animals were 
grown at 20°C or 25°C and offspring were screened at 
L4-adulthood for the dpy or rol phenotypes. Dpy/rol animals 
were genotyped by PCR and restriction enzyme digest to identify 
successfully edited animals.

For znfx-1(smb69) and cec-3(smb70), we used an alternative zen-4
co-CRISPR strategy (Farboud et al. 2019) as these loci are tightly 
linked to dpy-10. Injection mixes included 30 µM tracrRNA, 
15 µM target crRNA, 15 µM zen-4 crRNA, 7 µM Cas9 protein, 6 µM 
target repair, and 6 µM zen-4 repair. Mixes were prepared as for 
dpy-10 mixes and were injected into the gonads of young adult 
AKA234 mjIs31[ppie-1::gfp::h2b]; zen-4(cle10ts) animals. Injected 
animals were grown at 15°C for 24 h, then transferred to 25°C 
and grown for a further 3 days as previously described (Farboud 
et al. 2019). Alive (zen-4-repaired) animals were genotyped by 
PCR and restriction enzyme digest to identify successfully edited 
animals.

For all projects, correct editing was confirmed by Sanger se
quencing. Edited strains were outcrossed 1–3 times to remove 
the dpy mutation where applicable and potential background mu
tations. crRNA and repair template sequences are included in 
Supplementary Table 2.

Poly-UG PCRs
Total RNA was extracted using TRIzol™ Reagent (Invitrogen™, 
15596018). After chloroform addition, the upper aqueous phase 
was purified using the RNA Clean and Concentrator kit (Zymo 
Research, no. R1013) including the DNAse treatment; 1–5 µg of to
tal RNA (always the same amount for every sample within an as
say) and 50 pmol of poly-AC primer with adaptors was used to 
generate cDNA using the Superscript III First-Strand Synthesis 
System (Invitrogen, 18080051) including the optional RNAse H 
step. 1 µl of cDNA was used for the first nested PCR (10 µl volume) 
performed with MyTaq DNA polymerase (Bioline, BIO-21105). 
Oligonucleotides used are listed in Supplementary Table 3. First 
PCRs were diluted 1:100 in MilliQ water and 1 µl of this was used 
as the template for the second nested PCR. Each PCR underwent 

25 cycles of amplification, optimized such that pUG bands were 
consistently produced in positive control conditions while pre
serving differences in band intensity between test conditions. 
gsa-1, a C. elegans gene with an 18nt long genomically encoded 
TG repeat, was used as the control for all PCRs (excluding the bac
teria only PCRs). PCRs were run on 2% agarose gels at 100 V for 
30 min. For Sanger sequencing, bands of interest were cut from 
agarose gels as marked and extracted using the Zymoclean Gel 
DNA Recovery Kit. Samples were Sanger sequenced using the 
GFP secondary PCR forward primer.

Granule imaging
Spinning disk microscopy
Live day 1 adult animals were mounted onto 1% agarose pads sa
turated in anesthetic buffer (0.5% (w/v) tetramisole hydrochloride 
and 0.2% (w/v) tricaine methanesulfonate in M9 buffer [22 mM 
KH2PO4, 50 mM Na2HPO4, 86 mM NaCl, 1 mM MgSO4]). Nuclei 
were imaged at 3 germline regions: the distal tip, pachytene, and 
loop using a 3i Marianas Multimodal spinning disc microscope 
using a 100XC/1.49 Oil TIRF objective. Animals were imaged 
quickly after mounting to avoid granule degradation. Sequential 
Z stacks were obtained for each sample. The excitation wave
lengths were set to 594 nm at 100 mW laser power for 
mCardinal, 560 nm at 200 mW for TagRFP and 488 nm at 
300 mW for GFP, with 150 ms exposure for each channel.

Image analysis
SVI Huygens professional was used for image deconvolution, with 
the manual background value set to 100 for all samples. FIJI/ 
ImageJ was used for analysis. A single plane containing cross- 
sections of nuclei was selected from each Z stack. Individual nu
clei were selected (n = 20 per pachytene and distal tip, n = 10 per 
loop) and the “Analyze Particles” function was used to quantify 
the number of detected granules as well as their area and inte
grated density. Integrated density was corrected to corrected total 
cell fluorescence (CTCF) using the background mean of each 
image. Data was plotted using GraphPad Prism v10.1.2. Brown– 
Forsythe and Welch ANOVA tests were used to determine signifi
cance with Dunnett’s T3 test used to correct for multiple 
comparisons.

Statistical analysis
Statistical analyses as indicated in figure legends were performed 
using GraphPad Prism. Statistical significance was defined as 
P < 0.05. Error bars indicate standard error of the mean as stated 
in figure legends.

Results
The network of genes required in establishment 
vs maintenance of TEI
To expand the molecular pathway of RNAi-induced TEI, we iden
tified a variety of genes previously implicated in a range of herit
able silencing paradigms (Supplementary Table 4) and tested all 
factors that did not display an RNAi defective phenotype within 
our RNAi-induced TEI system (Table 1). In this system, a pie-1:: 
GFP::his-58 transgene is silenced by RNAi and silencing is subse
quently inherited for at least 4 generations after removal of the 
animals from the RNAi trigger (Fig. 1a). Silencing of GFP provided 
a visual marker of inheritance: animals in which TEI was main
tained inherited silencing and did not express GFP, while animals 
which failed to inherit the epigenetic signal expressed GFP. 
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a b

c

d e

Fig. 1. Testing genes in the RNAi-induced TEI sensor system. a) Schematic of system to quantify RNAi-induced TEI. The sensor strain contains a nuclear 
germline-expressed GFP transgene. GFP-expressing animals are represented in green and GFP-silenced animals are represented in gray. The P0 
generation is exposed to RNAi by feeding with bacteria expressing dsRNA complementary to GFP. Subsequent generations are produced by selecting 
silenced individuals and allowing them to self-reproduce. These generations are not exposed to RNAi. b) Example graphs showing the percentage of 
GFP-silenced animals in each generation in wild-type animals, and those expected from animals containing mutations in genes required for either 
initiation, establishment, or maintenance of TEI. Adapted from Woodhouse and Ashe (2019). *May also indicate a role in both establishment and 
maintenance (c) TEI sensor assays of genes previously implicated in RNAi-induced silencing of germline-expressed genes. SET-25 TEI assay data have 
been previously published (Woodhouse et al. 2018) and so was included as a control. d) TEI sensor assays of genes implicated RNAi inheritance in a 
sensitized background or against somatically expressed genes. e) TEI sensor assays of genes implicated in RNAe. mes-3(bn21) displayed increasing sterility 
with successive generations and so only 4 replicates were scored in F2, and no replicates could be scored in F3 (all selected parents were sterile; ND, not 
done). c-e) The mean (+/−SEM) percentage of silenced animals is shown for each generation, with dots showing individual biological replicates. N = 9–15 
plates per strain, 25 animals scored per plate across 3 biological replicates. Mutants were tested in batches, and so some wild-type control values are 
shared between panels. Comparisons between strains and wild-type were performed by two-way ANOVA with Sidak’s post hoc test. Only statistically 
significant comparisons are displayed. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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We chose to categorize animals in a binary system to ensure that 
we did not discriminate between levels of expression 
(Supplementary Fig. 1a). Crucially, we selected completely si
lenced individuals to create each subsequent generation. This al
lowed us to probe the genetic requirements in each generation, 
and distinguish establishment and maintenance factors (Fig. 1a 
and b). While subtle silencing defects may exist in some strains, 
our categorical approach allowed us to robustly track the inherit
ance of epigenetic silencing across multiple generations. We have 
previously defined establishment factors as those required in the 
P0 generation only and not required in subsequent generations for 
TEI, and maintenance factors as those required in the F1 and be
yond (Woodhouse et al. 2018). In our assay, establishment and 
maintenance factors show distinct silencing profiles as demon
strated in Fig. 1b.

Genes previously observed to be required for TEI in assays si
lencing germline-expressed genes (glh-1, hrde-1, hrde-2, hrde-4, 
nrde-1, nrde-2, nrde-4, pup-1, wago-4, morc-1, and znfx-1) (Fig. 1c
and Table 1) were crucial for functional TEI within our system 
and displayed a pattern of inheritance indicative of a role in 
“maintenance” or “establishment and maintenance.” Most dis
played a very strong phenotype, except for znfx-1, which showed 
a weaker maintenance defect, perhaps indicating that znfx-1 is 
part of a parallel or redundant silencing pathway while the other 
genes are essential (Ouyang et al. 2022). The strength of the znfx-1
defect appears to be allele specific as znfx-1(gg561), a deletion mu
tant, shows a more severe phenotype than early stop codon 
mutants znfx-1(gk58570) (Wan et al. 2018) and our novel znfx- 
1(smb69). Genes which had been shown to have a role in inherit
ance of RNAi in a sensitized background, or a role in RNAi against 
somatically expressed genes did not display a role in TEI in this as
say (Fig. 1d and Table 1; Ashe et al 2012). Most of the genes impli
cated in RNAe (hpl-2, let-418, lin-61, mes-3, and prg-1) were not 
required for TEI in this system (Fig. 1d and Table 1; Ashe et al. 
2012). However, emb-4 and wago-1 were both required for TEI in 
our hands, for establishment and maintenance, respectively. 
Heterochromatin-associated proteins, cec-3 and hpl-1, were also 
not required for RNAi-induced TEI (Supplementary Fig. 1). Novel 
null mutants for hrde-2, hrde-4, cec-3, and znfx-1 were used in this 
assay (Supplementary Fig. 2).

While performing these TEI assays, we noticed broad variation 
in silencing inheritance responses between replicates in some 
strains. This is surprising, as P0 animals are exposed to an identi
cal RNAi silencing trigger, and offspring are genetically identical. 
In our control strain, most replicates displayed silencing inherit
ance of 70–90% in the F1, F2, and F3 generations. However, we ob
served some replicates with silencing of 100% of assayed 
individuals, and others displaying very low silencing proportions. 
Similarly, we observed wide variation in silencing inheritance in 
some mutant strains, particularly those with medium severity 
maintenance defects: pup-1, znfx-1, hrde-2, and hrde-4 (Fig. 1c). 
Conversely, mutants with severe maintenance defects (glh-1, 
hrde-1, wago-1, wago-4, nrde-1, −2, and −4) exhibited little vari
ation, with tight clustering of replicates with very low silencing 
proportions. Perhaps these severe mutants are essential for TEI, 
while the less severe mutants contribute to and promote TEI in 
combination with additional factors and pathways.

The number of generations that epigenetic 
memory persists is primarily determined 
in the P0 parent
To understand the source of this variation, we investigated the 
long-term dynamics of TEI in wild-type individuals. Studies have 

previously shown that silencing is able to persist for at least 4 
(Ashe et al. 2012) or 7 generations (Rechavi et al. 2014) depending 
on the trigger, but neither study continued until silencing was 
completely exhausted. Reduced GFP expression for over 80 gen
erations has also been observed in an enhanced RNAi genetic 
background (Vastenhouw et al. 2006) but the duration of silencing 
in a wild-type background has not been well studied. To charac
terize the dynamics and duration of silencing in the absence of 
the RNAi trigger, we tracked individual lineages and sublineages 
by propagating single animals from each population at every gen
eration. We aimed to capture lineages descending from F1 popu
lations displaying the breadth of silencing responses, which we 
previously observed (0–100%). To this end, we enriched for vari
ation by establishing many independent F1 populations (each 
from a different P0 parent), and then selecting 8, which encom
passed a range of F1 silencing proportions. We named these 
lineages A-H (Fig. 2a). For each of the 8 lineages, 2 to 5 silenced 
F1 offspring were transferred to individual plates to create sister 
“sublineages” derived from the same P0 parent (each sublineage 
numbered 1–5). We then maintained each of the sublineages by 
transferring 1 silenced animal at each generation until the entire 
population expressed GFP. This experimental set up allowed us to 
simultaneously investigate potential differences in silencing dy
namics and duration between independent lineages from differ
ent P0 parents, and sister sublineages from the same P0 parent.

We first compared inheritance dynamics in independent 
lineages from different P0 parents by calculating the mean per
centage of silencing inheritance between sister sublineages. 
Different lineages displayed a wide range of transgenerational in
heritance dynamics (Fig. 2b). Three lineages showed relatively 
weak inheritance, with silencing inherited for between 2 and 5 
generations following RNAi (lineage F, G and H). The other 5 
lineages showed stronger inheritance, with silencing persisting 
for between 8 and 10 generations. In this latter group, inheritance 
proportions were generally high to F5, before displaying a sharp 
decline in F6 and F7. The proportion of silencing in an F1 popula
tion and the maximum duration that silencing persisted in that 
lineage was strongly correlated (Fig. 2c). The variation in inherit
ance dynamics between different lineages suggests that inde
pendent P0 parents transmit different silencing signals to their 
descendants, and that a watershed moment occurs around the 
F6 generation.

We next examined all sublineages (Fig. 2d). In most cases, sub
lineages descended from a single P0 parent shared similar but not 
identical inheritance dynamics. For example, all B sublineages 
showed strong inheritance (>64%) for 5–7 generations, before a 
dramatic drop in silencing between F6 and F9. One lineage 
(Fig. 2d, Lineage G) showed identical dynamics: all 3 sublineages 
failed to inherit silencing beyond F1, each displaying 0% silencing 
at F2. This similarity between sister sublineages from a single P0 
parent again suggests that inheritance dynamics are determined 
at least in part in each P0 animal, and then transmitted with 
some degree of consistency to sister F1 sublineages.

However, substantial variation still exists between sister subli
neages. We observed examples where sublineage inheritance pat
terns differed by up to 6 generations (for example Fig. 2d, Lineage 
D and E). This variation suggests that differences between F1 sis
ters or their descendants also play a role in determining inherit
ance dynamics. These differences may be due to inherited 
variation from P0 parents, or in variation between the F1 sisters 
or their descendants themselves.

Taken together, these results indicate that RNAi-exposed P0 
parents contribute not only to the transmission of gene silencing 
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across generations but also to the inheritance of a factor that in

fluences how long the silencing persists. This factor could re

present an additional signal or perhaps the strength of the 

initial silencing established in the P0 generation.

polyUG RNAs are necessary but not sufficient for 
epigenetic inheritance
Poly-UG RNAs (pUGs) are recently identified RNA molecules synthe
sized by the RNAi defective protein, RDE-3 (Tabara et al. 1999; 

a

d

b

Fig. 2. Silencing inheritance dynamics. a) RNAi-exposed GFP-silenced P0 animals were plated individually to produce independent F1 populations, which 
were not exposed to the RNAi trigger. Eight F1 populations were selected which exhibited a range of silencing proportions. These were termed “lineages” 
and named (a-h). For each lineage, 2–5 silenced F1 offspring were transferred to individual plates to create sister “sublineages” derived from the same P0 
parent. Each sublineage was maintained by transferring a single silenced worm to a new plate every generation until silencing was exhausted. For 
example, the sublineages from lineage (g) showed 0% silencing at F2, and so were not maintained further. Pie charts at F1 and F2 depict the percentage of 
animals in each population, which are GFP-silenced (gray) or GFP-expressing (green). b) Mean silencing inheritance dynamics in lineages (a-h). The 
percentage silencing of sister sublineages within each lineage (n = 2–5) were averaged at each generation. c) Relationship between the percentage of 
silencing in an F1 population and the generation in which all sublineage populations displayed 0% GFP silencing. The relationship appears linear (linear 
regression constrained to x = 0, y = 1; y = 0.092*x + 1; R2 = 0.89). d) The percentage of GFP-silenced animals produced by the assay in (a). The graphs display 
results from different lineages derived from different individual P0 parents. Each colored line plots the inheritance in a sublineage. n = 2–5 sublineages as 
marked, 10–27 animals scored per sublineage in each generation.
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Shukla et al. 2020). RDE-3 activity is required for production of 
WAGO-class 22G RNAs (Gu et al. 2009) and is necessary for the main
tenance of RNAe induced silencing (Lee et al. 2012). We previously 
showed that 22G RNAs correlate with RNAi-induced silencing in 
the P0 generation, but not with silencing in the F1 generation 
(Woodhouse et al. 2018). As RDE-3 reportedly acts in conjunction 
with RDE-8 to recruit RNA-dependent RNA polymerases (RdRPs) 
to mRNA (Tsai et al. 2015), and pUGs appear to occur upstream of 
22G biogenesis, we hypothesized that they may correlate with silen
cing duration in sublineages and could be the factor in the P0 re
sponsible for lineage variation. In order to assess pUG levels, we 
modified a previously developed RT-PCR strategy (Shukla et al. 
2020) (Fig. 3a). We used this strategy to measure pUGs from 2 
lineages across the generations during which silencing of the GFP 

transgene was lost (Fig. 3b and c; Supplementary Fig. 3). If pUGs 
are the main factor responsible for silencing, their abundance 
should correlate with the percentage of silencing in a particular 
generation. For example, consider Lineage B between the F6 and 
F8 generations: the sublineages that still display high levels of silen
cing in the F6 generation should have high levels of pUG RNAs, 
while those in which silencing is already extinct should have low/ 
no pUG RNAs. In contrast, high levels of pUG RNAs were observed 
in all sublineages (Fig. 3b and c). pUGs also appeared to be present 
even after silencing had ceased (e.g. Figs. 3b–lineage A and 4c–lin
eage B), although in some cases they appeared smaller over the gen
erations (e.g. Fig. 3c). The retention of pUGs after loss of silencing 
was unexpected, as a recent report showed an absence of pUG 
RNAs after loss of silencing in prg-1 mutants, and inferred that 

e

d

g

f

b c

a

Fig. 3. PolyUG RNAs during TEI. a) Schematic of the nested PCR method for amplifying pUGs for agarose gel visualization and an example of expected pUG 
gel results. b,c) Nested pUG PCRs on indicated sublineages from Fig. 2. Samples were collected from the F6 until the end of silencing. d) Nested pUG PCRs 
of samples from the modified TEI assay. Animals were selected for silencing of the GFP gene (“OFF”) until the F2 generation where progeny were split into 
ON and OFF lineages. The OFF lineage was collected only until the F3 generation while the ON lineage was collected up to F7. e) Graphical representation 
of Sanger sequencing of indicated pUG bands from (d). f) Schematic of the F1 heterozygous assay. Animals heterozygous for rde-3(ne298) were exposed to 
the RNAi treatment and allowed to produce F1 offspring. These F1 offspring were scored for silencing and genotyped. g) F1 heterozygous TEI assay for 
rde-3 mutants. The genotype of the silenced (lilac) and desilenced (dashed line) F1 offspring is represented by bar graphs. n = 10 plates per strain, 25 
animals were scored on average per plate across 2 biological replicates. A total of 134 offspring of heterozygous animals were scored and genotyped. 
Comparisons between strains were performed by two-way ANOVA with Tukey’s post hoc test.
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the presence of pUGs correlated with silencing (Shukla et al. 
2021). Given this disparity, we designed an experiment to inves
tigate the dynamics of pUG disappearance after loss of silencing. 
This modified TEI assay selected for “ON” worms in the F2 gener
ation and followed this “ON” lineage until F7, with all generations 
collected postscoring (Fig. 3d). In each generation GFP-expressing 
animals appeared as bright as control EV treated animals. 
Surprisingly, abundant polyUG RNAs were present for at least 5 
generations after silencing was lost and did not disappear during 
the experiment (Fig. 3d; Supplementary Fig. 3). Indicated bands 
were excised and subjected to Sanger sequencing, confirming 
that the bands corresponded to the GFP transgene and contained 
UG tails (Fig. 3e).

The pUGylase protein RDE-3 is RNAi defective, and therefore 
pUGs must be acting within the P0 generation when the dsRNA 
is present. Despite this, pUGs have previously been associated 
with maintenance of the transgenerational signal (Shukla et al. 
2020). As pUGs do not appear to correlate with silencing longevity 
in our hands, we were interested to investigate whether RDE-3 
was only required for initiation of the signal in the P0 generation 
or also for maintenance in the F1. To test this, we designed a F1 
generational requirement TEI assay (Fig. 3f) where animals het
erozygous for rde-3 were exposed to the RNAi and allowed to pro
duce F1 offspring, which were scored for silencing and genotyped. 
If RDE-3 is not required in the F1, we would expect an equal mix of 
genotypes between the silenced and desilenced F1 s. If RDE-3 is re
quired in the F1 we would expect all homozygous mutant off
spring to be desilenced. Homozygous mutant offspring were 
desilenced in the F1 generation (Fig. 3g) indicating that RDE-3 is re
quired in the F1 to maintain RNAi-induced silencing. This indi
cates that pUG production is required to maintain silencing, or 
possibly that rde-3 is also playing another, as yet uncharacterized, 
role in heritable silencing.

Taken together, these data demonstrate that although the ad
ministration of pUG RNAs is sufficient to initiate silencing (Shukla 
et al. 2020), the continued presence of pUGs in later unexposed 
generations is not alone sufficient to maintain this silencing. 
This may be due to a dosage effect, where a threshold level of 
pUGs is required, due to a sequestration of pUGs into germ gran
ules compartments in later generations or some other molecular 
factor(s) also being required for efficient silencing. It is possible 
that the continued presence of pUGs is associated with very 
weak silencing, not detected in our assay. However, the presence 
of pUGs even 5 generations after cessation of silencing suggests 
that additional factors beyond pUGs are required for robust silen
cing in maintenance generations.

Determining the generational requirements of 
epigenetic inheritance factors
Given that polyUG RNAs did not correlate well with silencing 
duration and are therefore likely not the main factor influencing 
silencing establishment and maintenance, we aimed to identify 
other factors acting in the P0 generation, which may define silen
cing establishment and duration. To this end, we designed a P0 
requirement assay to determine the generation in which TEI 
mutants (identified in Fig. 1) are required. This assay involves 
the transmission of silencing through a single parental line 
and so we first confirmed that silencing could be transmitted 
though both the female (oocyte) and male (sperm) germlines 
from the P0 to the F1 generation (Supplementary Fig. 4) (as 
also recently observed by Schreier et al. 2024). To perform the 
assay, homozygous mutant hermaphrodites that had been ex
posed to anti-GFP RNAi were crossed with unexposed wild-type 

males, and the phenotype of their heterozygous F1 offspring was 
compared with wild-type and homozygous mutant F1 popula
tions (Fig. 4a). If heterozygous offspring from a homozygous par
ent show the same phenotype as homozygous offspring from a 
homozygous parent, this indicates that the parent’s genotype 
determines the offspring’s phenotype, suggesting the gene acts 
in the P0 generation, or is a maternal effect gene acting early 
in development before zygotic gene activation. Conversely, if 
the heterozygous offspring resemble wild-type, this shows that 
the genotype of the offspring is more important, indicating 
that the gene’s role is not in the P0 generation but in the F1 gen
eration onwards. To differentiate self- from cross-progeny in 
this assay, we monitored transmission of pharynx-expressed 
GFP from RNAi-unexposed fathers mated with RNAi-exposed 
hermaphrodites to detect cross-progeny. It has been previously 
shown that the pharynx is refractory to RNAi silencing in the 
P0 generation (Kumsta and Hansen 2012; Ashe et al. 2015) but 
susceptible to silencing in F1 self-progeny from RNAi-exposed 
hermaphrodites (Shiu and Hunter 2017). In this experiment, 
we did not observe any silencing of the pharyngeal GFP in F1 
cross progeny, confirming that this system was appropriate for 
our experimental purposes.

Our previous work using an F1 generational requirement assay 
showed that set-25 and set-32 were not required in the F1 gener
ation, indicating activity in the P0 (Woodhouse et al. 2018). This 
same assay also showed that emb-4 was not required in the F1 gen
eration (Supplementary Fig. 5). Because of this, we included emb-4, 
set-25 and set-32 in the P0 requirement assay as controls and the 
results showed these were required in the P0 generation, as ex
pected (Fig. 4b). We observed that heterozygous F1 individuals 
from wago-4, glh-1, znfx-1, and hrde-4 all displayed the same 
phenotype as the homozygous F1 offspring (Fig. 4c), indicating 
that the introduction of a wild-type allele at the F1 generation 
does not rescue the TEI defect and that these genes likely func
tion in the P0 generation. Considering the data from the standard 
TEI assay in Fig. 1 where these 4 genes showed a maintenance de
fect and the results from these assays together, these genes like
ly act in both generations. The heterozygous F1 for morc-1, pup-1, 
wago-1, and nrde-2 showed a phenotype in between their wild- 
type and homozygous mutant counterparts (Fig. 4d), suggesting 
that these genes have roles in both the P0 and F1 generations. 
Finally, the heterozygous F1 for hrde-1 and hrde-2 were the 
same as their wild-type counterparts and not the homozygous 
F1 (Fig. 4e), suggesting that it is sufficient to have a working 
copy of both in the F1 generation to inherit silencing. Taken to
gether with the data from Fig. 1, which allows us to judge 
whether genes are required over multiple generations, these 
data clearly show 3 categories of genes: establishment factors in
volved in the P0 only (3 genes; mostly chromatin factors), factors 
required for establishment and maintenance, involved in both 
the P0 and F1 generations (8 genes; many cytoplasmic RNA path
way components), and maintenance-only factors, not required 
in P0 (2 genes; nuclear RNAi components).

Role for establishment factors in polyUG synthesis
Given that pUGs are necessary for TEI and initially synthesized in 
the P0 generation, we assayed the subset of mutants that are re
quired in the P0 generation for TEI to determine whether they 
are involved in polyUG biogenesis. We assayed polyUGs in the 
F1 generation following RNAi treatment in set-25, set-32, morc-1, 
hrde-4, nrde-2, hrde-1, emb-4, znfx-1, and wago-1 mutants. Of these, 
znfx-1 has previously been implicated in polyUG biogenesis and 
shown to result in depleted polyUG levels in F1 individuals 
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(Ouyang et al. 2022). We detected polyUG RNAs in all strains, 
despite all these strains showing a defect in silencing in the F1 

generation (Fig. 5a-e). However, the polyUG RNAs appear some

what depleted in znfx-1, wago-1 and potentially morc-1 animals 
(Fig. 5b), somewhat supporting the reported role for znfx-1 in their 

biogenesis and suggesting that wago-1 and morc-1 may have simi
lar functions. Intriguingly, hrde-4 mutants appear to have more 

abundant polyUG RNAs (Fig. 5d), although this observation re
quires further testing with a quantitative assay.

Overall, we conclude that only some establishment factors play 
a role in pUG abundance in the F1 generation. This suggests that 

pUGs sit upstream in the pathway, and/or that they work in con
junction with other pathways.

RDE-3 affects germ granule morphology
Germ granules are liquid–liquid condensates, which form a com
plex network on the nuclear periphery and are thought to be ma
jor hubs of silencing small RNA amplification and processing 
(Wan et al. 2018; Dodson and Kennedy 2020; Sundby et al. 2021; 
Phillips and Updike 2022; Chen et al. 2024). Given that RDE-3 is 
thought to localize to mutator foci (Phillips et al. 2012) and 
ZNFX-1 is important for both pUG production and Z granule for
mation (Ouyang et al. 2022), we investigated whether RDE-3 is re
quired for germ granule formation and stability within different 
stages of the C. elegans germline.

We assessed germ granules using a strain containing PGL- 
1::mCardinal (P granules), ZNFX-1::tagRFP (Z granules), and 

b

a

c

d

e

Fig. 4. TEI assays with heterozygous F1. a) Schematic showing the control and test crosses to determine the generation in which the genes mediating TEI 
are required. Mutant hermaphrodites exposed to RNAi for the germline gfp transgene are crossed with unexposed wild-type males containing the 
pharynx gfp transgene. The F1 are scored for gfp expression, with cross-progeny identified by the presence of pharyngeal gfp expression. The wild-type 
strain crossed to the pharyngeal gfp strain and the uncrossed mutant strains were used as controls. b-e) The results for different mutants assessed by the 
assay in (a). Groupings are based on the results from both the standard TEI assay in Fig. 1c and this assay as follows. b) TEI factors that were confirmed to 
act only in the P0 generation. These genes are not required for inheritance in the F1 generation (Supplementary Fig. 5 and Woodhouse et al. 2018). c) TEI 
factors that are required in the P0 generation and likely in the F1 generation, as they display maintenance defect in Fig. 1c. d) TEI factors that are required 
in the P0 generation and probably in the F1 generation, due to their intermediate phenotype in this assay. e) TEI factors that are not required in the P0 
generation; the percentage of silenced animals in the F1 mutant test cross were significantly different to the mutant test cross, but not significantly 
different to the wild-type F1. b-e) The mean (+/−SEM) percentage of silenced animals is shown for each generation, with dots showing individual 
biological replicates. N = 10–50 biological replicates per strain. Mutants were tested in batches, and so some wild-type control values are shared between 
panels. Comparisons between all strains were performed by two-way ANOVA with Tukey’s post hoc test, and only those that are statistically significant 
with the mutant test cross are displayed. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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MUT-16::GFP (mutator foci). When compared to wild-type, rde-3 
mutants had significantly less P granules per nucleus in the distal 
tip and pachytene regions of the germline (Fig. 6a and b). P gran
ules were also significantly smaller and had lower CTCF in the 
pachytene and loop germline regions, indicating a lower concen
tration of PGL-1 (Fig. 6c and d). The rde-3 mutants also had far few
er mutator foci per nucleus in all germline regions with lower 
CTCF in the pachytene and loop regions and slighter smaller mu
tator foci in the germline loop region (Fig. 6a and h-J). 
Interestingly, the number of Z granules in rde-3 mutants was 
equivalent to wild-type in the distal tip and pachytene regions 
and higher than wild-type in the loop region (Fig. 6e), although 
the granules were smaller and with lower CTCF in the pachytene 
and loop regions (Fig. 6f and g). Overall, rde-3 mutants have defects 
in P granule and mutator foci formation and changes in Z granule 
morphology.

Mutations in WAGO-1 do not appear to significantly impact the 
formation of germ granules within the pachytene and distal tip re
gions of the germline. However, WAGO-1 may play some role in 
granule morphology as P and Z granules were smaller in mutant 
animals in some germline regions (Supplementary Fig. 6).

Discussion
Using our sensitive system for studying TEI, we have character
ized its robustness, the role of polyUG RNA and germ granules 
in this process, and defined a genetic framework and mechanism 
that incorporates generational requirements. Our findings, to
gether with previous studies, indicate that TEI is governed by a 

complex system of molecular interactions involving chromatin 
modifiers, germ granules, and RNA molecules acting across gen
erations to establish and maintain the epigenetic signal. Here, 
we discuss our findings in the context of a unified framework 
that explains epigenetic inheritance pathways.

Our results have defined a network of genes that are required 
for RNAi-induced TEI. As expected, all genes that we tested that 
had been previously implicated in RNAi-induced TEI against a 
germline-expressed gene in wild-type background validated in 
our system. In contrast, we found that only some genes required 
for RNAe are also required for RNAi-induced TEI. To establish a 
transgenerational signal in the P0 generation, SET-25 and SET- 
32 are required to add the heterochromatic histone modifications 
H3K9me3 and H3K23me3 respectively to the locus to establish a 
heterochromatic state and compact chromatin (Towbin et al. 
2012; Schwartz-Orbach et al. 2020). These proteins are then dis
pensable for maintenance of this signal from the F1 generation 
onwards (Figs. 1, 4, and 7a; Woodhouse et al. 2018) suggesting 
that once the heterochromatic state is established it remains 
stable over multiple generations. Our findings show that the 
ATPase MORC-1 is required to maintain and likely also establish 
the transgenerational signal in both the P0 and F1 generations. 
MORC-1 forms discrete nuclear foci surrounding regions of het
erochromatin (Kim et al. 2019) and is required for maintaining lo
calization of heterochromatin to the inner nuclear periphery 
(Weiser et al. 2017). We hypothesize that MORC-1 forms inner nu
clear foci that hold heterochromatin close to nuclear pores allow
ing siRNAs/rare mRNAs from silenced genes to be routed into 
perinuclear germ granules to maintain long-term silencing. 
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Fig. 5. polyUG RNAs in TEI mutants. a) Silencing percentage in the F1 generation for each mutant strain. Dots indicate each replicate shown in (b-d). b-d) 
Nested pUG PCRs on F1 mutant samples derived from TEI assays from Fig. 1. The WT and rde-3, gsa-1 controls shown are the same samples for each gel. 
The cDNA reaction failed for the wago-1 EV sample as evidenced by the gsa-1 control, so no conclusions can be made about this sample. e) P0-F2 mutant 
samples for hrde-1 and set-32 mutants.
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MORC-1, perhaps acting in concert with other chromatin- 
associated proteins, may help to maintain the heterochromatic 
state established by SET-25 and SET-32 in the P0 (Fig. 7b).

EMB-4 is required solely in the P0 generation (Fig. 4; 
Supplementary Fig. 5) and has been suggested to bridge intron 
gaps allowing small RNA pathways to compete for access to nas
cent transcripts (Akay et al. 2017). EMB-4 physically interacts with 
HRDE-1 (Akay et al. 2017) and its presence represses HRDE-1 small 

RNA binding, re-routing small RNAs to CSR-1 (Tyc et al. 2017). 
Since we found that the HRDE-1 dependent nuclear RNAi pathway 
was not required for silencing within the P0 generation but was re
quired in the F1 generation (Fig. 4), the role of EMB-4 within the P0 
generation may be to dampen the HRDE-1 pathway, instead al
lowing nascent transcripts to be shuttled into an establishment 
pathway (Fig. 7a). This may explain the lack of requirement for 
EMB-4 in the F1 generation where HRDE-1 plays an important role.

a
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Fig. 6. Germ granule perturbations in rde-3 mutants. a) Schematic of the distal tip, pachytene, and loop germline regions imaged with representative 
images of the fluorescent tagged proteins surrounding the germline nuclei in the distal tip, pachytene, and loop regions. b–j) Quantification of germ 
granules in wild-type and RDE-3 mutant germlines. Average number, area, and CTCF of P granules (b–d), Z granules (e–g), and mutator foci (h–j) 
surrounding individual nuclei in the distal tip, pachytene, and loop regions of the germline. Bar displays the mean. Distal tip and pachytene regions n = 20, 
loop region n = 10, per animal for 3 biological replicates. Comparisons were performed using Brown–Forsythe and Welch ANOVA with Dunnett’s T3 
multiple comparisons test, ****P ≤ 0.0001. Nonsignificant comparisons are not displayed.
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Our results show that HRDE-1 and HRDE-2 act within the F1 
generation for maintenance of TEI. HRDE-2 localizes to SIMR 
foci, a perinuclear germ granule that neighbors Z granules, and 
is required for the correct loading of 22G RNAs onto HRDE-1
(Chen et al. 2024). Unloaded HRDE-1 localizes to SIMR foci and in 
the absence of HRDE-2, HRDE-1 loads CSR-1 class 22Gs instead 
of WAGO-class 22Gs (Chen et al. 2024). This suggests that HRDE- 
2 acts to shuttle RNAs to the HRDE-1-dependent TEI maintenance 
pathway (Fig. 7c), which acts at the cotranscriptional level in the 
nucleus (Buckley et al. 2012). Interestingly, we found that NRDE- 
2 was required in the P0 as well as the F1 generation even though 
it has previously been reported to act downstream of HRDE-1
(Ding et al. 2023); clearly this protein can act independently of 
HRDE-1 indicating that the nuclear RNAi machinery is not com
pletely HRDE-1 dependent.

Our finding that HRDE-1 is required only in the F1 generation 
and thus cannot be solely responsible for the recruitment of 
NRDE-2 in the P0 generation is curious and contradicts other 
working models of TEI (Buckley et al. 2012; Wan et al. 2020; 
Seroussi et al. 2022; Ding et al. 2023). However, this has been ob
served before. Buckley et al. showed a similar result using a pos-1
based RNAi TEI assay, in which the heterozygous offspring of ani
mals that lacked HRDE-1 in the dsRNA exposed generation were 

able to inherit RNAi silencing (Buckley et al. 2012). Furthermore, 
Schreier et al. also observe a role for HRDE-1 in the F1 generation 
only (Schreier et al. 2024). Together, these data suggest that there 
must be another mechanism governing the recruitment of nu
clear RNAi machinery within the P0 generation.

polyUG RNAs are necessary but not sufficient for 
epigenetic inheritance
RDE-3, GLH-1, WAGO-1, WAGO-4, ZNFX-1, and PUP-1 all act in 
both the P0 and F1 generations and reside within perinuclear 
germ granules (Fig. 7d). RDE-3, the enzyme responsible for adding 
polyUG tails to RNA molecules, is required for the initiation, estab
lishment, and maintenance of TEI and acts within both the P0 and 
F1 generations (Fig. 3f). We observed a decrease in the number of 
mutator foci and P granules in rde-3 mutant animals, as well as a 
change in Z granule morphology across many stages of the adult 
germline, indicating that RDE-3, or the pUGs that it produces, 
plays a key role in the formation and/or stability of multiple 
germ granules (Fig. 6). Despite all this, pUG levels did not correlate 
with the longevity of silencing in wild-type animals and further
more, pUGs were still present long after epigenetic silencing was 
undetectable (Fig. 3). The fact that silencing can be lost while 
pUGs are still present leads us to conclude that the presence 

a

b

c
d

Fig. 7. A unified working model of epigenetic inheritance. a) Establishment of a transgenerational epigenetic signal involves chromatin-related proteins in 
the nucleus in the P0 generation. b) Chromatin compaction and other nuclear factors are required during establishment and maintenance in the P0 and 
F1 generations. c) HRDE-1 and HRDE-2 play a role in maintenance in the F1 generation only. d) Perinuclear granules are crucial sites for establishment and 
maintenance in the P0 and F1 generations.

A unified framework for epigenetic inheritance | 13

https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00011324?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00011324?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00011324?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00017641?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00011324?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00011324?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00011333?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00011333?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00011333?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00004078?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00001598?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00011061?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00010263?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00014208?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00007624?doi=10.1093/genetics/iyaf106
https://identifiers.org/bioentitylink/WB:WBGene00011324?doi=10.1093/genetics/iyaf106


and maintenance of pUGs alone is not solely responsible for TEI in 
maintenance generations. The nuclear pathway, particularly the 
heterochromatic state mediated by MORC-1, is critical to main
tain silencing and may act in parallel to the pUG-related pathway. 
Perhaps silencing is first lost at the nuclear level, while pUGs are 
still being produced. Germ granules are required for maintenance 
of functional TEI and their spatial separation is necessary for re
stricting the duration of TEI as animals with forcibly mixed 
germ granule compartments display a significant extension of 
TEI silencing (Zhao et al. 2024). Could this observation be linked 
with the presence of pUGs long after the end of silencing? 
Perhaps pUGs can be present, but sequestered and inactive in 
germ granule compartments and when the granules are forcibly 
merged, pUGs sequestration may be lifted, enabling an inter
action with other factors to extend silencing longevity. 
Furthermore, pUGs themselves may promote the maintenance 
of granule stability or assembly, as we found that RDE-3 is crucial 
to proper granule organization (Fig. 6).

Germ granules as organizers of TEI pathways
GLH-1 is required for the recruitment of PGL-1 to P granules and 
interacts with WAGO-1 in an RDE-3 dependent manner to produce 
WAGO-22G RNAs (Dai et al. 2022). P granules are the foundation 
granule often positioned on nuclear pores (Uebel et al. 2023) and 
are required for the formation of other granules. GLH-1 is there
fore likely required for the formation of Z granules, mutator foci 
and SIMR foci and has been reported to direct the localization of 
many small RNA pathway components, including WAGO-4 and 
ZNFX-1 (Chen et al. 2022). GLH-1 also directly binds Dicer 
(Beshore et al. 2011), indicating that GLH-1 is intimately involved 
in RNAi-induced TEI though GLH-1’s precise role in these pro
cesses is unclear.

WAGO-4 resides within both P and Z granules (Wan et al. 2018) 
and binds small RNAs. ZNFX-1 is involved in the biogenesis of pUG 
RNAs (Fig. 5; Ouyang et al. 2022) and has been suggested to seques
ter pools of silenced transcripts within Z granules for use as tem
plates for sRNA amplification (Ouyang et al. 2022). ZNFX-1
coimmunoprecipitates with both WAGO-1 and WAGO-4. PUP-1 
uridylates small RNA molecules, many of which are subsequently 
bound by WAGO-4 (Xu et al. 2018; Kelley et al. 2024). WAGO-4 mu
tants display a strong TEI defect, while both PUP-1 and ZNFX-1
mutants display less severe TEI defects than WAGO-4 (Figs. 1
and 4). This may indicate that PUP-1 and ZNFX-1 comprise separ
ate pathways of small RNA production that converge upon 
WAGO-4 loading.

These key TEI proteins all reside and function within germ 
granules, and loss of TEI factors required in both P0 and F1 for es
tablishment and maintenance of TEI—ZNFX-1, WAGO-4, and 
GLH-1—results in germ granule defects (Wan et al. 2018; Dai 
et al. 2022). Together, this suggests that germ granules are key or
ganizers for the cytoplasmic element of TEI during establishment 
and maintenance. Correspondingly, the perturbations we ob
served in germ granules in RDE-3 mutants may have a significant 
direct effect on TEI. Alternatively, the defects may be a conse
quence of de-silencing of endogenous targets of RDE-3 and there
fore unrelated to RNAi-induced TEI. Future work will tease apart 
these possibilities.

A unified framework for RNAi-induced TEI
Ouyang et al. propose that 2 parallel pathways are required for TEI 
from the F1 generation onwards: nuclear silencing dependent on 
HRDE-1 and cytoplasmic silencing dependent on ZNFX-1
(Ouyang et al. 2022). Our data suggest the presence of another 

pathway involving heterochromatin formation that sits upstream 
of both these pathways is established in the P0 generation, and is 
maintained in subsequent generations. This pathway has its be
ginnings in heterochromatic marks such as H3K9me3 and 
H3K23me3 established by SET-25 and SET-32, respectively, al
though data suggests that the long-term maintenance of 
H3K9me3 is not required (Towbin et al. 2012; Kalinava et al. 2017, 
2018; Woodhouse et al. 2018; Schwartz-Orbach et al. 2020). 
Instead, we propose that a chromatin-based silencing state main
tained by MORC-1 is important in the F1 onwards. Thus, in the F1 
generation onwards, there are 3 pathways required for TEI—a het
erochromatin or nuclear localization-based pathway maintained 
by MORC-1, a cotranscriptional silencing pathway that requires 
HRDE-1, and a germ granule-based pathway for which ZNFX-1 is 
important.

Longevity of epigenetic inheritance is determined 
in the P0 generation
The longevity of epigenetic inheritance differs amongst lineages 
from different P0 parents, while sublineages from a single P0 par
ent display similar but not identical inheritance dynamics (Fig. 3). 
This suggests that a factor in RNAi-exposed P0 parents partially 
determines silencing duration in their offspring, and this varies 
between P0 parents, consistent with the findings of Houri-Zeevi 
et al. (2020). Extending the findings of Houri-Zeevi et al., we fol
lowed lineages until silencing was exhausted and selected for si
lenced individuals at each generation, providing novel insights 
into the dynamics of silencing decay and the duration of silencing. 
We observed a clear correlation between the proportion of silen
cing in the F1 generation and the longevity of epigenetic inherit
ance, despite variation between sublineages. This suggests that 
not only is silencing transmitted between generations, but also a 
factor which determines silencing duration. We also observed a 
precipitous decline in silencing around the F6 generation. This in
nate variation suggests that a transient factor is involved in epi
genetic inheritance that can be propagated between generations 
and/or amplified in each generation, but that it cannot persist for
ever. This deciding factor may be related to the organization of 
germ granules, with less distinct granules allowing more inter
action between silencing factors or perhaps to the expression le
vels of these silencing factors themselves as suggested by the 
correlation of HSF-1 levels with mCherry silencing in another 
TEI system (Houri-Zeevi et al. 2020). Alternatively, the strength 
of silencing may correlate with how well the heterochromatic 
state is established in the P0/F1 generation. Clearly, silencing 
can be lost while small RNAs targeting the gene are still present 
(Fig. 3; Woodhouse et al. 2018), and so perhaps a change in chro
matin state allows production of sufficient mRNA to overwhelm 
small RNA silencing. Further work will be required to differentiate 
between these hypotheses.

Chromatin factors with distinct roles in TEI 
and RNAe
Interestingly, despite the clear role for SET-25 and SET-32 in estab
lishment of TEI, the chromatin-associated proteins MES-3, HPL-2, 
LET-418, and LIN-61 implicated in RNAe (Ashe et al. 2012; Lee et al. 
2012; McMurchy et al. 2017) do not appear to be required for estab
lishment or maintenance of TEI. HPL-2 associates with hetero
chromatin and regions of H3K9me1/me2, while LIN-61 binds 
H3K9me2 and has been shown to recruit SET-25 to some of its tar
gets in early embryos (Padeken et al. 2021; de la Cruz-Ruiz et al. 
2023). Although it is tempting to speculate that H3K9me2 and 
H3K9me3 play similar roles given their association with 
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heterochromatin, distinct functions have been observed for the 2 
methylation marks during early embryogenesis (Mutlu et al. 2019), 
and loss of the histone dimethyltransferase MET-2 does not cause 
a loss of TEI (Woodhouse et al. 2018) and can even cause an in
crease in TEI in some systems (Lev et al. 2017). Our failure to ob
serve a defect in TEI for LIN-61 and HPL-2 further highlights the 
different functions of H3K9me2 and H3K9me3 and the differences 
between RNAi-induced TEI and RNAe. Furthermore, our data sug
gest an additional targeting pathway for SET-25 in the germline 
that does not involve LIN-61. MES-3 is a component of the poly
comb complex, important for mediating H3K27me3 (Shirayama 
et al. 2012) and LET-418 is a component of the NuRD complex 
and important for chromatin remodeling (McMurchy et al. 2017). 
Our data suggest that polycomb/H3K27me3 and the NuRD com
plex are not involved in RNAi-induced TEI.

Overall, these findings highlight the complexity of the molecu
lar interactions underpinning TEI and the variability of this sys
tem will be an important focus for future research.
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