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RNAi pathways contribute to developmental history-
dependent phenotypic plasticity in C. elegans
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ABSTRACT

Early environmental experiences profoundly influence adult phenotypes through complex mechanisms that are poorly
understood. We previously showed that adult Caenorhabditis elegans that transiently passed through the stress-induced dauer
larval stage (post-dauer adults) exhibit significant changes in gene expression profiles, chromatin states, and life history traits
when compared with adults that bypassed the dauer stage (control adults). These wild-type, isogenic animals of equivalent
developmental stages exhibit different signatures of molecular marks that reflect their distinct developmental trajectories. To
gain insight into the mechanisms that contribute to these developmental history-dependent phenotypes, we profiled small
RNAs from post-dauer and control adults by deep sequencing. RNA interference (RNAi) pathways are known to regulate
genome-wide gene expression both at the chromatin and post-transcriptional level. By quantifying changes in endogenous
small interfering RNA (endo-siRNA) levels in post-dauer as compared with control animals, our analyses identified a subset of
genes that are likely targets of developmental history-dependent reprogramming through a complex RNAi-mediated
mechanism. Mutations in specific endo-siRNA pathways affect expected gene expression and chromatin state changes for a
subset of genes in post-dauer animals, as well as disrupt their increased brood size phenotype. We also find that both
chromatin state and endo-siRNA distribution in dauers are unique, and suggest that remodeling in dauers provides a template
for the subsequent establishment of adult post-dauer profiles. Our results indicate a role for endo-siRNA pathways as a
contributing mechanism to early experience-dependent phenotypic plasticity in adults, and describe how developmental
history can program adult physiology and behavior via epigenetic mechanisms.
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INTRODUCTION

The experience of an organism during early development
plays an important role in regulating its adult phenotype.
For instance, increasing evidence suggests that nutrition or
diet experienced during fetal or early post-natal development
has long-lasting effects on adult feeding behavior and physi-
ology (Fernandez-Twinn and Ozanne 2010; Tamashiro and
Moran 2010; Rinaudo and Wang 2012). Although changes
in the epigenome have been correlated with the effects of ear-
ly experience on adult behaviors (Weaver et al. 2004; Bale
et al. 2010; Caldji et al. 2011), the mechanisms by which
developmental history modulates adult phenotypes remain
unclear.

Early experience also modulates adult behaviors in the
nematode Caenorhabditis elegans, and recent studies suggest

that a subset of these effects can be transmitted to descen-
dants (Rose et al. 2005; Ebrahimi and Rankin 2007; Hall
et al. 2010; Remy 2010; Harvey and Orbidans 2011).
Environmental cues experienced during early larval stages
regulate a particularly critical developmental decision in
C. elegans. High concentrations of a complex mix of small
molecules called dauer pheromone, high temperatures, and
low food availability assessed during early L1 larval stages
trigger entry of L2 larvae into the stress-resistant and non-
aging dauer developmental stage (Golden and Riddle 1982,
1984). Upon improvement of environmental conditions, C.
elegans emerges from the dauer stage to resume reproductive
growth. We previously showed that wild-type post-dauer
adult animals exhibit markedly distinct phenotypes from
adult animals that bypassed the dauer stage (henceforth re-
ferred to as “control” animals) (Hall et al. 2010), suggesting
that C. elegans retains a cellular memory of its developmental
history. Post-dauer animals exhibited a longer mean lifespan
and produced more progeny than control animals (Hall et al.
2010). Moreover, the expression of ∼2000 genes, as well as
genome-wide levels of examined histone modification levels,
were significantly altered upon passage through the dauer
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stage (Hall et al. 2010). Mutations in chromatin modifier
genes eliminated the increased brood size and a subset of
the gene expression changes in post-dauer animals (Hall
et al. 2010), suggesting that changes in the chromatin state
may, in part, underlie the establishment or maintenance of
a memory of developmental trajectory.
Small RNA (sRNA) pathways are known to globally regu-

late gene expression and chromatin states.C. elegans possesses
a complex array of sRNA pathways, including 26 different
Argonaute (AGO)-class proteins that mediate diverse func-
tions (Yigit et al. 2006; Boisvert and Simard 2008; van
Wolfswinkel and Ketting 2010; Fischer et al. 2011; Ketting
2011). MicroRNAs (miRNAs) act primarily via post-tran-
scriptional mechanisms to promote mRNA degradation
and translational inhibition (Bartel 2009; Brodersen and
Voinnet 2009; Carthew and Sontheimer 2009). In addition,
the germline-specific 21U-RNAs silence transposons, al-
though their complete functions are not yet fully character-
ized (Ruby et al. 2006; Batista et al. 2008; Das et al. 2008;
Wang and Reinke 2008; Bagijn et al. 2012). The most abun-
dant class of sRNAs in adults are the small interfering RNAs
(siRNAs) that have been directly implicated as epigenetic
factors that maintain genome and germline integrity via
modifications to the chromatin state and regulation of tran-
scriptional silencing of repetitive elements in diverse or-
ganisms including in C. elegans (for recent reviews, see
Moazed 2009; Bourc’his and Voinnet 2010; Grewal 2010;
van Wolfswinkel and Ketting 2010; Ketting 2011; Lejeune
and Allshire 2011).
In C. elegans, two subclasses of endogenous siRNAs (endo-

siRNAs) are 26 and 22 nucleotides in length with 5′ terminal
G nucleotides (26G-RNAs and 22G-RNAs, respectively), are
antisense to coding transcripts, and have been implicated
in regulating fertility and embryogenesis via regulation of
gene expression and chromatin modifications (Lee et al.
2006; Aoki et al. 2007; Pak and Fire 2007; Grishok et al.
2008; Claycomb et al. 2009; Gu et al. 2009; Han et al. 2009;
Conine et al. 2010; Gent et al. 2010; Guang et al. 2010;
Vasale et al. 2010; Zhang et al. 2011). 26G-RNAs are primary
siRNAswith a 5′monophosphate derived fromDicer process-
ing, while 22G-RNAs are secondary siRNAs with a 5′ triphos-
phate dependent on RNA-dependent RNA polymerases
(RdRPs) for biogenesis (Lau et al. 2001; Fischer 2010).
Genetic analyses of various siRNA-pathway mutants suggest
that these subclasses of endo-siRNAs and their targeted genes
operate in partly overlapping pathways. For example, 26G-
RNAs require the RRF-3 RdRP for their biogenesis (Han
et al. 2009; Vasale et al. 2010), and interact either with the
AGO protein ERGO-1 in somatic cells and oocytes (Han
et al. 2009; Gent et al. 2010; Vasale et al. 2010), or with the
AGO proteins ALG-3/4 in sperm (Han et al. 2009; Conine
et al. 2010). In contrast, the more abundant 22G-RNA class
requires the RdRPs EGO-1 or RRF-1 (Claycomb et al. 2009;
Vasale et al. 2010) and regulates gene expression and transpo-
son silencing in the germline viaworm-specific AGOproteins

(WAGO class) (Gu et al. 2009), or regulates chromatin struc-
ture and chromosome segregation both in the germline and
soma via the AGO protein CSR-1 (Claycomb et al. 2009). In
somatic cells, 22G-RNAs also associate with the AGO protein
NRDE-3 that re-enters the nucleus in a siRNA-bound state
and targets nascent RNAs to regulate histone H3K9 methyla-
tion (Guang et al. 2008, 2010; Burkhart et al. 2011). In addi-
tion, genes such as mut-16 act in both 22G- and 26G-sRNA
pathways in the germline and soma (Zhang et al. 2011).
An additional layer of complexity involves the stability and
regulation of sRNAs. Recent reports have shown that 22G-
siRNAs are targeted for destruction by CDE-1 uridylase
(van Wolfswinkel et al. 2009), 26G- and 21U-sRNAs are sta-
bilized after methylation by HENN-1 (Billi et al. 2012;
Montgomery et al. 2012), and 21U-siRNAs may play a role
in mediating germline gene silencing to distinguish “self”
from “non-self” elements (Ashe et al. 2012; Shirayama et al.
2012). Although much is now known about the diversity of
these endo-siRNA pathways, how these pathways are regulat-
ed biologically in response to environmental cues remains
largely uncharacterized.
Given the complexity of gene expression and chromatin

state changes as a function of developmental history, we
sought to examine the contribution of RNAi pathways to early
experience-dependent regulation of adult phenotypes in C.
elegans. Our profiling of sRNAs from control and post-dauer
adults reveals hundreds of genes with significant changes in
endo-siRNAs associated with distinct endo-siRNA pathways,
a subset of which also exhibits changes in gene expression.
We demonstrate that mutations in specific endo-siRNA
pathway factors disrupt expected gene expression changes in
post-dauer animals for a subset of these genes, and also affect
the increased brood size phenotype of post-dauer adults.
Moreover, we show that the CSR-1 AGOpathway contributes
to the chromatin state changes observed in post-dauer ani-
mals. Our results suggest that endo-siRNA pathways act as a
potential mechanism for a subset of the long-term effects of
early experience, and contribute to plasticity in adult pheno-
types as a consequence of different developmental histories.

RESULTS

sRNA profiles of control and post-dauer animals

To examine whether the developmental trajectory of the
dauer stage affects the regulation of RNAi pathways, we per-
formed deep sequencing of sRNA libraries cloned from two
biological replicates of control and post-dauer adult popula-
tions, as well as dauer and L3 larval stages. In all cases, growth,
as well as entry into and exit from the dauer stage were tightly
synchronized (Hall et al. 2010). sRNAs were collected from
1-d-old adult control animals that bypassed the dauer stage,
and from post-dauer populations 2 d following exit from
the dauer stage in which they had remained for 24 h. Libraries
were constructed so as to capture all sRNA species, and
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sequenced on the Illumina platform. Reads that mapped to
theC. elegans genomewere categorized based on their predict-
ed genomic annotation (Fig. 1A; Supplemental Table S1).

The overall percentages of each category of sRNA repre-
sented in the reads in the adult libraries were grossly simi-
lar regardless of developmental history, although there were
some differences between the biologically independent repli-
cate libraries (Fig. 1A; Supplemental Fig. S1), perhaps due
to slight differences in growth conditions or library con-
struction. Despite this variability, we calculated an overall
positive Spearman rank rho-value that indicates positive cor-
relation of sRNA count changes between the two replicates
(Supplemental Fig. S1), indicating that a subset of sRNAs ex-
hibited consistent differences in abundance levels when com-
pared between control and post-dauer libraries within the
replicates (P < 0.05).

Previous analyses have shown that miRNA expression is
altered by developmental trajectory (Karp et al. 2011); our
analyses of miRNAs suggested results consistent with these
reports (see Supplemental text; Supplemental Fig. S2). We
focused the remainder of this study on endo-siRNAs, which
inC. elegans are generally germline enriched but are also pres-
ent in the soma (Gu et al. 2009; Han et al. 2009). We first
mapped all siRNAs to the genome to identify the subset
with sequences antisense to coding sequences, and then ex-
panded the search to include siRNAs against corresponding
5′ UTR and 3′ UTR regulatory regions. siRNAs mapping to

endogenous transposons were not included in this category,
because our analyses suggested that their levels were not al-
tered in post-dauer animals (Fig. 1A; data not shown).
Given the diversity of different endo–siRNAs in C. elegans
(Fischer 2010; Ketting 2011), we further examined the distri-
bution of different endo-siRNA classes in the different librar-
ies. The bulk composition of endo-siRNAs in control and
post-dauer libraries was not consistently different between
replicate libraries (Fig. 1B; Supplemental Fig. S1B), indicating
that global levels of endo-siRNA populations are similar be-
tween control and post-dauer animals.

Specific siRNA pathways are associated with changes
in siRNA abundance in post-dauer animals

Although global levels of siRNA populations were similar
between control and post-dauer adult populations, specific
distributions of these molecules across the genome could
nevertheless be regulated by developmental history. To ad-
dress this possibility, we first determined whether siRNA
populations that are antisense to individual coding, 5′ UTR
or 3′ UTR regions showed different levels in control and
post-dauer animals. Considering only genes for which the
siRNA read coverage was ≥10 reads per million (rpm) in at
least one of the profiled libraries, we identified 6476, 727,
and 929 genes with significant siRNA abundance in the cod-
ing regions, 5′ UTR or 3′ UTR regulatory regions, respectively
(Fig. 2A,B). We observed a total of 286 and 197 genes that ex-
hibited >1.5-fold increase or decrease, respectively, in associ-
ated siRNA levels mapping to coding regions in post-dauer
libraries as compared with their corresponding control li-
braries in both biological replicates (Fig. 2A, red dots; Fig.
2B; Supplemental Fig. S1B, yellow cells; Supplemental
Table S2). Similarly, we identified 69 and 27 genes that exhib-
ited >1.5-fold increase or decrease, respectively, of mapped
siRNAs in 5′ UTR sequences (Fig. 2B; Supplemental Table
S2). In addition, 102 and 34 genes exhibited >1.5 increase
or decrease, respectively, of siRNAs in 3′ UTR regulatory se-
quences (Fig. 2B; Supplemental Table S2). Interestingly, al-
though 17% of genes with siRNAs present (329 + 583 + 223
+ 14 genes) contain siRNAs in more than one region, only
3% of genes that exhibit siRNA level changes (11 + 11 + 2
genes) have changes in more than one region (Fig. 2Bi,ii).
This observation suggests that distinct transcriptional and
posttranscriptional mechanisms may mediate gene regula-
tion due to developmental history (Fig. 2B).
We further investigated whether genes exhibiting altered

levels of siRNAs in post-dauer adults were preferentially tar-
geted by specific siRNA pathways. We focused our analysis
on genes with changes in siRNA levels localized to the coding
region in order to perform a meta-analysis of these gene sets
together with previously published gene sets shown to be tar-
gets of different proteins such as AGOs and RdRPs.We found
that more genes exhibiting increased siRNA levels in post-
dauer animals were targets of the CSR-1 and EGO-1 pathways
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associated with 22G-RNAs (91 and 55 genes, respectively, in
the up-regulated set) (Fig. 2C; Aoki et al. 2007; Claycomb
et al. 2009; Gu et al. 2009; van Wolfswinkel et al. 2009;
Vasale et al. 2010; Maniar and Fire 2011) than genes with de-
creased siRNA levels (15 and 19 genes, respectively, in the
down-regulated set) (Fig. 2C). In contrast, more genes exhib-
iting decreased siRNA levels were targets of 26G-RNAs (52
and 74 genes in the up- and down-regulated sets, respectively)
(Fig. 2C; Han et al. 2009; Conine et al. 2010; Zhang et al.

2011). We also noted that 145 genes with changes in siRNA
levels have not been reported to be predicted targets of any
known siRNA pathway (Fig. 2C), suggesting that an as yet
uncharacterized AGO proteinmay play a role. These observa-
tions suggest that early environmental and developmental his-
tories can modulate endogenous siRNA pathways in wild-
type adults.

Changes in siRNA abundance correlate with changes
in expression of a subset of genes upon passage
through the dauer stage

Next, we examined the relationship between changes in
siRNA abundance and gene expression changes previously
observed between control and post-dauer adults (Hall et al.
2010). A majority of genes showing changes in siRNA levels
mapping to their coding regions did not exhibit changes in
gene expression in post-dauer animals (Fig. 2C, gray bars;
Supplemental Table S3; see below), suggesting that alteration
of siRNA levels in post-dauer animals may be playing addi-
tional regulatory roles (Claycomb et al. 2009). However, 77
genes exhibited changes in both coding region siRNAs and
gene expression levels in post-dauer animals (Fig. 2C, green
and red bars; Supplemental Table S3). Using a Χ2 goodness-
of-fit test, we determined that the number of genes in the
set exhibiting both gene expression and siRNA level changes
is significantly greater than that expected from random
chance alone, and may reflect a biological response due to
passage through the dauer stage (Supplemental Table S4).
Of these genes, we noted that 28 genes whose expression is
down-regulated in post-dauer animals also exhibited a sig-
nificant decrease in coding region siRNA levels, and are en-
riched for targets of 26G-RNAs (Fig. 2C, green bars;
Supplemental Fig. S3C; Supplemental Table S3). Addition-
ally, 21 genes with up-regulated gene expression levels in
post-dauer adults compared with controls also exhibit an
increase in siRNA abundance in their coding regions and
are primarily targeted by CSR-1 and MUT-16 pathways
(Fig. 2C, red bars; Supplemental Fig. S3B; Supplemental
Table S3). Using sensitive RNA probes, we verified that the
siRNA abundance changes observed for two genes by deep
sequencing was also detected by Northern blot (see Supple-
mental text; Supplemental Fig. S3D). A canonical view of
RNAi is that endo-siRNA levels are negatively correlated
with and/or are causal to gene expression changes (Czech
et al. 2008; Ghildiyal et al. 2008; Kawamura et al. 2008; Oka-
mura and Lai 2008; Tam et al. 2008; Watanabe et al. 2008; Gu
et al. 2009; Han et al. 2009; Maniar and Fire 2011). Although
28 genes indeed displayed negatively correlated siRNA abun-
dance changes with gene expression changes upon transient
passage through the dauer stage, our data also highlight a
group of genes where the siRNA and gene expression changes
are positively correlated in post-dauer animals, suggesting
a noncanonical mode of RNAi-mediated regulation (see
below).
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Functional RNAi pathways are required for changes
in gene expression between control and post-dauer
adult animals

Since our analyses indentified 77 genes that exhibited changes
in both coding-region siRNA abundance and gene expression
levels in post-dauer animals (Fig. 2C), we next asked whether
changes in transcript levels are dependent on the specific
RNAi factors that modulate these sRNAs. Thus, we examined
changes in gene expression in animals mutant for the 22G-
RNA-binding AGO csr-1 gene (Aoki et al. 2007; Claycomb
et al. 2009), the 26G-RNA RdRP rrf-3 gene (Simmer et al.
2002; Han et al. 2009; Vasale et al. 2010), and the mutator
protein-encoding gene mut-16 that is required for modula-
tion of both WAGO-class 22G- and ERGO-1-class 26G-
RNAs, and somatic and germline RNAi (Zhang et al.
2011). For two genes, we also examined expression levels in
amago12 strain, which carries mutations in 12 worm-specific
Argonaute genes (Gu et al. 2009). csr-1 null mutations result

in sterility (Yigit et al. 2006); therefore, we used a strain in
which csr-1 functions were rescued in the germline (hence-
forth referred to as csr-1 hypomorph) resulting in partial res-
cue of the sterility phenotype (Claycomb et al. 2009).
We arbitrarily chose a set of genes from the two categories

that show positively or negatively correlated changes in gene
expression and siRNA abundance, as well as different gene ex-
pression patterns, and examined them in the csr-1, mut-16,
rrf-3, and mago-12 mutant backgrounds (Fig. 3). The poly-
comb repressor complex homolog gene spat-3 and neuron
enriched gene K09E9.3 both show up-regulated gene ex-
pression and decreased siRNA levels in post-dauer animals
compared with controls (negatively correlated) (Fig. 3; Sup-
plemental Fig. S4). In contrast, the c-lectin family member
clec-12 and sperm-enriched gene Y43F8C.9 show either an in-
crease or decrease in both gene expression and siRNA levels,
respectively (positively correlated) (Fig. 3; Supplemental
Fig. S4). Finally, we examined the actin act-2 gene and ribo-
somal gene rps-1 as controls, since they do not show changes
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in gene expression between wild-type control and post-dauer
animals and have unaltered or undetectable siRNA levels
mapping to their coding regions, respectively (Fig. 3; Supple-
mental Fig. S4) (Hall et al. 2010).
Our results indicate that the AGO protein CSR-1 plays a

major role in the regulation of gene expression changes in
wild-type post-dauer animals. 22G-siRNA bound CSR-1 tar-
gets complementary nascent RNAs in the nucleus to establish
andmaintain a euchromatic chromatin region in the targeted
area (Claycomb et al. 2009). However, the subset of genes tar-
geted by CSR-1 complexes is only partially overlapping with
the set of genes with depleted 22G-siRNAs in a csr-1mutant,
suggesting CSR-1 has multiple roles in C. elegans RNAi path-
ways (Claycomb et al. 2009) (see further below). Of the genes
whose expression was examined, spat-3, K09E9.3, and clec-12
previously showed a decrease in 22G-siRNAs in a csr-1 mu-
tant background (Claycomb et al. 2009), and all showed sig-
nificant changes in the ratio of gene expression levels in
post-dauer compared with control animals (PD/CON) in
the csr-1 hypomorph strain compared with wild-type (Fig.
3B). Interestingly, Y43F8C.9 also showed a significant change
in PD/CON expression levels in a csr-1 hypomorph, despite
not being a known target of CSR-1 complexes (Fig. 3B).
However, this gene is located within a chromosomal domain
densely populated with CSR-1 target genes (Claycomb et al.
2009), and may be sensitive to changes in the chromatin
structure affecting gene expression in csr-1 mutants (see
Discussion). We found 282 additional genes that showed
substantial effects on PD/CON expression levels in csr-1
hypomorph compared with wild-type via microarray analy-
ses (Supplemental Fig. S5A; see Supplemental text). The
act-2 and rps-1 control genes did not show a significant chan-
ge in PD/CON expression in the csr-1 hypomorph similar to
wild type (Fig. 3B), even though act-2 is a target of CSR-1
complexes (Claycomb et al. 2009). These results indicate
that a functional CSR-1 AGO protein is required for changes
in PD/CON gene expression in a subset of genes, regardless of
whether the corresponding siRNA changes are negatively or
positively correlated.
In comparison to the requirement for CSR-1, the require-

ment of other examined components of the siRNA pathways
in the regulation of PD/CON gene expression changes was
more gene specific. Of the examined genes, only Y43F8C.9
is a target of sperm-specific ALG-3/4, which associates with
26G-siRNAs generated by RdRP RRF-3 (Conine et al.
2010). Consistent with this, only Y43F8C.9 showed a signifi-
cant change in PD/CON expression in rrf-3 mutants com-
pared with wild-type (Fig. 3B), suggesting that the 26G
ALG-3/4 pathway plays a role in executing the change in ex-
pression due to passage through the dauer stage. However,
although both K09E9.3 and clec-12 are predicted targets of
MAGO12, only K09E9.3 exhibited a significant change in
PD/CON expression levels from wild type in themago12mu-
tant strain (Fig. 3B; Gu et al. 2009). Similarly, although
MUT-16 is predicted to target spat-3, K09E9.3, clec-12, and

Y43F8C.9, none of these genes exhibited significantly altered
PD/CON gene expression differences between mut-16 and
wild-type strains (Fig. 3B). As predicted, mago12, rrf-3, and
mut-16 mutant strains also did not significantly affect the
PD/CON expression levels of the control genes act-2 and
rps-1 (Fig. 3B). Together, these results indicate that function-
al endo-siRNA pathways, and in particular, CSR-1, are neces-
sary for changes in PD/CON expression levels in wild-type
animals for a subset of genes.

Specific altered chromatin states in post-dauer animals
require the AGO protein CSR-1

Given the complexity of the siRNA-dependent changes in
PD/CON gene expression, and the prominent role of CSR-
1 in this process (Fig. 3; Supplemental Fig. S5A,B), we looked
for a link between RNAi pathways and chromatin signatures
in the post-dauer development trajectory. Our meta-analysis
indicated that predicted CSR-1 targets overlapped extensively
with the set of∼4000 of the highest expressed genes identified
in our previous transcriptional profiling analyses (Hall et al.
2010), such that 75% of these genes are predicted targets of
CSR-1 (Fig. 4A). Therefore, we tested whether CSR-1 plays
a role in the observed changes in chromatin modifications
upon passage through the dauer stage.
A chromatin regulatory role for CSR-1 is supported by

its direct interaction with euchromatic regions enriched for
histone H3K4me2 and H3K4me3 modifications in a 22G
siRNA-dependent manner (van Wolfswinkel and Ketting
2010). In addition, csr-1 mutants that are depleted of 22G-
RNAs associated with transcribed protein-coding genes sur-
prisingly display only modest changes in gene expression
levels, but have a strong defect in accurate chromosome seg-
regation (Claycomb et al. 2009; van Wolfswinkel and Ketting
2010). We previously showed that genome-wide levels of
histone H3K4me3 and histone H4panAc modifications are
decreased upon passage through the dauer stage and that
the extent of the decrease across regulatory and coding se-
quences is largest for the set of genes exhibiting the highest
levels of expression (Hall et al. 2010).
In our focused gene set analysis, act-2 and rps-1 are present

in the set of highest-expressed genes, whereas spat-3 and
K09E9.3 are expressed at lower levels. Detailed analyses of
the act-2 and rps-1 genomic loci indicated that several loci
neighboring the act-2 locus are in the set of highest-expressed
genes, and many of these genes including act-2 are targets of
CSR-1-associated 22G-RNAs (Fig. 4Bi). Similarly, the rps-1
locus is also located in a genomic region that contains high-
est-expressed genes (Fig. 4Bii). Although the rps-1 locus itself
is not enriched for CSR-1-interacting 22G-RNAs, and indeed
has few siRNAs mapped to its coding sequences (Figs. 3A,
4Bii), genes flanking rps-1 are themselves predicted targets
of CSR-1-associated siRNAs (Fig. 4Bii). These observations
suggest that act-2 and rps-1 are likely located within a larger
CSR-1-targeted domain. In contrast, CSR-1 targets spat-3
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and the MAGO12 target K09E9.3 are located in regions that
are not as enriched for genes in the highest-expressed catego-
ry or in CSR-1 targets (Fig. 4Biii, iv).

We examined levels of H3K4me3 and H4panAc modifica-
tions at the act-2, rps-1, spat-3, and K09E9.3 loci in wild-type
and csr-1 hypomorph control and post-dauer adults via chro-

matin immunoprecipitation (ChIP),
followed by quantitative PCR (qPCR).
Higher levels of histone H3K4me3
were present at examined act-2 and
rps-1 loci than at spat-3 and K09E9.3 se-
quences in wild-type control animals
correlated with their expression levels
(Supplemental Fig. S5C–F). Passage
through the dauer stage resulted in low-
er levels of both histone modifications
at act-2 and rps-1 sequences in post-
dauer animals compared with control
animals (Fig. 4C). Consistent with the
previously proposed role for CSR-1
in interacting with histone H3K4me3
to maintain euchromatin domains
(Claycomb et al. 2009; She et al. 2009),
partial loss of CSR-1 resulted in de-
creased levels of histone H3K4me3 at
all examined loci in csr-1 hypomorph
control animals (Supplemental Fig.
S5C,D). However, we found that levels
of both histone H3K4me3 and H4Ac
modifications at both act-2 and rps-1
loci were greatly increased in csr-1 hy-
pomorph post-dauer animals, although
smaller effects were observed at the spat-
3 locus, and no significant effects at the
K09E9.3 locus (Fig. 4Ciii, iv; Supple-
mental Fig..S5E,F). From these results,
we conclude that CSR-1 may act as an
effector to modulate differences in the
chromatin state as a result of different
developmental histories, and that these
chromatin states may spread beyond di-
rect CSR-1 targeted genes.

Small RNA and chromatin states
are distinct in dauers

The altered gene expression and chro-
matin states in the post-dauers can
either be de novo events that occur
during dauer exit or a maintained cellu-
lar memory that was established during
the dauer stage (Hall et al. 2010). Thus,
we asked whether sRNA changes ob-
served in post-dauer animals are also
observed in dauers, or whether they re-

flect changes that occur following exit from the dauer stage.
We noted that the dauer library was unusual with respect
to its endo-siRNA composition. First, the dauer library con-
tained significantly more endo-siRNAs than the larval L3
library, which is unexpected for a developmental stage that
lacks a fully developed germline (Fig. 1A; Hubbard and
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Greenstein 2005). We hypothesized that this observation was
a result of cloning biases during library construction, al-
though our initial experiments were unable to identify the
cause of the bias (see Supplemental text). Second, both the
L3 and dauer libraries were enriched for a siRNA class of
23 nt with a 5′C as compared with adult libraries (Fig. 5A),
suggesting that L3 and dauer larval stages may express unique
siRNA subpopulations.
Mapping of siRNAs to genomic sequences showed that un-

like in the adult libraries, siRNAs were clustered at specific
locations across examined sequences in the dauer libraries
(Fig. 3A). Many of these siRNAs were 22G-RNAs, although
a few additional classes were also identified (Fig. 5A; Supple-
mental Fig. S6A). To test whether changes in siRNA levels in
adult animals are “programmed” during early developmental
stages, we compared siRNA abundance in dauer and L3 lar-
vae, and in control and post-dauer animals (Supplemental
Table S2). We found no obvious correlation such that the
sets of either total or 22G-RNAs exhibiting increase or
decrease in abundance in post-dauer animals also exhibited
increased, decreased, or unaltered expression in dauers as
compared with L3 larvae (Supplemental Fig. S6B). Genes
with altered siRNA levels in dauer as compared with L3 larvae
did not appear to be specifically enriched among the targets
of a specific siRNA pathway (Supplemental Fig. S6C).
We next examined levels of histone H3K4me3 and

H4panAc in dauer larvae using ChIP, followed by qPCR.
Our data showed a significant depletion of both H3K4me3
and H4panAc across multiple loci (Fig. 5B), although levels

of H3 histone appeared to be similar to those in control or
post-dauer animals (see Materials and Methods), suggesting
that the observed depletion of these modifications were not
simply due to experimental difficulties in performing ChIP
from dauer samples. Both modifications have previously
been identified in the developmentally equivalent L3 larval
stage (Christensen et al. 2007; Greer et al. 2010; Li and
Kelly 2011; Liu et al. 2011; Xiao et al. 2011). Modification lev-
els were less depleted at some sequences in csr-1 hypomorph
dauer animals compared with wild type (Fig. 5B). Together,
these results suggest that the dauer stage may reflect a unique
siRNA and chromatin state, and that the observed modifica-
tions in these examined genes in post-dauer animals are likely
to be established upon exit from the dauer stage.

Mutations in siRNA pathway genes affect the expected
changes in brood size in post-dauer animals

We previously showed that post-dauer animals have a signifi-
cantly larger brood size than control animals, and that this
phenotypic plasticity is dependent on a subset of chromatin
remodeling genes (Hall et al. 2010). Since siRNA pathways
appear to affect gene expression and chromatin state upon
passage through the dauer stage, we tested whether mutations
in these genes would affect the expected change in brood sizes
between control and post-dauer animals. As expected from
previous observations, mutations in a subset of these genes
(csr-1, mut-16, and rrf-3) resulted in a marked decrease in
the number of laid eggs, precluding a firm conclusion of their
roles in regulating brood size (Fig. 6; Duchaine et al. 2006;
Yigit et al. 2006; Gu et al. 2009). However, the expected in-
crease in progeny number in post-dauer animals was abol-
ished in animals carrying mutations in the ergo-1 and nrde-
3 AGO genes, but not in animals mutant for the mago12
worm-specific AGO genes (Fig. 6), suggesting that siRNA-
mediated pathways regulate critical life history traits as a
function of developmental history.

DISCUSSION

Although wild-type adult C. elegans that have transiently
passed through or bypassed the dauer developmental stage
appear similar superficially, these populations are marked
by a complex and distinct profile of gene expression levels
and chromatin signatures as a function of their different
developmental trajectories. To determine whether RNAi, a
known broadly acting transcriptional and post-transcription-
al regulatory mechanism in C. elegans, plays a role in the
developmental history-dependent regulation of phenotypic
diversity, we conducted a comprehensive sRNA and gene-
tic mutant survey in this specific developmental context.
Our study demonstrates that endo-siRNA levels for specific
genes can be modulated significantly after passage through
the dauer stage. In addition, functional endo-siRNA pathway
components are required for changes in gene expression and
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the histone modification code in wild-type post-dauer ani-
mals for a subset of genes, and contribute to phenotypic
divergence in life history traits. Our results suggest that reg-
ulation of RNAi pathways by developmental or environmen-
tal experience may mediate adaptive phenotypic plasticity.

The contribution of RNAi pathways in mediating
phenotypic plasticity

A role for RNAi in mediating phenotypic changes in post-
dauer animals is supported by two observations. First, we
found thatmutations in specific siRNA pathways alter expect-
ed gene expression changes in post-dauer animals. Our initial
analyses suggest that multiple siRNA pathways are likely to be
involved, since mutations in different siRNA pathways affect
different genes expressed inmultiple tissue types. These path-
ways also include both nuclear and cytoplasmic RNA-silenc-
ing pathways; CSR-1 has been shown to act in the nucleus
(Claycomb et al. 2009), whereas 26G-RNAs act in the cyto-
plasm (Conine et al. 2010). Thus, distinct developmental tra-
jectories regulate specific siRNA pathways, whichmay in turn
mediate either up- or down-regulation of target genes, per-
haps in a tissue-specific manner.

Second, siRNA pathways contribute to the altered post-
dauer chromatin state. Our data suggest that CSR-1 and
perhaps its interacting 22G–RNAs, may in part mediate
the decrease in levels of H3K4me3 and H4panAc levels
found in wild-type post-dauer animals. In contrast, histone

H3K4me3 and H4panAc levels are dramatically increased at
a subset of examined loci in post-dauer csr-1 hypomorph an-
imals, suggesting that CSR-1 is a key effector in modulating
chromatin state changes upon passage through the dauer
stage. CSR-1 has previously been implicated in regulating
chromatin states (Claycomb et al. 2009), and mutations in
the CSR-1 pathway have been shown to result in genome-
wide decreases in H3K9me2 levels in the germline (Maine
et al. 2005; She et al. 2009). Interestingly, we noted that csr-
1 mutations affect chromatin modifications at sequences
that are not directly predicted to be CSR-1 targets and do
not have antisense siRNAs, but that are located within a larger
CSR-1-targeted domain. This observation suggests that CSR-
1-mediated changes in chromatin statemay “spread”within a
domain, and may affect a larger set of genes than direct CSR-
1 targets.
Together, these observations point to a complex system of

gene expression regulation by both transcriptional and post-
transcriptional RNAi mechanisms as a result of passage
through the dauer stage. Indeed, a majority of the endo-
siRNA changes we observe in post-dauer adults compared
with control adults are not negatively correlated with changes
in gene expression, in contrast to the canonical model of
RNAi-mediated post-transcriptional silencing of gene ex-
pression in metazoans (Okamura and Lai 2008). However,
regulation of gene expression at the transcriptional level of
protein-coding genes via modulation of chromatin states
via CSR-1 pathways may be considerably more complex,
and differs in the type of histone modifications affected com-
pared with the heterochromatin-forming transcriptional
gene-silencing mechanism described in fission yeast and
plants for centromeric regions (Buhler et al. 2006; Moazed
2009; Kanno and Habu 2011). Recent data indicate a role
for sRNA molecules in recruiting chromatin modifiers in
C. elegans (Burkhart et al. 2011), and RNAi pathway genes
and chromatin modifiers have been shown to regulate the ex-
pression of overlapping gene subsets (Grishok et al. 2008;
Mansisidor et al. 2011). In addition, gene expression changes
may also occur via distinct mechanisms in different tissues.
In the future, systematic analyses of transcriptional and
post-transcriptional gene expression changes in individual
cell types may be important to unravel this complexity
(Ooi et al. 2010; Spencer et al. 2011).

A somatic role for RNAi in mediating developmental
history-dependent phenotypic plasticity?

Endo-siRNAs are enriched in the germline and play impor-
tant roles in maintaining germline integrity (Czech et al.
2008; Gu et al. 2009; Han et al. 2009; Gent et al. 2010).
The expression of genes in the GO term category of repro-
duction is over-represented in the set of genes whose expres-
sion is altered in post-dauer animals (Hall et al. 2010), and
the majority of these genes appear to be targets of a siRNA
pathway (Supplemental Fig. S3A). Moreover, post-dauer
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animals produce a larger number of progeny than control
adults (Hall et al. 2010), suggesting a role for germline
endo-siRNA pathways in regulating post-dauer phenotypes.
However, siRNAs are also found in somatic tissues, and
somatic RNAi pathways have been described (Sijen et al.
2001; Simmer et al. 2002; Duchaine et al. 2006; Aoki et al.
2007; Pak and Fire 2007; Gu et al. 2009; Gent et al. 2010;
Vasale et al. 2010; Maniar and Fire 2011; Zhang et al.
2011). Several lines of evidence suggest that the observed
phenotypes may arise from endo-siRNA-mediated effects
in somatic tissues. We noted that all mutant backgrounds
in which the increased brood size phenotype is eliminated
also affect somatic RNAi, suggesting a somatic contribution
to the increased brood size phenotype. In particular, effects
on gene expression and chromatin state are observed in
csr-1 mutant post-dauer animals that are partially rescued
for csr-1 germline functions, suggesting a somatic role for
CSR-1 function in regulating these phenotypes. Moreover,
the altered brood size effect does not appear to be inherited,
and at least a subset of the altered gene expression patterns
is reset in the next generation (SE Hall and P Sengupta,
unpubl.). In contrast, longevity and gene expression pheno-
types conferred by mutations in chromatin modifier genes
have recently been shown to be transmitted to future gener-
ations (Greer et al. 2011), and failure to erase germline chro-
matin marks results in transmission of inappropriate
epigenetic information (Katz et al. 2009). Taken together,
these observations suggest that somatic RNAi may contrib-
ute, at least in part, to the observed gene expression changes
and resulting phenotypic plasticity upon dauer passage.

Passage through the dauer stage may prime the
genome via RNAi mechanisms for transcriptional
flexibility

The observed decrease in the examined chromatin modifica-
tions in wild-type post-dauer animals is largest for the gene
set exhibiting highest expression, not all of which exhibit al-
tered expression in post-dauer animals (e.g., act-2 and rps-1).
Conversely, not all genes exhibiting changes in expression in
post-dauer animals show changes in chromatin modification
levels (e.g., spat-3). We previously proposed that the altered
histone code poises or primes the genome to respond in
a differential manner to environmental cues in post-dauer
animals (Hall et al. 2010). Although mutations in csr-1 result
in depletion of a subset of 22G-RNAs, no changes in gene ex-
pression levels were noted, and instead, CSR-1 has been pro-
posed to guide interacting 22G-RNAs to their cognate targets
to regulate chromatin and chromosome structure (Claycomb
et al. 2009). We hypothesize that for a subset of genes, and in
particular the highest expressed genes, this priming of their
chromatin state in post-dauer animals may similarly be influ-
enced by changes in endo-siRNAs (such as CSR-1-interacting
22G-RNAs) mapping to promoter or coding regions without
an immediate change in expression levels. In support of this

hypothesis, 45% of genes with changes in siRNA abundance
without changes in gene expression are associated with
CSR-1 22G-siRNAs (Supplemental Table S2). This siRNA-
mediated priming may allow the genome in post-dauers to
subsequently respond to encountered stimuli in a manner
appropriate to the animal’s developmental trajectory.
Post-dauer phenotypes appear to be established following

exit from the dauer stage. Dauer larvae exhibit unique pat-
terns of gene expression, siRNA abundance and chromatin
state consistent with their unique metabolic and develop-
mental state (Jones et al. 2001; Holt et al. 2002; Wang and
Kim 2003; Burnell et al. 2005; Jeong et al. 2009; this work).
Specifically, we noted dramatically decreased levels of two
highly abundant marks of euchromatin in dauer animals,
consistent with decreased transcription during this develop-
mental stage (Snutch and Baillie 1983; Dalley and Golomb
1992). It is also possible that nucleosomes are remodeled in
dauers to incorporate alternate histone isoforms, since dauer
larvae have been shown to express different histone H1 iso-
forms (Jones et al. 2001). Alternatively, dauer larvae may
use a distinct histone code. Gene expression patterns have
been shown to undergo dramatic changes immediately
upon exit from the dauer stage (Dalley and Golomb 1992;
Wang and Kim 2003). It is possible that the dramatic remod-
eling of the gene expression profile, chromatin state, and
siRNA abundance in dauer larvae programs the extent and
nature of the changes upon exit from the dauer stage and es-
tablishes the adult post-dauer profiles.
Phenotypic divergence in an isogenic population provides

a template for natural selection mechanisms (Caldji et al.
1998; West-Eberhard 2005; Matesanz et al. 2010; Pfennig
et al. 2010). Alternative developmental pathways may be
important in generating this phenotypic plasticity; indeed,
a recent report indicates that passage through the dauer
stage specifies whether a sexually polymorphic nematode
will develop as a female or hermaphrodite (Chaudhuri et al.
2011). Endo-siRNAs have now been discovered in many or-
ganisms (Okamura and Lai 2008; Ghildiyal and Zamore
2009), although their functions remain to be fully elucidated.
Our finding that endo-siRNAs are a component of the path-
ways that translate developmental experiences into pheno-
typic changes in C. elegans describes a new role for these
small RNA molecules and suggests that these molecules
may also represent critical mediators of cellular and organis-
mal plasticity in other organisms.

MATERIALS AND METHODS

C. elegans strains

The following strains were used in this study: N2 Bristol; WM193
csr-1(tm892) IV; neIs20 [pie-1::3xFLAG::csr-1 + unc-119(+)]
(Claycomb et al. 2009); NL1810 mut-16(pk710) I; NL2099 rrf-3
(pk1426) II; and WM191 MAGO12[sago-2(tm894) ppw-1(tm914)
ppw-2(tm110) F55A12.1(tm2686) R06C7.1(tm1414) I; Y49F6.1
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(tm1127) ZK1248.7(tm1113) F58G1.1(tm1019) II; C16C10.3
(tm1200) K12B6.1(tm1195) III; T22H9.3(tm1186) V; R04A9.2
(tm1116) X] (Gu et al. 2009).

Growth of control, dauer, and post-dauer animals

All worms were grown at 20°C on standard NGM plates seeded with
E. coliOP50. Control and post-dauer adults were grown as previous-
ly described (Hall et al. 2010). L3 stage worms were obtained by
bleaching gravid adult hermaphrodites and placing eggs on large
egg plates (Hall et al. 2010) at a low density. Worms were isolated
by sucrose washing once larvae reached the L3 stage. Dauer larvae
were grown by placing adult hermaphrodites on small egg plates
at a high density so that the progeny entered the dauer stage as a re-
sult of high pheromone concentration. After ∼60 h, plates were lay-
ered with 1% SDS and incubated for 24 h. Dauer larvae were isolated
by sucrose washing.

sRNA library construction and sequencing

Total RNA was extracted with Trizol reagent (Sigma) from flash-
frozen staged worms, and 25 μg were subjected to 5′-triphosphate
removal treatment with Tobacco Acid Phosphatase (TAP; Epi-
centre). This treatment left a 5′-monophosphate on siRNAs. Size-se-
lected sRNAs were then subjected to linker ligation reactions and
amplification as described previously (Lau et al. 2001). Two bio-
logical replicates were sequenced for adult libraries, and one bio-
logical replicate for L3 larvae and dauer libraries. Each biological
replicate (control and post-dauers #1 and #2) underwent library
construction and sequencing simultaneously. Thus, comparisons
between control and post-dauer libraries are within a biological rep-
licate. sRNA libraries were sequenced on an Illumina GAII machine,
yielding between 4 and 14 million reads per library that matched to
the C. elegans genome.

Bioinformatics and statistical analyses

After trimming linker sequences, reads were processed with BowTie
(http://bowtie.cbcb.umd.edu) (Langmead et al. 2009) and passed
through sequential filters that first partitioned structural RNAs
(e.g., ribosomal, transfer, splice leader, and small nucleolar RNAs),
and then partitioned known miRNAs (mirBase release 16) (Grif-
fiths-Jones et al. 2008). Remaining reads were mapped to the C.
elegans reference genome WS190/Ce6 using BowTie, and allowing
at most a 1-bp mismatch. RefSeq and Wormbase gene annotation
tracks were downloaded from the UCSC Genome Browser and
used to count siRNA matches and to display custom genomic plots
that were generated via custom R scripts.

Statistical association analysis was performed on sRNA classes as
defined by the major classifications described in Figure 1A, except
that transposons and structural RNAs (which comprise only 5%–

8% of total libraries) were omitted from this analysis due to the am-
biguity of assigning sRNAs to each specific repeated entities. Pearson
and Spearman Rank correlations were calculated with a one-tailed
significance test using SPSS. In the statistical analysis of gene-target-
ed siRNA changes, a P-value for each gene was calculated by the nor-
malized read count of each post-dauer/control pair, based on a χ2

distribution. The composite P-value is the multiplication of the

two P-values by considering the two post-dauer/control biological
replicates as independent events.

To determine whether the distribution of genes with both gene
expression changes and siRNA level changes were nonrandom, the
872 genes that exhibited significant changes in gene expression be-
tween control and post-dauer animals and displayed at least 10 reads
per million of siRNAs were examined. These genes were divided into
categories based on changes in siRNA levels for up-regulated (>1.5-
fold), down-regulated (<1.5-fold), and nonchanging number of
siRNAs, and the frequency of each gene being categorized similarly
in the two biological replicates was calculated. The observed exper-
iment frequencies and random chance frequencies of these genes
were compared using a χ2 goodness-of-fit analysis with the null hy-
pothesis that the observed frequencies arose due to chance.

The following published gene target sets were used for the meta-
analyses: wild-type 26G-RNA and alg-3/4 mutant libraries (Conine
et al. 2010); CSR-1 immunoprecipitation, csr-1(tm892) mutant
and ego-1(om97) mutant libraries (Claycomb et al. 2009); ERGO-1
immunoprecipitation library (Vasale et al. 2010); mago12 mutant
library (Gu et al. 2009); mut-16(pk710) mutant library (Zhang
et al. 2011) and NRDE-3 immunoprecipitation library (Guang
et al. 2008).

qRT-PCR

Total RNA from control and post-dauer animals from two biologi-
cal replicates of wild-type and mutant strains was extracted using
Trizol reagent (Sigma). WM193 and NL1810 strains exhibit dauer
entry defects in the presence of high pheromone concentrations
(data not shown); thus, dauers were collected by washing plates
with 1% SDS that were incubated at 20°C until food was depleted
and animals were starved. Total RNA was treated with DNaseI
(NEB), and reverse transcribed using Superscript III according to
manufacturer’s protocol (Invitrogen). Quantitative PCR was per-
formed as described previously (Hall et al. 2010). Each reaction
was performed independently in triplicate, using each biological
replicate at least once. Experimental gene expression levels were nor-
malized to the expression of ifd-2. Ratios of post-dauer to control
gene expression were calculated using the log2 transformed data,
and standard deviations were propagated from the raw data to the
average before converting to SEM. Significance was determined us-
ing a one-way ANOVA and LSD posthoc test.

ChIP and qPCR

Chromatin immunoprecipitation was performed using ∼100 μL
of staged control, post-dauer, and dauer animals. Formaldehyde
fixation and lysate preparation was performed as described previ-
ously (Chu et al. 2002). Immunoprecipitation was performed
using the manufacturer’s protocol (Upstate) using 5 μL of each an-
tibody: anti-histone H3 (Abcam #ab1791), anti-histone H3K4me3
(Upstate #07-473), and anti-histone H4 panAcetyl (Upstate #06-
598). Three nanograms of immunoprecipitated DNA was used
for each qPCR reaction using a protocol described previously
(Hall et al. 2010). For each gene, enrichment values for each his-
tone modification were normalized to histone H3 values (Ct values
ranged from ∼20 to 30). Significance was determined using a one-
way ANOVA with LSD post hoc test. Primer sequences are available
upon request.
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Brood size analyses

Brood size measurements were performed as previously described
(Hall et al. 2010). Individual L4 stage worms were moved to single
plates containing E. coli OP50. Each day adult worms were trans-
ferred to fresh plates and the number of hatched progeny were
counted. Worms that died, exploded, or crawled off the plate during
the experiment were censored. Significance between control and
post-dauer brood sizes was determined using a t-test.

DATA DEPOSITION

All primary sequencing data from this study have been deposited at
the Gene Expression Omnibus at NCBI under series GSE33313.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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