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Translation and codon usage regulate Argonaute
slicer activity to trigger small RNA biogenesis

Meetali Singh® 1, Eric Corne® 1, Blaise Li» 12 Piergiuseppe Quarat® 3 Loan Bourdom® %, Florent Dingli 4,
Damarys Loev® 4, Simone Proccaci® 1°& Germano Cecer® 1

In the Caenorhabditis elegagsrmline, thousands of mRNAs are concomitantly expressed
with antisense 22G-RNAs, which are loaded into the Argonaute CSR-1. Despite their essential
functions for animal fertility and embryonic development, how CSR-1 22G-RNAs are pro-
duced remains unknown. Here, we show that CSR-1 slicer activity is primarily involved in
triggering the synthesis of small RNAs on the coding sequences of germline mRNAs and
post-transcriptionally regulates a fraction of targets. CSR-1-cleaved mRNAs prime the RNA-
dependent RNA polymerase, EGO-1, to synthesize 22G-RNAs in phase with translating
ribosomes, in contrast to other 22G-RNAs mostly synthesized in germ granules. Moreover,
codon optimality and efcient translation antagonize CSR-1 slicing and 22G-RNAs biogenesis.
We propose that codon usage differences encoded into mRNA sequences might be a con-
served strategy in eukaryotes to regulate small RNA biogenesis and Argonaute targeting.
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n animals, small RNAs expressed in the germline and traresid proteins involved in 22G-RNA biogenesis, including RdRPs,
mitted to the embryo act as a defense mechanism to reprisslize to germ granul&%5. These germ granules are thought to
foreign RNAs such as viruses, transposons, and other repbé-the site for the biogenesis of all germline 22G-RNAs. Germ
tive elements (REs). These small RNAs are essential for fertgitgnules are organized in sub-compartmedts, Z, and P
and genome integrify?. Their function is controlled by the granuled’. Disruption of M granule (also known as mutator foci),
conserved family of Argonaute proteins (AGOSs), which loads thich participates in piRNA-dependent 22G-RNA production,
small RNAs and functions to repress complementary messengas no apparent effect on CSR-1 22G-R¥&3$ Moreover, the
RNA (mRNA) targets through their endonuclease activity or kype of RNA template used by the EGO-1 RdRP to generate CSR-
recruiting other effector silencing protei& The C. elegans 1 22G-RNAs remains mysterious. During exogenous RNAI, the
germline contains a complex small RNA regulatory network, witdddition of alternating non-templated uridine (U) and guanosine
different classes of small RNAs, multiple AGO effectors, af@) ribonucleotides (polyUG) to the 8rmini of cleaved mRNA
diverse biogenesis pathwéy®ne of the most abundant classesargets by RDE-3 recruits RARPs EGO-1 and RRF-1 to synthesize
of endogenous small RNAs in the germline is the 22G-RNA2G-RNASC3L However, RDE-3 is not required to generate
which are single-stranded antisense small RNAs produced ®@$R-1 22G-RNAS3L Thus, the subcellular location and RNA
RNA-dependent RNA polymerase (RdRPs) as part of an amitbstrate used to create 22G-RNAs is unknown.
cation system to silence target transcripts (revieweg.ifhe In the current study, we elucidate CSR-1 catalytic activity-
production of 22G-RNAs targeting REs is triggered by ovdependent and independent germline gene regulation and deci-
15,000 PIWI-interacting RNAs (piRNAs or 21U-RNAs) angbher the rules governing CSR-1 22G-RNA biogenesis. We
loaded by Worm-spect Argonautes (WAGOS) to silence REsdemonstrate that the slicer activity of CSR-1 triggers the bio-
including the nuclear Argonaute HRDB-12 22G-RNAs are genesis of 22G-RNAs antisense to the coding sequence of
also produced from most germline-expressed mRNAs by thermline mRNAs. We establish that CSR-1 22G-RNAs are syn-
RARP EGO-1 and loaded into the Argonaute C$R4 In thesized on an actively translated mRNA template in the cytosol,
contrast to the 22G-RNAs antisense to REs, which can be tiigdependent of germ granules. Overall, this study establishes that
gered in response to piRNAs, the primary trigger for generatitgnslation and codon usage dictate CSR-1 slicer activity on a
CSR-1 22G-RNAs and why many germline mRNAs becortegget mRNA to regulate small RNA biogenesis and functions.
targeted by CSR-1 is still unknown (Supplementary Fig. 1).
Given that theC. elegan®iRNAs can trigger their targéts
silencing by imperfect complementarity, and therefore potentiaResults
target germline-expressed mRNA37, the targeting by CSR-1Defects in CSR-1 catalytic activity mainly impact 22G-RNA
22G-RNAs can function as an anti-silencing mechanism to protediundance Both csr-1 catalytic mutant ¢sr-1 ADH) and
germline mRNAs from piRNAs silencitff819. The anti- knockout gsr-1KO) worms show reduced fertility and 100%
silencing function of CSR-1 can occur in the nucleus or P graembryonic lethalit§2. However, their gene expression fdes are
ules. In the nucleus, CSR-1 has been shown to interact wdifferent (Supplementary Fig. 2a, b). We hypothesized that the
chromatin in a 22G-RNA-dependent manhkérwhere it can global impact of CSR-1 mutations on gene expression might
counteract piRNA-mediated silencing by antagonizing the bindimgpend on the developmental context and might be biased by
of the nuclear Argonaute protein HRDE-1 to nascent germlirevelopmental defeéts3. Indeed, we observed differences dur-
transcriptd%2L In P granules, CSR-1 can scan the mRNAs exitiflig oogenesis itsr-1ADH and csr-1KO worms marked by a
the nuclear pore and compete with piRNA targetthgThe delayed onset of oocyte production and increased accumulation
anti-silencing function of CSR-1 was primarily established witif oocytes in the germline iosr-1ADH at a more advanced age
single-copy transgeri®d819 However, germline mRNAs remaincompared to wild-type (WT) (Supplementary Fig—c To
protected from piRNAs silencing even in the absence of @§R-bvercome this limitation, we developed a sorting strategy to
and sequence-encoded features of germline mRNAs have al#ain a synchronized population of WT andst-generation
been proposed to prevent piRNA silenditf. To what extent homozygotes focsr-1KO or csr-1ADH strains using COPAS
endogenous germline-expressed genes are regulated by CHiBsbrter, which allowed us to collect almost a pure population of
and piRNA pathways antagonistic functions remain elusiveM+/Z mutants (Supplementary Fig. 2g). Using this strategy, we
(Supplementary Fig. 1). enriched for larval stage late L4 worms, characterized by a closed
In addition, CSR-1 has been proposed to regulate the exprasiva and absence of oocytes and lacking the germline develop-
sion of its germline targets directly. Transcriptomic analysesméntal abnormality (Supplementary Fig. 2h, i).
CSR-1 loss of function alleles have shown that CSR-1 promoteNext, to precisely evaluate the role of CSR-1, we measured
the expression of its target genes in hermaphrodites asahall RNA accumulation (SRNA-seq), transcription (GRO-seq),
maled42223 On the other hand, of the Argonautes that loagnRNA stability (RNA-seq), and translation (Ribo-seq) in WT
22G-RNAs, only CSR-1 has demonstrated slicer activity on targatt mutant worms. In addition, to assess the direct effect of CSR-
mRNA in vitro?4, and worms expressing a CSR-1 catalytic 22G-RNAs on these processes, we sequenced the small RNAs
mutant protein show upregulation of its germline target géhesbound to immunoprecipitated CSR-1 from similarly sorted late
Thus, it remains unclear whether CSR-1 positively or negativel worms to precisely identify the CSR-1 targets at the same
regulates the expression of its target mRNAs. This is becauséalelopmental stage. We detected a total of 4803 genes with
these studies have been performed using different methodologietisense 22G-RNAs loaded into CSR-1 (IP over ingwofold
at different developmental stages using either CSR-1 mutaetsichment and RPM 1 in each replicate of CSR-1 IP)
hypomorphs, or CSR-1 KO rescued with transgenic CSR-1 q@upplementary Data 1). These mRNA targets are germline
alytic mutant4222325 As a result, the gene expression changesriched and largely overlap with previously ded targets22
observed in the different studies do not largely overlap (Suppléth some variations based on developmental stages studied
mentary Fig. 2a, 32325 Therefore, the gene regulatory func{Supplementary Fig. 3a, b). Tbsr-1ADH displayed a global loss
tions of germline CSR-1 22G-RNAs remain incompletelf 22G-RNAs for the majority of CSR-1 targets (Flg, c).
understood (Supplementary Fig. 1). However, only 7.7%n(= 119) of CSR-1 targets with >2-fold
Similarly, the biogenesis of CSR-1 22G-RNAs remains mysduction of 22G-RNAsn(= 1536) showed increased mRNA
terious. Many germline Argonautes, including CSR-1 and PIWgvels, and only one showed twofold downregulation (Ei,
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CSR-1 targets with 2 fold downregulated 22G-RNAs (n=1536)

s

N

(128)

total SRNA
Log;( CSRI-l catalytic mutant / WT)
o

4
(1536)
-6 T T
-2 0 2 4
log,, 22G-RNA RPM (WT)
¢ 22G-RNAs d mRNAs
(total SRNA-seq) (RNA-seq)
CSR-1 catalytic mutant/ WT CSR-1 catalytic mutant/ WT
p=1.19e®
g 2 g 2+ p=301elt
S 1 p=103e% g L T
5 — 5 -
€ —5.4e.15 £
o T poste ) T
s s ]
E O_ ..... T E O_ — 1 L
g - g T
o) )
5 M L 5
O l 1 6]
< <
D -24 o -2
S (3109) (1261) S (3109) (1261)
L B
1-50 50-150 1- 50 50-150

CSR-1 targets 22G-RNA RPM

CSR-1 interactors

150

CSR-1 targets
22G-RNA (RPM)
(9,
@
RN
o
o

B
&
s}

Enrichment

CSR-1 targets 22G-RNA RPM

6 CSR-1 targets with 2 fold downregulated 22G-RNAs (n=1536)

(119)
3 47
E
5 27
< €
Z 8
xs
£g ©
©
o
- -
o -2
7]
(8]
5 47
=}
= 1)
-6 T T T
-2 0 2 4 6
Log,, base mean
e Translation f Transcription
(Ribo-seq) (GRO-seq)
CSR-1 catalytic mutant/ WT CSR-1 catalytic mutant/ WT
= 34
§ . p=10e S
< p=4.9e3 €
g 14 % 14 —‘7 p=17e?
E T E
o T o T
= = |
© L ©
- 4 o
x -14 o -l14
7] 7]
(8] 8]
g g
o -2 o -2
S (3109) (1261) S (3109) (1261)

1-50 50-150
CSR-1 targets 22G-RNA RPM

CSR-1 slicer independent protected genes (n=227)

h
p = 1.749e-36 1.0
p = 6.876e-45 z
5]
3
o
g
p = 3.118e-25 2057
<
Q
8 14 — ADH/WT GRO-seq
— ADH/WT mRNA
— KO/WT GRO-seq
- — KO/WT mRNA
00— T T T T \
-3 -2 -1 0 1 2 3
Log,(mutant vs WT)

1-50 50-150
CSR-1 targets 22G-RNA RPM

22G-RNAs
i (HRDE-1 IP-sRNA-seq )

p =7.5e-62

2 1

£

[

—

3ol T ....................

[a]

4

I

o -1

o

9 [

-2 ‘
‘"

WT

CSR-1 slicer independent
protected genes (n=227)

Fig. 1 Defects in CSR-1 catalytic activity mainly impacts 22G-RNA abundanceM#-plot showing total 22G-RNA log fold-change for CSR-1 ADH
(catalytic mutant) compared to WT. The number in parenthesis indicates the number of misregulated gerizfold. The average from two biological

replicates is shownb MA-plot showing mRNA log fold-change for CSR-1 ADH compared to WT. Genes with 22G-RNAs with twofold downregulation in

CSR-1 ADH compared to WT are highlighted in purple. The average from two biological replicates is showrtpaith mea# computed using DESed?.
The number in parenthesis indicates the number of misregulated gen@sfold (gray dots—all protein-coding genes, purple- CSR-1 targets with twofold

downregulated 22G-RNAs)—f Box plots showing the logfold-change in CSR-1 ADH compared to WT strain for total 22G-RNAs (sRNA-seq) (2 biological

replicates) (€); or mRNAs (RNA-seq) (2 biologically replicates)df; mMRNAs engaged in translation (Ribo-seq) (3 biological replicates); (@and nascent
RNAs (GRO-seq) (2 biologically replicatesf)( The distribution for the CSR-1 targets with 22G-RNA in CSR-1 IP w0 RPM, 50-150 RPM, or 150

RPM is shown (gene list in Supplementary Data @)Enrichment of CSR-1 interactors in different CSR-1 targets categories based on 22G-RNA abundance.

The dashed line at 1 indicates no enrichmeRtvalues were calculated by Exact hypergeometric probability using an automated tool availabiégat/

nemates.org/MA/progs/overlap_stats.html h Cumulative frequency distribution for CSR-1 slicer-independent protected targets (downregulated in CSR-1

KO compared to the CSR-1 ADH in GRO-seq, gene list in Supplementary Data 1). The comparison shows GRG=sefg 4%) and RNA-seq

(P= 4.2e 37) for CSR-1 KO or CSR-1 ADH compared to WBox plots showing the logfold-change of 22G-RNAs (sSRNA-seq) in HRDE-1 IPs compared
to input in WT, CSR-1 KO strains. Data is representative of two biological replicates. For all the box plots, the line indicates the median valug, the bo

indicates the rst and third quartiles, and the whiskers indicate the 5th and 95th percentiles, excluding outliers. Two-tBikalues were calculated using
Mann-Whitney-Wilcoxon tests. The sample size n (genes) is indicated in parentheses. Source data are provided as a Sourcel®ata
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indicating that most mRNA targets are not destabilized by C3$&tgets (Supplementary Fig. 4i), suggests that CSR-1 catalytic
slicer activity. We also detected some targets with upregulasetivity is required for 22G-RNA loading or biogenesis. Despite
levels of 22G-RNAs (Fidla), which belong to spermatogenidhe reduction in total 22G-RNAs in thesr-1ADH strain, an
genes and are being investigated in an independent study. g¥eichment of 22G-RNAs in IP over input was observed for CSR-
further divided CSR-1 targets into three bins based on 22G-RNAADH protein (Supplementary Fig. 5a, b), suggesting that cat-
amounts loaded by CSR-1 in IP and analyzed gene expressiiytic inactive CSR-1 (CSR-1 ADH) can still bind the 22G-RNAs
changes and dependence on 22G-RNA levels. The increaspramnluced in the mutant. In fact, CSR-1 ADH showed enhanced
mRNA and translational levels of the targets dar-1 ADH binding ef ciency compared to WT CSR-1, suggesting that either
correlated with 22G-RNA levels in CSR-1 IPs in a dosthie loading of 22G-RNA is more afient in CSR-1 ADH or the
dependent manner (Fidld, e) in agreement with a previouscatalytic mutant protein stabilizes its interacting 22G-RNAs.
report>, but their transcription was unaffected (Fid). There- We then investigated the distribution of CSR-1-bound 22G-
fore, our results support a previously developed model that CSRIAs along the target-gene bodies. We found that the reduction
slices a subset of MRNA targets having abundant 22G-RNAsmne22G-RNAs incsr-1ADH and KO primarily occurred antisense
the post-transcriptional lev&32 Moreover, CSR-1 interactorsto the coding sequence (CDS) of CSR-1 targets, whereas 22G-
identi ed by mass spectrometry (MS/MS) are enriched with CSRNAs derived from the dintranslated region (BTR) were
1 targets that are post-transcriptionally regulated by CSRatgely unaffected (Fi@a—e and Supplementary Fig. 5c). These
(Fig. 1g and Supplementary Fig. 3c). Most of these targets aesults indicate that the RARP fails to synthesize 22G-RNAs on
direct interactors and are not impacted by RNase treatmehe CDS in the absence of catalytic activity.
(Supplementary Fig. 3f). Thus, CSR-1 slicer activity negatively The RdARP EGO-1 has been proposed to exclusively synthesize
regulates the expression of its own interactors, including CSREER-1-bound 22G-RNA3426 We con rmed these results by
suggesting a negative feedback loop. using anego-lknockout (KO) and sequenced 22G-RNAs, which
Overall, these results suggest that the main role of CSRwdre depleted both at CDS ant3R (Fig.2d, f). To understand
catalytic activity is to control the accumulation of CSR-Whether the small RNAs produced on thefBR in the absence of
interacting 22G-RNAs. In addition, CSR-1 post-transcriptionallSR-1 protein or its catalytic activity are also synthesized by
regulates a small fraction of CSR-1 targets that have higB@O-1, we eftiently depleted CSR-1 using an auxin-induced
abundant 22G-RNAs. degradation system, combined wilgo-1knockdown by RNAI
(Supplementary Fig. 5§. First, we conrmed that CSR-1 22G-
. . NAs were depleted on CDS and enriched &TR upon auxin-
CSR-1 protects a subset of oogenic enriched targets froqﬁ;duced CSR-1 depletion (Figg, h). Next, we observed reduced

piRNA-mediated transcriptional silencing Similar to csr-1 2G-RNA
) : i - s from both CDS as well asUBR upon ego-1
ADH worms, csr-1KO worms displayed a loss of 22G-RNAs n8ckdown by RNA (Fig2g, i and Supplementary Fig. 5g, h),

well as an upregulation of a subset of target MRNAs characterilzr%plying that EGO-1 may be exclusively responsible for the
by a high abundance of 22G-RNAs (Supplementary Figd)4a g ) i -
However, the level of upregulation of CSR-1 target mRNAs v\;r%%nhe&s of the CSR-1 22G-RNAs in both WT and tse 1

- . tants. However, the catalytic activity of CSR-1 is required to
signi cantly lower in thecsr-1KO compared to thesr-1ADH, : 1 i
possibly due to decreased transcription (Supplementary Fig. 5 ciently generate EGO-1-dependent 22G-RNAs along the

Indeed, we found that a subset of target genes displayed dzé ing sequences of target MRNAs. To understand if another

P : ass of endogenous small RNAs, the 26G-fRA may be
regulated transcription and reduced mRNA levels in the KQ. ™ . - ’ " |
compared tocsr-1 ADH. These were downregulated in KOB MY the EGO-1 recruitment at thel8TR, we combineégo-1

; : RNAI with mutant of RARPrrf-3 / , which is responsible for
compared to WT but were unaffected in tb&r-1ADH (Fig. 1h). I?,.?G-RNA productio35. However, we did not observe any

The majority of these genes (53%) were enriched for ooge Ctributi . ; :
, tribution of RRF-3 produced 26G-RNAs in the biogenesis of
mMRNAs (see Supplementary Data 1 for gene list) (Supplemen R-1 22G-RNAS anFc)i EGO-1 priming onU3R of gSR-l

Fig. 4f), and there was no clear correlation with the abundancet - .

) i . targets (Supplementary Fig.-6a Also, we did not observe any
22G-RNAs loaded by CSR.l for thesg targets. G[ven that C.SR i?'r%positional bias for 22-nt small RNAs derived from CDS and
proposed to protect germline transcripts from piRNA-mediate, UTR (Supplementary Fig. 6d, €). CSR-1 -associated 22G-RNAs

silencing, we hypothesized that in tleer-1 KO, piRNAs can X . .
trigger the loading of 22G-RNAs into the nuclear Argonau%;: also be poly uridylated (&) Thus, we investigated whether

) LS o ; ere was any difference in the levels of CSR-1 22G-RNAs poly
HRDE-1 resulting in the reduced transcription of this subset in both csr-1ADH and csr-1KO compared to WT. Our

CSR-1 targets. We observed_ an increased number of CSR-la Llysis showed a loss of CSR-1-associated 22G-RNAs poly (U)
gets with their 22G-RNAs being loaded by HRDE-Lsn-1KO th at CDS and ®TR (Supplementary Fig. -8f), similar to
compared to WT- (Supplementary Fig. 4g). Indeed, we nonc%/ at we have observed for total CSR-1 ZZG-RNAS. The CSR-1
HRDE-1 loads increased levels of 22G-RNAs from tra 2G-RNAs poly(U) were also globally reduced €go-1KO

scriptionally downregulated CSR-1 targets in tt&r-1 KO ' : 2
(FigF.) 1i). Tr{ese expe%iments provide evigence that endogen ﬁgpplementary Fig. 6f, 9), suggesting poly(U) .addmon. happens
genes can be targeted by HRDE-1 in the absence of CSBY t-22G-RNA biogenesfs Thus, how EGO-1 is recruited at

supporting its anti-silencing role. We further show that CSR
sliced targets and CSR-1 protected targets are mutually exclugi
(Supplementary Fig. 4h), highlighting a slicer-dependent regu,

R remains to be investigated.
Finally, we tested whether the restored expression of CSR-1 is
Weeient to generate EGO-1-dependent 22G-RNAs on the gene

tion of gene expression and slicer-independent role in protecti dy. For this purpose, we depleted CSR-1 by auxin-induced

. ! i - degradation for 38 h after hatching (Oh recovery) and then
gaiggﬁ’ggOﬂgloggig'i%gtargets from piRNA-mediated HRDEr introduced CSR-1 by recovering expression for 5 and 10h

(Supplementary Fig. 6i). As expected, the depletion of CSR-1
caused a loss of 22G-RNA accumulation on the CDS ZFamd
CSR-1 catalytic activity is required for biogenesis of 22G-RNAsSupplementary Fig. -6isee 0h recovery). However, upon
antisense to the coding sequence of target mMRNA#$e global reintroduction of CSR-1 expression (5 and 10h recovery), we
reduction of CSR-1-bound 22G-RNAs observed in CSRebserved a steady increase of 22G-RNAs, mainly on the CDS
mutants, including CSR-1 sliced as well as CSR-1 protectEiy. 2j, k). The lack of complete recovery of 22G-RNAs could be
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due to the accumulation of germline defects as a result of CSB#dgenesis of CSR-1 22G-RNAs and the regulation of their
depletion during the initial period of germline development. targets occurs in the cytosoPIWI and RNAI biogenesis factors
Overall, these data demonstrate that EGO-1 can be recruited known to localize in perinuclear condensates, called germ
on the 3UTR of target mMRNAs and initiate the production ofgranules, and these germ granules have been proposed to be the
22G-RNAs. However, CSR-1-mediated slicing of mRNAs siée for biogenesis of 22G-RN&S™3. Germ granules have been
required to template the production of small RNAs on theshown to be organized in different compartments, namely P, M
gene body. (also known as mutator foci), and Z grandiesCSR-1 and
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Fig. 2 CSR-1 catalytic activity is required for the biogenesis of 22G-RNAs antisense to the coding sequencedag, j Metapro le analysis showing the
distribution of normalized 22G-RNA (sRNA-seq) reads (RPM) along all CSR-1 targetsRPMn= 4803) in WT CSR-1 or CSR-1 ADH
immunoprecipitation (IP) &); in WT, csr-1KO andego-1KO (d); upon ego-IRNAi and Control RNAI treated in Auxin-depleted CSR-1 degron background
(CSR-1 depleted) and degron control (CSR-1 expresset) dfter depletion of CSR-1, in the CSR-1 degron strain for 38 h by growing on auxin containing
plates and recovery of CSR-1 expression by transferring on plates without auxin for 0, 5, and jJOTFSS indicates the transcriptional start site, TES
indicates the transcriptional termination site. An average of two biological replicates is shdwoaBox plots showing the logfold-change of the amount of
total 22G-RNA generated from CDS andUWBTR of all CSR-1 targets in CSR-1 ADH compared to W) 22G-RNA generated from CDS andUBTR of all
CSR-1 targets bound in CSR-1 ADH IP compared to WT CSRé€)}. 1€, { Box-plot showing the logfold-change in the amount of 22G-RNA generated from
CDS and TR of all CSR-1 targets asr-1KO compared to WT €) and in ego-IKO compared to WT {). h, i Box-plot showing the logfold-change in the
amount of 22G-RNA generated from CDS and AR of all CSR-1 targets in Auxin-depleted CSR-1 compared to non-depleted CSR-1 degron control in
control RNAI backgroundH); for ego-IRNAi compared to control RNAi treated in Auxin-depleted CSR-1 degron backgroi)nki Box-plot representing the
data inj showing the RPM of 22G-RNAs generated from CDS andBR of CSR-1 targets (22G-RNAL RPM) for CSR-1 expression recovered for 0, 5, or
10 h. For all the box plots, the line indicates the median value, the box indicates theand third quartiles, and the whiskers indicate the 5th and 95th
percentiles, excluding outliers. Two-taileltvalues were calculated using MarkiVhitney-Wilcoxon tests. For all the experiments, the sample sine
(genes) is indicated in parentheses, which include all CSR-1 targets. For all experiments, data is representative of two biological replicatesiBaare
provided as a Source Datale.

EGO-1 localize in both cytosol and the P grantfiesuggesting localization of CSR-1 ADH within P granules, as can be seen with
that the biogenesis of CSR-1 22G-RNAs might also occur in thesdocalization with GLH-1 (a component of P granule) in
organelles. To test this possibility, we used RNAI to simultanlarged granules and this increased expression is consistent with
neously deplete four core components of P granydgkl, pgl-3, the observation that CSR-1 self-regulates its expressiomi¢lig.
glh-1, andglh-449, (Supplementary Fig. 7a). This treatment was Based on these data, we hypothesized that 22G-RNAs are
suf cient to disrupt not only P granules but also mutator foci angynthesized in the cytosol, using translating mRNAs as templates.
Z granules as observed by imaging of their respective compondristest this hypothesis, we performed polysome lercand
PGL-1 and DEPS-1 (P granule), MUT-16 (mutator foci), aniinmunoblot for CSR-1 and EGO-1, which were both enriched in
ZNFX-1 (Z granule) (Fig3a). Mutator foci were previously not polysome fractions, suggesting they interact with translating
shown to be disrupted by RNAI against either single or twoRNAs (Fig.4d). In contrast, PIWI and PGL-1 (a P granule
components of P granidé However, RNAi against four P component) were not enriched in the polysome fractions, further
granule components disrupts mutator foci also (Fg). The supporting the synthesis of PIWI-dependent 22G-RNAs in P
treatment also depleted the majority of CSR-1 localization ingPanules, which are devoid of mMRNAs engaged in transf&tion
granules (Fig3b). However, the cytosolic localization of CSR-1 We then mapped the distance between the start of the 29-
remained unaffected (FigBb). We still observed a residualnucleotide Ribosomal Protected Fragments (FRfd the 5end
granular localization of CSR-1, which we attribute to a lack of CSR-1 22G-RNAs (Supplementary Fig. 7d). We observed the
100% knockdown during RNAI treatment. In fact, remainingharacteristic three-nucleotide (3-nt) periodicity pattern typical of
CSR-1 localized with residual DEPS-1 (a component of P graibosomal footprints (Figle), indicating that the synthesis of CSR-1
ule) upon P granule RNAI (Fi@b). Z granule mutantAnfx-1) or 22G-RNAs occurs on mRNA templates engaged in translation in
mutator foci mutant (hut-16 did not affect CSR-1 localization tophase with the ribosome. In contrast, the HRDE-1 loaded 22G-
P granule (Supplementary Fig. S7b). RNAs of P granule-dependent piRNA targets (Supplementary
Next, we evaluated the effects of loss of germ granules on 2P@ta 1) did not show phasing with ribosomes as observed due to a
RNA biogenesis. Though piRNA-dependent 22G-RNAs wdeek of three-nucleotide periodicity and were randomly distributed
globally depleted upon P granule RNAI treatment (B@j, CSR- (Fig.4e and Supplementary Fig. 7d), in agreement with the fact that
1 22G-RNAs were unaffected upon P granule RNAI treatmeft,granules are devoid of translating mRR#4 and PIWI is not
despite the loss of perinuclear CSR-1 P granule localizatemriched in polysome fractions. Altogether these results suggest that
(Fig. 3b, c). Furthermore, CSR-1 targets were not upregulat€®R-1 cleaves actively translating mRNAs, which become the
upon P granule RNAi (RNA-seq data frof) (Fig. 3d and template for EGO-1-mediated synthesis of 22G-RNAs on the
Supplementary Fig. 7a). Though a synthesis of CSR-1 22G-RNdding sequence of mRNA targets.
in P granules cannot be completely ruled out, these results

highlight that majority of CSR-1 22G-RNA biogenesis occurs jJiRNA translation antagonizes CSR-1 22G-RNA biogenesis
the cytosol, and P granules are dispensable. EGO-1-mediated synthesis of CSR-1 22G-RNAs does not occur
on every germline mRNA at similar levels, and we found that the
Translating mMRNAs serve as the template for 22G-RNA bio-levels of 22G-RNA are independent of the levels of the mRNA
genesisOur data so far suggest that majority of CSR-1 22G-RN#&snplate (Supplementary Fig. 8a). Given our observations that,
might be generated in the cytosol. Consistent with CSR-1 localstively translating mRNAs serve as the template for CSR-1 22G-
zation in the cytosol and P granules, we idesdi ribosomal and RNAs, we hypothesized that the translationcegncy (TE) of
ribosomal-associated proteins, which are enriched in the cytog@lrmline mRNAs impacts CSR-1 22G-RNA biogenesis. To test
and germ granule components in our immunoprecipitation-maskis hypothesis, we calculated the TE of CSR-1 targets using the
spectrometry (IP-MS/MS) as direct CSR-1 interactors @Y. Ribo-seq and RNA-seq data from WT worms at the late L4 stage.
Ribosomal interactors of CSR-1 were not lost upon RNase tréMe observed that levels of CSR-1-associated 22G-RNAs pro-
ment, contrary to ribosomal interactors of PIWI, which are lost oduced from a target mMRNA were inversely correlated with their
RNase treatment (Supplementary Fig. 7c), suggesting that CSH=1(Fig.5a), suggesting that translation antagonizes the biogen-
directly interacts with ribosomal proteins. Moreover, CSR-1 ADébis of CSR-1 22G-RNAs.
showed reduced co-pudation of ribosomal proteins and Codon usage and the availability of the tRNA pooluence
increased co-purcation of P granule components, compared t§E*546. Therefore, we investigated whether these mechanisms
CSR-1 WT (Fig4b). The catalytic mutation leads to an enrichedffect the biogenesis of CSR-1 22G-RNAs. We determined
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Fig. 3 Biogenesis of CSR-1 22G-RNAs and the regulation of their targets do not require germ granule localizatiorLige- uorescent images of animals
expressing P granule marker PGL-1::mCardinal (P granule), ZNFX-1::TagRFP (Z granule), and MUT-16::GFP (Mutator foci) treated with eitfiRNéooirol
P granule RNAIggl-1, pgl-3, glh-andglh-4). All three granule types are depleted. Scale bars represenprtOb Live- uorescent image of animals
expressing P granule marker DEPS-1::GFP (P granule) and mCherry::CSR-1 treated with either control RNAI or P granpigl-RN#gI3, glh-andglh-4).
Scale bars represent im. CSR-1 is localized in both cytosol and P granule, and upon RNAI treatment, P granule localization of CSR-1 is lost while maintaining
cytosolic localization. At least ten individual germlines were imaged for each conditioa, in ¢ Box plots showing the logfold-change of total 22G-RNA
(sRNA-seq) upon P granule RNAi compared to control RNAI. The distribution for the 22G-RNA in CSR-1 IP for CSR-1 targe{SONRRN, 50-150 RPM, or
150 RPM (gene list in Supplementary Data 1) and piRNA-dependent 22G-RNA target §&aes shown. Data is average of two biological replicatdsBox
plots showing the log fold-change of MRNA expression (RNA-seq from Campbell et3uupon P granule RNAI compared to control RNAi. The distribution
for the 22G-RNA in CSR-1 IP for CSR-1 targets wisDIRPM, 50-150 RPM, or 150 RPM. For both the box plots, the line indicates the median value, the
box indicates the rst and third quartiles, and the whiskers indicate the 5th and 95th percentiles, excluding outliers. Two-tBealues were calculated
using Manr-Whitney-Wilcoxon tests. The sample size (genes) is indicated in parentheses. Source data are provided as a Source Data

optimal and non-optimal codons using our experimental datnrichment in genes with high TE (It 3) were considered
from Late L4-staged worms. First, we calculated the normalizgatimal codons, and the ones under-represented were considered
average relative synonymous codon usage (RSCU) for genesidoroptimal codons (Fighb). We conrmed that our classta-
different categories of high or low TE (Fip). Codons showing tion of optimal/non-optimal codons correlated with tRNA copy
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number (Fig.5¢c and Supplementary Fig. 8b, d) and tRNA We then evaluated the codon usage of CSR-1 targets by
expression in the late L4 worm population (44 h) as measured dymparing their normalized average RSCU to highly translated
GRO-seq (Figod and Supplementary Fig. 8c, €). We noticed thatRNAs. We found that non-optimal codons were enriched, and
for codons with no tRNA cognates and requiring tRNA bindingptimal codons were depleted in CSR-1 targets, suggesting that
by wobble pairing, all optimal codons end with C and nonthis might be an encoded feature of mMRNA targetsiencing the
optimal with U. Translation elongation is lower for those endingriming of 22G-RNA synthesis (Fife). Non-optimal codons are
with a U7, known to promote ribosome stallifgrC. To map differences in
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Fig. 4 CSR-1 22G-RNAs are synthesized concomitantly with mRNA translation.Szatter plot comparing the logfold-changes in CSR-1 interactors (IP-
MS/MS) to control IPs performed in WT strain in the absence of RNase treatmeriaiis) to the IPs performed after RNase treatment (Supplementary

Data 2). Ribosomal proteins and translation regulators are highlighted in green, and germ granule proteins, including RNAI factors, are heyhlighte
magenta. Number in gray refers to all interactors with Ipgpld-change of 1 andP-value 0.05 for each quadrant. The number in parenthesis is for
ribosomal and translation-associated proteins enriched and granule and RNAI factors4 biological replicatesb Volcano plot showing log fold-change

in enrichment values and corresponding signance levels for proteins co-purifying with CSR-1 ADH compared to WT CSR-1 (Supplementary Data 3).
Ribosomal proteins and translation regulators are highlighted in green. Germ granule proteins, including RNAI factors, are highlighted in migesize

of the dots is proportional to the number of peptides used for the quam@tion. The linear model was used to compute the protein quaettion ratio, and

the red horizontal line indicates the two-taileB-value= 0.05. n= 4 biological replicatesc Live- uorescent images showing localization and expression of
GLH-1::GFP (P granule marker) and WT mCherry::CSR-1 or catalytic mutant mCherry::CSR-1 ADH. In WT, CSR-1 is localized to the cytosol and P granule. In
CSR-1 catalytic mutant, CSR-1 is predominantly localized in enlarged P granules (Brightness of WT strain enhanced in middle panel for bettatigisuali

as the expression level of the mutant protein is higher than WT). At leaste individual germlines were imaged for each strathRepresentative polysome

pro le indicating elution fractions with sub-monosomal, monosomal and polysomal complexes. Immunoblot for FLAG::CSR-1, FLAG::EGO-1 with anti-FLAG
antibody and RPS-3, PIWI, and PGL-1 with their respective antibodies in sub-monosomal, monosomal, and polysomal fractions. The blots have been
reproduced e Periodogram based on Fourier transform for read-density around RSBt position showing periodicity of CSR-1 22G-RNAs phasing with
RPFs. P granule-dependent piRNA targets in HRDE-1 IP were used as control. Data is representative of two biological replicates. Source datiedraprovi

a Source Data le.

22G-RNA biogenesis on sequences with optimal or non-optintalels of 22G-RNAs for other CSR-1 targets remained unaffected
codons, we divided RPFs into two categories based on (Ray. 6b). Further, the signcant decrease in 22G-RNAs on the
presence of either an optimal or non-optimal codon at the A araptimized kip-7_co allele was observed in exon$ 3and was
P sites of the ribosome. We did not observe any spdiias at accompanied by an increase in Ribo-seq peak height at those
the last position of RPF (Supplementary Fig. 8f). We themwsitions (Fig6c, d). Theklp-7_co strain also showed increased
mapped the distance betweend 22G-RNAs and RPFs andklp-7 mRNA level compared to WT (Figa), and we corrmed
observed a peak for theénd of 22G-RNAs downstream of RPRhis result by quantitative reverse transcription PCR (RT-qgPCR)
(29th position) when the A and P sites of the ribosomes af8upplementary Fig. 9c). These results suggest that CSR-1
occupied by a non-optimal codon contrary to when optimahrgeting, and regulation are impaired &ip-7_comRNA. To
codons are present on A and P sites, which show no bias{}ig. validate this, we performezbr-1RNAI and showed increasétp-
This result suggests that the 22G-RNA production is preferenmRNA levels in the WT strain but not in thklp-7_co strain
tially initiated downstream of ribosomes especially occupyiligig. 6e), suggesting that CSR-1 slicer activity is reducddpat
non-optimal codons that are di€ult to translate, by CSR-1-7_co mRNA. The increased levelsktg-7 mRNA correlated with
mediated slicing and recruitment of EGO-1. a reduction in brood size (Supplementary Fig. 9d) and higher

Altogether, these observations suggest that translation awdbryonic lethality at 25 °C iklp-7_co strain compared to WT
ribosome position dictate the production of CSR-1 22G-RNAs(Supplementary Fig. 9e), indicating the physiological relevance of

kIp-7mRNA targeting by CSR-1. Finally, to rule out any difference

Increasing the translation efciency of a CSR-1 target impairs in the production of either 22G-RNAs or mRNA levels due to
CSR-1 22G-RNA biogenesis and functioifo determine whe- possible developmental defects betwdpr7_co and WT strain,
ther non-optimal codons directly affect TE and CSR-1 22G-RNg€ generated a heterozygote straikipf7_co with a uorescent
biogenesis, we altered the coding potential of a CSR-1 target. @ marker on the balancer chromosome. We sorted hetero-
examinedklp-7, which has the second-highest abundance of 22@&ygote GFP-positive worms with one copy of medikip-7_co
RNAs loaded by CSR-1 and is post-transcriptionally regulated@yd one copy of WTklp-7 each and performed RNA-seq and
CSR-1. KLP-7 is a kinesin-13 microtubule depolymerase an$fNA-seq. We observed similar results with a 1.8-fold increase in
required for spindle organization and chromosome segregatioMRNA levels foklp-7_co compared to the WKIp-7copy and a
Overexpression of KLP-7 in thesr-1mutant has been shown to 1.25-fold decrease in 22G-RNA levels (Supplementary Fig. 9f, g).
cause microtubule assembly def&ttklp-7 showed enrichment These results demonstrate that CSR-1 22G-RNA biogenesis and
of non-optimal codons and depletion of optimal codons similarigctivity are reduced on mRNA templates with optimized codons
to other CSR-1 targets (Supplementary Fig. 9a). We optimized &l increased translation.
codon usage irklp-7 by incorporating exclusively synonymous Altogether, these results suggestcietly translating ribo-
optimal codons (Supplementary Fig. 9a). We used CRISPR-C3@9es block the access of CSR-1 to the mRNA template and
to replace endogenoudp-7 isoform b with the modied kip-7  thereby hamper 22G-RNA production and, in turn, affect gene
codon-optimized Klp-7_co) to avoid disrupting potential UTR- regulation by CSR-1 during germline development.
mediated regulation.

To ascertain whether codon optimization ldp-7 affected the Discussion
TE, we performed RNA-seq and Ribo-seq from synchronized aimdthis study, we have determined the rules governing germline
sorted late L4 population (44 h). Indeed, we detected a twofoldRNA targeting by CSR-1 and addressed the long-standing
increase in the TE dip-7mRNA in theklp-7_co strain compared paradox of CSR-1 function as an anti-silencer or a slicer. We
to WT (Fig. 6a). The TE of other CSR-1 targets remaineshow a signicant fraction of the slicing activity of CSR-1 is
unaffected in theklp-7_co strain, indicating that the effectsdirected towards the production of 22G-RNAs antisense the
observed are specito klp-7mRNA (Fig.6b). In addition, KLP-7 coding sequence of its targets. We further dissected the
protein levels were increased in two independent linddpef_co mechanism of CSR-1 22G-RNA production. We demonstrated
compared to WT, consistent with increased translation (Suppt&at the majority of the synthesis of 22G-RNAs occurs in the
mentary Fig. 9b). We then measured the level of 22G-RNg&gosol on translating mRNA templates with a low translation
antisense t&lp-7 mRNA in theklp-7_co strain compared to WT, ef ciency. CSR-1 slices the target mRNA occupied by ribosomes
and we observed a 1.4-fold decrease in 22G-RNAsG®igThe and initiates 22G-RNA biogenesis by priming RdRP EGO-1
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activity. Finally, we have determined how CSR-1 can préSR-1 function as slicer and anti-silenceWe demonstrate that
ferentially target some germline mRNAs. We discovered tHaBR-1 slicing activity regulates a fraction of targets, with a high
incorporating or avoiding non-optimal codons is a strateggbundance of 22G-RNA bound by CSR-1, post-transcriptionally
adopted by germline mRNAs to be differentially regulated liry the germline, supporting the previous observatfolwe fur-
CSR-1 22G-RNAs (Figr). Overall, this study highlights thether show that CSR-1 targets are enriched in CSR-1 direct
codon dependence and translationalogncy of mRNAs in the interactors, including genes belonging to the CSR-1 pathway and
germline for the regulation of CSR-1 22G-RNAs biogenesis a§R-1 itself. The upregulation of CSR-1 targets, therefore, may
in turn, gene expression of the targets, which could have a sigdirectly cause previously observed phenotypes, including
ni cant bearing on germline gene regulation not just in wornehromatin defect<552 Another recent study demonstrates that
but across species. CSR-1 slicing activity is responsible for the decay of a larger
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Fig. 5 Highly translated mRNAs and optimal codons negatively correlate with CSR-1 22G-RNA abundancelranslation efciency Log (RPF TPM/
mRNA TPM) for CSR-1 targets in WT strain. The distribution for the 22G-RNA in CSR-1 IP for CSR-1 targetsS@ifRFM, 50-150 RPM, or 150 RPM.
The sample sizen (genes) is indicated in parentheses. The line indicates the median value, the box indicatesrgt@nd third quartiles, and the whiskers
indicate the 5th and 95th percentiles, excluding outliers. Two-tailPdvalues were calculated using MarkVhitney-Wilcoxon tests. The sample size
(genes) is indicated in parentheses. Data is an average of two biological replicététeat map showing logfold-change in Relative Synonymous Codon
Usage (RSCU) for all protein-coding genes categorized by increasing translationelezfcy compared to genes showing neutral translational @ency of
1, as explained in methods. Codons are arranged in order of decreasing RSCU (top to bottom) in the category BElo@. The blue line highlights optimal
codons in genes with high TE, and the red line highlights non-optimal codong Box-plot showing the copy numbers for tRNAs for optimal or non-optimal
codons (), and the TPMs for tRNAs from the GRO-seq dataset for WT strain at the late 14 larval stage (44 h) for optimal or non-optimal coddng be
line indicates the median value, the box indicates thest and third quartiles, and the whiskers indicate the 5th and 95th percentiles, excluding outliers.
Two-tailed P-values were calculated using MarkVhitney-Wilcoxon tests. Two biological replicates. For codons with missing cognate tRNA, values have
been adjusted by considering tRNA copy numbers and TPMs for tRNA recognizing these codons by wobble base$aifieg Supplementary Fig. 8b, ¢
for non-adjusted values)e Heatmap similar tob showing log fold-change in relative synonymous codon usage for all CSR-1 targes0(150-150, and

150 RPM of 22G-RNA) compared to genes showing neutral translationatiefcy as explained in method$*” marks over-used non-optimal codons by
CSR-1 targets ant#” marks under-used optimal codon$.Plot showing thez-score for the read-density for the of Sterminus of 22G-RNAs for CSR-1
targets relative to the start of 29-nt long Ribosomal protected fragments (RPF) with either optimal or non-optimal codons at their P and A site. Téreesch
shows possible initiation of 22G-RNA biogenesis after a slicing event downstream of RPF with non-optimal codons at the A and P sites. Source data are
provided as a Source Datale.
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Fig. 6 Increasing optimal codon usage of CSR-1 target decreases small-RNA productionb&Plot showing log fold-change for normalized reads for
mRNAs from RNA-seq, RPF from Ribo-seq, and 22G-RNAs from sRNA-seq and differential Translatiariahey forklp-7 (top CSR-1 target) &) and all
CSR-1 targets (RPM 1,n= 4803) (b) for the strain with codon-optimizedklp-7 (klp7_cd compared to WT strain. Two biological replicates are shown
with their mean @). Forb, the line indicates the median value, the box indicates thest and third quartiles, and the whiskers indicate the 5th and 95th
percentiles, excluding outliers. Data is an average of 2 biological replicates. 4803 CSR-1 targets except klp-7¢, d A genomic view ofklp-7 showing
Ribo-seq €) and 22G-RNAs @), normalized reads for the strain with codon-optimizedp-7 (kip7_cd in pink compared to WT strain in gray. Data is
average of two biological replicateg Log fold-change in expression atsr-1, glh-4andklp-7 upon csr-1RNAi compared to control RNAi by gPCR in the
WT strain andklp-7_cdstrain with klp-7 codon optimization). Data are represented as mean + SD for three biological replicates. Source data are provided
as a Source Datale.

number of maternally inherited CSR-1 target mMRNAs in somatienes, which initiate their transcription during the developmental
blastomere in the embry®s Our observations also suggest atage analyzed in this study. We predict that more oogenic genes
catalytic-independent function of CSR-1 in preventing piRNAmight be protected by CSR-1 at a later time point but isatift
dependent chromatin silencing. Spegilly, we showed that in to study due to developmental defects accumulated at these later
the absence of CSR-1 protein, a different subset of CSR-1 tatigepoint£>. The CSR-1 protected targets do not overlap sig-
genes mostly comprised oogenic genes is misrouted into thecantly with CSR-1 sliced targets. We, therefore, propose that
piRNA pathway, which represses their expression at the trabSR-1 slicer and anti-silencer function co-exist to regulate dif-
scriptional levels through the nuclear Argonaute HRDE-ferent germline gene expression programs. This regulation is also
Therefore, in addition to the post-transcriptional regulation gbotentially spatially compartmentalized due to different functions
germline mRNA%, CSR-1 can also license the transcription @f CSR-1 in P granules and cytosol, as discussed in another
germline genes, which was hypothesized previously basedparagraph below. Further studies are required to uncouple the
transgene analy3fst9 and shown directly here (Fi@). Mutation impact of the slicer and anti-silencer function using tools
in the CSR-1 pathway was also shown to cause changes indiygleting CSR-1 spatially and temporally. CSR-1 is not the only
epigenetic landscap@®3. Given that HRDE-1 is known to pro- mechanism that might license germline mRNAs. Indeed, apart
mote the deposition of histone modiations associated with gendrom CSR-1 targeting of mMRNA& other mechanisms have been
silencing, the effects observed upon mutation in componentsposbposed to protect germline mRNA from piRNA silencing,
the CSR-1 pathway might be the results of CSR-1 anti-silencingluding PATCs sequences in intréfsand not yet completely
function. The majority of CSR-1 protected genes include oogedie ned features in coding sequebtérherefore, that might also
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Fig. 7 Model illustrating biogenesis of CSR-1-22G-RNA in the cytosoCSR-1 targets most of the germline-expressed genes. CSR-1 22G-RNAs are
produced from mRNAs engaged in translation in the cytosol. We propose EGO-1 initiate 22G-RNA biogenesis aUffig 8n every actively translating
mRNAs or by being recruited on speat 3UTR sequences by yet unknown mechanism. However, to produce 22G-RNAs on coding sequence, CSR-1 slicing
activity is required on the mRNA template. Codon usage and translationcefncy antagonistically regulate levels of 22G-RNAs production on different
CSR-1 targets. We propose that CSR-1 can interact with ribosomes and the slicing event is more biased downstream of a possible stalled ribosome

occupying a non-optimal codon site. CSR-1 slicer activity can regulate gene expression of few top targets, which further depends on the 22G-RNA level
Additionally, CSR-1 can protect a set of mainly oogenic genes from piRNA-mediated HRDE-1 transcriptional silencing in a catalytic-independent man

explain why the removal of CSR-1 does not affect a large numB& TR might also recruit and initiate EGO-1-dependent 22G-
of mRNAs. RNAs from the 3JTR of selected mRNAs.

The role of translation and codon usage in CSR-1 22G-RNA
Biogenesis of CSR-1 22G-RNA#n this study, we have now biogenesisGerm granules are thought to be the site for all 22G-
established that the majority of Argonaute CSR-1 slicing activRNA synthesis and have been shown to be essential for the
cleaves target mRNAs to trigger the generation of RdR&mthesis of piRNA-dependent 22G-RNAs. Whether CSR-1 22G-
dependent 22G-RNAs on the gene body. We propose that CE&RIAs are also generated in germ granules is still unknown. In our
1 slicer activity is required to generate nev¥D81 ends along the current study, we show that CSR-1 22G-RNAs are synthesized in
gene transcript to facilitate the initiation of 22G-RNA synthesjshase with ribosomes on actively translating mRNAs. P granules
by RARP (EGO-1) towards theénd of the mRNA target. This is are known to be depleted of translating mMRNAs, and P granule
consistent with previous in vitro RdRP analysis showing thatriched mRNAs become translationally active upon P granule
non-polyadenylated @H ends of RNAs served as better subexit*2 In addition, biochemical and proteomic characterizations
strates for 22G-RNA synthesfssuggesting that the cleavage aff other cytoplasmic granules such as P bodies also show that
RNA may be vital for the processivity of RARPs. Based on thésese granules are depleted of ribosomal protéing/e further
results, we speculate that no primary small RNAs are requiredsttowed that both CSR-1 and RdRP, EGO-1, are present in the
generate CSR-1 22G-RNAs along the mRNA sequence. Instpatl)some fractions, indicative of their interaction with translating
CSR-1 catalytic activity triggers the synthesis of 22G-RNAs by thBNAs. We also observed a characteristic three-nucleotide per-
RARP EGO-1, starting from thelBIR of the target transcripts. iodicity between the start position of CSR-1l-associated 22G-
Even if the catalytic activity of CSR-1 is required to generate 22&NAs and RPFs, typical of the ribosomal footprint. A similar
RNAs along the gene body of target transcripts, it is still unknowiree-nucleotide periodicity has been observed for other co-
what triggers the recruitment of EGO-1 on th&BR. Primary translational events like & 3 exonucleolytic decay of decapped
small RNAs, which are yet to be idergd, might prime the mMRNAS>.
activity of EGO-1. Alternatively, EGO-1 might produce low levels In contrast to CSR-1, we found PIWI was not enriched in
of 22 G-RNAs from the polyadenylated tail of mMRNAs instead pblysome fractions, and downstream argonaute HRDE-1-bound
cleaved ®H end products. Thus, these low levels of 22G-RNASRNA-dependent 22G-RNAs are randomly distributed with
which are then loaded into CSR-1, can initiate the production #spect to Bnd of the RPF, indicating that the results obtained
22G-RNAs along the gene body. RNA binding proteins and/aiith CSR-1 22G-RNAs are not due to sequence bias. We also
other unknown factors together with specisequences in the show that RNAi of P granule components, which disrupt germ
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granules and CSR-1 granule localization, results in the impgiropose that CSR-1 slicer activity on mRNA targets is partially
ment of piRNA-dependent 22G-RNAs but not CSR-1-associateappressed in the germline by titrating away a part of CSR-1 in P
22G-RNAs. Taken together, these results allowed us to conclgdanules and primarily serves to generate interacting small RNAs
that the majority of CSR-1 22G-RNA biogenesis occurs in the the cytosol that fully operates intra-generationally in the
cytosol co-translationally. embryo. This also explains why despite targeting almost all
The co-translational synthesis of CSR-1 22G-RNAs raises ¢fgemline genes, CSR-1 catalytic activity regulates the expression
question of how CSR-1-22G-RNA biogenesis machinery is abletwnly a few in the germline. In addition, CSR-1 localization in
cope with the presence of ribosomes on the target transcripts. We P granule might serve to antagonize piRNA-dependent tar-
show that non-optimal codons in germline mRNAs enhance tlgeting on germline mRNAs and therefore license those transcripts
capacity of CSR-1 to prime the synthesis of EGO-1-dependémbe translated in the cytosol. Indeed, we have shown that most
22G-RNAs along the gene body. In fact, the translatiooieficy of the piRNA-dependent 22G-RNAs are generated in P granules,
of CSR-1 targets inversely correlates with 22G-RNA levels. Wl we propose that the competition between CSR-1 and PIWI
propose that the use of non-optimal codons by CSR-1 targets anight occur in P granules.
priming of 22G-RNAs at stalled positions is a way to cope with
the ribosomal presence on the target transcripts. Theref sthods
sequences that_ promote ”bosome Sta”mg promote targ_etlng .)élegansstrains and maintenance Strains were grown at 20 °C on NGM plates
CSR-1 to recruit EGO-1 on coding sequence to synthesize 22&aded witlE. coliOP50 using standard methddainless otherwise stated. The
RNAs. To test this hypothesis, we have shown that thd-type reference strain used was Bristol N2. A complete list of strains used in
substitution of non-optimal codons with optimal codons ighis study is provided in Supplementary Data 5.
suf cient to allow germline mRNAs to escape CSR-1-dependent
regulation. However, it is still unclear how EGO-1 initiates theeneration of CRISPRCas9 lines Cas9-guide RNA (QRNA) ribonucleoprotein
Symhesis of 22G-RNAs at theehd of RPF, and this requirescomplexes were microinjected into the hermaphrodite syncytial gonad as described
i i i ihility i _ previousl§> and gRNA design and in vitro synthesis were done following the
f“.”';]er mve;.tlgatlonh Qne pO.SSIbII.ItK ISh thaétk.CSR 1 Iand ESO@;Lotocol detailed ifS. For the introduction of asr-1(D769Anutatiorf in
might coordinate their aCUV't.y with the ! comp.ex, WRICTg, ag::ha::csr-&nimals, we used a single-stranded oligonucleotide repair template
extracts mRNA from 80S ribosomal complexes in a8 ordered from IDT as standard 4 nM ultramer oligo. For the endogekipig gene
direction facilitating exosomal degradaﬁé.n Additionally, replacement, we used two gRNAs, each one respectively targeting a region at the 5
ribosome-phased endonucleolytic cuts possibly produced by #he 3| of theklp-7 iSOfgrm t? ge”‘;ﬁ fPCR reﬁa" te dmp'ate Comai”i”% 33bp
. . . o ology arms was directly ampdid from a plasmid containing a codon-
”bosome by the process called rlbo_t_hrypS|s, at the exit site of Tmized version oklp-7 (klp-7_cosynthetic gene) synthesized from GenScript
MRNA ribosome channel may facilitate EGO-1 movement qBupplementary Data 6).
transcript occupied by stalled ribosotieThere is increasing  Mix concentrations were adapted fréfnin brief, 10 uL mixes typically
evidence that the translation machinery associates with @gpstained the followingnal concentrations: 0.1 pg/uL Cas9-NLS protein (TrueCut
_ . . : _Invitrogen), 100 ng/uL in vitro transcribed target-gene gRNA, 80 ng/uL of
Argonautes and.sma" RNA biogenesis factors. Ribosome m_ et-gene ssODN repair template or 300 hgarget-gene double-stranded DNA
ment on F"_ansmtmg MRNAs resolves mRNA structure 1O ProviGepair template and 80 ng/uL pRF4 (roller marker). Cas9 and the target-gene gRNA
accessibility to Argonaute AGO2 downstream of the ribosomere pre-incubated 205 min at 37 °C before the addition of the other
and promote AGO2-target interactie®®®. Another report components to the mixture. dsDNA repair templates were subjected to a melting/
showed that RNAi can occur co-translationally with aﬁnnealing steff before addition to the nal mix. A detailed list of gRNAs, single-
X . stranded DNA, and double-stranded DNA repair templates and primers used for
acc_umulatl_on of ribosomes upstream of the _dsRNA_ target otyping are provided in Supplementary Data 6.
regiorfC. Ribosomes have been shown to coordinate with piRNA
biogenesis factors in mouse testes to achieve endonucmo%ﬁ&i RNAI clones forego-land csr-1used in this study were obtained from the
Cl.eavagei of non-repetitive Io_ng RNAs to produce paChyte inger libranf8. For quadruple P granule RNApgl-1, pgl-3, glh;andglh-4)
pIRNA56 - |_n pla_nts, 22-nt ?[RNAS can repress .trlan5|at|orbDU49 clone (gift from Updike 188) was used. An empty vector (L4440) was used
leading to induction of transitive small-RNA ampiation by as a control in all of our RNAi experiments. RNAi experiments were performed by
RNA-dependent RNA polymerase 6 (RDﬁ?ﬁ)’\nother recent growing a synchronous population of L1 larvae on Petri dishes with NGM and
: : ; ; TG (15 cm) seeded with concentrated RNAI food. ésrland ego-1RNAI,
report in plants showed_ that mlquRNA ta_rge“”g re.C““tS orms were grown from L1 to late L4 stage on RNAI food at 20 °C. For P granule
double-strand RNA binding protein, which induces ribosomgnai, worms were grown for two generations at 26%@ost-RNAi treatment,
stalling, and the ribosome stalling enhances the generationwéifms were harvested and sorted on COPAS biosorter to enrich late L4 larvae.
secondary small RNA3 Therefore, we propose that theRNAi ef cacy was corrmed by RT-gPCR.
regulation of small-RNA biogenesis by ribosome occupancy and
codon usage of the target transcript might be a general strategy1RNAi and auxin-induced CSR-1 degradatiofFor ego-IRNAi worms were
adopted across evolution. grown from L1 to 38 h post-hatching on RNAi or control food on IPTG containing
plates and then washed twice with M9 buffer and then shifted to either Auxin
plates or Ethanol plates (containing 500 uM auxin, 0.5% Ethanol or only 0.5%

. . Ethanol respectively) to deplete degron-tagged CSR-1 by auxin-induced degrada-
Granule vs. cytosolic functions of CSR-We found that the tjon as described befdi Plates were seeded with respectiya-RNAI or control

slicer activity of CSR-1 and 22G-RNA biogenesis at germliRBAi food. Auxin-induced degradation was performed for 6 h. Worms were then
mRNA targets are independent of P granules. This raises flaevested, washed wi_th M9 buffer, and ;0rted on COPAS'bio_sorte‘lr to enrich for
question on the function of CSR-1 in germline granules. CSR#¢ 14 larval population. CSR-1 depletion was cored by live imaging.

might be enriched in P granules of adult gonads to prevent CSR-1

slicer activity on the majority of germline mRNAs. Indeed, onl§SR-1 expression recovery post-auxin-induced degradatioA synchronous
7.7% of CSR-l-dependent 22G-RNA targets are $ignily population of degron-tagged CSR-1 strain was grown on NGM plates containing

. L . 0 uM auxin, 0.5% ethanol from L1 to 38 h post-hatching to degrade degron-
regulated by CSR-1 slicer aCtIVIty in adults. Moreover, t ged CSR-1. After 38 h, worms were washed thrice with M9 buffer and divided

majority of these targets are CSR-l-interacting proteins, Sio three parts. 1/ worms were immediately sorted on COPAS biosorter to

gesting a negative feedback regulation of the CSR-1 pathway. @iigh for a synchronous population for 0 h recovery time point of CSR-1

is in contrast with the recently described function of the mategxpression. The rest of the worms were seeded on two NGM plates and allowed to
: : : f : in the absence of auxin induction for 5 or 10 h to recover CSR-1 expression.

.na”y delivered CSR-1 in the. embryo’ which eXCIus.Ively Iocahﬁ;ﬁms were washed with M9 buffer at respective time points and sorted using

in the cytosol of the somatic blastomere, where it cleaves AS biosorter to enrich for a synchronized population for each time point.

clears hundreds of maternal mRNA targ8tsTherefore, we CSR-1 expression was monitored using live imaging.
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Brood-size assay For the brood size, single L1 larvae were manually picked amés saved as input, and total RNA was extracted using TIzsl described
placed onto NGM plates seeded withcoliOP50 and grown at 20 °C or 25 °C until above. The rest of the extract was incubated with 80 Anti-FLAG M2 Magnetic
adulthood and then transferred on a new plate every 24 h for a total of 2 transféxgarose Beads suspension (Sigma M8823) ol @&P-Trap Magnetic Agarose
The brood size of each worm was calculated by counting the number of embri@kromotek gtma-10) for FLAG-CSR-1 or GFP-HRDE-1 respectively, for 1L h at 4 °
and larvae laid on the three plates. Embryonic lethality was measured by countnd\fter four washes of the beads with the small-RNA IP buffer, the RNA bound to
the number of the unhatched embryo (dead) 24 h post laying compared to tottthe bait was extracted by adding TR26kto beads as described above. The library
embryos laid. preparation was performed essentially as described preW®usiypli ed
libraries were multiplexed to purify further using PippinPrep DNA size selection
with 3% gel cassettes and the following parameters for the selection: BP start (115);
P end (165). The pured libraries were quantéd using the Qubit Fluorometer
igh Sensitivity dsDNA assay kit (Thermo Fisher ScientQ32851) and
sequenced on a NextSeg-500 lllumina platform using the NextSeq 500/550 High
Output v2 kit 75 cycles (FC-404-2005).
Sorting. Large populations of the Late L4 larvae stage from the synchronized

population were sorted using the COPAS BIOSORT instrument (Union Blomi%:P and radiolabeling of sSRNA IP was performed as described above for FLAG::

Counting of oocytes in population For the WT (N2) and CSR-1 catalytic mutant,
germlines of adult worms (72 h post-hatching) were dissected and stained wit
DAPI, and the number of oocytes was counted.

trica), according to the manufactureguidelines. The population was sorted usin "

two size parameters, Time oght (TOF) and extinction. The stage of the sorte: SR-1 and FLA.G"CSR'l ADH. Ten percent of total extract and IP was processed
- . - ] - r western blotting. The rest of the IP was used for extracting RNA using TRIzol as

population was validated by counting worms under a microscope by scoring fea- ribed above. RNA was treated with polvphosphatase to generate monopho-

tures like closed vulva and absence of oocytes as a characteristic of late L4 s) gﬁg ) polyphosp g P

larvae. First-generation homozygotes for CSR-1 KO or CSR-1 ADH were sorte us%ateT?-n(cijﬁScﬁggtiziaiﬁgsf?[gl%%gf o¥ﬁesrt:1%¥vgii::\l:3t§)e gsusggnf;z_

excluding_ GFP-positive heterozygote wqrmpﬂ_coheterozygote strain was factl?rers iFr)1$t):uctions. Labeled RNA WaS'plB”d using 1.8x SPRI b%ads with

sorted using GFP marker, and GFP-positive worms were sorted. isopropanol and resuspended in 10 uL water. TBE Urea loading buffer (Thermo-
sher Scientic) was added to the sample, and RNA denatured at 70 °C for 5 min

Imaging. Transgenic worms were mounted on 2% agarose pads in a drop of MAd then resolved on NovE¥ 15% TBE Urea gel (Thermsher Scientic). The

with 1 mM Levamisole. Images were acquired on ZEISS LSM 700 microscope vétiolved gel was exposed on a Phosphor screen and scanned on Typhoon FLA

a x40 objective or x63 objective for the PGL-1::mCardinal; ZNFX-1:: TagRFP9000 scanner.

MUT-16::GFP, DEPS-1::GFP; mCherry::CSR-1, GLH-1::GFP;mCherry::CSR-1 and

GLH-1::GFP; mCherry::CSR-1 ADH. Images were acquired using the ZEISS %JEN .
B - CRRIL ) fo-seq One thousand synchronized and sorted Late L4 worms for WT @$8),
software and processed using ImageJ v.2.0.0. mCherry::C liBandznfx-1 dl catalytic mutant an@sr-1KO were collected as described above. Nuclear Run-on

mutant background were imaged on Zeiss Axio Imager M2 and were acquire - - ; f

: . : ) reaction was performed by incorporating 1 mM Bio-11-UTP, followed by RNA
usmg_MetaMorph spftware. All strains are listed in _Supplementar_y _Data 5. Fot traction andp biotinylategnascepnt RNE enrichment as described pre\?}é)usly
counting oocytes, dissected gonads were mounted n DAPI containing Veptasrﬁ%éaries were prepared by repairing®H of fragmented RNAs by Polynucleotide
lrrr:]o;gnetlrn'a?edlum, and oocytes were counted by visualizing on Zeiss Axio Kinase (Thermo scientt), followed by 3and 5 adapter ligation as described

previously2 Adapter ligated RNA was reverse transcribed using SuperScript IV
Reverse Transcriptase (Thermo Fisher Sciehfollowing manufacturer condi-
Western blotting. Worms were lysed in 1x NUPAGE LDS sample buffer (Thertions, except that reaction was incubated for 1 h at 50 °C. cDNA was PCR edhpli
moFisher Scientc) and heated at 90 °C for 10 min. Any debris was removed byith specic primers using Phusion Highdelity PCR master mix 2x (New Eng-
centrifuging at 18,000¢ ~50 pg of protein extracts was then resolved on precalsind Biolab) for 1820 cycles. Libraries were analyzed on Agilent 2200 TapeStation
NuPAGE Novex 412% Bis-Tris gels (Invitrogen, NP0321BOX). The proteins we&ystem using high-sensitivity D1000 screentapes and qadnising the Qubit
transferred to a nylon membrane with the semidry transfer Pierce Power SystEtaorometer High Sensitivity dsDNA assay kit (Thermo Fisher Scier§i32851).
(ThermoFisher Scientt) using the pre-programmed method for high-molecularMultiplexed libraries were sequenced on a NextSeq-500 lllumina platform using
mass protein. The primary antibodies used included anti-K#R471000 dilution) the NextSeq 500/550 High Output v2 kit 75 cycles (FG-20d5).

(a gift from the Desai laboratory), anti-tubulin (Ab6160, Abcam) (1:1000 dilution),

anti-GAPDH (Ab125247, Abcam) (1:2000 dilution), anti-PGE-L:2000 dilu- Strand-speci ¢ RNA-seq library preparation DNase-treated total RNA with

tion) (a gift from the Strome laboratory), anti-PRG211:2000 dilution) (a gift ) . : ]
from the Mello laboratory), anti-Flag (F3165, Sigma) (1:1000 dilution), anti-RPé? A >d?| ;’IV ?;ﬁzidv\}grgrgga:t es érir;g{sp: ffj’:g r![;bgll\rllzz.eﬂt_)gasggja:naer;ﬁ Orglig'
(ab128995, Abcam) (1:3000 dilution) and the secondary antibodies used inclu Ed':ade 'RNAS usin corﬁ Iementarg oligos as described preffousi
anti-rabbit (31460, Pierce) (1:10000 dilution), anti-mouse (31430, Pierce) (1:1000g " d-speck RNA Trariee e %repgared using at | et 100 ng{)f 'RNA
dilution) and anti—rat_(A9037, Sigma)_(l:]:OOOO dilution) HPR antibodies. The 8| leted RNAs using NEBNext Ultra Il Directional RNA Library Prep Kit for
:upr)lgﬁgir:]al cheﬁter?%)oswg igt;eri'glIugu:tzsrrc]e(gtijgg)strate was used to detE(ﬂlu ina (E7760S). RNA libraries were analyzed on Agilent 2200 TapeStation

9 9 ging sy ' System using high-sensitivity D1000 screentapes and gadnising the Qubit

Fluorometer High Sensitivity dsDNA assay kit (Thermo Fisher Scien@32851).

RNA extraction. For total RNA extraction, synchronous and sorted populations dflultiplexed libraries were sequenced on a NextSeg-500 lllumina platform using
~1000 worms as described for individual experiments were frozen in dry ice witle NextSeq 500/550 High Output v2 kit 75 cycles (FG-2085).
TRIzol™ (Invitrogen, Ref. 15596026). Afteve repetitions of freeze and thaw,
total RNA was isolated according to the manufactsrarstructions. For RNA
extraction after IP, TRI Reagent was directly added to beads, and RNA extrac
was performed as per the manufactisenstructions. For RNA used for RNA-seq
or RT-gPCR, DNase treatment was performed using a maximum afj ENA
treated with 2U Turbo DNase (Ambion) at 37 °C for 30 min followed by acid
phenol extraction and ethanol precipitation. An Agilent 2200 TapeStation Syst
was used to evaluate the RIN indexes of all of the RNA preps, and only samp|
with RNA integrity numbers (RIN) > 8 were used for downstream applications.

Ici’bo—seq Ribo-seq has been performed as described previdugith some

BUi cation$2 Brie y, 10,000 late L4 worms were sorted using COPAS biosorter
as described above and were lysed by freeze grinding in liquid nitrogen in Poly-
some buffer (20 mM Tris-HCI pH 8, 140 mM KCI, 5 mM Mg{1% Triton X-100,
0.1 mg/mL cycloheximide) and ~1 mg extract was digested by RNase | (100 U) at
7'°C for 5 min. Debris was clagd by centrifuging at 18,000x¢ollowed by
SRtionation on a discontinuous sucrose gradient§006) by ultracentrifugation
at 260,110 gfor 3 h in an SWA41-Ti rotor (Beckman coulter). Monosome fractions
were collected by pumping Fluorinert FC-40 and using a fraction collector by
Quantitative reverse transcription PCR (RT-gPCR)Reverse transcription was measuring UV trace. RNA extracted from the monosome fraction was DNase
performed according to manufactuiginstructions using M-MLV reverse tran- treated as described above and fragments-3@8ucleotides were size selected by
scriptase (Invitrogen, Ref. 28025013), and qPCR was performed using Applietesolving on a 15% TBE-Urea gept®sphate was removed (PNK buffer pH 6.5
Biosystems Power up SYBR Green PCR Master mix following the manufactur@O mM Tris pH 6.5, 10 mM MgG) 1 mM DTT), T4 PNK (Thermo Scientt),
instructions and using an Applied Biosystems QuantStudio 3 Real-Time PCR RNaselN 40 U/mL, 20% PEG400) aneéBd was phosphorylated by treating RNA
System and analyzed using QuantStudioTM Design and Analysis software V @i2h T4-Polynucleotide Kinase (1x PNK buffer (Thermo Scientil mM ATP).
Primers used for qPCR are listed in Supplementary Data 7. In all, 28-30 nucleotide Ribosome-protected fragments (RPF) were then
cloned with the sRNA-seq library preparation approach, as described

) reviously266.
IP/total- SRNA-seq. Total RNA from at least 1000 sorted worms with RIN > 9 wa®
used to generate small-RNA libraries. For 22G-RNAs from IP, IP was performed
using ~10,000 synchronized and sorted worms for FLAG-CSR-1 or ~70,000 fétolysome pro ling and blot. Lysates were fractionated on a discontinuous sucrose
GFP-HRDE-1. Worms were lysed in small-RNA IP buffer (50 mM HEPES pH 7dradient (18650%) as described above, with the exception that no RNase treatment
500 mM NaCl, 5mM MgGl 1% NP-40, 10% glycerol, 1x Halt protease inhibitorsvas performed. Twenty-two fractions were collected by pumping of Fluorinert FC-
and RNaseln 40 U/mL), using a chilled metal dounce. Crude lysates were cleareiaind using a fraction collector while simultaneously measuring the UV trace.
debris by centrifuging at 18,00@pat 4 °C for 10 min. Ten percent of the extractFractions were precipitated with 10% TCA at 4 °C for 4 h and centrifuged at

14 NATURE COMMUNICATIONS (2021) 12:3492 | https://doi.org/10.1038/s41467-021-23615-w | www.nature.com/naturecommunications



NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23615-w ARTICLE

18,000 »g for 10 min. Pellets were washed with pre-chilled acetone twice, followefddistance distribution, within the (15, 45) distance range, was made using the

by resuspension in 2x NuPAGE LDS sample buffer (ThermoFisher Scjemtid ~ Matplotlib library (ttps://doi.org/10.1109/MCSE.2007.8Brsion 3.1.1. This was
heated at 90 °C for 10 min. Samples were processed for western blotting as done usingz-scores in order to have comparable values between different combina-
described above. tions of libraries. A plot of dominant periods in distance distribution signal was made
using the Matplotlib library f{ttps://doi.org/10.1109/MCSE.2007.88Brsion 3.1.1.

The dominant periods were obtained using the fast Fourier transform function of the
Scipy library (version 1.3 This was done usingscores in order to have com-
parable values between different combinations of libraries.

Immunoprecipitation-mass spectrometry (IP-MS/MS). IPs for the MS/MS
analysis were performed as described previétidyie y, a synchronous popu-
lation of 120,000 (for CSR-1 IPs for RNase treatment or control condition and
PRG-1 IPs in RNase and no RNase condition) worms were harvested at 48 h post- . . .
hatching or 20,000 (for CSR-1 IPs comparing WT IP with catalytic mutant) wornfs®ad composition analysé®eads of a class of interest (small RNAs, or size-
were harvested and sorted at 44 h post-hatching and lysed by using a chilled nfggi[icted subclasses thereof, RPF or RPF subclasses) and found mapping on a given
dounce in the IP buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 5 mM Mgi@i%  9ene, elther_on the C_DS or on thest 100 bp of the BJTR and either mapping in )
Glycerol, 0.25% NP-40, protease inhibitor cocktails (Fermentas). Crude lysate3€NSe or antisense with respect to the gene annotation, were gathered from their re-
were cleared of debris by centrifuging at 18,0§@k4 °C for 10 min. For RNase Mapping results using custom Python code based on pysaps{(/github.com/
treatment, RNase | (Invitrogen) 50 U/mg of the extract was used at 37 °C for 5 miifSam-developers/pysjaPython wrapper for the samtools packegEor a given
Approximately 5 mg of protein extract (for CSR-1 IPs and PRG-1 IPs in RNase3ich set of reads, the proportions of each nucleotide at each position starting from
control condition) or 1 mg of protein extract (for CSR-1 IPs comparing WT IP the 5end or from the 3end of the reads were computed. These proportions were
with catalytic mutant) was incubated with 150f packed Anti-FLAG M2 Mag- averaged across a set of genes of interest and represented as a stacked barplot, where
netic Agarose Beads (Sigma M8823) for 1 h at 4 °C. After four washes with th€@8h stack corresponds to a position in the reads, with the most frequent nucleotides
buffer, the beads were washed twice with 100f 25 mM NHHCO; Finally, on top. For comparing read composition of SRNA from CDS abidR, to account

beads were resuspended in 1000f 25 mM NHHCO; and digested by adding for overall genome composition variability across genes or gene feasosdst!

0.2 g of trypsin/LysC (Promega) for 1 h at 37 °C. Samples were then loaded inf@portions were computed by dividing the nucleotide proportions by those found
homemade C18 Stage Tips for desalting (principally, by stacking one 3 M EmpBrEe genomic region on which the reads were found mapping (CD&0100 bp.

SPE Extraction Disk Octadecyl (C18) and beads from SepPak C18 Cartridge ©f 3UTR of a given gene), then similarly averaged across a set of genes of interest
Waters into a 2001 micropipette tip). Peptides were eluted using a ratio of 40:6¥d represented as a stacked barplot. The core functionalities used in these analyses
MeCN: H,O + 0.1% formic acid and vacuum concentrated to dryness. Peptide&'® implemented in the following P_ython_I|bratyt1ps://g|tlab.pasteur.fr/bl|/

were reconstituted in injection buffer (2:98 MeCNGH+ 0.3% TFA) before nano- libreads The whole code we used is available upon request.

LC-MS/MS analysis as described previdisly

Analysis of codon usagél protein-coding genes were categorized based on their
Translation Efciency in the following categories Log 3, 2, 1, 1, 2,

gata anqussd ¢ vsddultiolexed dat d liolexed using Mlumi and 3. Relative synonymous codon usage was calculated for genes in each
equencing data analys Iplexed data were demultiplexed using fiiumina egory using the CAI calcula#r To calculate enrichment of codons usage in

bClZE‘Stq (;Jonverte:fversic:jn v2.17.;.14.|A3aly§i2fsﬁéor RNﬁ-seq,tsR’lNA-seq and G h of the categories, differential RSCU of respective categories of genes was
Seq have been periormed as previously ces @ua| Y CONIrol Was per- . cyjated by normalizing their RSCU with RSCU of genes showing a TE of ~1
formed with fastQC version v0.11.5. HISAT2 version 2.0.4 was used fqr MaPRIGy TE 0+ 0.1). Codons enriched in highly translated mRNAS {TEg 3) were
RNA-seq data. Bowtie2 version 2.3.4.1 was used for all other sequencing dat_ onsidered optimal codons, and codons that were avoided were considered non-

Unless otherwise stated, computations were done using Python and UNIX utilities,: o ) f .
. ! . ; Gﬁtlmal. Similarly, differential RSCU analysis was performed for CSR-1 targets.
either as standalone scripts or as steps implemented in a Snakémakie ow. Y Y p 9

The scripts and worlows are available attps://gitlab.pasteur.fr/bli/bioinfo_utils
For mapping 22G-RNA with Jolyuridiniylation, among the small RNA reads
that initially did not map, those starting with G followed by 20 to 25 nucleotided!
and then one or more Ts were selected, and their T-tail was trimmed. Those reXgyProgs/overiap_
were then re-mapped in the same way as initially and cledsising the same
criteria as other small RNAS If classied as'22 G’ by this procedure, they were tRNA copy number and TPMRNA copy number was determined using
actually consideretpoly-U 22 G or “siu 22 G. tRNAscan-SE 28, TPMs for the tRNAs were extracted from the GRO-seq dataset
For Ribo-seq data (data analysis pipeline available at the same address), the ariedygisVT late L4-staged worms.
was performed according to the following steps. Tteel@pter was trimmed from raw
reads using Cutadapt v.17#8ising the following parameter: -a TGGAATTCTCGGGDetermination of a codon-optimized sequence for .klfhé codon-optimized
TGCCAAGG—-discard-untrimmed. The &and 3 UMIs were removed from the sequence foklp-7 was computed with a Python script using BioPyﬁR)as fol-
trimmed reads using cutadapt with options -u 4 and -u -4. After removing UMIs, thews: To each amino acid, a corresponding optimal codon was associated based on
reads from 28 to 30 nt were selected using biodttks(://github.com/Ih3/bicawlgit  a given optimality ranking. Here, the codon ranking was based on usage in highly
commit fd40150b7c557da45e781a999d372abbc634cc21). translation efcient proteins, as explained above. Then, each codon in the CDS of
The selected 280-nucleotide reads were aligned to Geelegangenome the nativeklp-7 gene was replaced with the optimal codon associated with the
sequence (celC, eleganSequencing Consortium WBcel235, with an added extrgorresponding amino acid. For mapping purposes, the resulting sequence was
chromosome representing the codon-optimized kip-7 for some libraries) usingadded to the genome as if it was an extra chromosome, and the transgene was
BowtieZ3v.2.3.4.3 with the following parameters: -L 6 -i S,1,0.8 -N 0. added to the annotationles used for read counting. In order to produce com-
Reads mapping on sense orientation on annotated protein-coding genes we&gable bigwig tracks between libraries obtained on different strains (codon-opti-
considered as Ribosome-protected fragments (RPF). Such reads were extraciétzed or not), a Python script based on the pyBigWig libréutypé://doi.org/
from mapping results using samtotis.9 and bedtool§ v2.27.1. RPF reads of 10.5281/zenodo.59404Bas used to relocate the values on the extra chromosome
size 29 were further classi into subcategories, based on the codons found at tig the actual genomic position &fp-7.
positions corresponding to the A (383 nt) and P (1315 nt) sites of the ribosome.
Codon optimality was deed as explained below. Those reads were re-mapped gi%/\s data analysisFor identi cation, the data were searched against the
the genome using bowtie2 (version 2.3.4.3) with options -L 6 -i S,1,0.8 -N 0. '&|eqangCAEEL) UP000001940 database (Taxonomy 6239 containing one
resulting alignments were used to generate bigteig with a custom bash script ,otein sequence par gene) using Sequest HT through Proteome Discoverer (v.2.2).
using bedtools version v2.27.1, bed6persion 2.4.35, and bedGraphToBigWig Enzyme spectity was set to trypsin, and a maximum of two missed cleavage sites
version 4. Read counts in the bigwitp were normalized by milliofinon- 55 g l10wed. Oxidized methionine and N-terminal acetylation were set as variable
structural mappers, that is, reads of size 28 to 30 nt mapping on annotation NAlodi cations. Maximum allowed mass deviation was set to 10 ppm for mono-
belonging to thestructural (tRNA, SnRNA, snoRNA, rRNA, ncRNA) categoriesjsqanic precursor ions and 0.6 Da for MS/MS peaks. The resullisgwere
?nd counted,usmg featureC_ouﬁh.l.GG. These blgv_\nges were used to generates ther processed using myProMS v83.@vork in progress). False-discovery rate
metapro les’ where normalized coverage information (RPM for reads per FDR) was calculated using Percolator and was set to 1% at the peptide level for the
million) was averaged across repllca_tes and represented along sets of selected geap! study. Label-free quantition was performed using peptide extracted ion
The metaproles were generated using a Python script based on the dee@roo'r?nromatograms (XICs), computed with MassChroQ v.8%2For protein quan-
and gffutils https://git'hub.com/daler/gffuti)dibraries. Translation etiency was cation, XICs from proteotypic peptides shared between compared conditions
calculated as the ratio of TPMs of Ribo-seq and RNA-seq. (TopN matching) with missed cleavages were used. Median and scale normal-
ization was applied on the total signal to correct the XICs for each biological
Distance distribution analysekhe distribution of the distances between re-mappegkplicate N = 4). To estimate the signiance of the change in protein abundance,
RPF and 22G-RNA-seq reads was computed by counting distances betemis @  a statistical test based on a linear model adjusted on peptides and biological
RPF and 22G-RNA reads of opposite strandedness, only considering 22G-RNA raggsiicates was performed, aRevalues were adjusted using the
within a distance of/ 120 bp from the RPF read and only considering RPF rea@enjamini-Hochberg FDR. Proteins with at least three total peptides in all repli-
mapping in the sense direction within the coordinates of a gene among a selectedthisés, a twofold enrichment, and an adjud®edalue < 0.05 were considered
Counts were transformed into z-scores using the Stiyary (version 1.3.2). A plot

Gene ontology and enrichment analyS&ne ontology was performed using
ormCat tooPL. Enrichment was calculated using the webtutg://nemates.org/
stats.html
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signi cantly enriched in sample comparisons. The MS proteomics data have b&én
deposited to the ProteomeXchange Consortium via the P#IREtner repository

with the dataset identer PXD012557 and PXD020293. 15.

Statistics and reproducibilibhlmost all the experiments shown in this study werel6.
performed independently at least twice, and no inconsistent results were observed

IP and MS experiments were conducted with four biological replicates. Ribo-s&d.
was performed using three biological replicates. All the RNA-seq experiments,

GRO-seq, sRNA-seq, IP-sRNA-seq, were performed using two biological replicdi@s.

RT-gPCRs to test RNAI efiency in samples for sequencing experiments were
performed in their respective biological experiments. RT-qPCRs for gene expres:-
sion changes otherwise were performed with at least three biological replicates.

Claycomb, J. M. et al. The argonaute CSR-1 and Its 22G-RNA cofactors are
required for holocentric chromosome segregati®ell 139, 123-134 (2009).

Seth, M. et al. The coding regions of germline mRNAs confer sensitivity to
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Gene lists The gene lists generated in this studyare provided in Supplementary
Data 1 together with previously idenéid gene list$222325668788

Reporting summary Further information on research design is available in the Natur§3
Research Reporting Summary linked to this article.

Data availability 24.
All sequencing data (GRO-seq, RNA-seq, and sRNA-seq from total lysate or IP
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