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Abstract

Exogenous double-stranded RNA (dsRNA) has been shown to exert homology-dependent effects 

at the level of both target mRNA stability and chromatin structure. Using C. elegans undergoing 

RNAi as an animal model, we have investigated the generality, scope, and longevity of chromatin-

targeted dsRNA effects and their dependence on components of the RNAi machinery. Using high-

resolution genome-wide chromatin profiling, we found that a diverse set of genes can be induced 

to acquire locus-specific enrichment of H3K9 trimethylation, with modification footprints 

extending several kilobases from the site of dsRNA homology and with locus specificity sufficient 

to distinguish the targeted locus from among all 20,000 genes in the C. elegans genome. Genetic 

analysis of the response indicated that factors responsible for secondary siRNA production during 

RNAi were required for effective targeting of chromatin. Temporal analysis revealed that H3K9 

methylation, once triggered by dsRNA, can be maintained in the absence of dsRNA for at least 

two generations before being lost. These results implicate dsRNA-triggered chromatin 

modification in C. elegans as a programmable and locus-specific response defining a metastable 

state that can persist through generational boundaries.

Users may view, print, copy, download and text and data- mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms
3Corresponding author. Phone: Fax: (650) 724-9070, afire@stanford.edu.
4Present Address: School of Life Sciences, University of Science & Technology of China, Hefei, 230026, China.

Data deposit: All sequencing data used in this study were deposited at NCBI GEO database (accession number: GSE32631).

Authors’ contribution: Experiments were conceived in discussions amongst all authors. Experiments and data analyses for Fig. 1 
were performed by S. Gu, J Pak, J Manniar, S Guang, and S Kennedy, and A Fire. Experiments and data analyses for Fig. 2–5 were 
performed by S Gu S, J Pak, and A Fire. Overall discussions of data and implications involved all authors, and manuscript was written 
by Gu S and Fire A.

HHS Public Access
Author manuscript
Nat Genet. Author manuscript; available in PMC 2013 December 03.

Published in final edited form as:
Nat Genet. ; 44(2): 157–164. doi:10.1038/ng.1039.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

RNA interference (RNAi) is defined by an ability of exogenous double-stranded RNA 

(dsRNA) to silence homologous target genes 1,2. The RNAi pathway begins with dsRNA 

being diced into small RNAs of 20–30 nucleotides (called small interfering RNA, or siRNA) 

by the RNase III-like enzyme dicer 3. siRNAs are loaded into highly conserved argonaute 

proteins, defined by the PIWI and PAZ domains 4. Target mRNAs, recognized by base-

pairing interactions mediated by siRNAs, can then be degraded by a nuclease activity 

('slicer') of some argonautes 5–7. In plants, fungi, and C. elegans, dicer-produced siRNA 

(named primary siRNA) can also trigger de novo synthesis of additional small RNA (called 

"secondary siRNA") through recruitment of RNA-directed RNA polymerases (RdRPs) that 

use the mature target mRNA as template 8–10. Endogenous small RNAs that are antisense to 

transcripts also exist in a variety of eukaryotic species. These endo-siRNAs modulate a 

diverse set of cellular processes, e.g., gene regulation, genome surveillance, and 

chromosome transmission 11–15.

In addition to mRNA degradation, RNA-mediated alterations have also been defined at the 

DNA or chromatin levels 16,17. This process has been termed "RNA-triggered chromatin 

modification", as distinguished from cytoplasmic RNA-triggered mRNA degradation 

mechanisms, referred to as RNAi. RNA-triggered chromatin modification was initially 

discovered in plants, where it was found that transgene or viral RNA can trigger a local peak 

of DNA methylation around the target sequence [reviewed in 18,19]. RNA-mediated DNA 

methylation in plants involves small RNAs and requires dicer, argonaute, and RdRP family 

members. In Schizosaccharomyces pombe, endogenous small RNAs derived from DNA 

repeats are associated with heterochromatic gene silencing at the pericentromeric, 

subtelomeric regions, and the mating type locus 22 [reviewed in 23,24]. At these 

heterochromatic loci, RNAi factors (argonaute protein Ago1, dicer protein Dcr1, and RNA-

dependent RNA polymerase Rdp1) participate in direct interactions with heterochomatin-

associated proteins (e.g., chromodomain protein Chp1), with these interactions required for 

H3K9 trimethylation (H3K9me3), a histone posttranslational modification associated with 

silenced chromatin 25–28. In some cases, exogenous dsRNA was sufficient to direct defined 

chromatin modification in S. pombe29–32. An analogous situation may serve as a basis for 

genome rearrangements during macronuclear development in tetrahymena, where 

populations of siRNAs have been shown to induce a localized alteration in chromatin that 

becomes evident on later genome rearrangement33–35.

Suggestions of siRNA-chromatin associations in animal systems initially came from indirect 

experiments. One set of observations relate to defects in heterochromatin formation at 

centromeric regions in Drosophila and mouse germ cells affected by mutations in RNAi 

components 36–38. While such results outline some type of link between RNA triggers and 

chromatin modification, the existence of global chromatin defects in mutant strains lacking 

RNAi components is not prima facie evidence for homology-targeted chromatin 

modification (rather, some of these defects could be secondary to other major defects in 

cellular metabolism in the global absence of functional RNA-based regulation). Adding to 

such debates, different studies in mammalian cell culture have observed a combination of 

sequence-specific and sequence-nonspecific responses to foreign dsRNA 36–40. The variety 
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of results in such assays illustrates both the real potential for diverse responses to siRNA in 

clinically important systems and the need for model systems to analyze these changes using 

tractable organisms and genomes 41–43.

Several features make C. elegans an attractive animal model to study chromatin-targeted 

RNA effects. dsRNA can be conveniently introduced to the animals by microinjection, 

feeding, and soaking 1,44,45, with each mode of administration sufficient to produce 

substantial effects on target gene expression. A large number of genes can be silenced in C. 

elegans, providing a wide variety of activity assays. C. elegans appears to share the ability 

to respond to dsRNA at both the RNA and chromatin level 46–48. Early studies in C. elegans 

indicated a reduced level of target mRNA in both the cytoplasm and nucleus of dsRNA-

treated embryos 48, with the potential for both specific and non-specific responses at the 

chromatin level to dsRNA 49. Recent studies have focused on specific assays for a number 

of loci, identifying a set of nuclear RNAi defective genes (e.g., nrde-2 and nrde-3) whose 

functions are required for nucleus-based gene silencing 46,47. While specificity and 

generality have been extensively studied for cytoplasmic RNAi, these issues have remained 

something of a mystery for dsRNA-triggered chromatin modification. In this work, we make 

use of high-throughput chromatin-structure assays to assess specificity for chromatin-

targeted dsRNA effects and characterize the relationship between classical (cytoplasmic) 

RNAi and RNA-triggered chromatin modification.

Results

Specificity of dsRNA-triggered chromatin modification at the targeted locus

We first examined specificity of dsRNA-triggered H3K9me3 using the target gene lin-15B, 

a model substrate in previous analyses of nuclear effects of RNAi in C. elegans 46,47. A 

genome-wide assessment of RNAi effects was obtained using chromatin 

immunoprecipitation (ChIP) of nucleosome core particles50 followed by high throughput 

sequencing (Fig. 1). As a number of studies of nuclear RNAi have used eri-1(mg366) as a 

dsRNA-recipient strain ['eri'='enhanced RNAi; 51], we carried out our initial analysis in 

synchronized embryos of this genetic background.

An initial view of target specificity was provided by comparing degree of H3K9me3 for 

each gene under conditions of RNA interference for lin-15B with that of control animals 

(Fig. 1a). Counts from nucleosome cores isolated with H3K9me3 immunoprecipitation were 

normalized using counts from nucleosome cores isolated without immunoprecipitation. 

Among the 20,937 C. elegans genes surveyed for this analysis, lin-15B shows the highest 

increase in the dsRNA-triggered H3K9me3. Two genes (lin-15A and ZK662.5) that are 

located next to lin-15B in the genome also show increased H3K9me3 level in the lin-15B 

RNAi sample. Most of the other genes remained distributed along the diagonal line in the 

scatter plot, indicating little if any change in H3K9 trimethylation in those targets following 

lin-15B RNAi. Another view of target specificity was provided by comparing degree of 

H3K9me3 for the entire × chromosome (using a 2 Kb smoothing window) under conditions 

of RNA interference for lin-15B and in control animals (Fig. 1b). The biggest difference 

occurred at the lin-15B region (5.7-fold enrichment). These data indicate that that strong 

Gu et al. Page 3

Nat Genet. Author manuscript; available in PMC 2013 December 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



H3K9me3 enhancement following lin-15B RNAi was specific to the lin-15B region and 

neighboring loci.

A detailed local analysis evidenced the degree of spreading in the eventual distribution of 

H3K9me3 following dsRNA administration (Fig. 1c). The highest H3K9me3 level appeared 

in the trigger region and the flanking region (e.g., on average, H3K9me3 level at the trigger 

region is 3.7 times of the background-level). Using a cutoff of two-fold changes above the 

background H3K9me3 level, we found that H3K9me3 can spread as far as 9 kb from the 

trigger region.

Many C. elegans genes are susceptible to dsRNA-triggered chromatin modification

We chose three other target genes (lir-1, ego-1, and smg-1) for RNAi in the eri-1(mg366) 

mutant background. Because lir-1 is abundantly expressed in embryos 52, we induced lir-1 

RNAi in animals and collected embryos for H3K9me3 profiling. Both smg-1 and ego-1 

function in germline cells (smg-1 functions in the somatic cells as well) 53,54. Therefore, for 

smg-1 and ego-1 RNAi experiments, synchronized adult animals were used.

In control animals not exposed to specific RNAi, the lir-1, ego-1, and smg-1 loci have very 

low levels of H3K9me3 (Fig. 1d–f). In the RNAi animals, we observed a dramatic 

accumulation of H3K9me3, with strong specificity for the target gene in each case (Fig. 1d–

f). These data suggest that many genes in C. elegans are susceptible to the dsRNA-triggered 

chromatin modification.

As with lin-15B, we observed a distinctive spatial pattern of dsRNA-triggered chromatin 

modification for the target loci tested. In each case, the highest levels of H3K9me3 

accumulation occurred at the trigger region or immediate flanking regions (Fig. 1d–f). (The 

H3K9me3 profiles within the trigger regions were excluded for the smg-1 and ego-1 RNAi 

experiments due to DNA fragments from RNAi feeding plasmids that were captured and 

amplified in IP material. Embryos were devoid of contaminating feeding vector DNA due to 

a hypochlorite washing step 55 that removes bacteria during embryo preparation). With a 

cutoff of two-fold changes above the background H3K9me3 level, we found that the 

H3K9me3 modification can spread as far as 11, 6, and 8 kb from the trigger regions of lir-1, 

ego-1, and smg-1, respectively. In all cases, the H3K9me3 spread into intergenic regions and 

some of the neighboring genes. These data indicate that, as a common feature, dsRNA-

triggered chromatin modification can spread over a distance from the trigger region 

equivalent to several genes.

dsRNA-triggering of localized H3K9 trimethylation in the absence of sensitizing mutations

Guang et al. have shown that enhanced RNAi mutations in a genetic background is required 

for some targets in the efficient induction of RNAi phenotypes through nuclear pathways 47. 

Similarly, effective chromatin responses to exogenous dsRNA in S. pombe have been 

reported in a subset of studies (see29,30) to require mutations in analogous genes.

To test whether sensitizing mutations in the eri pathway were required for the chromatin 

response, we compared H3K9me3 in eri-1(mg366) and wild type genetic backgrounds. This 

analysis was carried out using the target locus smg-1. In these experiments, we observed a 
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positive H3K9me3 response at the target gene in the wild type animals (Fig. 2a), with only a 

modest decrease in either the degree of observed enrichment in H3K9me3 or extent of RNAi 

spreading, in comparison with the result from eri-1 genetic backgrounds. As a control to 

ensure the ability to detect defects in dsRNA-triggered H3K9me3 in this assay, we measured 

modification in a nrde-2(gg091) genetic background, previously shown to compromise 

chromatin targeted RNAi. nrde-2 mutant animals showed a 6-fold loss in H3K9me3 

response to dsRNA compared to eri-1 and wild type strains, demonstrating the specificity of 

the ChIP-seq assay (Fig. 2a). These data indicate that the chromatin response is not 

dependent on the eri-1 mutation. Similar results were obtained for the RNA-enhancing 

mutation rrf-3(pk1426) (Fig. 2b).

The chromatin response is determined by processes on a sub-genic scale

To investigate the relationship between the dsRNA trigger and position of dsRNA-triggered 

chromatin modification, we examined the effect of a smg-1 RNAi trigger targeting the 

3'UTR (Fig. 2c). We found that this 7-kb downstream shift in the trigger was accompanied 

by a 7-kp shift in the H3K9me3 peak center (compare Fig. 2a to Fig. 2c). The spatial 

correlation between the triggering dsRNA and H3K9me3 profile evidences a mechanism in 

which the specificity of the chromatin response is determined by events on a sub-genic 

scale.

No methylation signal was observed using dsRNA targeting a region that is upstream to the 

annotated smg-1 5’ UTR (Fig. 2c). This observation was consistent with models in which 

interactions with a pool of target mRNA might play an essential role in eventual targeting of 

chromatin. As noted below, several other observations support this type of model.

Argonaute requirements indicate a critical role for secondary siRNA accumulation in 
dsRNA-triggered chromatin modification

Primary and secondary siRNAs in C. elegans are two classes of small RNAs that differ in 

their biogenesis, chemical structure at the 5’ end, and strand-specificity. Primary siRNAs are 

cleaved from the initial dsRNA trigger by dicer, derive from both strands, and carry a 5' 

monophosphate terminus. Secondary siRNAs are produced through the primary-siRNA 

guided action of RNA-directed RNA polymerases on specific mRNA templates, resulting in 

production of large numbers of short antisense transcripts that retain a triphosphate on their 

5' end. Two groups of argonaute proteins participate in classical RNAi in C. elegans: RDE-1 

incorporates primary siRNAs and mediates interactions of the primary siRNAs with target 

templates, resulting in recruitment of the RdRP activities 9,10,56,57; a group of additional 

argonautes (PIWI-1, SAGO-1, SAGO-2, and F58G1.1) then interact with secondary 

siRNAs, presumably allowing additional target mRNAs to be detected and cleared 57.

To investigate the participation of different small RNA classes and their corresponding 

argonuate factors in chromatin-targeted RNAi, we examined small RNA profiles and 

argonaute genetic requirements for this process.

smg-1-targeted RNAi experiments were carried out in populations of C. elegans mutant for 

either rde-1 [rde-1(ne300)] or the secondary argonaute group [MAGO (ppw-1(tm914), 
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sago-1(tm1195), sago-2(tm894), F58G1.1(tm1019), C06A1.4(tm887), and 

M03D4.6(tm1144)]. Neither population of mutant animals showed above-background 

H3K9me3 accumulation at the target locus (Fig. 2d), suggesting that the two sets of 

argonautes are both essential to the dsRNA-triggered chromatin response.

In order to correlate chromatin responses with small RNA populations, we also examined 

the small RNA profiles in the RNAi worms using a 5’-mono phosphate-independent small 

RNA cloning method, which captures both the primary (5’ monophosphate) and the 

secondary (5’ triphosphate) siRNA. RNAi in the wild type sample produced a large number 

of small RNAs. In rde-1(ne300) and MAGO mutants, the numbers of primary siRNAs at the 

trigger region were only reduced by 3–4 fold, in comparison with the wild type background 

(Fig. 3b, c, and d). In contrast, secondary siRNAs levels at the smg-1 locus in rde-1(ne300) 

and MAGO mutants were reduced by 360 and 197 fold, respectively, as compared with wild 

type animals (Fig. 3f, g, and h).

Secondary siRNA accumulation alone did not appear to be sufficient for a robust 

chromosomal effect following smg-1 RNAi. At least one additional mechanistic requirement 

in the process was evident from observations that nrde-2(gg091) mutant animals, which lack 

a chromatin-targeted H3K9me3 response, retained their ability to make secondary as well as 

primary siRNAs (Fig. 3e and i). Somewhat surprisingly, siRNA counts in nrde-2(gg091) 

appeared to be higher than in wild type animals; this could indicate a global readjustment of 

specific small RNA dynamics in nrde-2(gg091) (e.g., an increased in vivo stability of 

siRNAs incorporated into alternative argonautes).

These data are consistent with a mechanism for dsRNA-triggered chromatin modification 

which depends on (but also extends) the dsRNA-triggered secondary siRNA response.

Multi-generational maintenance of RNAi-triggered chromatin modification

Previous studies have demonstrated that dsRNA-triggered gene silencing effects can last for 

multiple generations in C. elegans 58–60. Such heritable silencing effects could conceivably 

have been mediated by small RNA-directed or chromatin-based mechanisms (or a 

combination of effects). Here we investigated whether the heterchromatin state or/and 

siRNAs at the RNAi target gene can be maintained for subsequent generations in the 

absence of continued exposure to the initial dsRNA trigger. To address this question, we 

profiled the H3K9me3 and siRNAs in progeny of smg-1 RNAi worms for multiple 

generations (Fig. 4a and Methods section). Briefly, wild type adult animals were exposed to 

smg-1 RNAi for 2–3 generations, and subsequently bleached to produce a synchronized 

population, which was again exposed to smg-1 RNAi. Adult animals were harvested (P0). 

Afterwards, we removed the RNAi source and collected F1, F2, and F3 populations at the 

adult stage for small RNA and H3K9me3 profiling. We observed that the magnitude and 

spread of the H3K9me3 in the F1 animals were at levels similar to ones in the P0 animals 

(Fig. 4b). Interestingly, the siRNAs level in the F1 adult animals was much lower than in P0 

worms that had been directly exposed to smg-1 dsRNA (414 and 700 fold depletion for 

primary and secondary siRNAs, respectively) (Fig. 4d and 4h, compared with Fig. 3b and 3f, 

respectively). The chromatin response weakened in F2 animals, but was still distinctively 

present (Fig. 4c). In F3 animals, H3K9me3 levels reverted to near-background (Fig. 4c; 
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H3K9me3 signals at the smg-1 region [2 Kb regions that flank the trigger site] from P0, F1, 

F2, and F3 populations were 8.3, 9.2, 3.7, and 1.6 times of the background level seen in 

smg-1 RNAi nrde-2(gg091) mutant animals). These results indicate that the H3K9me3 

response, once established at the RNAi target gene, can persist for at least 2 generations 

without any further dsRNA exposure. The persistence could reflect either a very potent 

biological activity of the residual low levels of trigger RNA found after the initial generation 

or a maintenance of the modified chromatin in the absence of an RNA requirement.

Time lag between the siRNA accumulation and chromatin response

Previous study has shown that exogenous dsRNA-triggered siRNAs could engage in the 

RNAi pathway within a few hours 48,57. Here we investigated the time lag between dsRNA 

exposure and chromatin response. We did two time-course experiments in which worms 

were harvested 4 or 24 hours after synchronized larvae start to feed on bacteria expressing 

smg-1 dsRNA (see Fig. 5a for the scheme). L4 larvae were harvested for each experiment 

for small RNA and H3K9me3 profiling to provide populations of both somatic and germline 

tissues. We observed a high level of smg-1 siRNAs at the 4-hour time point, with even 

higher smg-1 siRNA levels at the 24-hour time point (Fig. 5c–f), indicating an ongoing 

RNAi process. In contrast, we did not observe any accumulation of H3K9me3 at the smg-1 

locus in either the 4 or 24-hour RNAi samples (Fig. 5b). These data indicate that, in addition 

to be required for H3K9 methylation (see above), siRNA accumulation precedes that of 

H3K9me3. Moreover, we suggest that distinct and separable mechanisms mediate these 

events.

Discussion

We have described several features and genetic requirements for the dsRNA-triggered 

chromatin modification in C. elegans, with our results showing that (1) the chromatin 

response can be highly specific in triggering a window of H3K9me3 surrounding genomic 

sequences corresponding to a triggering dsRNA, (2) the chromatin response can be targeted 

to many C. elegans genes, (3) secondary-siRNA produced through an initial interaction with 

an mRNA product are associated with and apparently integral to the chromatin response, (4) 

in time course experiments, dsRNA-triggered chromatin modification lags behind the initial 

siRNA response, and (5) chromatin changes can outlast the major small RNA pools, 

yielding heritable effects. This work differs from a number of important previous 

studies 41–43,46,47 in that we have demonstrated a direct and highly targeted relationship 

between the dsRNA sequences introduced into the system and the specific modification of 

the corresponding chromosomal region. This work draws a clear analogy to well studies 

RNA-triggered chromatin modification systems originally described in plants 16–18,61 and 

more recently in fungi 29.

The requirement of rde-1 and MAGO genes for dsRNA-triggered chromatin modification 

strongly suggests that secondary siRNAs may participate in a connection between 

cytoplasmic and nuclear dsRNA responses. In particular, primary siRNA production is 

apparently not sufficient to trigger chromatin modification. The strong spatial correlation 

between the dsRNA-triggered H3K9me3 and the triggering dsRNA is consistent with a 
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model in which the secondary siRNAs (likely in an argonaute-dependent manner) directly 

target the nascent transcript (or even DNA) for chromatin modification.

A role for secondary siRNA machinery in triggering of nuclear events is apparently 

conserved rather widely, at least in lower eukaryotes. In particular, it is of interest to note the 

requirement for RdRP homologs in transgene-RNA-directed DNA methylation in 

Arabidopsis and in site-specific hairpin-induced heterochromatin formation in S. 

pombe20,21,31,32. In both cases an initial aberrant RNA trigger appears insufficient for site-

specific chromatin modification, requiring the RdRP activity and presumably the resulting 

secondary siRNAs for alteration at the chromatin level.

Introns near the dsRNA trigger region show high H3K9me3 even though the siRNA levels 

are low. It is possible that the siRNA-associated chromatin modification enzymes directly 

act on sites that are somewhat spatially removed from an initial siRNA::transcript 

interaction. Alternatively, the apparent spreading of the siRNA-induced signal may reflect 

an ability of H3K9me3 nucleosomes to recruit machinery that enforces new rounds of 

chromatin modification.

H3K9me3 is associated with repetitive DNA, centromere, and other DNA elements that 

need to be silenced constitutively. Our multigenerational analysis indicated that the dsRNA-

triggered H3K9me3 could be passed onto subsequent generations, suggesting a possible 

basis for long-term control of mobile elements. Despite heritability of the altered chromatin 

state for several generations, we found that the chromatin at the target gene eventually 

reverted to the original (active) state in the absence of the trigger, which is consistent with 

heritability of small RNAs being finite 58; this suggests that truly heterochromatic states 

may need to be maintained by periodic production of an RNA trigger.

A working model for RNA-triggered chromatin modification is shown in Fig. 6. Exogenous 

dsRNA is first processed by DICER complexes to produce primary siRNAs, which guide 

RDE-1 to its target mRNA, engaging RdRP activities to copy the target, yielding secondary 

siRNAs. Secondary siRNAs interact with a dedicated set of argonautes including PPW-1, 

SGAO-1, SAGO-2, and F58G1.1. These interactions appear to be required for dsRNA-

triggered H3K9 methylation. One possibility is that these siRNAs enter the nucleus directly, 

enforcing chromatin modification through interaction with either the nascent transcript or 

the DNA template. Alternatively the siRNAs may be synthesized in the nucleus, or may be 

"handed off" in the cytoplasm to a shuttling argonaute, whose transport into the nucleus 

would then allow interaction with nascent RNA or DNA. The last model, albeit more 

complex, is supported by the requirement for NRDE-3 and for the corresponding cytoplasm-

to-nucleus transport factor NRDE-2 for effective gene silencing in at least some cases 46,47. 

Once secondary siRNA-containing complex recognizes a chromatin-associated target (base 

pairing with nascent transcripts or DNA), a next step would be the recruitment of a 

chromatin-modifying complex, producing a localized alteration in histone code including the 

methylation of H3K9 in nearby nucleosomes. The delayed time course of the chromatin 

response (compared with the fast siRNA response) suggests that the downstream 

components of this pathway (entry of small RNAs into the nucleus and/or modification of 
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histone code) may produce effects that are both slower and more stable than their mRNA-

targeted RNAi counterparts.

Methods

C. elegans mutant strains used in this study

C. elegans strain N2 55 was used as the standard wild-type strain. Mutant alleles used in this 

study were eri-1(mg366) 51, rde-1(ne300) 63, rrf-3(pk1426) 56, nrde-2(gg091) 46, MAGO 

(ppw-1(tm914), sago-1(tm1195), sago-2(tm894), F58G1.1(tm1019), C06A1.4(tm887), and 

M03D4.6(tm1144))57, glp-1(e2141)64, and glp-4(bn2)65.

All genomic coordinates are relative to version WS190 (wormbase66)

RNAi

RNAi by feeding was carried out as previously described 44. The initial smg-1 RNAi vector 

(chrI:6,907,993-6,909,159) was from the Cambridge RNAi library 67. Other RNAi vectors 

used in this study were prepared in vector L4440 68. The relevant target positions are chrX:

15,728,059-15,728,991 (lin-15B), chrII:7,680,827-7,682,011 (lir-1), chrI: 

7,654,481-7,655,024 (ego-1), chrI:6,901,030-6,901,541 (smg-1, 3’ end), and chrI:

6,913,664-6,913,933 (smg-1, 5’ end).

Multigenerational analysis of RNAi response

Wild type adult animals were raised on bacterial producing dsRNA for smg-1(chrI:

6,907,993-6,909,159) for 2–3 generations, followed by bleaching to produce a synchronized 

population 55, and continued culture on smg-1 dsRNA (chrI:6,907,993-6,909,159) bacteria. 

Adult animals from this population (designated as the "P0" generation for this experiment) 

were collected and divided into two portions. One portion was used for the siRNA and 

H3K9me3 profiling. The other portion was bleached to produce progeny designated as the 

"F1" generation. The bleaching also serves to destroy bacteria expressing the dsRNA, 

allowing dsRNA triggering to be discontinued in the F1 animals, which were fed on OP50 

E. coli lacking a dsRNA-producing plasmid. F2 and F3 animals were similarly raised on 

OP50 E. Coli. Populations of F1, F2, and F3 animals were then collected as adults for 

siRNA and H3K9me3 profiling.

H3K9me3 nucleosome immunoprecipitation

50–100 µl frozen embryo pellets or 100 – 200 µl frozen adult worm pellets were used for 

each nucleosome immunoprecipitation experiment. Crushed pellets (pulverized by grinding 

in liquid nitrogen with a mortar and pestle) were resuspended in 1 ml buffer A (15 mM 

Hepes-Na, pH 7.5, 60 mM KCl, 15 mM NaCl, 0.15 mM beta-mecaptoethonal, 0.15 mM 

spermine, 0.15 mM spermidine, 0.34 M sucrose, 1× HALT protease and phosphatase 

inhibitor cocktail (Thermo Scientific)). To crosslink, formaldehyde was added to the 

resulting crude extract to a final concentration of 2%, followed by incubation at room 

temperature for 15 min. 0.1 ml 1 M Tris.Cl (pH 7.5) was then added to quench 

formaldehyde. Lysate was spun (15,000×g for 1 min). Pellets were washed with ice-cold 

buffer A and then resuspended in 0.3 ml buffer A with 2 mM CaCl2. Micrococcal nuclease 
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(Roche) was added to the lysate to a final concentration of 0.3 U/µl, followed by 5 minutes 

incubation at 37°C (inverting the tube several times per minute). Micrococcal Nuclease 

(MNase) digestion was optimized so that approximately 70% of DNA entered the mono-

nucleosome band, with the remainder predominantly in di- and trinucleosome bands. 

Digestion reactions were stopped by adding EGTA to a final concentration of 20 mM. After 

centrifugation (15,000×g, 1 min) pellets were washed with ice-cold RIPA buffer (1×PBS, 

1% NP40, 0.5% Sodium Deoxycholate, 0.1% SDS, 1× HALT protease and phophatase 

inhibitor and 2 mM EGTA), resuspended in 0.8 ml ice-cold RIPA buffer, and solubilized by 

sonication (Microson TM XL 2000 sonicating machine with a micro tip, output level: 5, 

three times of 30-second sonication). Sonication was used here to efficiently solubilize 

crosslinked chromatin without further fragmenting the chromatin (data not shown). Crude 

lysate was cleared by centrifugation at 15,000×g for 2 min. 80 µl of the supernatant was 

used to make "IP input" nucleosome libraries. The remaining supernatant was used for IP, 

adding 2 µg of anti-H3K9me3 antibody (Abcam, ab8898) and agitating gently at 4°C 

overnight before 50 µl of protein A Dynabeads (10% slurry in 1× PBS buffer) was added 

and the resulting mixture shaken for 2hr at 4°C . The beads were then washed four times 

(four minutes each) with ice-cold 600 µl LiCl washing buffer (100mM Tris.Cl, pH 7.5, 

500mM LiCl, 1%NP-40, 1% Sodium deoxycholate), transferring to a new tube after the first 

wash. To elute the immunoprecipitated nucleosome and reverse crosslinks, beads were 

incubated with 450 µl worm lysis buffer (0.1M Tris.Cl, pH 8.5, 100 mM NaCl, 1% SDS) 

containing 200 µg/ml protease K at 65°C for four hours with agitation every 30 minutes 

(total nucleosome aliquots were treated similarly to reverse crosslink), followed by organic 

extraction and DNA precipitation. DNA libraries were prepared as previously described 50, 

with the following change: IP or input DNA was used for end processing linker ligation 

without size selection. Linkered DNA corresponding to the nucleosome cores was size 

selected on a 6% denaturing PAGE gel (8 M urea).

High throughput DNA sequencing and data analysis

DNA libraries were sequenced using Illumina GAIIX. After removing barcodes, 25-nt reads 

were aligned to the C. elegans genome (SW190) using Bowtie 69 (see Table 1 for more 

detailed experimental description). Only perfect alignments were used for analysis. 

Nucleosome cores were modeled as 147 bases of sequences, extending from the first base of 

alignment. Nucleosome coverage at any given position was calculated by dividing the 

number of nucleosome cores that cover this position by the number of total alignments (in 

millions). If a read matches to multiple places in the genome, a fraction (1/the number of 

matches) was used to calculate the nucleosome coverage.

Small RNA capture and sequencing

Small RNAs were captured using a 5’-monophosphate-independent method 70 (see Table 1 

for more detailed experimental description). To obtain a provisional measure of primary 

siRNA levels, we doubled the count of sense-stranded siRNAs in the trigger region, 

avoiding ambiguity in assigning antisense siRNAs in the trigger region by doubling the 

sense counts. A measure of secondary siRNAs from a given trigger region was then obtained 

by subtracting half of the presumed primary siRNA counts from total siRNAs on the 

antisense strand.
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Figure 1. 
H3K9me3 profiles triggered by gene-specific dsRNAs. (a) A gene-based scatter plot 

representation of H3K9me3 levels of 20,937 C. elegans genes in lin-15B RNAi and control 

(empty vector) samples. Levels of H3K9me3 at each of the 20,937 C. elegans genes are 

presented as a ratio of H3K9me3 nucleosome counts to total nucleosome counts (each 

normalized to total number of genome-matching counts for the corresponding library). Data 

points for lin-15B (purple) and its two flanking genes, lin-15A (red) and ZK662.5 (green) 

are highlighted. The dotted diagonal line reflects unchanged H3K9me3 levels. (b) A 
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position-based plot of H3K9me3 differences between lin-15B RNAi and control animals as 

a function of position on chromosome × provides an assessment of the specificity of 

chromatin modification on a whole-chromosome scale. (c–f) H3K9me3 level as a function 

of position around lin-15B (c), lir-1 (d), ego-1 (e), and smg-1 (f) loci. For each of the 

samples indicted in the legends, H3K9me3 level was calculated as the H3K9me3 

nucleosome coverage normalized to total number of genome-matching counts for the 

corresponding library. dsRNA trigger regions are indicated by orange blocks. For samples 

derived from adult animals (panels e and f in this figure), we discard reads to map precisely 

to the RNAi trigger vector to avoid a background level of DNA deriving from the bacterial 

food source. No such background was observed in embryonic samples (panels c and d from 

this figure) where a Clorox treatment used to prepare embryos removes all traces of bacterial 

derived DNA.
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Figure 2. 
H3K9me3 profiles triggered by dsRNAs that target different sections of the smg-1 locus: 

middle section of smg-1 (a, b, and d), 3’ UTR of smg-1 (c), and a region that is upstream to 

the 5’ end of smg-1 mRNA (c). Trigger regions are indicated by orange blocks. Genetic 

backgrounds used in these analyses, were as indicated (wild type N2 strain, rrf-3(pk1426), 

nrde-2(gg091), rde-1(ne300), and MAGO[ppw-1(tm914), sago-1(tm1195), sago-2(tm894), 

F58G1.1(tm1019)] mutant strains). The H3K9me3 profile generated from the nrde-2 mutant 

(smg-1 RNAi) represents a baseline of H3K9me3 modification in the absence of a functional 

RNAi pathway. (e) Schematic map of the smg-1 locus.
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Figure 3. 
Small RNA profiles (b–i) at smg-1 locus in wild type (N2), rde-1(ne300), nrde-2(gg091), 

and MAGO[ppw-1(tm914), sago-1(tm1195), sago-2(tm894), F58G1.1(tm1019), 

C06A1.4(tm887), and M03D4.6(tm1144)] backgrounds. Coverages for small RNAs that 

matched the smg-1 mRNA-sense strand (b–e) or the smg-1 mRNA-antisense strand (f–i) 
were plotted separately. Level of small RNAs was normalized by the total number (in 

millions) of small RNAs that matched the reverse complementary sequences of total C. 

elegans mRNAs.
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Figure 4. 
Multi-generational analyses of H3K9me3 and siRNAs at the RNAi target locus. (a) 

Experimental scheme. (b–c) H3K9me3 profiles at smg-1 locus in animals of different 

generations. (d–g) Coverage levels of small RNAs that matched the smg-1 mRNA-sense 

strand. (h–k) Coverage levels of small RNAs that matched the smg-1 mRNA-antisense 

strand. For small RNA profiles from “N2 control” (g and k), wild type N2 adult animals that 

were undergoing RNAi against a different gene, sel-1, were used. As a reference, P0 small 

RNA levels (from Figure 3b,f) are shown with a dotted line.
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Figure 5. 
Time lag between the initial dsRNA exposure and chromatin and siRNA responses. Animals 

were fed on bacteria expressing smg-1 dsRNA for different time periods as indicated in the 

experimental scheme (a). (b) H3K9me3 profiles at smg-1 locus. (c and d) Coverage levels 

of small RNAs that matched the smg-1 mRNA-sense strand. (e and f) Coverage levels of 

small RNAs that matched the smg-1 mRNA-antisense strand.
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Figure 6. 
A working model for dsRNA-triggered H3K9 methylation in C. elegans. The dsRNA trigger 

is digested to primary siRNAs through the activity of Dicer 3 and RDE-462. Primary siRNAs 

then incorporate into complexes with the RDE-1 argonaute63, triggering recruitment of 

RdRP activities (ego-153 and rrf-156), secondary siRNAs resulting from RdRP activity then 

incorporate into complexes with a second group of argonautes57, including NRDE-246. 

Targeted binding of siRNA:NRDE-2 complexes to nascent transcripts on the chromosome is 

proposed (directly or indirectly) to recruit one or more histone modifying components 
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eventually leading to H3K9 methyltransferase recruitment and the observed H3K9 

modification.
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