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Germline inherited small RNAs facilitate the
clearance of untranslated maternal mRNAs
in C. elegans embryos

Piergiuseppe Quarato® 2, Meetali Singh® ', Eric Cornes® !, Blaise Li® "3, Loan Bourdon® ', Florian Mueller?,
Celine Didier® ' & Germano Cecere® '™

Inheritance and clearance of maternal mRNAs are two of the most critical events required for
animal early embryonic development. However, the mechanisms regulating this process are
still largely unknown. Here, we show that together with maternal mRNAs, C. elegans embryos
inherit a complementary pool of small non-coding RNAs that facilitate the cleavage and
removal of hundreds of maternal mRNAs. These antisense small RNAs are loaded into the
maternal catalytically-active Argonaute CSR-1 and cleave complementary mRNAs no longer
engaged in translation in somatic blastomeres. Induced depletion of CSR-1 specifically during
embryonic development leads to embryonic lethality in a slicer-dependent manner and
impairs the degradation of CSR-1 embryonic mRNA targets. Given the conservation of
Argonaute catalytic activity, we propose that a similar mechanism operates to clear maternal
mRNAs during the maternal-to-zygotic transition across species.
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ARTICLE

he elimination of germline-produced mRNAs and proteins

in somatic blastomeres and the concomitant activation of

the zygotic genome—the maternal to zygotic transition
(MZT)—is critical for embryogenesis!. Despite several mechan-
isms have been discovered to regulate the clearance of maternal
mRNAs during the MZT, they only account for the regulation of
a small fraction of decayed transcripts, suggesting that factors and
pathways responsible for the decay of the majority of maternal
mRNAs still remain elusive. In addition, distinct species can
adopt different strategies to achieve the clearance of maternal
mRNAs. This is why understanding how different species clear
maternal mRNAs is fundamental to shed light on additional
mechanisms that regulate one of the most important and con-
served transitions happening at the beginning of embryogenesis.
For instance, small RNAs, such as maternally inherited PIWI-
interacting RNAs (piRNAs) in Drosophila®® and zygotically
transcribed microRNAs (miRNAs) in Drosophila, zebrafish, and
Xenopus*~9, have been shown to directly regulate the degradation
of maternal mRNAs in embryos. However, miRNA functions are
globally suppressed in mouse oocytes and zygotes”-® and they do
not appear to contribute to maternal mRNA clearance in C.
elegans embryos®. This raises the question of whether other type
of small RNAs might play a role in this process. In this regard,
catalytically active Argonaute and endogenous small interfering
RNAs (endo-siRNAs) have been proposed to play an essential
role in oocytes and early embryos in place of miRNAs!®:11,
Therefore, in addition to the silencing of repetitive elements, the
RNA interference (RNAi) pathway might regulate the removal of
maternal mRNAs in animal embryos.

In the nematode C. elegans, two waves of maternal mRNA
clearance have been documented so far. The first wave of
maternal mRNA clearance, regulated by a consensus sequence in
the 3'UTR, occurs during the transition from the oocyte to the
one-cell embryo®. A second wave of clearance occurs in the
somatic blastomeres of the developing embryos!>13. However, to
date, no mechanisms are known to regulate this process in the
embryo. Endo-siRNAs produced in the germline are known to be
heritable and they can potentially regulate mRNA transcripts in
the developing embryos. Two main endogenous small RNA
pathways regulate heritable epigenetic processes in the C. elegans
germline: (1) thousands of piRNAs that target foreign “non-self”
mRNAs!# and (2) endogenous antisense small RNAs that target
active “self” mRNAs!>16. These antisense small RNAs, called
22G-RNAs, are generated by the RNA-dependent RNA poly-
merase (RARP) EGO-1 using target germline mRNAs as a tem-
plate and are then loaded into the Argonaute CSR-1
(chromosome segregation and RNAi deficient)!®17. CSR-1 22G-
RNAs are thought to protect germline mRNAs from piRNA
silencing and they are essential for fertility and embryonic
development!>18:19, However, CSR-1 is also responsible for the
majority of slicing activity in C. elegans extracts and is capable of
cleaving complementary mRNAs in vitro?). Moreover, CSR-1
slicer activity is capable of fine-tuning some of its mRNA targets
in the adult germline?!. Therefore, whether CSR-1 can protect or
degrade its germline mRNA targets is still an open question.

Here, we provide insight into the widespread process of
maternal mRNA clearance in early developing embryos. We
demonstrate that inherited 22G-RNAs loaded into CSR-1 trigger
the cleavage and removal of complementary maternal mRNAs
during early embryogenesis. We found that target mRNAs have
faster degradation rate due to CSR-1. Moreover, they are depleted
of ribosomes, and we provide evidence that the translational
status of these maternal mRNAs influences their decay. We
employed the auxin-inducible degradation (AID) system?? to
deplete CSR-1 specifically during the MZT in order to study its
functions in early embryos. Using this approach, we demonstrate

that the slicer activity of CSR-1 is essential for embryonic viability
and is required to post-transcriptionally cleave its embryonic
mRNA targets. Given the conservation of Argonaute catalytic
activity in metazoans and the conserved function of small RNAs
in regulating maternal mRNA clearance in several animal models
we propose that a similar mechanism operates to clear maternal
mRNAs during the MZT across species.

Results

CSR-1 localized to somatic and germline blastomeres and its
slicer activity is essential for embryonic development. To study
CSR-1 localization during embryogenesis, we have generated
various CRISPR-Cas9-tagged versions of CSR-1 (ref. 23). CSR-1 is
expressed mainly in the germline of adult worms!” and localizes
in the cytoplasm and germ granules (Supplementary Fig. 1a, b).
However, in early embryos, CSR-1 localizes to both the germline
and somatic blastomeres (Fig. 1a and Supplementary Fig. 1a, b).
CSR-1 in the somatic blastomeres is mainly cytoplasmic and
persists for several cell divisions (Fig. la and Supplementary
Fig. 1b). This is in contrast with other germline Argonaute
proteins?42>, such as PIWI, which exclusively segregate with the
germline blastomere from the first embryonic cleavage (Fig. la
and Supplementary Fig. 1b). Animals lacking CSR-1 or expressing
a CSR-1 catalytic inactive protein show several germline defects,
severely reduced brood sizes, chromosome segregation defects,
and embryonic lethality!®21,26,

To understand the role of CSR-1 during embryogenesis, we
depleted CSR-1 protein using the AID system?2. First, we
depleted CSR-1 from the first larval stage (L1), recapitulating
the fertility loss and embryonic lethality phenotypes of both csr-1
(tm892) mutant and catalytically inactive CSR-1 mutant
worms?!26 (Fig. 1b, ¢ and Supplementary Fig. 2a, b). Next, we
depleted CSR-1 from the late L4 stage (Supplementary Fig. 3a, b).
This treatment did not significantly decrease the fertility of adult
worms (Fig. 1b), yet all the CSR-1-depleted embryos failed to
develop in larvae (Fig. 1c), suggesting CSR-1 plays an essential
role during embryogenesis.

To test whether the catalytically active CSR-1 is required for
embryonic viability during the MZT, we expressed a single
transgenic copy of CSR-1, using MosSCI%’, with a wild-type
catalytic domain (DDH) (named CSR-1 WT) or with an alanine
substitution of the first aspartate residues within the catalytic
DDH motif (ADH) (named CSR-1 catalytic dead), and depleted
endogenous CSR-1 from the late L4 larval stage (Fig. 1d).
Western blotting analysis showed that the expression of the
transgenic CSR-1 WT and the transgenic CSR-1 catalytic dead
proteins are similar, even though their levels are lower than the
endogenous CSR-1 protein (Supplementary Fig. 3c). Nonetheless,
transgenic CSR-1 WT significantly restored embryonic viability
(Fig. 1d), whereas the transgenic CSR-1 catalytic dead failed to
suppress the embryonic lethality caused by the depletion of
endogenous CSR-1 (Fig. 1d). Thus, CSR-1 slicer activity is
essential during embryogenesis.

CSR-1 post-transcriptionally regulates its targets in the
embryo. The localization of maternally inherited CSR-1 in the
somatic blastomeres during early embryogenesis suggests that
CSR-1 and its interacting 22G-RNAs may regulate specific
embryonic targets in somatic cells. To better understand the
regulatory function of CSR-1 in the embryo, we identified and
compared CSR-1-interacting 22G-RNAs in embryos and adult
worms. CSR-1 was immunoprecipitated in embryo populations
ranging from 1- to 20-cell stage (Supplementary Fig. 4a) or young
adult worms, followed by sequencing of interacting 22G-RNAs.
CSR-1-22G-RNA targets in the adult germlines and early
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Fig. 1 CSR-1 localizes to the cytoplasm of somatic blastomeres and its slicer activity is essential for embryonic development. a Immunostaining of CSR-1
and PIWIin 1-, 4-, 8-, and more than 100-cell embryos of a 3xFLAG::HA::CSR-1 CRISPR-Cas9 strain, using anti-FLAG and anti-PRG-1 antibodies. DAPI signal
is shown in blue. Scale bars represent 10 um. b Brood size assays of CSR-1 degron strains with and without Auxin. The data points correspond to the number
of living larvae from individual worms. Data are presented as mean + SD. Two-tailed P values were calculated using Mann-Whitney-Wilcoxon tests. The
sample size n (worms) is indicated in parentheses. ¢ Percentages of embryonic lethality from the brood size experiment shown in b, measured as the
percentage of dead embryos versus the total number among laid embryos. Data are presented as mean = SD. The sample size n (worms) is indicated in
parentheses. d Percentage of embryonic lethality in CSR-1 degron strains complemented with single-copy transgenic expression of CSR-1 with (ADH) or
without (DDH) mutation in the catalytic domain. The percentage of embryonic lethality is calculated by dividing the number of dead embryos by the
total number of laid embryos. Dots correspond to the percentages of embryonic lethality from individual worms. Data are presented as mean + SD.
Two-tailed P values were calculated using Mann-Whitney-Wilcoxon tests. The sample size n (worms) is indicated in parentheses. The graphical
representation of the experiment is shown on the left. Source data are available online.

embryos largely overlap (74%) (Fig. 2a). However, the relative
abundance of the 22G-RNAs complementary to these targets was
different between the adult germlines and early embryos (Fig. 2a,
b). Only 29% of CSR-1 targets with the highest levels of com-
plementary 22G-RNAs (>150 reads per million, RPM) in adults
and embryos are shared (Fig. 2a, b). Given that CSR-1 cleavage
activity on target mRNAs depends on the density of 22G-RNAs?!,
our results suggest that CSR-1 may regulate a different subset of
mRNAs in the embryos.

To evaluate gene expression changes upon CSR-1 depletion
in embryos, we depleted CSR-1 from the late L4 stage and
collected early embryo populations fully depleted of CSR-1
(Supplementary Figs. 3a and 4b, c). Analysis of nascent
transcription using global run-on sequencing (GRO-seq)
revealed that the zygotic transcription in CSR-1 depleted
embryos was largely unaffected compared to control untreated

embryos (Fig. 2c and Supplementary Fig. 4b), indicating that
CSR-1-depleted embryos could initiate zygotic transcription.
However, analysis of steady-state mRNA levels using RNA-seq
revealed increased levels of CSR-1 embryonic mRNA targets
(Fig. 2d and Supplementary Fig. 4c), which correlated with the
density of complementary antisense 22G-RNAs loaded onto
CSR-1 (Fig. 2d). These results suggest that CSR-1 22G-RNAs in
the embryo targets a different set of mRNAs compared to adult
germlines and these target mRNAs are directly regulated at the
post-transcriptional level in a dose-dependent manner.

CSR-1 contributes to quicken the degradation of maternal
cleared mRNA targets. In the first phases of embryogenesis, the
embryo is transcriptionally silent and relies on maternally
inherited mRNA transcripts. Maternal mRNAs degradation is
concomitant with the zygotic genome activation, during the
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Fig. 2 CSR-1 post-transcriptionally regulates its targets in the embryo. a Venn diagram showing the overlap between CSR-1 targets in adults and in early
embryos. A gene is considered a CSR-1 target when the ratio between normalized 22G-RNAs from CSR-1 immunoprecipitation and the total RNA in the
input is at least 2. We have selected three categories of CSR-1 targets based on the density (reads per million, RPM) of 22G-RNAs from CSR-1
immunoprecipitation: CSR-1 targets >1 RPM, CSR-1 targets >50 RPM, CSR-1 targets >150 RPM. The number of genes and the percentage of overlapping is
indicated. b Genomic view of two CSR-1 target genes showing normalized 22G-RNAs in CSR-1 IPs from adult (top) or early embryos (bottom). ¢, d Box
plots showing the log, fold change of nascent RNAs (by GRO-seq) or mRNAs (by RNA-seq) in CSR-1-depleted early embryos compared to control for gene
sets of increasing 22G RNA density, 1-50 RPM, 50-150 RPM, >150 RPM. The line indicates the median value, the box indicates the first and third quartiles,
and the whiskers indicate the 5th and 95th percentiles, excluding outliers. Two-tailed P values were calculated using Mann-Whitney-Wilcoxon tests. The
sample size n (genes) is indicated in parentheses. Source data are available online.

MZT!. To gain insight into the type of mRNA targets regulated
by CSR-1, we asked whether CSR-1 embryonic targets corre-
sponded to maternal or zygotic mRNA transcripts. We adapted a
sorting strategy?® to obtain embryo populations at the 1-cell stage
(99% pure), or enrich for early embryos (from 4- to 20 cells), or
late embryos (more than 20 cells) (Supplementary Fig. 4d).
Strand-specific RNA-seq was performed on these embryo popu-
lations to profile gene expression dynamics. We detected mater-
nal mRNAs from 7033 genes in 1-cell embryos (transcript per
million, TPM, >1) (Supplementary Data 1), which we classified
into four groups based on their kinetics during embryonic
development. “Maternal cleared” mRNAs (1320 genes) corre-
sponded to maternal mRNAs in 1-cell embryos whose levels
diminished in early and late stages (Fig. 3a) (Supplementary
Data 1). These genes belong to the previously characterized
Maternal class II genes, which are maternally inherited in the
embryos and degraded in somatic blastomeres!2, “Maternal
stable” mRNAs (1020 genes) corresponded to maternal mRNAs
in 1-cell embryos whose levels are stably maintained in early and
late embryos (Fig. 3a) (Supplementary Data 1). “Newly Zygotic”
mRNAs (704 genes) whose mRNAs accumulated in early and late
embryos but were undetectable in 1-cell embryos (TPM <1)

4

(Fig. 3a) (Supplementary Data 1), and “Maternal and zygotic”
mRNAs (1958 genes) whose mRNAs are inherited in 1-cell
embryos (TPM, >1) and their levels increase in early or late
embryos (Fig. 3a) (Supplementary Data 1).

Analysis of the embryonic CSR-1 targets revealed that they
were inherited in 1-cell embryos and gradually depleted in early
and late embryos, similarly to the maternal cleared class of genes
(Fig. 3a), suggesting that CSR-1 contributes to maternal mRNA
clearance in early embryos. Indeed, the majority of CSR-1 targets
were enriched among the category of maternal cleared mRNAs
(Supplementary Fig. 5a, b). Next, we analyzed the kinetics of
maternal cleared mRNAs that differ in their CSR-1 22G-RNA
density. We found that the maternal cleared mRNAs with a high
density of CSR-1 22G-RNAs are inherited at higher levels in 1-
cell embryos compared to the maternal cleared mRNAs not
targeted by CSR-1 (Fig. 3b). Moreover, these mRNA targets show
a higher degradation rate (Fig. 3c). These results suggest that in
addition to the level of degradation observed for non-target
mRNAs, the cleared mRNAs with a high density of CSR-1 22G-
RNAs require an additional boost of mRNA degradation to
facilitate their clearance in a timely manner. To validate whether
CSR-1 is responsible for the faster clearance observed for the
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Fig. 3 CSR-1 contributes to quicken the degradation rate of maternal cleared mRNA targets. a Detection of maternal cleared mRNAs, maternal stable
mRNAs, newly zygotic mRNAs, maternal and zygotic mRNAs, and CSR-1 embryonic target MRNAs by RNA-seq from sorted 1-cell stage, early stage, and
late stage embryos. Data are presented as median and 95% confident interval of normalized read abundances in transcript per million (TPM). The sample
size n (genes) is indicated in parentheses. b Detection of maternal cleared mRNAs for gene sets of increasing 22G RNA density, 1-50 RPM, 50-150 RPM,
>150 RPM or non-target genes using RNA-seq normalized reads from sorted 1-cell stage, early stage, and late stage embryos. Data are presented as
median and 95% confident interval of normalized read abundances in transcript per million (TPM). The sample size n (genes) is indicated in parentheses.
¢ Box plots showing the degradation rate of maternal cleared mRNAs for gene sets of increasing 22G RNA density, 1-50 RPM, 50-150 RPM, >150 RPM or
non-target genes. The degradation rate was calculated by the ratio of normalized RNA-seq reads of cleared maternal mRNAs in sorted early embryos
versus 1-cell embryos. d Box plots showing the degradation rate as in ¢, using normalized RNA-seq reads of cleared maternal mRNAs in control or CSR-1-
depleted early embryos versus sorted 1-cell embryos. @ 22G-RNA levels from sorted embryos enriched in 1-, 2-, 4-50-, and 50-cell stage. Data are
presented as median and 95% confident interval of normalized read abundances in reads per million (RPM) from gene sets of increasing 22G RNA density,
1-50 RPM, 50-150 RPM, >150 RPM. In ¢, d, the line indicates the median value, the box indicates the first and third quartiles, and the whiskers indicate the
5th and 95th percentiles, excluding outliers. Two-tailed P values were calculated using Mann-Whitney-Wilcoxon tests. The sample size n (genes) is
indicated in parentheses. Source data are available online.

maternal mRNA targets, we measured the degradation rate of
maternal cleared mRNAs in CSR-1-depleted embryos. Our
analysis shows that the depletion of CSR-1 impaired the higher
level of degradation of CSR-1 mRNA targets with a high density

of 22G-RNAs compared to non-target mRNAs (Fig. 3d). Finally,
we analyzed the dynamics of 22G-RNAs on sorted embryo
populations at different stages (Supplementary Fig. 4f). Our
analysis shows that the 1-cell embryos are already provided with a
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pool of 22G-RNAs antisense to maternal mRNAs and their levels
decreased in late embryonic stages (Fig. 3e). Altogether, our
results suggest that C. elegans embryos inherit a pool of CSR-1
22G-RNAs to target abundant maternal mRNAs that require a
higher degradation rate to facilitate their clearance. However, we
cannot exclude that the inherited level of CSR-1 22G-RNAs is
maintained during early embryogenesis through zygotically
produced CSR-1 22G-RNAs.

CSR-1 cleaves maternal mRNAs in early embryos. To deter-
mine if CSR-1 slicer activity is required for maternal mRNA
clearance, we measured gene expression changes in CSR-1-
depleted embryos complemented with transgenic expression of
CSR-1 catalytic dead or CSR-1 WT (Supplementary Fig. 2c and
Supplementary Fig, 2e). Our analysis showed increased accu-
mulation of maternal cleared mRNA targets in slicer-inactive
CSR-1 embryos, which correlated with the density of com-
plementary antisense 22G-RNAs loaded onto CSR-1 (Fig. 4a,
b). In addition, we cloned and sequenced long (>200 nt) RNAs
bearing 5 monophosphate termini (degradome-seq), which
correspond to the end structure generated by Argonaute-
mediated cleavage?®, to measure the degradation efficiency
(degradome-seq/RNA-seq) of embryonic CSR-1 targets in the
absence of CSR-1 catalytic activity. Our results show that the
degradation efficiency of CSR-1 targets is reduced in slicer-
inactive CSR-1 embryos (Fig. 4c).

To study if CSR-1 is directly regulating these maternal
mRNA targets in embryos, we performed RNA-seq on CSR-1
depleted in 1- to 4-cell stage enriched embryos or 4- to 20-cell
stage enriched embryos (Supplementary Fig. 6a-c). CSR-1
depletion in 1- to 4-cell embryos did not cause global changes
in maternal cleared mRNA target levels (Supplementary
Fig. 6d). However, CSR-1 depletion in 4- to 20-cell stage
enriched embryos resulted in increased levels of maternal
cleared mRNA targets compared to 1- to 4-cell embryos
(Supplementary Fig. 6d). Finally, to prove that CSR-1 is
degrading mRNAs also in somatic blastomeres we performed
RNA single-molecule fluorescence in situ hybridization
(smFISH) on a maternal cleared CSR-1 mRNA target in CSR-
1-depleted and control embryos. We observed reduced
maternal mRNA degradation of the CSR-1 target in somatic
blastomeres of 20-cell stage embryos depleted of CSR-1
compared to control (Fig. 4d, e and Supplementary Fig. 6e).
Thus, CSR-1 and its interacting 22G-RNAs directly regulate
maternal mRNA clearance in somatic blastomeres.

CSR-1 preferentially targets maternal mRNAs no longer
engaged in translation. To analyze the dynamics of CSR-1-
dependent mRNA clearance during embryogenesis, we divided
maternal mRNAs (7033) into those degraded early and late during
embryogenesis. Early-degraded mRNAs (483 genes) showed at
least a twofold reduction in mRNA levels in sorted early embryo
populations compared to 1-cell embryos (Fig. 5a and Supple-
mentary Fig. 4d). Late-degraded mRNAs (1572 genes) showed
stable levels of mRNAs in sorted early embryo populations
compared to 1-cell embryos but were decreased at least twofold in
populations of late embryos (Fig. 5a and Supplementary Fig. 4d).
Analysis of 22G-RNAs interacting with CSR-1 in the embryo
showed that the levels of 22G-RNAs targeting the early-degraded
mRNAs were significantly higher compared to late-degraded
mRNAs in total RNAs and CSR-1 IPs (Supplementary Fig. 7a, b).
Indeed, CSR-1 targets with a high density of 22G-RNAs are highly
enriched for early-degraded mRNAs in contrast to late-degraded
mRNAs (Supplementary Fig. 7c). In addition, the level of 22G-
RNAs antisense to late-degraded mRNAs did not increase during

late embryogenesis (Supplementary Fig. 7d). These results toge-
ther with the observation that CSR-1 is absent in somatic cells
during late embryonic development (Supplementary Fig. 1b)
suggest that CSR-1 might preferentially regulate early-degraded
mRNAs.

Next, we generated metaprofiles for the levels of CSR-1-
interacting 22G-RNAs levels along the gene body of early- and
late-degraded mRNA targets (Fig. 5b, c). The early-degraded
mRNA genes showed an enrichment of CSR-1-loaded 22G-RNAs
at the 3’ end of the genes as well as along the whole coding
sequence (Fig. 5b, d). The late-degraded mRNA genes instead
showed enrichment of CSR-1-loaded 22G-RNAs mainly at the 3’
end, corresponding to the 3’UTR (Fig. 5¢, d). Previous reports
have shown that the rate of mRNA clearance during MZT is
influenced by translational efficiency?3l. Thus, the different
translational status of early- and late-degraded mRNAs may
influence the accessibility of CSR-1-loaded 22G-RNAs antisense
to the coding sequences of cleared mRNAs. To test this
hypothesis, we measured ribosomal occupancy by Ribo-seq in a
population of early embryos (Supplementary Fig. 7e). Early-
degraded mRNAs showed significantly lower ribosomal occu-
pancy and translational efficiency compared to late-degraded
mRNAs (Fig. 5e, f). These results suggest that ribosomal loading
on maternal mRNAs can influence the accessibility of CSR-1
slicer activity.

Ribosome occupancy affects CSR-1-mediated maternal mRNA
clearance. Previous studies have shown that mRNA codon usage
can influence translational efficiency and maternal mRNA decay
during the MZT3031, However, the early- and late-degraded
mRNAs did not show any differences in their codon usage
(Supplementary Fig. 7f, g). Because the translation of germline
mRNAs is primarily regulated by their 3’'UTR in C. elegans32, we
investigated whether different 3'UTRs from early- and late-
degraded mRNAs can impact translation and mRNA degradation
in early embryos. We generated two single-copy transgenic lines
expressing a germline mCherry::h2b mRNA reporter with either a
3'UTR from an early- (egg-6 3’UTR) or a late- (tbb-2 3'UTR)
degraded mRNA target (Fig. 6a). The distribution of endogenous
CSR-1-bound 22G-RNAs from these two genes resembled the
features of early- and late-degraded mRNAs, having a different
level of 22G-RNAs mapping on the coding sequence and a similar
level on the 3'UTR (Supplementary Fig. 8a). The expression of
the two mCherry::h2b mRNA reporters was similar in adult
worms (Fig. 6b). However, the level of mCherry::h2b mRNA fused
with the early-degraded egg-6 3’'UTR was lower in embryo,
indicating increased degradation in early embryos (Fig. 6b). To
verify that the different 3’UTRs affect the translational efficiency
of mCherry::h2b mRNA in embryos we quantified the ribosome
occupancy by Ribo-seq and mRNA level by RNA-seq (Supple-
mentary Fig. 8b-d), and observed decreased translational effi-
ciency of mCherry transgenic reporter with egg-6 3'UTR (Fig. 6¢).
To test whether CSR-1 22G-RNAs contribute to the increased
decay of the mCherry::h2b reporter fused to the egg-6 3’'UTR, we
sequenced small RNAs loaded onto CSR-1 in early embryo
populations from the two transgenic lines (Supplementary
Fig. 9a). We observed increased levels of total 22G-RNAs (Sup-
plementary Fig. 9b) and CSR-1-bound 22G-RNAs on the coding
sequences of the mCherry transgenic reporter with egg-6 3’'UTR
compared to the tbb-2 3’UTR reporter (Fig. 6d, e and Supple-
mentary Fig. 9¢). Given that ribosome translation antagonize
CSR-1 22G-RNA biogenesis and targeting in adult worms33, our
results suggest that the translation level of maternal mRNAs can
influence the rate of CSR-1-mediated mRNA cleavage in early
embryos.
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Fig. 4 CSR-1 cleaves maternal mRNAs in early embryos. a Box plots showing the log; fold change of cleared maternal mRNAs in CSR-1-depleted early
embryos rescued with transgenic expression of CSR-1 ADH (catalytic dead) or CSR-1 DDH (catalytic active) for gene sets of increasing 22G RNA density,
1-50 RPM, 50-150 RPM, >150 RPM or non-target genes. The line indicates the median value, the box indicates the first and third quartiles, and the
whiskers indicate the 5th and 95th percentiles, excluding outliers. The sample size n (genes) is indicated in parentheses. b RT-gPCR showing log, fold
change of maternal cleared mRNAs in CSR-1-depleted embryos with transgenic expression of CSR-1 with (ADH) or without (DDH) mutation in the catalytic
domain. Data are presented as mean = SD from four biologically independent replicates. € Box plots showing the log, fold change of the degradation
efficiency in CSR-1-depleted early embryos rescued with transgenic expression of CSR-1 ADH versus CSR-1 DDH. The degradation efficiency was
calculated by the ratio of normalized degradome-seq reads versus RNA-seq reads. The line indicates the median value, the box indicates the first and third
quartiles, and the whiskers indicate the 5th and 95th percentiles, excluding outliers. The sample size n (genes) is indicated in parentheses. Genes with O
counts in RNA-seq (ADH/DDH) have been excluded from calculation. “Upregulated targets” = CSR-1 targets with log2FC (ADH/DDH) > 0 and adjusted P
value <0.05 by RNA-seq. d Representative images of CO1G8.7 mRNA smFISH in control (left) and CSR-1 depleted (right) 20-cell stage embryos. Arrows
indicates the accumulation of MRNAs in germline blastomere. e smFISH quantification of CO1G8.7T mRNA (embryonic CSR-1 target) in somatic blastomeres
of control (black) and CSR-1 depleted (red) 20-cell stage embryos. Data are presented as mean + SD and the dots are the number of MRNA molecules per
embryo section. The sample size n (embryos) is indicated in parentheses. Scale bars represent 10 um. In a, b, ¢, e, two-tailed P values were calculated using
Mann-Whitney-Wilcoxon tests. Source data are available online.
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Fig. 5 CSR-1 preferentially targets maternal mRNAs no longer engaged in translation. a Detection of early- and late-degraded mRNAs by RNA-seq from
sorted 1-cell, early and late embryo stages. Data are presented as median and 95% confident interval of normalized read abundances in transcript per
million (TPM). The sample size n (genes) is indicated in parentheses. b, ¢ Metaprofile analysis showing normalized 22G-RNA reads (RPM) across early-
(magenta) and late-degraded (blue) mRNA targets in CSR-1 immunoprecipitation (IP) or total RNA input (gray). The transcriptional start site (TSS) and
transcriptional termination site (TTS) is indicated. The average from three biologically independent replicates is shown. d Box plots showing the abundance
of CSR-1-bound 22G-RNAs antisense to coding sequence (CDS) or 3'UTR of early- and late-degraded mRNAs. e Box plots showing the ribosomal
occupancy (by Ribo-seq) of early- and late-degraded mRNAs in early embryos. f Median levels and 95% Cl of translational efficiency (TE) of early- and
late-degraded mRNAs in early embryos. In d-f, the line indicates the median value, the box indicates the first and third quartiles, and the whiskers indicate
the 5th and 95th percentiles, excluding outliers. The sample size n (genes) is indicated in parentheses. Two-tailed P value were calculated using the

Mann-Whitney-Wilcoxon test. Source data are available online.

In summary, our study identifies a function of the conserved
Argonaute slicer activity in the degradation of maternally
inherited mRNAs during the MZT.

Discussion

In this study, we have shown that the maternally inherited CSR-1
protein and its interacting 22G-RNAs trigger the cleavage of
hundreds of complementary maternal mRNA targets in early
embryos. Despite most of the inherited Argonautes localize to the
germline blastomeres, the inherited CSR-1 also localizes to the

cytoplasm of somatic blastomeres for several cell divisions during
early embryogenesis. We have shown that in C. elegans embryos
CSR-1 is loaded with 22G-RNAs antisense to mRNAs that
undergo rapid degradation during early embryogenesis, and CSR-
1 slicer activity facilitates the clearance of these maternal mRNAs.
We have observed that the maternal mRNAs targeted by CSR-1
are inherited at higher levels in 1-cell embryos compared to the
other maternal cleared mRNAs. Nonetheless, CSR-1 targets show
a faster degradation rate, which depends on maternal inherited
CSR-1. We have also observed that CSR-1 is preferentially loaded
with 22G-RNAs antisense to the coding sequences of untranslated
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Fig. 6 Ribosome occupancy affects CSR-1-mediated maternal mRNA clearance. a Schematic of the germline-expressed single-copy mCherry::h2b
transgenic mRNA fused to a 3'UTR derived from an early- (egg-6 3'UTR) or a late-degraded (tbb-2 3'UTR) mRNAs. b RT-gPCR assay to detect the levels of
mCherry mRNA from the two transgenic reporters in adults