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Argonaute proteins generally play regulatory roles by forming complexes with the corresponding small RNAs (sRNAs). An
expanded Argonaute family with 20 potentially functional members has been identified in Caenorhabditis elegans. Canonical
sRNAs in C. elegans are miRNAs, small interfering RNAs including 22G-RNAs and 26G-RNAs, and 21U-RNAs, which are
C. elegans piRNAs. Previous studies have only covered some of these Argonautes for their sRNA partners, and thus, a systematic
study is needed to reveal the comprehensive regulatory networks formed by C. elegans Argonautes and their associated sRNAs.
We obtained in situ knockin (KI) strains of all C. elegans Argonautes with fusion tags by CRISPR/Cas9 technology. RNA
immunoprecipitation against these endogenously expressed Argonautes and high-throughput sequencing acquired the sRNA
profiles of individual Argonautes. The sRNA partners for each Argonaute were then analyzed. We found that there were 10
Argonautes enriched miRNAs, 17 Argonautes bound to 22G-RNAs, 8 Argonautes bound to 26G-RNAs, and 1 Argonaute PRG-1
bound to piRNAs. Uridylated 22G-RNAs were bound by four Argonautes HRDE-1, WAGO-4, CSR-1, and PPW-2. We found
that all four Argonautes played a role in transgenerational epigenetic inheritance. Regulatory roles of the corresponding
Argonaute-sRNA complex in managing levels of long transcripts and interspecies regulation were also demonstrated. In this
study, we portrayed the sRNAs bound to each functional Argonaute in C. elegans. Bioinformatics analyses together with
experimental investigations provided perceptions in the overall view of the regulatory network formed by C. elegans Argonautes
and sRNAs. The sRNA profiles bound to individual Argonautes reported here will be valuable resources for further studies.
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INTRODUCTION

Argonautes are a family of conserved proteins that contain
N-terminal, Piwi-Argonaute-Zwille (PAZ), middle (MID),
and PIWI domains, and generally they elicit regulatory
functions by binding to different classes of small RNAs

(sRNAs) (Höck and Meister, 2008; Hutvagner and Simard,
2008). The number of Argonautes is often different in di-
verse species; for instance, the fission yeast Schizosacchar-
omyces pombe has 1, Drosophila melanogaster has 5, Homo
sapiens and Mus musculus have 8, and Caenorhabditis ele-
gans has 20 potentially functional Argonautes according to
WormBase annotation (version WS285) (Höck and Meister,
2008; Sasaki et al., 2003; Yigit et al., 2006). Argonautes and
their associated sRNAs form ribonucleoprotein complexes to
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play roles in events such as post transcriptional silencing
(PTGS) and transgenerational epigenetic inheritance (TEI)
(Bošković and Rando, 2018; Meister, 2013).
sRNAs are generally ~20–40 nt long, and can be divided

into subclasses based on their features in biogenesis, length,
functionality, etc. (Carthew and Sontheimer, 2009; Höck and
Meister, 2008; Vaucheret, 2008). C. elegans has been at the
forefront of sRNA study, since the discovery of the first
microRNA (miRNA) to the milestone discovery in RNA
interference (RNAi) pathway at the end of the last century
(Fire et al., 1998; Ketting, 2011; Lee et al., 1993; Wightman
et al., 1993). miRNAs are ~22 nt, and form an miRNA-in-
duced silencing complex (miRISC) with Argonautes such as
ALG-1 and ALG-2 in C. elegans (Ambros et al., 2003;
Bartel, 2004; Liu et al., 2021; Si et al., 2023; Vasquez-Rifo et
al., 2012). Another class of sRNAs is small interfering RNAs
(siRNAs), and in C. elegans, refers mainly to 22G-RNAs and
26G-RNAs (Conine et al., 2010; Gent et al., 2010; Ruby et
al., 2006; Stoeckius et al., 2009). Piwi-interacting RNAs
(piRNAs) are another conserved sRNA class, and in C.
elegans, known as 21U-RNAs (Batista et al., 2008). In C.
elegans, 21U- and 26G-RNAs are the primary sRNAs, and
they trigger the production of secondary 22G-RNAs (Ashe et
al., 2012; Chen and Rechavi, 2022; Conine et al., 2010; Gent
et al., 2010; Pak and Fire, 2007). 22G-RNAs are also pro-
duced from exogenous double-stranded RNAs (dsRNAs) in
environmental feeding RNAi (Almeida et al., 2019; Chen
and Rechavi, 2022; Tabara et al., 1999).
C. elegans probably has the most complex sRNA reg-

ulatory network in animals due to the presence of more
functional Argonautes and diversified sRNA profiles
(Stoeckius et al., 2009; Yigit et al., 2006). A renowned role
of miRNAs is mediated by ALG-1 and ALG-2 to silence
mRNAs (Bouasker and Simard, 2012; Chen and Rechavi,
2022). For siRNAs, a wide range of functions have been
identified, and several Argonautes, such as CSR-1, are
known to mediate the roles of siRNAs in C. elegans (Clay-
comb et al., 2009; Moore et al., 2019; Wedeles et al., 2013).
HRDE-1 and WAGO-4 are two Argonautes that can bind to
uridylated 22G-RNAs, and play roles in the TEI effect
triggered by feeding RNAi (Buckley et al., 2012; Lev et al.,
2019; Rechavi et al., 2014; Xu et al., 2018). In addition to
feeding RNAi, C. elegans also demonstrates other phe-
nomena of environmental RNAi, in which RNAs in bacterial
food elicit physiological effects via the RNAi pathway in C.
elegans (Kaletsky et al., 2020; Liu et al., 2012; Samuel et al.,
2016). For 21U-RNAs, the Argonaute PRG-1 is essential for
their functionality in surveilling germline transcripts (Das et
al., 2008; Lee et al., 2012; Shen et al., 2018; Wang and Lin,
2021).
Although substantial understanding has been gained about

C. elegans Argonautes and sRNAs, the profiles of sRNAs
bound by each Argonaute require further disclosure. So far,

high-throughput RNA sequencing (RNA-seq) to reveal the
sRNA binding profiles has been carried out for only four
Argonautes, ALG-5, PRG-1, CSR-1, and PPW-2, at en-
dogenous levels with innate spatiotemporal expression pat-
terns (Brown et al., 2017; Nguyen and Phillips, 2021;
Schreier et al., 2022; Shen et al., 2018). To gain further
insight into Argonautes and sRNAs, we have applied
CRISPR/Cas9 technology to generate in situGFP and FLAG
fusions for each of the 20 potentially functional Argonautes
in C. elegans, and then performed RNA immunoprecipita-
tion (RIP) followed with RNA-seq. Through bioinformatics
analyses combined with experimental examinations, we have
uncovered novel features and provided resources for future
studies about Argonautes and their associated sRNAs in C.
elegans.

RESULTS

Workflow to identify the associated sRNAs using
knockin fusion of C. elegans Argonautes

C. elegans has as many as 27 paralogous Argonaute se-
quences in the genome, and 20 of them are potentially
functional to encode Argonaute proteins according to
WormBase annotation (current version: WS285) (Figure
S1A in Supporting Information). Like most C. elegans pro-
teins, specific antibodies for these Argonautes are currently
unavailable. For the purpose to perform RIP with en-
dogenously expressed Argonautes, we integrated two tags,
GFP and FLAG, in situ into the N- or C-terminus of all 20
potentially functional Argonautes using CRISPR/Cas9
technology (Figure 1A) (Friedland et al., 2013). For CSR-1,
an attempt to knockin (KI) both GFP and FLAG together
failed, and we could only generate a FLAG::CSR-1 fusion.
Genotyping with PCR was used to verify the successful
knockin of the tags (Figure S1B in Supporting Information).
All strains were crossed with the wildtype N2 worms at

least 6 times to clean up possible off-target or side effects of
CRISPR/Cas9. By Western blots with an anti-FLAG anti-
body, we found that 19 out of the 20 Argonautes were ex-
pressed as fusion proteins (Figure S2A in Supporting
Information). One of the 20 Argonaute genes, wago-5, ap-
peared to be a pseudogene, as no fusion protein was detected
from the wago-5 gene, no matter whether the tags were
knocked in the theoretical N- or C-terminus (Figures S1B
and S2B in Supporting Information). We further evaluated
the brood size and lifespan of the 19 tagged Argonaute
strains, and found no significant alternation in either trait,
when compared with the wildtype N2 worms (Figure S3A
and B in Supporting Information). Furthermore, we chose 8
Argonautes with known expression patterns from previous
publications, and examined the expression patterns of the
corresponding KI strains (Figure S3C in Supporting In-
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Figure 1 Genome-wide analysis of small RNAs bound to C. elegans Argonautes. A, Experimental procedure of RIP and high-throughput RNA sequencing
of 19 functional Argonautes (AGOs). In-frame GFP::3×FLAG tag is introduced into the endogenous locus of 19 AGOs with CRISPR/Cas9 technology. Then,
the Argonaute-sRNA complexes are purified with an anti-GFP or anti-FLAG antibody, followed by preparing cDNA libraries with RT primers containing
UMI and subjected to high-throughput sequencing. B, Seqlogo revealing first 5′ nucleotide and size distribution (18–30 nt) of normalized sRNA reads from
Input and 19 AGO IP samples. Input is the total sRNAs obtained from whole lysate of wildtype N2 worms. nt, nucleotide. C, Percentage of sRNA reads from
Input and 19 AGO RIP samples according to annotated genomic loci. Sense reads are counted for miRNAs, piRNAs, and tRNAs. Both sense and antisense
reads are counted for rRNAs. Antisense reads are counted for mRNAs, lincRNAs, transposons, and pseudogenes. Filled boxes (red) indicate the AGO-bound
sRNA reads are at least 2-fold relative to Input, corresponding to distinct genomic coding region of the specific transcript category. D, Hierarchical clustering
of sRNA profiles from 19 AGO RIP samples.
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formation) (Batista et al., 2008; Buckley et al., 2012; Gu et
al., 2009; Guang et al., 2008; Schreier et al., 2022; Vasquez-
Rifo et al., 2012; Xu et al., 2018). It was found that all 8
Argonaute KIs demonstrated expression patterns in con-
sistence with previous studies.
We then carried out RIP with the anti-GFP antibody using

KI strains of 18 Argonautes (Figure 1A). Actually, for RIP
experiments, either GFP or FLAG antibodies have been
widely used for tagged proteins in C. elegans (Brown et al.,
2017; Gu et al., 2009; Shen et al., 2018; Xu et al., 2018; Yu et
al., 2017). We prioritized GFP in this study based on the
well-established methodology with GFP-Trap Agarose beads
for in situ KI strains in our laboratory (Yu et al., 2017). For
FLAG::CSR-1 fusion, anti-FLAG antibody was used to
perform RIP. sRNAs isolated from these RIP experiments
were then reverse transcribed to complementary DNA
(cDNA) with specific reverse primers containing unique
molecular identifier (UMI) tags with 12 random bases during
library construction, followed by next-generation RNA-seq
(Smith et al., 2017).

General features of sRNAs associated with C. elegans
Argonautes

We first compared our sRNA profiles to the sRNA data from
previous studies with four endogenously expressed Argo-
nautes ALG-5, PRG-1, CSR-1, and PPW-2 (Figure S4A and
B in Supporting Information) (Brown et al., 2017; Nguyen
and Phillips, 2021; Schreier et al., 2022; Shen et al., 2018).
Our data clustered well with previous studies (Figure S4A
and B in Supporting Information). PRG-1 is known to
function as an Argonaute for piRNAs, and thousands of
piRNAs were primarily enriched in sRNAs from PRG-1 RIP
in our study (Figure S4C in Supporting Information). These
results indicated that our protocol was suitable for the sys-
tematic characterization of sRNAs bound to tagged Argo-
nautes with endogenous expression.
The length distribution and frequency of the first 5′ nu-

cleotide of sRNAs bound to each Argonaute were analyzed
(Figure 1B; Figure S5 in Supporting Information). The per-
centage of reads corresponding to genomic regions, includ-
ing miRNAs, piRNAs, mRNAs, lincRNAs, transposons,
rRNAs, tRNAs, pseudogenes, and others that were un-
classified, were also evaluated (Figure 1C; Figure S5 in
Supporting Information). Several features were noticed from
these simple examinations. First, PRG-1 was the only Ar-
gonaute that mainly bound to sRNAs of 21 nt and with U as
the first base, which were 21U-RNAs (piRNAs) of C. ele-
gans (Figure 1B and C; Figure S5 in Supporting Informa-
tion). ALG-1 and ALG-2 mainly bound to miRNAs, with
lengths of 22 or 23 nt and generally with U as the first base
(Figure 1B and C; Figure S5 in Supporting Information).
Except ALG-1 and ALG-2, all the other 17 Argonautes were

associated with some portion of 22G-RNAs (Figure 1B;
Figure S5 in Supporting Information). 26G-RNAs were
found with a low percentage in sRNA profiles of several
Argonautes, such as ALG-3, ALG-4, and ERGO-1; ERGO-1
was the one with the largest portion of 26G-RNAs (Figure
1B; Figure S5 in Supporting Information).
Next, the 19 functional Argonautes were divided into

several major clusters according to cluster analysis based on
their associated sRNAs (Figure 1D). The first cluster com-
prised WAGO-4, CSR-1, and HRDE-1. Consistently, these
three Argonautes are known to be expressed in the germline
and regulate germline constitutive gene sets (Buckley et al.,
2012; Charlesworth et al., 2021; Ortiz et al., 2014; Xu et al.,
2018). The second one was ALG-1 and ALG-2, as Argo-
nautes are primarily responsible for miRNA functions
(Brown et al., 2017; Zhang et al., 2007). The third one in-
cluded ALG-5 and RDE-1, and they shared a portion of
miRNA partners. The fourth cluster was formed by WAGO-
10, ALG-3, and ALG-4, and all of them are involved in
spermatogenesis (Charlesworth et al., 2021). Finally, a
cluster with NRDE-3 and SAGO-1 might be involved in the
regulation of lincRNAs through binding to partially over-
lapped sRNAs (Figure 1C and D; Figure S5 in Supporting
Information). The seven remaining proteins did not cluster
with other functional Argonautes, and they might be in-
dividually unique according to their associated sRNAs.
These clustering results were based on the profiles of sRNAs
binding to each Argonaute, and thus were more related to
functional characteristics, unlike the evolutionary relation-
ships that were based on the amino acid sequences of im-
portant functional domains (Figure 1D; Figure S1A in
Supporting Information).

Argonautes and their corresponding miRNA loads

The first miRNA, lin-4, was discovered in C. elegans more
than two decades ago (Ketting, 2011; Lee et al., 1993;
Wightman et al., 1993). There were a total of 15 Argonautes
that bound to miRNAs, and among them 10 Argonautes had
some miRNA partners enriched for more than 2-fold relative
to Input, and miRNAs bound to these Argonautes with en-
richment≥3-fold and reads per million (RPM)≥10 were fur-
ther analyzed (Figure 2A; Figure S6A in Supporting
Information). ALG-1 and ALG-2 bound to 112 and 98
miRNAs, respectively, out of the 293 miRNAs detected in
Input and all the Argonaute RIP samples (Figure 2A; Figure
S6A in Supporting Information). 25 miRNAs were shared by
ALG-1 and ALG-2. 15 miRNAs were only associated with
ALG-1 (ALG-1 specific), and not with any other Argo-
nautes; 3 miRNAs were ALG-2 specific (Figure 2A). The
features that ALG-1 bound to more miRNAs and more
specific miRNAs than ALG-2 might partially explain why
phenotypes such as growth and reproduction defects of alg-1
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Figure 2 Argonaute-associated miRNAs. A, miRNAs (RPM≥10, enrichment≥3-fold relative to Input) bound to 10 AGOs. The total numbers are indicated
inside parentheses after each Argonaute. The bar figure shows number of miRNAs specific to each Argonaute or shared by different Argonautes (indicated
with a vertical line to link the dots that represent the corresponding Argonautes). Conserved miRNAs are present in both C. elegans and C. briggsae, and
miRNAs only in C. elegans are defined as non-conserved. B, Violin plots depicting levels of miRNAs in Input, for those RDE-1 and ALG-1/-2/-4 enriched
miRNAs. The number and percentage of miRNAs with RPM<10 in Input are shown to the right. P values are calculated by the Mann-Whitney U test. C,
Histogram revealing RDE-1 and ALG-5 associated miRNAs enriched >500-fold in the corresponding RIP samples relative to Input. Norm., normalized. D,
Pie charts to show the distribution of the first 5′ nucleotide of miRNA reads from Input and 10 AGO RIP samples.
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mutants were more severe than those of alg-2 (Brown et al.,
2017; Bukhari et al., 2012; Vasquez-Rifo et al., 2012). We re-
analyzed the mis-regulated mRNAs in alg-1 or alg-2mutants
from a previous study (GSE98935, Brown et al., 2017), and
931 mRNAs for alg-1 and 906 mRNAs for alg-2 demon-
strated significant changes in expression levels (fold
change≥2 or ≤0.5, P<0.05) (Figure S7A in Supporting In-
formation). These mRNAs were then analyzed as ALG-1 or
ALG-2 targets. 525 mRNAs were targeted by both ALG-1
and ALG-2, 406 mRNAs were uniquely ALG-1-targeted,
and 381 mRNAs were uniquely ALG-2-targeted (Figure
S7A in Supporting Information). Furthermore, Gene Ontol-
ogy (GO) analysis revealed that the 406 unique ALG-1 tar-
gets illustrated biological processes in defense response,
cuticle development, response to external biotic stimulus,
and so on. The 381 unique ALG-2 targets exhibited enrich-
ment in biological processes such as peptidyl-serine mod-
ification, phosphorus metabolic process, and protein
metabolic process, but without any GO term related directly
to development (Figure S7B in Supporting Information). The
difference in their mRNA targets could be linked directly to
their distinct miRNA profile, and should be responsible for
the distinct phenotypes between alg-1 and alg-2 mutants.
RDE-1 was the third Argonaute in terms of the number of

different miRNAs loaded, with 55 miRNAs, and 17 of them
were RDE-1 specific (Figure 2A). RDE-1 is known as an
Argonaute that utilizes different types of sRNAs, including
miRNAs, to screen the C. elegans transcriptome (Corrêa et
al., 2010; Parrish and Fire, 2001). Seven Argonautes had a
certain number of Argonaute-specific miRNAs, and ALG-3,
ALG-4, or WAGO-10 did not have any specific miRNAs
(Figure 2A). Interestingly, miRNAs specific for a particular
Argonaute tended to be non-conserved (36 non-conserved in
51 miRNAs), while miRNAs shared by at least two Argo-
nautes tended to be conserved (72 conserved in 113
miRNAs) (Figure 2A). Here, conserved miRNAs were those
present in both C. elegans and another nematode species C.
briggsae. It is worth noting that miR-230-3p was bound by
all 10 Argonautes, and we speculated that it might be ex-
pressed in most types of cells and play regulatory roles
through different Argonautes.
Out of the four Argonautes that bound to the largest

number of miRNAs, RDE-1 demonstrated a significant
tendency to bind less abundant miRNAs (Figure 2B). RDE-
1, compared with ALG-1, ALG-2, and ALG-4, might reg-
ulate low-expressed or more stringent tissue-specific miR-
NAs. Another interesting point was that both RDE-1 and
ALG-5 had 4 miRNAs with more than 500 times of en-
richment, while the other Argonautes did not have any
miRNAs with this kind of high enrichment (Figure 2C).
The first 5′ nucleotide of the miRNAs bound by each

Argonaute tended to be U, as U>C>A>G for eight Argo-
nautes, and U>A>C>G for the other two Argonautes ALG-5

and ERGO-1 (Figure 2D). When the first two nucleotides of
miRNAs bound to Argonautes were analyzed, U (C/A/G)
was preferred compared with UU for each Argonaute (Figure
S6B in Supporting Information). CA was the fourth re-
presented 5′ dinucleotide for essentially all the Argonautes,
except for RDE-1 and ALG-5 (Figure S6B in Supporting
Information). CA was the fifth for both RDE-1 and ALG-5,
and CG or AG was the fourth for RDE-1 or ALG-5 (Figure
S6B in Supporting Information).
PRG-1 bound to 9 miRNAs besides thousands of piRNAs,

under the cutoff of RPM≥10 and enrichment≥3-fold (Figures
S4C and S6A in Supporting Information). However, 4 of the
9, miR-5549, miR-78, miR-8202, and miR-4936, which
were not enriched by 18 other Argonautes, might actually be
piRNAs. Genomic regions of these four “miRNAs” had
motifs such as the Ruby motif that are signatures of piRNA
coding sequences (Figure S6C in Supporting Information)
(Batista et al., 2008; Ruby et al., 2006).

22G-RNAs and 26G-RNAs as endogenous siRNAs
bound to Argonautes

Two major types of endogenous siRNAs are generated in C.
elegans, which are 22G-RNAs and 26G-RNAs of ~22 and
~26 nt in length, respectively, with the first base usually as G
(Ambros et al., 2003; Batista et al., 2008; Ruby et al., 2006;
Vasale et al., 2010). As siRNAs, both 22G-RNAs and 26G-
RNAs are produced by steps initiated from RNA-dependent
RNA polymerase (RdRP) activity with the other transcripts
as templates (Batista et al., 2008; Conine et al., 2010; Gent et
al., 2010; Maniar and Fire, 2011). In some sense, for these
siRNAs, the long template transcripts can be both recognized
as origins and regarded as targets. Bioinformatics analyses
revealed that except for ALG-1 and ALG-2, the other 17
functional Argonautes could bind a portion of 22G-RNAs,
and 8 of them also bound to some 26G-RNAs (Figure 3A;
Figure S8 in Supporting Information). Here, the cutoff for
22G-RNAs was sRNAs ranging from 21 to 23 nt, with a 5′
guanosine, RPM≥5, and enrichment≥2-fold relative to Input.
For 26G-RNAs, the cutoff was 26 nt sRNAs with a 5′ gua-
nosine, RPM≥5, and enrichment≥2-fold relative to Input.
Sequence features of 22G-RNAs associated with each

Argonaute were then examined, and it appeared that CSR-1
and NRDE-3 had some bias to GN for the last two nucleo-
tides at the 3′ end (Figure S8A in Supporting Information).
No other distinct sequence feature was observed for 22G-
RNAs bound to the other Argonautes. There was also no
obvious Argonaute specific sequence feature for 26G-RNAs
(Figure S8B in Supporting Information). There is a class of
22G-RNAs called risiRNAs, which are complementary to
18S and 26S rRNA (Zhou et al., 2017). SAGO-1 and SAGO-
2 were found to be the Argonautes that bound to the highest
portion of risiRNAs (Figure S8C in Supporting Information).
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Figure 3 Targets of endo-siRNAs associated with C. elegans Argonautes. A, 22G-RNAs and 26G-RNAs bound to each Argonaute are divided into 4
groups according to their targets. Numbers of the genes that encode the targeted transcripts (mRNAs, lincRNAs, transposons, and pseudogenes) are listed in
the table. B, Hierarchical clustering diagram and GO analysis of mRNAs targeted by AGOs associated 22G-RNAs. 7,208 is the total number of targeted
mRNAs, and 19,986 is the number of annotated mRNAs according to WormBase annotation (WS285). Each blue line represents a single mRNA targeted by
the AGO-bound 22G-RNAs. GO analysis is performed with the Gorilla web-server.
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We then counted the numbers of targets, including
mRNAs, lincRNAs, transcripts of pseudogenes, and trans-
posons, of 22G-RNAs and 26G-RNAs corresponding to each
Argonaute (Figure 3A). For mRNAs, four Argonautes,
HRDE-1, WAGO-4, CSR-1, and WAGO-1, could each target
more than 1,000 transcripts with the associated 22G-RNAs
(Figure 3A). Among the eight 26G-RNA binding Argo-
nautes, three of them, ALG-3, ALG-4 and WAGO-10 could
each regulate more than 100 mRNAs through 26G-RNAs
(Figure 3A). NRDE-3 and SAGO-1 targeted the most num-
bers of lincRNAs with 22G-RNAs, and ALG-3, ALG-4,
C04F12.1, and WAGO-10 targeted the most lincRNAs with
26G-RNAs (Figure 3A). For pseudogene transcripts, each of
the five Argonautes, HRDE-1, WAGO-4, PPW-2, CSR-1,
and WAGO-1, targeted more than 100 of them (Figure 3A;
Figure S9A in Supporting Information). For transposons,
PPW-2 was ranked first by targeting 186 of them with 22G-
RNAs, consistent with the previous observation that PPW-2
is a regulator in transposon silencing (Vastenhouw et al.,
2003), and the number of transposons targeted by PPW-2
was more than 2-fold of the transposons targeted by the
secondly ranked Argonaute PPW-1 (Figure 3A; Figure S9B
in Supporting Information).
GO analysis and clustering of mRNA targets for each

Argonaute based on the associated 22G-RNAs revealed that
multiple Argonautes could regulate the same GO, while
some Argonautes could regulate unique GO (Figure 3B). For
example, cell adhesion genes were regulated by most of the
Argonautes, while mitochondrion organization genes were
targeted by WAGO-4 only (Figure 3B). Interestingly, the
four Argonautes with the most mRNA targets fell into two
separate clusters, with targets of WAGO-1 enriched in GO
terms including locomotion and post-embryonic develop-
ment, and targets of HRDE-1, WAGO-4, and CSR-1 en-
riched in GO terms such as RNA metabolic process and
DNA metabolic process (Figure 3B). The three Argonautes
ALG-3, ALG-4, and WAGO-10 targeting the most mRNAs
with 26G-RNAs, could form a cluster with target genes en-
riched in GO terms such as peptidyl-Tyr dephosphorylation,
peptidyl-Ser phosphorylation, and male gamete generation
(Figure S10 in Supporting Information).

Regulation of lncRNAs by siRNAs and Argonautes

There are 170 lincRNAs annotated in the C. elegans genome,
and multiple of them have been shown to play critical roles in
diversified physiological events (Wei et al., 2019). In our
RNA-seq data, antisense siRNAs corresponding to 117
lincRNAs were identified (Figure S11A in Supporting In-
formation). A total of 55 lincRNAs were regulated by siR-
NAs bound to 16 Argonautes (Figure 4A). The 55 lincRNAs
displayed less stage-specific expression than those not
regulated by siRNAs (Figure S11B and C in Supporting

Information). NRDE-3, SAGO-1, C04F12.1, WAGO-1, and
WAGO-10 targeted the most lincRNAs (Figure 4A). To give
one example, among all lincRNAs, linc-86was targeted by 9,
the highest number of Argonautes, through either 22G-RNAs
or 26G-RNAs, and 22G-RNAs and 26G-RNAs were gen-
erated at overlapped loci (Figure 4B).
In eukaryotes, the nonsense-mediated mRNA decay

(NMD) pathway is an important degradation pathway for
mRNAs with premature stop codons (Arciga-Reyes et al.,
2006; Scheer et al., 2016). In C. elegans, NMD genes such
as smg-2 are known to play roles in maintaining the silen-
cing effect of RNAi (Domeier et al., 2000; Gu et al., 2009).
LincRNAs and transcripts of pseudogenes as long non-
coding RNAs (lncRNAs) share multiple features with
mRNAs carrying premature stop codons, and we wondered
whether NMD and RNAi could regulate these lncRNAs
together. It was found that the expression levels of linc-
RNAs targeted by siRNAs loaded on Argonautes were
significantly increased in smg-2 mutant compared with
wildtype N2, while those not targeted by siRNAs demon-
strated a slight, statistically insignificant increase (Figure
4C). 27.3% lincRNAs targeted by siRNAs, while only 5.6%
lincRNAs not targeted by siRNAs, had over 1.5-fold in-
creased levels in smg-2 mutant (Figure 4D). The expression
of linc-20 in the smg-2mutant, compared with the wildtype,
showed the most striking increase (Figure 4D). We further
examined the expression of pseudogenes in smg-2 mutant.
Levels of both siRNA- targeted and untargeted pseudogene
transcripts were significantly increased in smg-2 mutant,
compared with N2 (Figure 4E). The fold changes of median
levels between smg-2 mutant and N2 were 1.09 for un-
targeted pseudogene transcripts and 2.35 for siRNA-tar-
geted pseudogene transcripts (Figure 4E). These results
indicated that levels of lncRNAs including lincRNAs and
pseudogene transcripts were managed by NMD and the
RNAi system together.

Super targets of 22G-RNAs and potential inter-regula-
tion among Argonautes

When reads of 22G-RNAs corresponding to each target of a
particular Argonaute were plotted, it was noticed that 20
transcripts as targets of 5 Argonautes, SAGO-1, NRDE-3,
SAGO-2, WAGO-1, and PPW-2, were enriched with an
extraordinarily high amount of 22G-RNAs (≥104 RPM)
specific to each transcript (Figure 5A). Thus, these 20 tran-
scripts could be viewed as super targets of the corresponding
Argonaute in some way. Four of them were super targets for
two Argonautes (Figure 5B). Two of them, linc-22 as SAGO-
1 target and Y37E3.30 mRNA as NRDE-3 target had more
than 105 RPM 22G-RNAs enriched (Figure 5A and C).
Biological significance of the existence of these super targets
remains for further evaluation.

1310 Liu, L., et al. Sci China Life Sci June (2023) Vol.66 No.6



Figure 4 LncRNAs targeted by Argonautes associated endo-siRNAs. A, Hierarchical clustering diagram of lincRNAs targeted by AGO-associated endo-
siRNAs. In total, 55 lincRNAs are targeted by AGO-associated endo-siRNAs, out of the 162 lincRNAs with corresponding antisense endo-siRNAs detected
in Input and all the AGO RIP samples. Each blue or red box represents a single lincRNA targeted by the AGO-bound 22G-RNAs or 26G-RNAs. Green box
represents a single lincRNA targeted by both AGO-bound 22G-RNAs and 26G-RNAs. B, Peak distribution of linc-86 derived complementary 22G-RNAs
(blue) and 26G-RNAs (red) from the corresponding AGO RIP. C, Violin plots revealing expression levels of siRNA-targeted and untargeted lincRNAs in
wildtype N2 or smg-2 mutant strain from previous data (GSE94077). P values are calculated by the Wilcoxon matched-pairs signed rank test. D, LincRNA
profiling of smg-2 mutant strain compared with wildtype N2 worms. Pie charts showing the portion of lincRNAs with Fold Change≥1.5 (smg-2/N2, P<0.05)
and Fold Change<1.5. RNA-seq reads (GSE94077) of linc-20 in N2 and smg-2(–/–) are shown. P values are calculated by the two-tailed Student’s t-test. IGV,
Integrative genomics viewer. E, Violin plots revealing relative levels of siRNA-targeted and untargeted pseudogene transcripts in wildtype N2 or smg-2
mutant strain. P values are calculated by the Wilcoxon matched-pairs signed rank test.
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Notably, a regulatory network was formed among Argo-
nautes themselves, through unidirectional-, bidirectional-,
and self-regulation by Argonaute proteins and the associated
endo-siRNAs corresponding to the Argonaute mRNAs
(Figure 5D). One Argonaute, C04F12.1, did not participate
in this network, and another Argonaute, SAGO-1, displayed
only self-regulation. WAGO-4, CSR-1, and HRDE-1 formed
the most links with the other Argonautes (Figure 5D). This
network is part of the complex Argonaute-sRNA regulatory
system of C. elegans.

Uridylated 22G-RNAs and their associated Argonautes
play roles in transgenerational inheritance

Uridylation at the 3′ end of sRNAs is generally regarded as a
signal for sRNA degradation in C. elegans (Heo et al., 2009;
Lehrbach et al., 2009; Li et al., 2005). Our sequencing results
revealed that four Argonautes, CSR-1, HRDE-1, WAGO-4,
and PPW-2, bound to a portion of 22G-RNAs with one to
three untemplated uridines (Figure 6A and B). Further ana-
lyses demonstrated that 22G-RNAs were the main class of

Figure 5 Super targets and regulatory network of Argonautes. A, Scatter plots of AGO-bound 22G-RNAs. The y-axis represents levels (in RPM) of AGO
target-derived antisense 22G-RNAs, and the x-axis represents cumulative ranks of 22G-RNA targets. Super targets for the individual AGO are defined with
the cutoff (RPM≥104 in the corresponding RIP sample, enrichment≥2-fold relative to Input). B, Heatmap of siRNAs bound by five AGOs corresponding to
super targets. C, Peak distribution of linc-22 and Y37E3.30 derived complementary 22G-RNAs from AGO RIPs. Linc-22 targeted by SAGO-1 and Y37E3.30
targeted by NRDE-3 are the two most striking super targets with RPM>105. D, Inter-regulation map demonstrating regulation among C. elegans Argonautes.
Node size indicates the degree of interaction.
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sRNAs with uridylation (Figure 6B; Figure S12A in Sup-
porting Information). In detail, CSR-1 bound to 17.5% in
terms of total reads and 70.7% in terms of distinct RNA
molecules of uridylated 22G-RNAs; for HRDE-1, the por-
tion was 8.4% and 70.7%, respectively; for WAGO-4, the
portion was 7.5% and 47.2%, respectively; and for PPW-2, it
was 5.5% and 55.6%, respectively (Figure 6A; Figure S12B
in Supporting Information). For the 3,133 mRNAs corre-
sponding to CSR-1 associated 22G-RNAs, CSR-1 targeted
2,642 (84.33%) mRNAs with uridylated 22G-RNAs (Figure
S12C in Supporting Information). GO analysis revealed that
the 2,642 mRNAs were enriched in biological processes such
as mitotic cell cycle process, mitotic sister chromatid seg-
regation, oogenesis, ubiquitin-dependent ERAD pathway,
and spermatogenesis. While for the 491 mRNAs targeted by
CSR-1 with non-uridylated 22G-RNAs, the enriched biolo-
gical processes were ATP synthesis coupled proton transport,
cellular oxidant detoxification, response to hydrogen per-
oxide, regulation of protein kinase activity, cellular response
to unfolded protein, and axis specification (Figure S12D in
Supporting Information). CSR-1 served as a protector of
germline gene expression (Claycomb et al., 2009; Gu et al.,
2009; Wedeles et al., 2013), and it seemed that targets of
CSR-1 with uridylated 22G-RNAs were enriched for germ-
line specific functions.
Previous studies have shown that CSR-1 and WAGO-4

could bind to uridylated 22G-RNAs (Lev et al., 2019; van
Wolfswinkel et al., 2009; Xu et al., 2018). HRDE-1 and
WAGO-4 are also known to play critical roles in TEI induced
by feeding RNAi (Buckley et al., 2012; Houri-Zeevi et al.,
2020; Rechavi et al., 2014; Xu et al., 2018). However, tight
links between TEI and Argonautes with the associated ur-
idylated 22G-RNAs are still required. mRNAs targeted by
the 22G-RNAs with uridylated isoforms associated to each
of the four Argonautes varied from 400 to more than 3,700
(Figure 6C); interestingly, GO analysis of these four groups
of mRNA targets revealed only one shared GO cluster,
Histone modification (GO:0016570) (Figure 6D). TEI is
well known to be associated with histone modifications (Gu
et al., 2012; Klosin et al., 2017; Mao et al., 2015; Schwartz-
Orbach et al., 2020). By using a germline specific reporter
mex-5p::gfp::his-58 (ustIs45) (Xu et al., 2018), we observed
that feeding RNAi against gfp led to GFP silencing, and this
silencing persisted in F1 and F2 as the effect of TEI (Figure
6E) (Alcazar et al., 2008; Buckley et al., 2012). CDE-1 is
known to regulate TEI as one of the three C. elegans poly-
uridylation polymerases (PUPs), and cde-1 RNAi could
impede the TEI effect in a previous study and also in our
assay (Figure 6E; Figure S12E in Supporting Information)
(van Wolfswinkel et al., 2009). RNAi against csr-1, hrde-1,
and wago-4, individually, also hindered the TEI effect
(Figure 6E; Figure S12E in Supporting Information). RNAi
of csr-1 but not hrde-1 or wago-4 also had an inhibitory

effect on the feeding RNAi itself (Figure 6E); csr-1 is also
involved in the effectiveness of feeding RNAi (Yigit et al.,
2006). To assess the link between TEI and PPW-2, the newly
identified Argonaute for uridylated 22G-RNAs, a ppw-2
deletion mutant was generated. We found that ppw-2 null
worms were grossly normal, and the effect of feeding RNAi
was not affected, while the TEI effect was significantly mi-
tigated (Figure 6E). These results strongly indicated that all
four Argonautes with binding ability to uridylated 22G-
RNAs had regulatory roles in TEI.

PPW-1 binds to sRNAs originating from E. coli

Increasing lines of evidence have demonstrated interspecies
regulation of C. elegans gene expression by sRNAs origi-
nating from bacteria (Kaletsky et al., 2020; Liu et al., 2012;
Samuel et al., 2016). For example, two E. coli sRNAs, OxyS
and DsrA, which were induced under stress conditions, could
generate sRNAs in C. elegans to regulate gene expression of
this animal (Liu et al., 2012). Recently, P11, an sRNA of
Pseudomonas aeruginosa, was found to elicit regulatory
roles in C. elegans (Kaletsky et al., 2020; Moore et al., 2019).
To assess potential Argonautes that mediated interspecies
effects by binding to sRNAs with exogenous origins, we
analyzed sRNAs bound to each Argonaute for those derived
from E. coli strain OP50, which was the food source for C.
elegans cultured in the laboratory. Under the cutoff of 2-fold
enrichment (P<0.05), PPW-1 was the only Argonaute asso-
ciated with 20–30 nt sRNAs of E. coli origin (Figure 7A;
Figure S13A and B in Supporting Information). All these
sRNAs were derived from the E. coli nanCM operon, hdeA/
B/D mRNAs, and lacZ/I mRNAs (Figure 7A; Figure S13A
and B in Supporting Information). We also noticed that these
sRNAs mainly belonged to 22G-RNAs (Figure 7A; Figure
S13A and B in Supporting Information). By BLAST align-
ment, one mRNA, T08E11.1, in C. elegans was found to
harbor complementary sequences with sRNAs derived from
the nanCM operon (nanCM-sRNAs) (Figure 7A). Actually,
no other E. coli derived sRNAs shared continuous sequence
similarity over 10 nt to any C. elegans transcript. We then
generated a knockout OP50 strain of the nanCM operon
(OP50nanCM), which was verified by genomic PCR and
Sanger sequencing (Figure 7B). The control OP50 and
OP50nanCM were respectively fed to wildtype N2 worms, and
the levels of T08E11.1 mRNAwere examined. It was found
that levels of T08E11.1 mRNA decreased significantly in the
group with OP50nanCM food (Figure 7C). When the OP50 or
OP50nanCM was fed to ppw-1(hzhCR197) mutant worms, the
levels of T08E11.1 mRNA did not show a significant change
between the two groups with OP50 and OP50nanCM food
(Figure 7C). Levels of T08E11.1 mRNA were also sig-
nificantly lower in ppw-1 null (hzhCR197) worms than those
in N2, when fed with OP50 (Figure 7C). All these bioin-
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Figure 6 Uridylated 22G-RNAs associated with Argonautes. A, Percentages of reads for 22G-RNAs with untemplated uridine in Input and AGO RIP
samples. Pie charts (top) indicate percentage of untemplated uridylated reads with 3′ end additions (U, UU, or UUU) in the corresponding AGOs. B, Motifs
for the last three nucleotides of 23 nt-, 24 nt-, and 25 nt-sRNA reads in CSR-1, HRDE-1, PPW-2, and WAGO-4 RIPs. nt, nucleotides. C, Heatmap of mRNAs
targeted by 22G-RNAs with uridylated isoforms (RPM≥5, enrichment≥2-fold relative to Input) associated with the four Argonautes. D, Histone modification
(GO:0016570), the only overlapped biological process from GO analysis of the mRNA targets shown in C. E, Representative images of germline in C.
elegans. E. coli expressing gfp dsRNA or other dsRNA corresponding to the specified gene were fed to mex-5p::gfp::his-58 (ustIs45) worms. Percentage of
P0 (RNAi effect), F1 and F2 animals (TEI effect) expressing GFP is counted (n>80 worms). P values were calculated by the Chi-square test; ***, P<0.001.
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formatics and experimental results strongly indicated that
nanCM RNA of E. coli might lead to the production of 22G-
RNAs bound to PPW-1 in C. elegans to increase the ex-
pression of T08E11.1; both PPW-1 and nanCM sequences
were required for this interspecies effect.

DISCUSSION

We have performed experiments to identify sRNAs bound to

each of the 19 endogenously expressed functional Argo-
nautes. The RNA-seq data obtained have allowed a sys-
tematic evaluation about the partnership between Argonautes
and the sRNAs, including miRNAs, 21U-RNAs, 22G-RNAs,
26G-RNAs, and uridylated 22G-RNAs (Figure 8). With
further bioinformatics analyses and experimental evalua-
tions, some regulatory functions and networks of these Ar-
gonaute-sRNA complexes have been uncovered (Figure 8).
The C. elegans strains and sRNA profiles generated in this
study are also rich resources.

Figure 7 PPW-1 binds to 22G-RNAs with E. coli origin and plays an interspecies regulatory role. A, 5′ first nucleotide and size distribution of PPW-1
bound sRNA reads with E. coli origin (top). Peaks of sRNA bound to PPW-1 aligned to the E. coli genomic loci (middle). Red and black peaks represent
sense and antisense strand reads mapping to E. coli genome (NC_000913.3), respectively. Note, the PPW-1 associated sRNAs are actually antisense to
nanCM RNA. Alignment of the E. coli nanC RNA sequence and C. elegans T08E11.1 mRNA (bottom). B, Strategy of knockout the region in E. coli genome
that corresponding to PPW-1 associated sRNAs (left) and gel image of PCR products from genotyping of the E. coli knockout strain OP50nanCM (right). bp,
base pair. C, Relative T08E11.1 mRNA level in wildtype N2 or ppw-1(hzhCR197) null worms with OP50 or OP50nanCM food examined by RT-qPCR. Error
bars indicate SEM from three independent experiments. P values from two-tailed Student’s t-test. N.S., not significant; *, P<0.05; **, P<0.01.
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For each major type of sRNAs, there are generally several
functional Argonautes, except that 21U-RNAs are associated
almost exclusively with PRG-1. There are also other types of
sRNAs such as tRNA fragments (tRFs and tiRNAs), snoR-
NA-derived fragments (sdRNAs), and transcription start
site-associated RNAs (TSSaRNAs) that are known to be
critical in animal cells (Gu et al., 2022; Liu et al., 2022; Saw
et al., 2021; Taft et al., 2010; Wajahat et al., 2021; Xue et al.,
2020). Background studies about these sRNAs are currently
lacking in C. elegans, and thus we have not performed
analyses about them. For RNAs smaller than 20 nt, we have
ignored them in in-depth bioinformatics analysis; thus, it is
possible that some of these RNA molecules could be loaded
to Argonautes to elicit functions.
Twenty super targets have been identified for 22G-RNAs

loaded in 5 Argonautes, and these include 10 mRNAs, 2
lincRNAs, 7 pseudogenes, and 1 transposon. Among these
super targets, mRNAs were under represented, while

lincRNAs and pseudogenes were overrepresented. Currently,
we do not know why they are targeted by extraordinarily
high levels of 22G-RNAs associated with specific Argo-
nautes. None of the 10 mRNAs have known functions or
associated phenotypes yet, which may be an indication that
they may not be key protein coding genes, as thousands of
coding genes have already been linked to critical biological
events in C. elegans. It seems that these mRNAs as super
targets may be managed by the endogenous RNAi system
more like some lincRNAs and pseudogene transcripts. Be-
sides, the NMD pathway and the RNAi system may sy-
nergize to regulate the levels of lincRNAs and pseudogene
transcripts in C. elegans.
We have identified PPW-2 as a new Argonaute for ur-

idylated 22G-RNAs. All four Argonautes for uridylated
22G-RNAs have positive roles in the TEI of feeding RNAi,
and in this sense, uridylation of 22G-RNAs may be required
in the establishment or maintenance of TEI. Uridylation is

Figure 8 A simplified summary of C. elegans Argonautes, the associated sRNAs, and the corresponding functions.

1316 Liu, L., et al. Sci China Life Sci June (2023) Vol.66 No.6



generally considered as a modification for degradation (Heo
et al., 2009; Lehrbach et al., 2009; Li et al., 2005; Scheer et
al., 2016). These Argonautes may participate in TEI by
binding to uridylated 22G-RNAs to facilitate the degradation
of these sRNAs, although it is also possible that these Ar-
gonaute-uridylated sRNAs may actually be functional com-
plexes in modulating elements involved in TEI.
PPW-1 is special in this study as the only Argonaute that

binds to 22G-RNAs generated from exogenous E. coli
RNAs. It seems that PPW-1 utilizes these sRNAs to increase
the levels of T08E11.1 mRNA, and the physiological func-
tion of this regulation is unknown. It remains for further
investigation as whether this positive effect is achieved by
the direct targeting of PPW-1-22G-RNA complex on
T08E11.1 mRNA or not. Previously, it was reported that two
E. coli RNAs, OxyS and DsrA, can negatively regulate the
expression of two C. elegans target genes, che-2, and
F42G9.6, respectively (Liu et al., 2012). In both cases, tiny
RNAs of 17–18 nt derived from OxyS and DsrA appear to
function through the RNAi system. In this study, sRNAs with
potential exogenous origin but smaller than 20 nt were not
analyzed, partially due to the concerns about non-specific
degradation of bacterial RNAs.
In this study, we have identified a snapshot of the reg-

ulatory network and provided resources for further in-
vestigations. The network of Argonautes and the associated
sRNAs in C. elegans is extraordinarily complex. The reg-
ulatory network is also dynamic throughout the life cycle of
C. elegans, and the expression of Argonautes and sRNAs is
subjected to active and fine regulation. Future studies are still
needed to portray the full image of the C. elegansArgonaute-
sRNA system.

CONCLUSIONS

We have inserted an in situ fusion tag for each of the 19
functional Argonautes in C. elegans, and performed experi-
ments to isolate sRNAs bound to each Argonaute. Through
bioinformatics and experimental characterizations, the fea-
tures and functions of sRNAs loaded to these Argonautes are
described. Novel insights about the roles of these ribonu-
cleoprotein complexes in gene expression, transgenerational
inheritance, and interspecies regulation are provided with
supporting data. The worm Argonaute strains and the sRNA
profiles corresponding to each Argonaute also provide sup-
port for future in-depth studies.

MATERIALS AND METHODS

C. elegans strains

All C. elegans strains were maintained on Nematode Growth

Medium (NGM) plates seeded with OP50 at 20°C unless
otherwise stated (Brenner, 1974). N2 Bristol was obtained
from the Caenorhabditis Genetics Center (CGC) and used as
the wildtype strain. All worm strains generated or used in this
study are listed in Table S1 in Supporting Information.

Plasmid construction

All plasmids were constructed with restriction enzyme di-
gestion and ligation or with recombination methods. For
CRISPR/Cas9, the plasmid pDD162 expressing Cas9 II
protein was used as our previous description (Wei et al.,
2019; Yu et al., 2017). All single guide RNA (sgRNA) se-
quences used in this study were designed at http://crispor.
tefor.net/. The 20-nt sgRNA sequence was inserted into the
backbone pUC57 plasmid between the EcoRI and HindIII
restriction endonuclease sites behind the U6 promoter. For
homology recombination (HR) plasmids, 1 kb upstream and
1 kb downstream DNA sequences flanking the site of inter-
est, and GFP or FLAG sequences were inserted into the
plasmid pPD95.67 between the SphI and ApaI double-di-
gested sites. Oligonucleotide sequences for primers used in
plasmid construction are listed in Table S2 in Supporting
Information.

CRISPR/Cas9 knockin and knockout of C. elegans

The CRISPR/Cas9 system was carried out as previously
described with minor modifications (Wei et al., 2019; Yu et
al., 2017). For knockin strains, the plasmid pDD162 ex-
pressing Cas9 II protein (30 ng μL−1), sgRNA plasmid
(30 ng μL−1), HR plasmid (30 ng μL−1) and co-injection
marker Pmyo-2::mCherry (pCFJ90) plasmid (15 ng μL−1)
were mixed and injected into 40 N2 adult worms. For
knockout strains, pDD162 plasmid (30 ng μL−1), two sgRNA
plasmids (30 ng μL−1 of each) corresponding to individual
Argonaute, as well as co-injection marker Pmyo-2::mCherry
(pCFJ90) plasmid (15 ng μL−1) were injected into 40 N2
adult worms. Then, ~200 F1 worms with mCherry were
singled out and F3 generation genotyping was confirmed by
PCR of genomic DNA, followed by Sanger sequencing. All
newly obtained strains were crossed with the wildtype N2
worms at least 6 times before further experiments.

RNA immunoprecipitation

RIP with endogenously expressed Argonautes was carried
out as previously described with minor modifications
(Brown et al., 2017; Shen et al., 2018; Xu et al., 2018).
Briefly, synchronized young adult or L4 stage worms
(~500,000) were washed with M9 buffer for three times.
Then worms were resuspended in lysis buffer (20 mmol L−1

Tris-HCl (pH 7.5), 200 mmol L−1 NaCl, 2 mmol L−1 MgCl2,
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0.5% NP40, 1 mmol L−1 DTT, 1×Protease-inhibitor cocktail
(Roche, Switzerland) and 50 U mL−1 RNasin Inhibitor
(Promega, USA)), and then were sonicated on ice for 15 min
using Bioruptor Plus sonication device. The worm lysates
were spun at 14,000×g for 15 min at 4°C, and the supernatant
was collected for immunoprecipitation. The supernatant of
N2 worm lysates was saved as Input. The worm supernatant
was incubated with anti-GFP beads (ChromoTek, Germany)
or Protein G beads (Invitrogen, USA) pre-conjugated anti-
FLAG antibody (Sigma-Aldrich, USA) for 4 h at 4°C. After
being washed twice with washing buffer (50 mmol L−1

HEPES-KOH (pH 7.5), 300 mmol L−1 KCl, 0.5% NP-40,
1 mmol L−1 DTT, 50 U mL−1 RNasin Inhibitor, 1×Protease-
inhibitor), beads were digested with 2 μL TURBO DNase
(Thermo Fisher Scientific, USA) for 15 min at room tem-
perature and 0.1 U μL−1 RNase I (Thermo Fisher Scientific)
for 3 min at 37°C. After being washed twice with high salt
washing buffer (50 mmol L−1 HEPES-KOH, pH 7.5,
500 mmol L−1 KCl, 0.5% NP-40, 1 mmol L−1 DTT,
50 U mL−1 RNasin Inhibitor, 1×Protease-inhibitor), the Ar-
gonaute-sRNA complex was further digested with proteinase
K (Invitrogen) for 10 min at 56°C, and the released RNAs
were isolated with TRIzol reagents according to the manu-
facturer’s instructions.

Library preparation of RNA-seq

For library preparation, sRNAs were dephosphorylated by
RNA 5′ polyphosphatase (Lucigen, USA) for 30 min at 37°C
and recycled with RNA clean up kit (Zymo Research, USA).
Then, the purified sRNAs were ligated to DNA adapter at the
3′ ends with T4 RNA ligase 2 (NEB, USA) for 45 min at 25°
C, and RNA adapter at the 5′ ends with T4 RNA ligase 1
(NEB) for 60 min at 25°C, sequentially. The ligated products
were purified and reverse transcribed using the SuperScript
III first-strand synthesis system (Invitrogen) with RT primers
containing a random 12-mer UMI sequence according to the
manufacturer’s instructions. The cDNA libraries were PCR-
amplified by Q5 High-Fidelity DNA polymerase (NEB) for
~15 cycles and separated on a 12% PAGE gel. Gel slices
containing libraries (140 to 170 bp) were excised, purified
and then subjected to high-throughput sequencing generating
~10 million reads using an Illumina NovaSeq 6000 platform
(Novogene, Tianjin, China) with a 150-nt run length. Se-
quences of all primers are listed in Table S2 in Supporting
Information.

RIP-seq data analyses

For RIP-seq data analysis, the adapters were firstly trimmed
with Cutadapt (-e 0.1 -O 5 -m 15) and the random 12-mer
UMI for identifying PCR duplicates was further removed to
obtain clean reads. Then, trimmed reads ranging from 18-nt

to 30-nt were aligned to the C. elegans genome (ce11) with
Bowtie (-v 1) and Bedtools was used to count reads for
genomic annotated locus. Sense reads were counted for
miRNAs, piRNAs, and tRNAs, and antisense reads were
counted for mRNAs, lincRNAs, pseudogenes, transposons,
and risiRNAs. For rRNAs, both sense and antisense reads
were counted. RPM was used to calculate the corresponding
levels for distinct RNA categories.

miRNAs
The enriched mature miRNAs were determined with the
criterion of RPM≥10 in IP samples and enrichment≥3 re-
lative to the Input sample. For conservation analysis, miR-
NAs present in C. elegans and C. briggsae are classified as
conserved, and the others are defined as non-conserved.

piRNAs
The enriched piRNAs were determined with the criterion of
RPM≥10 in IP samples and enrichment≥2 relative to the
Input sample. For mis-annotated “miRNAs” which might be
acute piRNAs, piRNA upstream large and small motifs in
sequences from the genomic locus were depicted as pre-
viously described (Ruby et al., 2006).

Endo-siRNAs (22G-RNAs and 26G-RNAs)
For endo-siRNA targets including mRNA, lincRNA, pseu-
dogene, and transposon, 22G-RNAs (sRNAs ranging from
21 to 23 nt, with a 5′ guanosine) and 26G-RNAs (26 nt
sRNAs with a 5′ guanosine) were used for further analyses.
The enriched 22G-RNA-associated targets were determined
with the cutoff (RPM of complementary 22G-RNAs≥5, and
enrichment≥2 relative to Input). The enriched 26G-RNA-
associated targets were determined with the cutoff (RPM of
complementary 26G-RNAs≥5, and enrichment≥2 relative to
Input).

Super targets
For individual Argonaute, targets with the cutoff (RPM of
complementary 22G-RNAs≥104 and enrichment≥2 relative
to Input) were defined as super targets.

E. coli-derived sRNAs
For sRNAs originating from E. coli, reads mapped to the C.
elegans genome (ce11) were filtered out and the remaining
reads (20–30 nt) were aligned to the E. coli genome
(NC_000913.3) with Bowtie allowing two mismatches.
Peaks were called using cisGenome, by comparing Argo-
naute IP to Input with the cutoff (enrichment≥2 and P<0.05).
The first nucleotide bias and size distribution were further
analyzed from all sRNA reads forming peaks in the E. coli
genome. The sequences of peak region in the E. coli genome
are aligned to C. elegans transcripts using Blast with at least
10-nt continuous similarity to identify C. elegans homo-
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logous or complementary targets.

Visualization of peaks
The distribution of peaks was generated with integrative
genomics viewer (IGV).

GO analysis

GO analysis of mRNAs was performed using Gorilla web-
server with default parameters (Eden et al., 2009).

Phylogenetic tree construction

The Argonaute protein sequences were downloaded from
WormBase (WS285) and subjected to generate a phyloge-
netic tree using Mega X with the Neighbor-Joining (NJ)
method (Kumar et al., 2018). For Argonautes with multiple
isoforms, the amino acid sequences of the longest variants
were selected for phylogenetic tree construction. Numbers
above each node indicate the NJ bootstrap support values.

Western blotting

Proteins from whole worm lyses or IP samples were sepa-
rated on the SDS-PAGE gels and then transferred to Ni-
trocellulose membranes (PALL Co., USA). Membranes were
treated according to the ECLWestern blotting protocol (GE
Healthcare, USA). The following antibodies were used in
Western blots: anti-FLAG (Sigma-Aldrich) and anti-β-actin
(TransGen, Beijing, China). Antibody validation is provided
on the manufacturers’ websites.

Lifespan

Lifespan assays were carried out as previously described
with minor modifications (Liu et al., 2012). In brief, syn-
chronized eggs of the distinct strains and N2 worms were
plated onto NGM plates and grown to L4 stage at 20°C.
Then, for each strain, L4 worms were transferred to an NGM
plate containing 100 g mL−1 ampicillin and 50 mmol L−1 5′-
fluoro-2′-deoxyuridine (FUDR) during lifespan measure-
ments. Three technical replicates with 20 worms were used
for each strain. The hatching day was defined as day 1, and
worms were scored as alive or dead every 2 days. The mean
value of lifespan was computed and analyzed using the log-
rank test.

Brood size

All KI strains and N2 worms were well-fed for at least 3
generations before brood size assay. After bleaching, eggs
were allowed to hatch and grow until L4 stage at 20°C. Then
10 worms of different strains were placed individually on

NGM plates and allowed to lay eggs overnight. Every 24 h,
adult worms were transferred to a new NGM plate until egg
hatching stopped. The newly hatched F1 worms were also
counted daily. At last, the mean value of brood size was
computed and analyzed using unpaired Student’s t-test.

PCR reactions

Total RNAs were extracted from worms with TRIzol LS
reagent (Invitrogen) according to the manufacturer’s proto-
col after three cycles of freezing at −80°C and thawing at
room temperature. For PCR-mediated genotyping, the tem-
plate of genomic DNA (gDNA) was isolated with phenol/
chloroform extraction. 500 ng RNA was reverse transcribed
into cDNA with HiScript® III RT SuperMix (Vazyme,
Nanjing, China) according to the manufacturer’s instruction.
Real-time quantitative PCR (RT-qPCR) was performed with
Genious 2×SYBR Green Fast qPCRMix (ABclonal, Wuhan,
China) on a QuantStudio 3 real-time PCR system (Thermo
Fisher Scientific) according to standard procedures. β-actin
mRNA was used as an internal control. All PCR products
were confirmed by Sanger sequencing. All primers used in
this study are listed in Table S2 in Supporting Information.

Feeding RNAi

Feeding RNAi assays were conducted as described pre-
viously (Liu et al., 2020; Timmons et al., 2001). Bacterial
clones expressing dsRNAs against cde-1, csr-1, hrde-1, and
wago-4 were obtained from the Ahringer RNAi library and
further validated by Sanger sequencing. HT115 bacteria
expressing the empty vector L4440 was used as a negative
control.

Assay of RNAi-triggered TEI

Synchronized embryos of the indicated treatment or geno-
types were exposed to bacteria expressing gfp dsRNA. F1
and F2 generations were grown on NGM plates seeded with
HT115 control bacteria.

Confocal imaging of C. elegans

Imaging was carried out as previously described with some
modifications (Wei et al., 2019; Yu et al., 2017). C. elegans
images were taken on a Zeiss confocal microscope with 63×
1.40 NA oil-immersion objective with a resolution of
1,024×1,024 (Zeiss LSM 980, Carl Zeiss, Germany). The
images used to count GFP signal ratio were captured by Axio
Imager. A2 (Carl Zeiss) with 1.0 s exposure at the young
adult stage, followed by processing in the open-source image
processing software, Image J ( v1.53q). In Figure 6E, worms
without fluorescence signals observed in the germline were
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defined as “dark” worms, and worms with fluorescence
signals in the germline were defined as “green”.

E. coli strains

Escherichia coli OP50, used for the general culture of
worms. OP50 with knockout of the putative operon nanCM
(OP50nanCM) was obtained using λ-Red Recombinase System
described previously (Datsenko and Wanner, 2000).
OP50nanCM genotyping was confirmed with PCR of genomic
DNA, followed by Sanger sequencing.

Statistical analysis

In all experiments, Student’s t-tests and Chi-square tests
were used to calculate P values, as indicated in the Figure
legends. For Student’s t-tests, the values reported in the
graphs represented averages of three independent experi-
ments, with error bars showing SEM. For bioinformatics
analysis, Mann-Whitney U tests or Wilcoxon matched-pairs
signed rank tests were used to calculate P values, as indicated
in the Figure legends.

Accession numbers

All high-throughput sequencing data in this study have been
deposited in the Gene Expression Omnibus (GEO) database
and are available under accession number GSE212382. All
experimental materials generated in this study are available
upon request.
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