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ABSTRACT

The Caenorhabditis elegans genome encodes nine-
teen functional Argonaute proteins that use 22G-
RNAs, 26G-RNAs, miRNAs or piRNAs to regulate
target transcripts. Only one Argonaute is essential
under normal laboratory conditions: CSR-1. While
CSR-1 has been studied widely, nearly all studies
have overlooked the fact that the csr-1locus encodes
two isoforms. These isoforms differ by an additional
163 amino acids present in the N-terminus of CSR-
1a. Using CRISPR-Cas9 genome editing to introduce
GFP::3xFLAG into the long (CSR-1a) and short (CSR-
1b) isoforms, we found that CSR-1a is expressed dur-
ing spermatogenesis and in several somatic tissues,
including the intestine. CSR-1b is expressed consti-
tutively in the germline. small RNA sequencing of
CSR-1 complexes shows that they interact with partly
overlapping sets of 22G-RNAs. Phenotypic analyses
reveal that the essential functions of csr-1 described
in the literature coincide with CSR-1b, while CSR-
1a plays tissue specific functions. During spermato-
genesis, CSR-1a integrates into an sRNA regulatory
network including ALG-3, ALG-4 and WAGO-10 that
is necessary for fertility at 25°C. In the intestine,
CSR-1a silences immunity and pathogen-responsive
genes, and its loss results in improved survival from
the pathogen Pseudomonas aeruginosa. Our find-
ings functionally distinguish the CSR-1 isoforms and
highlight the importance of studying each AGO iso-
form independently.

INTRODUCTION

From the discovery of miRNAs to understanding the
molecular mechanisms of RNA interference (RNAI), the
nematode Caenorhabditis elegans has been a champion of
sRNA biology (1). At the core of small RNA (sRNA) me-
diated gene regulatory pathways are the conserved Arg-
onaute (AGO) proteins, which are guided in a sequence spe-
cific manner by SRNAs to impart a variety of gene regu-
latory outcomes on target transcripts (2). C. elegans pos-
sesses a remarkable expanded family of nineteen AGO pro-
teins which function in association with four types of sR-
NAs (including miRNAs, piRNAs, 22G-RNAs and 26G-
RNAs). These SRNA pathways regulate gene expression to
orchestrate normal developmental and differentiation pro-
grams, as well as to navigate stressful environmental condi-
tions, such as elevated temperature (3) (Seroussi, in prepara-
tion). The scope of SRNA mediated gene regulatory poten-
tial in the worm grows more complex when considering that
several AGOs, including ALG-1, ALG-2, ERGO-1, PPW-
1 and CSR-1 are predicted to be expressed as multiple iso-
forms, which have not been characterized.

The AGO CSR-1 (Chromosome Segregation and RNAi
Deficient) is one of the most intensively studied AGOs in
C. elegans, owing in part to the fact that it is the only solely
essential ago, and to its potentially conflicting and varied
roles in gene regulation throughout development (3,4). The
csr-1 locus encodes two isoforms, CSR-1a and CSR-1b,
that vary only in their N-terminus by 163 amino acids (4).
Within this extended N-terminal region of CSR-1a are fif-
teen arginine/glycine RGG/RG motifs, many of which are
arranged into di- or tri-RGG/RG motifs (5). In AGOs of
other species, including Drosophila Piwi, RGG/RG motifs
are the sites of arginine di-methylation, which is required for
the recruitment of additional factors, such as Tudor pro-
teins, to ensure functionality of the AGO/sRNA complex
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(called the RISC; RNA Induced Silencing Complex) (6—
8). These motifs are also typical of RNA binding proteins,
and have been identified in association with phase separated
RNA rich cytoplasmic granules, such as germ granules (9).
The role and importance of the RGG/RG motifs in CSR-
la have not been determined, and CSR-1 has been widely
studied as a single protein, thus any differential functions
of CSR-1 isoforms during development are currently un-
known.

Previous studies indicated that CSR-1 is expressed in
both the germline and soma in hermaphrodites (4,10).
Immunostaining with antibodies that recognize both
CSR-1 isoforms showed that CSR-1 is present in the
hermaphrodite germline throughout all stages of germline
development, from the two-cell embryo to spermatogene-
sis and oogenesis (4). Within the germline, CSR-1 is found
in the cytoplasm, and is enriched in phase separated germ
granules known as P granules (4). In oocytes and during
early embryonic cell divisions, CSR-1 is present within the
nucleus and associates with condensed chromosomes upon
nuclear envelope breakdown (4). In the soma, CSR-1 was
observed within intestinal cells, where it was detected in
both the cytoplasm and nucleus (4,10). The germline ex-
pression pattern of CSR-1 highlights its role in fertility,
as homozygous null mutants that eliminate both ¢sr-1 iso-
forms are nearly sterile, and the few embryos produced
display chromosome segregation defects during early em-
bryonic divisions that result in lethality (3,4,11). However,
which CSR-1 isoform is expressed in which tissues, and
which isoform is necessary for fertility are unexplored.

While most AGOs are thought of as gene silencers, CSR-
1 has been shown to play both positive (licensing) and neg-
ative (silencing) gene regulatory roles (11-13). CSR-1 as-
sociates with a type of endogenous sRNA known as 22G-
RNAs that target nearly 5000 germline-expressed protein
coding genes (about 25% of the genome) (4,14). CSR-1-
associated 22G-RNAs are produced by the RNA depen-
dent RNA polymerase (RARP), EGO-1, one of four RARPs
present in the worm (4,15). Microarray and GRO-seq stud-
ies demonstrated that loss of c¢sr-/ does not result in the
global up-regulation of the majority of target transcripts
(4,11,14,16). Instead, most CSR-1 target transcripts de-
crease in expression levels in csr-/ mutants, pointing to
its role in the protection or licensing of target transcripts,
rather than their destruction or silencing.

There are several ways in which CSR-1 has been impli-
cated in promoting the expression of its target transcripts.
First, CSR-1 has been shown to promote the expression of
histones. In this capacity, CSR-1 is thought to act as an en-
donuclease or ‘Slicer,” where it cleaves the 3’ stem loop of
histone RNA transcripts enabling them to be translated.
Loss of ¢sr-1 leads to decreased levels of histone transcripts
and proteins (10). Second, CSR-1 licenses the expression of
germline GFP transgenes in opposition to the silencing ef-
fects of the piRNA pathway, in a process related to para-
mutation, termed RNA activation (RNAa) (17,18). Third,
CSR-1 promotes the formation of euchromatin at its nu-
merous target gene loci throughout the genome, and loss
of ¢sr-1 leads to aberrant accumulation of heterochromatic
histone modifications and decreased transcription at target
gene loci (16,19).
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CSR-1 is one of only a few AGOs which possess a pre-
dicted Slicer motif, DEDH, within its PIWI domain, ren-
dering it capable of endonucleolytic cleavage of target tran-
scripts. CSR-1 exhibits Slicer activity in vitro (20), and mu-
tation of the Slicer residues leads to embryonic lethality,
although at a later developmental stage than null mutants
(11,13). Slicer activity is required for several context-specific
functions, including fine tuning kinetochore and cell cycle
gene expression during embryogenesis and clearing mater-
nal mRNAs at the oocyte to embryo transition, RNAI, pro-
cessing histone mRNA transcripts, and stimulating the pro-
duction of 22G-RNAs (4,10,11,13,20,21).

While most studies of CSR-1 have focused on the oogenic
gonad and embryos, CSR-1 has also been implicated in
spermatogenesis. Spermatogenesis occurs in the L4 larval
stage of development, prior to the onset of oogenesis (22).
In spermatogenesis, the AGOs ALG-3 and -4 regulate a
set of spermatogenesis transcripts both positively and neg-
atively via endogenous sRNAs called 26G-RNAs (14,23).
26G-RNAs are produced by the RARP RRF-3, which syn-
thesizes dsRNA that is processed by the endonuclease Dicer
and the phosphatase PIR-1 (24). The targeting of tran-
scripts by 26G-RNAs leads to the amplification of 22G-
RNAs by the RdARPs EGO-1 and RRF-1, and the subse-
quent targeting of the same transcripts by different 22G-
RNA/AGO RISCs (23,25-27). alg-3; alg-4 double mutants
display a progressive loss of male and hermaphrodite fertil-
ity due to spermatogenesis defects (14,23). Curiously, while
loss of ¢sr-1 in hermaphrodites leads to sterility in one gen-
eration (3,4), loss of ¢sr-1 in males leads progressive loss of
fertility similar to that of alg-3, alg-4 double mutants (14),
suggesting a distinct role for CSR-1 in spermatogenesis.

The characterization of CSR-1 associated 22G-RNAs in
males showed that CSR-1 targets a set of protein coding
genes in common with CSR-1 targets in hermaphrodites
undergoing oogenesis, plus an additional set of genes. Fur-
thermore, a subset of the genes targeted by CSR-1 dur-
ing spermatogenesis overlap with genes targeted by ALG-
3 and ALG-4. Because 26G-RNAs associated with ALG-
3 and -4 are thought to lead to the production of 22G-
RNAs, this places CSR-1 downstream of ALG-3 and -4
during spermatogenesis (14). Consistent with its role in oo-
genesis, CSR-1 positively regulates its spermatogenic tar-
gets at the level of transcription during spermatogenesis
(14), and depletion of ¢sr-1 by RNAi led to the upregulation
of spermatogenesis genes in oogenesis (28). Why CSR-1 reg-
ulates the same subsets of genes in the spermatogenic and
oogenic gonad, and which CSR-1 isoform(s) affect male
fertility remain to be determined. Finally, although CSR-1
has been detected in the germline throughout development,
transcriptomic analyses of isolated male and female C. ele-
gans gonads showed that the ¢sr-1a mRNA is abundant in
the spermatogenic gonad, but is not highly expressed dur-
ing oogenesis. These data point to a potential role for CSR-
1a specifically during spermatogenesis that has not been ex-
plored (29).

Here, we show that the two isoforms of CSR-1 have
distinct expression profiles throughout development. The
long isoform, CSR-1a, is expressed in the germline only
during spermatogenesis, while the short isoform, CSR-1b,
is expressed constitutively in the germline throughout all
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stages of development. During spermatogenesis, CSR-1a
and CSR-1b integrate into a larger SRNA network to reg-
ulate many facets of spermatogenesis. While CSR-1b, in
conjunction with WAGO-4, associates with 22G-RNAs to
regulate germline constitutive (i.e. expressed both during
spermatogenesis and oogenesis) and oogenic transcripts
(29), CSR-1a associates with 22G-RNAs to target a set
of spermatogenesis-enriched transcripts (29). CSR-1a and
another uncharacterized AGO, WAGO-10, integrate into
the ALG-3 and -4 26G-RNA pathway to enable male fer-
tility during temperature stress. CSR-1b also plays a role
in regulating spermatogenesis genes, but is essential for
hermaphrodite fertility and embryonic viability. CSR-1a is
also expressed in several somatic tissues, including the in-
testine, where it regulates immunity and pathogen response
genes. Remarkably, loss of csr-/a renders worms more re-
sistant to death by the bacterial pathogen Pseudomonas
aeruginosa. Collectively, our data demonstrate that differ-
ent AGO isoforms can display distinct expression profiles,
and are capable of different functions, highlighting the im-
portance of studying each AGO isoform as a separate entity.

MATERIALS AND METHODS
C. elegans genetics and culture

C. elegans strains were derived from the wild type Bristol
N2 strain and cultured according to standard growth condi-
tions (30) on Nematode Growth Medium (NGM) plates in-
oculated with E. coli OP50 at 20°C, unless otherwise stated.
Synchronised worms were reared at 20°C and harvested as
follows: L1s at 8 h after plating, L2s at 26 h, L.3s at 34.5 h,
L4s at 48 h, young adults at 60 h and gravid adults at 72 h.
Embryos were collected from gravid adult worms by stan-
dard bleaching 72 hours after plating.

Strain construction and validation

Strains were constructed using the following methods.
Genotypes are presented in the Strains Table 1.

Co-CRISPR. Strains JIMC164, GR3042, GR3043 were
constructed from JIMC101, GE24 [pha-1(e2123) I1I] (31),
and GR3042 respectively, using the Co-CRISPR tech-
nique. All sgRNA sequences were inserted into pDD162
by New England Biolabs QS5 site-directed mutagenesis
as described (32). Repair template single-stranded DNA
oligonucleotides were designed as described (33,34). Injec-
tions were performed using editing of dpy-10 (to generate
cn64 rollers) as a phenotypic co-CRISPR marker (34,35).
Injection mixes contained 60ng/ .l each of the co-CRISPR
and gene of interest sgRNA/Cas9 construct, and 50ng/ .1
each of the co-CRISPR and gene of interest repair tem-
plate oligonucleotides. To generate the wago-10(tori33)
allele, which deletes the region between nucleotides 695—
2394 (1699nt deletion), multiple sgRNAs spanning the
wago-10 genomic region were designed and injected along
with the dpy-10 co-CRISPR plasmid as described above.
Insertion/deletion events were screened by PCR. sgRNA
and homologous repair template sequences are listed in
Supplemental Table S3. All CRISPR edits were confirmed
by sequencing.

CRISPR/ Cas9 homologous recombination with self-excising
cassette. Strains JMC101 and JMC151 were generated
using this method. CRISPR was performed as described
(36-38). The repair templates were amplified using primers
listed in the Supplemental Table S3 and introduced into the
vector pDD282 (Addgene #66823) by isothermal assembly
(39). Plasmids expressing guide RNAs were generated with
the NEBuilder kit (New England BioLabs) using pDD162
(Addgene #47549) and the primers listed in the Supplemen-
tal Table S3.

miniMos transgenesis. ~Strains GR3037 and GR3041 were
made using this method. Cloning was performed by
isothermal/Gibson assembly (39). All plasmids used for
transgenesis are listed in Supplemental Table S3, and were
assembled using pNL43 (40). MiniMos injections were per-
formed as described in (41). To make the strain GR3037,
exon 1 of ¢sr-1a (a 474 bp fragment beginning at the start
codon of csr-1a) was placed downstream of the rpl-28 pro-
moter (605 bp immediately upstream of the rpl-28 start
codon) and fused in-frame at the 5 end of GFP. The 3’
end of the GFP coding sequence was fused in-frame with
a DNA fragment containing the remaining exons of csr-
la and the csr-1 3'UTR (3829 bp beginning at the first
codon of exon 2 of c¢sr-1a). This construct (assembled in
pNL201 and used to generate mgTill and mgTil2) drives
the ubiquitous expression of CSR-1a with an internal GFP
tag inserted after K158. To make strain GR3041, the DNA
fragment containing GFP fused in-frame to csr-/a exons
2 through the csr-1 3’'UTR (4697 bp, from pNL201) was
placed downstream of the rp/-28 promoter (605 bp imme-
diately upstream of the rpl-28 start codon). This construct
(assembled in pNL213 and used to generate mg7il3) drives
the ubiquitous expression of CSR-1b fused to GFP at its N-
terminus via a short linker with the sequence ‘GLNSD’.

Generation of the rpn-2p::gfp transgene. The integrated
mgls75[rpn-2p::gfp::unc-54] transgene was generated from
sEx10255 (42). EMS mutagenesis was used to induce inte-
gration of the extrachromosomal array onto chromosome
Iv.

Mutagenesis, screening and genome sequencing

Mutagenesis was performed by treatment of L4 animals in
47 mM EMS for 4 h at 20°C. Genomic DNA was prepared
using the Gentra Puregene Tissue kit (Qiagen) according
to the manufacturer’s instructions. Genomic DNA libraries
were prepared using the NEBNext genomic DNA library
construction kit (New England Biololabs), and sequenced
on an [llumina Hiseq. Deep sequencing reads were analyzed
using Cloudmap (43).

Microscopy

Live fluorescence microscopy of CSR-1::GFP. Staged ani-
mals were picked into a 1x M9 (22 mM KH,POy, 42 mM
Na,HPO,, 86 mM NaCl) droplet with 2 pl of 2 mM lev-
amisole on standard microscopy slides with 2% agarose
pads. Imaging was performed on a Nikon TiE inverted
microscope and Nikon C2 confocal system with a PL
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Table 1. Strains used in this study

Experimental models: organisms/strains Source Strain name
Wild-type C. elegans, Bristol Strain CGC N2
csr-1(tor67[gfp::3xflag::csr-1]) IV 37 JMCI101
esr-1(torl60[csr-1 exonl::gfp::3xflag IV:7957568]) IV This study JMC151
csr-1(tor67 [csr-1 exon2::gfp::3xflag IV:7958598 ], csr-1(mg660[G120%])) IV This study IMC164
csr-1(tm892) IV nTI [unc-?(n754) let-2] (IV; V) 3); (4 WM182
unc-119(ed3) II; mgTil3[rpl-28::gfp::csr-1b]; csr-1(tm892) This study JMC160
unc-119(ed3) I1I; mgTill [rpl-28::csr-1a exonl::gfp]; csr-1(tm892) This study JMCI161
mgls75 [rpn-2p::gfp ] IV; mgTil4[pbs-5::mcherry] This study GR3035
unc-119(ed3) II; mgTill[rpl-28::csr-1a exonl::gfp::csr-1] This study GR3037
csr-1(mg657[G91R]) IV This study GR3039
unc-119(ed3) II; mgTil3[rpl-28::gfp::csr-1b] This study GR3041
csr-1(mg660[GI120%]) IV This study GR3042
csr-1(mg661[G120*]) mgls75 [rpn-2p::gfp ] IV, mgTil4[pbs-5::mcherry] This study GR3043
wago-10(tor133) V This study JMC192
alg-4(tml1184) 111 3)

alg-3(tml1155) IV 3)

alg-4(tm1184) III; csr-1(tor67 [csr-1 exon2::gfp::3xflag IV:7958598 ], csr-1(mg660[G120*]) ) This study JMC245
IV, alg-3(tml1155) IV; wago-10(tori33) V'

alg-3(torl41[gfp::3xflag::alg-3]) IV This study JMC205
alg-4(tor143[gfp::3xflag::alg-4]) 111 This study JMC207
wago-10(tor127[gfp::3xflag::wago-10]) V This study JMC233
wago-10(torl62 [3xflag::wago-10]) V' This study JMC248
wago-4(torl17[gfp::3xflag::wago-4]) II (38) JMC223
pha-1(e2123) (31) GE24
znfx-1(gg634[HA::tagRFP::znfx-1]) II. (65) YY 1446
pgl-1(gg640/[pgl-1:.flag::mCardinal ] ) IV (65) YY1492
pgl-1(zuls252 [ Pnmy-21::PGL-1::mRFP; uncl19(+) ] uncl19(ed3)) 111, 95) 1J2213
wago-4(torl17[gfp::3xflag::wago-4]) II, znfx-1(gg634[HA::tagRFP::znfx-1]) II This study JMC255
znfx-1(gg634[HA::tagRFP::znfx-1]) II; csr-1(torl60[csr-1 exonl::gfp::3xflag IV:7957568]) This study JMC259
w

znfx-1(gg634[HA::tagRFP::znfx-1]) II; csr-1(tor67[csr-1 exon2.:gfp::3xflag IV:7958598 ], This study JMC260
csr-1(mg660[G120*])) IV

pel-1(zuls252 [ Pnmy-21::PGL-1::mRFP; uncl19(+) ] uncl19(ed3)) III; csr-1(torl60[csr-1 This study IMC277
exonl::gfp::3xflag IV:7957568]) IV

pgl-1(zuls252 [ Pnmy-21::PGL-1::mRFP; uncl19(+) ] uncl19(ed3)) II1; csr-1(tor67[csr-1 This study JMC278
exon2:.:gfp::3xflag IV:7958598 ], csr-1(mg660[G120*])) IV

znfx-1(gg634[HA::tagRFP::znfx-1]) II, wago-4(tm1019) II; csr-1(torl60[csr-1 This study JMC279
exonl::gfp::3xflag IV:7957568]) IV

znfx-1(gg634[HA::tagRFP::znfx-1]) II, wago-4(tm1019) II; csr-1(tor67[csr-1 This study JMC276
exon2::gfp::3xflag IV:7958598 ], csr-1(mg660[G120*])) IV

znfx-1(gg634[HA::tagRFP::znfx-1]) II, wago-4(torl17[gfp.::3xflag::wago-4]) II; This study JMC275
csr-1(mg660[G120%]) IV

wago-4(torl17[gfp::3xflag::wago-4]) II; pgl-1(zuls252 [ Pnmy-21::PGL-1::mRFP; This study JMC283
uncl19(+) ] uncl19(ed3)) III; csr-1(mg660[G120*]) IV

wago-4(tml1019) II; pgl-1(zuls252 [ Pnmy-21::PGL-1::mRFP; uncl19(+) ] uncl19(ed3)) III; This study JMC284
csr-1(torl60[csr-1 exonl::gfp::3xflag IV:7957568]) IV

wago-4(tml1019) I1; pgl-1(zuls252 [ Pnmy-21::PGL-1::mRFP; uncl19(+) ] uncl19(ed3)) 111, This study JMC285
csr-1(tor67 [esr-1 exon2::gfp::3xflag IV:7958598 ], csr-1(mg660[G120*])) IV

znfx-1(gg634[HA::tagRFP::znfx-1]) I1; alg-4(tm1184) 111, csr-1(tor67[csr-1 This study JMC286

exon2::GFP::Flag IV:7958598 ], csr-1(mg660[G120%])) IV; alg-3(tm1155) 1V;

wago-10(torl33) V

Apochromat Lambda 60x Oil Immersion objective. Im-
ages were acquired using NIS Elements AR software. For
time course images, larvae and embryo images were taken
every 60 seconds. All images were acquired with the same
settings and exported via NIS-Elements AR Software. Any
post-acquisition adjustments made to images were applied
equally between control and experimental sets using Fiji
(44) and Nikon NIS viewer.

Imaging released sperm. Males were moved to plates with-
out hermaphrodites 1-2 days prior to imaging to maximize
sperm retention. Males were soaked in 2 ml of 1x Sperm
Buffer (50 mM HEPES, 25 mM KCl, 35 mM NaCl, | mM
MgSOy4, 5 mM CaCl,, 10 mM dextrose/D-glucose, pH 7.8,

filter sterilized) with 0.5 w1 of 5 wg/ml DAPI for 5 min in a
crystallization dish, then transferred to poly-L-lysine coated
slides. 2 mM levamisole was added, and worm tails were
cut with a 17-gauge needle to release sperm/germline. Sam-
ples were imaged immediately using Sequential Scan Mode
on a Leica DMi8 TCS SPS8 confocal microscope using a
63x/1.40 HC PL APO CS2 oil objective.

CSR-1 zygotic expression assay. Male worms homozy-
gous for GFP:3XFLAG:CSR-1 were crossed to N2
hermaphrodites. After 24 h, hermaphrodites were collected
and dissected to obtain early embryos. Later staged em-
bryos and L1 larvae were obtained by washing plates with
1x M9. Embryos and larvae were transferred to slides with
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2% agarose pads. 2 wl of 2 mM levamisole was added to im-
mobilize larvae. Samples were imaged at 60x on a Nikon
TiE inverted microscope and Nikon C2 confocal system uti-
lizing the NIS-Elements AR Software.

Imaging and quantification of germ granules. Worms were
washed from plates in M9 and immobilized on posi-
tively charged glass slides with M9 and 10 uM levamisole.
Germlines were dissected with a 17-gauge needle and then
imaged immediately on a Leica DMi8 TCS SP8 confocal
microscope using a 63x/1.40 HC PL APO CS2 oil objec-
tive. All images were collected using the same acquisition
settings. Colocalization of proteins was calculated with the
ImageJ plugin JaCoP (45). One germline from each of six
different animals was imaged per strain and developmental
time point. Regions of interest (ROI) were generated using
the 3D objects counter plugin in ImagelJ (46) by adjusting
the threshold until only germ granule pixels are detected.
Mander’s co-localization coefficients are calculated using
JaCoP (45). To count the number of germ granules per nu-
cleus, images were split into separate channels using ImageJ,
and the ‘Find Maxima’ function was used to identify gran-
ules around each nucleus in each channel. Z-slices corre-
sponding to the center of the nucleus were counted from
20 nuclei per germline in five germlines per genotype (100
nuclei total). To analyze any differences in the number of
granules per nucleus among strains, mixed-effects ANOVA
was used, as calculated by ‘Imer()’ in R (version 3.6.3). Hy-
pothesis testing was performed with the ‘car’ package (47)
using Type II sums of squares. Residual data points were
normally distributed.

Imaging and analysis of rpn-2p::gfp transgenic worms.
Bright field and GFP fluorescence images showing rpn-
2p::GFP expression were collected using a Zeiss AxioZoom
V16, equipped with a Hammamatsu Orca flash 4.0 digital
camera, using Axiovision software. Images for all strains
were collected using the same acquisition settings and then
processed identically using ImagelJ (46). To quantify rpn-
2p::GFP expression, the maximum pixel intensity within
the intestine of each animal was measured using Imagel.
Values were then normalized such that wild type expression
was set to one.

Immunofluorescence microscopy. Gonads and embryos
were excised in 1x PBS with 2 mM levamisole on poly-
L-lysine coated slides from adult hermaphrodites grown at
20°C. Slides were frozen on dry-ice for at least 10 min or
stored at —80°C for up to 2 weeks. Fixation and incubation
with primary and secondary antibodies were performed as
described by (4). DNA was stained with 1 pg/ml DAPI in
1x PBS. Imaging was performed on a Nikon TiE inverted
microscope and Nikon C2 confocal system with a PL Apoc-
hromat Lambda 60x Oil Immersion objective and a Leica
DMi8 TCS SP8 using a 63x/1.40 HC PL APO CS2 oil ob-
jective. Images were processed using ImagelJ software (46).

DAPI staining and imaging L4 germlines. Wild-type and
mutant worms were shifted from 20°C to 25°C 24 h before
imaging. L4-stage worms were methanol fixed and DNA
was stained with 1 wg/ml DAPI in 1x PBS. Imaging was

performed on a Nikon TiE inverted microscope and Nikon
C2 confocal system with a PL Apochromat Lambda 60x
Oil Immersion objective. Images were acquired using NIS
Elements AR software and maximum intensity projections
were generated with ImagelJ software (46).

Brood size assays

All brood size assays were conducted on N2, tagged strains
and mutants reared at 20°C and 25°C. Strains were prop-
agated at 20°C prior to the assay. 10-20 L4 individuals
(1 worm/plate) were placed at the temperature the assay
was performed. Every 24 h the adult was transferred to a
fresh plate and embryos were counted. The number of lar-
vae was scored the following day. This continued until the
adult hermaphrodite was no longer laying eggs. The total
number of embryos laid by a single hermaphrodite over the
course of the egg-laying period was determined (total brood
size), as well as the total number of larvae that hatched (vi-
able brood size). Data were plotted using GraphPad Prism
or the ggplot2 package in R (48). Statistical analyses in
GraphPad Prism used unpaired ¢-tests with an alpha of 0.05
for pair-wise comparisons, and ordinary one-way ANOVA
for comparisons of more than two samples, followed by
Tukey’s multiple comparisons tests. ANOVA, calculated us-
ing ‘lmer()’ in R (version 3.6.3), was used to analyze any dif-
ferences in the number of viable progeny among strains. Hy-
pothesis testing was performed with the ‘car’ package (47)
using Type II sums of squares. Residual data points were
normally distributed.

Pseudomonas aeruginosa survival assay

Psuedomonas aeruginosa strain PA14 was streaked on
standard Luria-Bertani (LB) plates supplemented with
100 wg/ml carbenicillin and grown overnight at 37°C. Sin-
gle colonies were picked and grown in 3 ml of LB overnight.
20 .l of PA14 was seeded on 3.5 cm slow killing (SK) NGM
plates as previously described (49). These SK plates were
subsequently incubated overnight at 37°C and then equili-
brated for 2 days at 25°C. All strains used for the PA14 sur-
vival assay were grown to the gravid adult stage on 3.5 cm
NGM plates at 20°C and bleached. Synchronized progeny
were then grown to the L4-stage on NGM plates at 20°C.
Approximately 50 L4s were picked to SK plates and moved
to 25°C. Worms were transferred to new SK plates every
24 h. Dead worm carcasses were counted at 48 h, and both
carcasses and live worms were counted at 72 h.

Male mating rescue assay

N2 and mutant hermaphrodites were reared at 20°C. Ten
L4 hermaphrodites of each genotype were transferred to
plates with either three or zero N2 males, and main-
tained at 25°C. After 24 h, and at every 24 h thereafter,
the adult hermaphrodite was transferred to a fresh plate
(males were removed), and the number of larvae was scored
the following day until no more progeny were produced.
Embryos/oocytes were imaged on an Olympus SZX16 Flu-
orescent Stereomicroscope with a Nikon DS-Fil camera.
At 60 hours post temperature shift plates were assessed for
the presence of male progeny to indicate successful mating.



Table 2. Antibodies used in this study

Antibody Reference Name

Rabbit anti-CSR-1 (total) (peptide 4) 49-Cl1

antigen: VDYNAPKDPEFRQK

YPNLKFP)

Rabbit anti-CSR-1 (total) (peptide 4) 49-C2

antigen: QRCKDKGMHIGSYS

MDQHNGERGSENFL)

Rabbit anti-CSR-1a (peptide This study 56

antigen: YQGKVKYRGGDRHD

FNYEKTPTGSY)

Mouse IgM anti-PGL-1 (96) K76

Rabbit anti-GFP Torrey Pines RRRID:
AB_2313770

Mouse anti-alpha Tubulin Sigma-Aldrish RRID:
AB_477593

Monoclonal Anti-FLAG M2 Sigma-Aldrich RRID:

antibody AB_262044

Antibodies used in this study
See Table 2.

Protein lysate preparation

Synchronous populations of animals were grown at a den-
sity of approximately 100,000 animals per 15 cm plate on
NGM with 5x concentrated OP50 Escherichia coli, har-
vested at staged time points in 1x M9 buffer, and washed
with ddH,0. The worm pellets were flash frozen in a dry
ice/ethanol bath and stored at —80°C. The frozen pel-
lets were resuspended 1:1 (v/v) in ice-cold DROSO com-
plete buffer (30 mM HEPES, 100 mM potassium acetate,
2 mM magnesium acetate, 0.1% Igepal CA 630 (Sigma-
Aldrich), 2 mM DTT, 4x concentration complete protease
inhibitor (Roche) and 1% (v/v) phosphatase inhibitors 2
and 3 (Sigma-Aldrich)) or EDTA Complete buffer (30 mM
HEPES, 100 mM potassium acetate, 10 mM EDTA, 10%
glycerol, 0.1% NP-40 or Igepal CA630 (Sigma-Aldrich),
2 mM DTT, 1 tablet/5 ml protease inhibitor (Roche),
1:100 phosphatase inhibitor 2 (Sigma-Aldrich), 1:100 phos-
phatase inhibitor 3 (Sigma-Aldrich)) and homogenized ei-
ther with a stainless steel dounce homogenizer (Wheaton
Incorporated) until worms and embryos were no longer vis-
ible under the microscope or by sonication (Bioruptor Pico)
for 10 cycles of 30 s ON/30 s OFF. In cases where RNA was
to be isolated from immunoprecipitations using the pro-
tein lysates, 1% (v/v) SUPERaseln RNase Inhibitor (Ther-
moFisher) was added to the buffer prior to homogenization.
Lysates were centrifuged at 13 000 x g for 10min at 4°C, and
the supernatant transferred to a fresh tube. A Lowry Assay
(Bio-Rad) was used to determine the total protein concen-
tration using a Nanodrop 1800C spectrophotometer.

Western blotting

Samples (typically 10-40 pg of protein lysate) were re-
solved by SDS-PAGE on precast gradient gels (4-12% Bis—
Tris Bolt gels, ThermoFisher) and transferred to Hybond-C
membrane (Amersham Biosciences) using a Bio-Rad semi-
dry transfer apparatus set at 25 V for 45 min. Membranes
were washed 3 x 5 min with PBST (0.1% Tween-20 in PBS)

Nucleic Acids Research, 2021, Vol. 49, No. 15 8841

and blocked for 1 h at room temperature with 5% milk-
PBST (PBST with 5% w/v dried nonfat milk). Membranes
were incubated overnight at 4°C in primary antibodies (An-
tibodies Table). Membranes were washed 3 x 10 min in
PBST, blocked with 5% milk-PBST for 1 h at room tem-
perature, then incubated for 1 h with secondary antibod-
ies conjugated to HRP (Cell Signaling Technology). Mem-
branes were washed 3 x 5 min in PBST and visualized using
Luminata Forte Western HRP substrate (Sigma-Aldrich).
Primary antibodies for FLAG [I mg/ml], CSR-1 (antibody
49C1) [0.25 mg/ml] were used at 1:3000 and CSR-1a (anti-
body 56) [0.25-0.57 mg/ml] was used at 1:1000. Secondary
antibodies listed in the Antibodies Table [ mg/ml] were
used at a concentration of 1:1000.

Immunoprecipitation

For each IP and co-IP experiment, 5 mg total protein
lysate was used per reaction. For small RNA cloning 3 to
5 x 5 mg IPs were performed and beads were pooled at the
final wash step. GFP-Trap Magnetic Agarose beads (Chro-
moTek) equilibrated in EDTA Complete buffer were used
for anti-GFP IPs and RFP-Trap beads or unconjugated
beads (ChromoTek) were used for the Mock IP control.
Dynabead Protein G beads (Invitrogen) were used for all
non GFP/RFP IPs. CSR-1 rabbit peptide antibodies used
for each IP were 49C2 [1.25 mg/ml] for total CSR-1 and 56
[0.25-0.57 mg/ml] for CSR-1a (4). Dynabeads were resus-
pended in PBS with 0.1% Tween and incubated while ro-
tating with 5 g of CSR-1 antibody (or rabbit IgG for the
matched Mock IP control) for 10 min at RT, then washed
3 x 5 min with EDTA complete buffer. Protein lysates were
incubated with 25 pl of bead slurry for 1 h while rotating at
4°C. Beads were then washed with EDTA Complete buffer
at least 5 x 10 min each. Protein was eluted from the beads
and denatured by incubation with sample buffer (4x Bolt
Buffer with reducing agent, ThermoFisher) for 10 min at
70°C. Input samples were prepared from the same lysate
and diluted to a concentration of 2 mg/ml in sample buffer.
For small RNA library samples, 10% of the total IP was
taken for western blot to determine efficacy. The remain-
ing sample was mixed with 4x Tri-Reagent (Molecular Re-
search Center, Inc.) and RNA was extracted as described

(4).

Small RNA library construction

RNA for sRNA libraries, was isolated from either total
worm lysate (input) or IP samples. Up to 4 g of RNA
from the IP samples were treated with 5" polyphosphatase
(Lucigen) for 30 min at 30°C followed by a standard phe-
nol:chloroform:isoamyl alcohol extraction and ethanol pre-
cipitation. 1 pg of total RNA from each sample was used
for SRNA library preparation using the NEBNext Small
RNA Library Kit for [llumina (New England Biolabs). The
resulting PCR product was visualized using 10% PAGE
stained with SYBRGold (Life Technologies) and a region of
140-160 bp was excised. DNA was eluted overnight at room
temperature in elution buffer (3.3 M NaCl, 100 mM Tris pH
7.5, 1 mM EDTA), and precipitated with 20 pg glycogen
and 1 x volume isopropanol overnight at -20°C. The result-
ing DNA was resuspended in 20 wl Ultrapure™ water, and
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quantified using a Qubit HS DNA kit (ThermoFisher). All
samples were pooled in equal amounts into a 20 nM solu-
tion and sequenced as 50 bp single end reads on an [llumina
HiSeq 2500 or Miniseq. At least two biological replicates
were prepared for each sample.

mRNA library construction

Synchronized staged animals were collected in 1x M9 and
washed in 3x in M9 and Ix in ddH,O. 4x pellet vol-
umes of Tri-Reagent (Molecular Research Center, Inc.)
were added to samples, and samples were flash frozen in a
dry ice/ethanol bath, then stored at —80°C for later RNA
extraction. Total RNA extraction and ethanol precipita-
tion were performed as described (4), followed by quan-
tification using a Nanodrop 1800C spectrophotometer. 2
wg of each sample was treated with DNase I (Ambion),
phenol:chloroform extracted, ethanol precipitated, resus-
pended in Ultrapure™ Distilled Water (ThermoFisher) and
quantified using a Qubit HS RNA kit (ThermoFisher). 1 pg
of total DNase treated RNA was used for library prepara-
tion using the NEBNext Ultra II Directional RNA Kit for
Illumina with Poly-A selection, according to the manufac-
turer’s manual. Samples were quantified with the Qubit HS-
DNA kit (ThermoFisher). Libraries were pooled in equal
amounts to 20 nM final concentration and sequenced 50
bp single end reads on an Illumina HiSeq 2500 Sequencing
System. For each genotype and temperature, three biologi-
cal replicates were prepared.

gRT-PCR

RNA extraction was performed as described for mRNA-
seq experiments above. cDNA synthesis was performed us-
ing SuperScript VILO Master Mix (Thermo Fisher), as per
the manufacturers’ requirements. QqRT-PCR was performed
as described (4,18) on a QuantStudio 3 Real-Time PCR Sys-
tem. Primer sets are listed in Supplemental Table S3. All
data are expressed as a ratio of the experimental transcript
to the control transcript gpd-2. Error is standard deviation.

Data analysis

Small RNA enrichment analysis. Raw read qual-
ity was assessed via FASTQC (version 0.11.5; http:
/Iwww.bioinformatics.babraham.ac.uk/projects/fastqc/)
and adapters were trimmed via Cutadapt (version 1.15)
(50) using the adapter sequence ‘AGATCGGAAGAGCA
CACGTCTGAACTCCAGTCAC’. Any reads that were
not trimmed and were outside of the 16-30 nucleotide
range were discarded ($ cutadapt -a adapter sequence -f
fastq -m 16 -M 30 —discard-untrimmed). Reads were then
mapped to the C. elegans genome (WormBase release
WS262) using STAR-aligner (version 2.6.0c) (51) with the
following command:

$ --runThreadN 12 --outSAMtype BAM SortedByCoor
dinate --outFilterMultimapNmax 50 --outFilterMultimap
ScoreRange 0 --outFilterMismatchNoverLmax 0.05 --out
FilterMatchNmin 16 --outFilterScoreMinOverLread 0 --o
utFilterMatchNminOverLread 0 --alignIntronMax 1.

A custom R script (version 3.6.3) was used to count
the number of reads for each feature (e.g. protein coding

genes, pseudogenes, etc.). WormBase version WS262 PR-
JNA13758 cell canonical geneset annotations were used
(excluding miRNAs). C. elegans miRNA annotations were
obtained from miR Base (release 22.1). To determine targets
enriched for sSRNAs in Argonaute IPs, reads were first nor-
malized to library size (reads per million - RPM). Enrich-
ment was defined as genes having a minimum of 5 RPM
in both IP samples, and greater than or equal to 2-fold en-
richment in both IPs relative to Input samples. Similarly,
sRNA-seq data were determined to be depleted (15) by the
presence of > SRPM in Input, and greater than or equal to
2-fold decrease in the number of reads in the mutant ver-
sus Input. All SRNA samples, including those published by
other groups were analyzed using our own computational
pipeline for consistency.

The size and first nucleotide distribution plots and en-
richment scatter plots were made using the ggplot2 package
(48). Heatmaps were generated using the pheatmap pack-
age (https://CRAN.R-project.org/package=pheatmap).
Venn plots were made using VennDiagram package
(https://CRAN.R-project.org/package=VennDiagram)
and VennDetail Package 1.2.0 (https://github.com/
guokai8/VennDetail). Statistical analysis for all Venn-
pie Gene set enrichment comparisons was conducted
using Fisher’s Exact Test. The overlap between en-
riched sRNAs and various published gene sets was
determined and plotted using the VennDetail Package
(https://github.com/guokai8/VennDetail) using percentage
parameters. Additional genes and gene groups of interest
were examined using WormMine (52,53), WormExp (54)
and WormBase Enrichment Suite (55). The significance
in overlap between gene sets was calculated using Fisher’s
Exact Test. Non-templated nucleotide additions to SRNA
3’ ends were identified and quantified using a custom
script. Metagene plots of SRNA distributions along tar-
get genes were made using a custom script. Replicates
were aggregated and normalized by RPM. For clustering
diagrams, sSRNA targets were grouped via hierarchical
clustering by binary distance using the pheatmap package
(https://CRAN.R-project.org/package=pheatmap).

mRNA differential gene expression analysis. mRNA anal-
ysis was conducted in the same way as the small RNA
analysis described above, except that reads were trimmed
with the following command (retaining only reads without
adapters): $ cutadapt -a adapter sequence -f fastq -m 51 -M
51. Differential expression and statistical analysis were per-
formed using DESeq?2 (56) and significantly-changed genes
were designated by the P-adjusted value of <0.1. Gene over-
laps and enrichment set analyses were conducted as de-
scribed above.

Gene ontology analysis. Gene lists generated via our cus-
tom pipelines were subjected to Gene Ontology Analysis us-
ing the WormBase Enrichment Suite (55).

Sequence alignment and cladogram construction. csr-1 se-
quences for other Caenorhabditis species were obtained
from the NCBI database (57), then aligned with MUSCLE
(58) and custom coloured to highlight particular amino
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acids relevant to this study in SeaView (59). The cladogram
was constructed based on the alignment.

RESULTS
A screen for proteasomal regulators uncovers csr-1a alleles

The csr-1 locus encodes two isoforms that vary by the addi-
tion of 163 amino acids to the N-terminal region of CSR-
la. In contrast to the rest of the CSR-1 protein, the N-
terminal region is poorly conserved among related nema-
tode species, with the notable exception of the RG mo-
tifs (Figure 1A-B). We became interested in the two iso-
forms of CSR-1 for two major reasons. First, several reports
demonstrated that the two isoforms of CSR-1 were differ-
entially expressed throughout development, suggesting they
could play different roles in gene regulation in different tis-
sues (4,29). Second, a forward genetic screen for factors
that regulate the proteasome pathway serendipitously un-
covered several alleles that only affect csr-1a, suggesting a
somatic function specifically for this isoform (Supplemen-
tary Figure S1). In this screen, we generated a genome-
integrated repetitive transgene array that drives GFP ex-
pression under control of the promoter of the rpn-2 gene
(rpn-2p::gfp). rpn-2 encodes the C. elegans orthologue of
Rpn2/PSMD1, a non-ATPase subunit of the 19S protea-
some that is essential for viability of eukaryotic cells (Sup-
plementary Figure S1A) (60). For reasons that are not en-
tirely clear, the rpn-2p::gfp fusion gene was generally si-
lenced throughout the worm, but could be activated in the
intestine by proteasome inhibitors or mutations in protea-
some subunits, like another proteasomal fusion gene rpz-
3p::gfp (data not shown and (40)). EMS mutagenesis of
this strain yielded eleven mutants that showed elevated ex-
pression of GFP in intestinal cells, including mutations in:
rrf-1, rsd-2 and rde-1, which encode RNAI pathway factors
(61-63); four independent alleles of csr-Ia that lie within
the first exon; and four alleles which remain uncharacter-
ized (Supplementary Figure S1B-E). We verified the ef-
fects of these mutations with independent alleles (data not
shown).

All of the csr-1a alleles recovered cause amino acid sub-
stitutions at conserved glycine residues (G91R, two al-
leles of G120E and G124E) within or nearby conserved
RGG/RG repeats of the N-terminus (Figure 1B, Supple-
mentary Figure S1C). We hypothesized that CSR-1a and
the other RNAI factors recovered may play a role in sSRNA-
mediated silencing of the rpn-2p::gfp transgene, there-
fore we asked whether CSR-1a associates with transgene-
derived sRNAs via CSR-1a Immunoprecipitation (IP) with
a CSR-1-specific antibody, followed by sSRNA sequencing.
In parallel, we assessed whether transgene-derived SRNAs
were depleted in c¢sr-/a mutants, as loss of AGOs gener-
ally destabilizes SRNA pools. We observed no enrichment
of transgene SRNAs in CSR-1a complexes, nor did we de-
tect a depletion of transgene sSRNAs in the csr-/a mutant
strain, suggesting that the role for CSR-1a in regulating rpn-
2p.:gfp expression was not SRNA-mediated, and could be
indirect (Supplementary Figure S1F and G). Despite these
results, this screen left us with a rich set of alleles to as-
sess the isoform-specific functions of CSR-1a throughout
development.
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CSR-1 isoforms have distinct expression patterns throughout
development

In addition to the csr-1a alleles recovered in our screen, we
generated an extensive set of csr-/ mutants and epitope-
tagged strains using CRISPR-Cas9 genome editing (36,64)
and MiniMos single copy transgene insertions (41) (Fig-
ure 1C). We introduced GFP::3XxFLAG into the N-terminus
of the long isoform, CSR-1a, via CRISPR-Cas9 genome
editing at the endogenous c¢sr-1 locus (36). Because the csr-
1b locus is entirely shared with the csr-Ia locus, epitope
tagging CSR-1b invariably results in the internal epitope
tagging of CSR-1a, thus we used this to our advantage
to epitope tag both isoforms in a single strain (37). How-
ever, having both isoforms tagged precludes our ability to
study CSR-1b separately. Therefore, we also introduced a
stop codon into the first exon of ¢sr-/a, to generate a third
strain that is a null mutant for csr-/a, and expresses only
GFP::3xFLAG::CSR-1b (referred to as csr-la(torl59) in
figures where c¢sr-1a loss of function is assessed).

We evaluated the tissues and developmental time points
in which each isoform is expressed using western blotting
(Figure 1D) and confocal microscopy (Figures 1E, 2, 3A,
Supplementary Figure S2-S3). In these experiments, CSR-
la and CSR-1b displayed clear differences in the timing
and tissue-specificity of expression. Western blotting on the
GFP::3xFLAG::CSR-1b strain demonstrated that, consis-
tent with published data, CSR-1b is expressed during all de-
velopmental stages in hermaphrodites, with the highest lev-
els of protein present in adults and in embryos (Figure 1D)
(4). In contrast, CSR-1a displays a more restricted expres-
sion profile, and is detected only in L4, young adult, and
gravid adult developmental stages (Figure 1D).

In examining each strain by confocal microscopy
throughout development, we observed that CSR-1b is
constitutively present in the germline at all developmen-
tal stages in hermaphrodites, including the primordial
germ cells in embryos, the spermatogenic gonad, and the
oogenic gonad (Figures 1E, 2A, Supplementary Figure
S2). Consistent with expression during spermatogenesis in
hermaphrodites (Figure 2A), CSR-1Db is also expressed in
the male gonad (Supplementary Figure S2). In contrast,
CSR-1a is only detected in the proximal germline at the L4
larval stage in hermaphrodites, coincident with sperm pro-
duction (Figures 1E, 2A, Supplementary Figure S3). CSR-
lais also expressed in the male gonad, similar to its expres-
sion pattern in L4 hermaphrodites (Supplementary Figure
S3).

Within all germline tissues, CSR-1b is present primar-
ily in the cytoplasm and robustly localizes to germ gran-
ules (Figures 1E, 2A, B, Supplementary Figure S2). Sim-
ilarly, in the L4 germline, CSR-1a is also present in the
cytoplasm and enriched in germ granules (Figure 2A and
B, Supplementary Figure S3, Figure 9A). CSR-1 had pre-
viously been shown to localize to P granules (4), but in
the meanwhile, several other types of germ granules, in-
cluding Z granules have been identified (65). To determine
which type of germ granules each CSR-1 isoform associates
with, we crossed RFP-tagged versions of PGL-1 (a P gran-
ule marker) and ZNFX-1 (a Z granule marker) into the
GFP::3xFLAG::CSR-1a/b strains and determined the ex-
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Figure 3. CSR-la is expressed in the intestine. (A) Fluores-
cence micrographs of animals expressing GFP::3xFLAG::CSR-1,
GFP::3xFLAG::CSR-1b and GFP::3xFLAG::CSR-1a in the intestine.
Scale bar, 50 wm. (B) Notable transcription factors enriched in binding
within the promoters of each csr-1 isoform, from the ModERN project
(68).

tent of pixel overlap in L4 and young adult hermaphrodite
germlines. We found that both isoforms of CSR-1 over-
lap with PGL-1 and ZNFX-1 to a similar extent in the L4
germline and that CSR-1b overlaps with both PGL-1 and
ZNFX-1 in the oogenic germline (Figure 2B, see Figure 8E
for quantification).

Because of their germline expression patterns, we next
explored whether either CSR-1 isoform could be transmit-
ted to progeny via sperm (CSR-1a, b) or oocytes (CSR-1b
only). First, we performed confocal microscopy on sperm
released from males. We observed that much of the CSR-
1b pool was present in the residual body, a structure where
sperm cytoplasmic contents are discarded during spermato-
genesis (Figure 2C) (22). We also detected CSR-1b in ma-
ture spermatids, where it was present both in the nucleus

and cytoplasmic foci (Figure 2C) (14). In contrast, CSR-1a
is not segregated into the residual body, nor is it packaged
into mature spermatids. These observations indicate that
CSR-1b alone has the potential to be passed from males
to progeny via sperm.

In oocytes, CSR-1b localizes to the cytoplasm, germ
granules, and oocyte chromatin (Figure 2A, B, D), and
therefore could be maternally provisioned (4,66). In self-
fertilizing GFP::3xFLAG::CSR-1b hermaphrodites, we ob-
served GFP expression in early embryos, prior to the onset
of zygotic transcription (Figure 2E). In contrast, we did not
observe GFP expression in early embryos produced from
crosses between GFP::3xFLAG::CSR-1 males and wild-
type hermaphrodites (Figure 2F). Instead, we first detected
zygotic GFP::3xFLAG::CSR-1 in the primordial germ cells,
72 and Z3. Finally, during early embryogenesis until ap-
proximately the 50 cell stage, maternally provisioned CSR-
1b is detected in both somatic and germ cells (Figure 2E,
G). In both cell types, CSR-1b is present in the cytoplasm
and localizes to the nucleus in a cell-cycle dependent man-
ner, coincident with mitosis (Figure 2G). Collectively, these
data indicate that CSR-1b is maternally, and potentially pa-
ternally inherited, and that zygotic expression of CSR-1b
initiates when the primordial germ cells become transcrip-
tionally active during late embryonic development. In con-
trast, CSR-1a is not maternally or paternally inherited, and
is not expressed in embryos.

In adult hermaphrodites, we were unable to detect CSR-
la in the oogenic germline (Figure 2A-B D, Supplemen-
tary Figure S3), nevertheless, western blotting data demon-
strated the presence of CSR-1a in adults (Figure 1D). This
suggested that CSR-1a may be expressed in the soma. In-
deed, we observed CSR-1a in several adult somatic tissues
of both hermaphrodites and males (Supplementary Fig-
ure S3), including the intestine (Figure 3A), spermatheca
(Supplementary Figure S3), and several cells within the tail
(Supplementary Figure S3). In adult males, CSR-1a is also
present in the vas deferens and seminal vesicle (Supplemen-
tary Figure S3). In fact, the earliest expression of CSR-
la was in the intestine from the L3 stage onward (Figure
1C). In contrast, CSR-1b was not observed in any post-
embryonic somatic tissues.

Consistent with this intestinal expression pattern, we ob-
served enrichment of the intestinal master transcription fac-
tor ELT-2 (67) upstream of the csr-/a transcription start
site at the L3 stage of development by examining pub-
lished transcription factor binding data (Figure 3B) (68).
The first intron of the csr-1 locus possesses potential reg-
ulatory elements for csr-1bh. Within this intron, we did not
observe ELT-2 binding, but instead observed enrichment of
several germline enriched transcription factors, including
members of the SNAP-C (69) and DRM complexes (70),
which we predict regulate the expression of c¢sr-1b in the
germline. Taken together, these results highlight the poten-
tial for CSR-1a to play novel roles during spermatogenesis
and within specific somatic tissues, including the intestine.

CSR-1b is the essential CSR-1 isoform but CSR-1a can com-
pensate

csr-1 is the only singly essential ago in C. elegans. Ho-
mozygous zygotic null mutants of csr-I (which affect
both isoforms) that are generated from heterozygous



hermaphrodites develop to adulthood, but display defects
in oogenesis (3,4). Consequently, they produce few em-
bryos, and those few embryos that are generated display
chromosome segregation defects and arrest early in em-
bryogenesis, prior to the 50 cell stage (4,11). In contrast, csr-
1 null mutant males are fertile under normal lab culture con-
ditions, but display a progressive loss of fertility over several
generations at a stressful temperature (25°C) (14). The dif-
ferent expression profiles of CSR-1 isoforms in the germline
suggest that each isoform could be responsible for different
facets of fertility. For instance, because CSR-1a is not ex-
pressed in the hermaphrodite germline or in early embryos,
we expected that loss of ¢sr-7a would likely have little im-
pact on oocyte development or embryo viability. Therefore,
we asked whether either isoform was sufficient for fertility,
or if both were redundantly required for proper germline
development and gamete function.

We assessed the fertility of our set of ¢sr-/a mutants and
epitope tagged strains, along with two strains in which csr-
1 null mutants were rescued with ubiquitous expression of
either CSR-1a or CSR-1b (Figure 4). First, we verified that
each of our GFP::CSR-1a, GFP::CSR-1b, and GFP::CSR-
1 strains displayed wild type fertility under the normal lab
culture temperature of 20°C (Figure 4A-B). Next, we tested
whether these strains displayed any fertility defects under
the stressful temperature of 25°C. At 25°C, GFP::CSR-
Ib, which also possesses a null mutation in csr-la (csr-
la(torl59)), displayed a slight but reproducible reduction
in viable brood size (Figure 4A-B). We also tested a strain
possessing only the csr-/a premature stop allele, but no gfp
insertion in csr-1b (csr-1al97?%*] ), as well as a missense allele
affecting a conserved RG repeat of the CSR-1a recovered
from the proteasomal regulators screen (csr-1al %'R/) (Fig-
ure 1B). While csr-1al“'?7"/ was a null allele, CSR-1a[G91R]
was expressed at slightly lower levels than wild-type CSR-
la, but localized to the intestine and P granules normally
(Supplementary Figure S4A-D). Consistent with our results
using csr-1a(torl59), both of these alleles displayed a nor-
mal brood size at 20°C, and reduced brood size at 25°C (Fig-
ure 4C).

The subtle and temperature-dependent fertility defect led
us to pursue the role of csr-la at 25°C further. Because
CSR-1a germline expression occurs only during spermato-
genesis, and loss of both CSR-1 isoforms in males causes
a progressive loss of fertility over many generations (14),
we tested whether loss of CSR-1a causes a progressive de-
cline in fertility. We cultured the c¢sr-1a(torl159) null mu-
tant at 20°C for > 25 generations, then shifted it to 25°C to
perform brood analysis. In parallel, we freshly outcrossed
these ‘late generation’ csr-1a(torl59) null mutants, shifted
them to 25°C and assayed their brood size in parallel. We
found that csr-1a(tor159) null mutants in culture for many
generations displayed a smaller brood size than wild-type
worms at 25°C, but that this phenotype was reversed by
outcrossing to wild-type (N2) before selfing (Figure 4D).
These data suggest that loss of CSR-la from the sper-
matogenic germline results in progressive loss of fertility
through a transgenerational epigenetic mechanism. This is
reminiscent of transgenerational epigenetic inheritance de-
fects displayed by other germline ago mutants, including
esr-1(tm892 ) null mutant males (14).
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Next, we asked if ubiquitous expression of either CSR-
1 isoform is sufficient to rescue the csr-1(tm892) null mu-
tant. To do this, we constructed single copy genomically-
integrated transgenes, in which the coding sequence of each
csr-1 isoform was tagged with gfp and was expressed us-
ing a constitutive rp/-28 promoter and csr-/ 3’UTR in a
csr-1(tm892) null mutant background (Figure 1B). Re-
markably, both strains were viable, indicating complemen-
tation (Figure 4E). We measured the extent to which ex-
pression of each isoform rescued fertility by performing to-
tal brood counts versus viable brood counts. In contrast
to csr-1(tm892), which produces very few embryos, the
csr-1(tm892 ) strain possessing the rpl-28::gfp.:csr-1b trans-
gene produced 73.1% the total brood of wild-type worms
(data not shown). However, despite this robust brood size,
we found that many of the embryos were not viable (Figure
4E; csr-1b rescue viability was 47.4% of wild-type worms),
and died late in embryogenesis as malformed larvae (Sup-
plementary Figure S4F). This embryonic arrest occurs later
in development than embryos produced by csr-1(tm892)
homozygous hermaphrodites, suggesting that the pheno-
type could be due to different causes, including the devel-
opmental timing and cell types in which CSR-1b was ex-
pressed via this ubiquitous promoter, or the level to which
it was expressed. The brood size may also be reduced due to
a lack of CSR-1a in this strain.

To ensure that only csr-/a was expressed in the second
transgenic rescue strain, we eliminated the first intron. West-
ern blotting on protein lysates from this strain showed that
only GFP::CSR-1a was expressed from this transgene and
there was no CSR-1b protein present (Supplementary Fig-
ure S4E). By using this constitutive rp/-28 promoter, CSR-
la is expressed in many tissues and at developmental time
points where and when it would not normally be expressed,
including in the oogenic germline and in early embryos (Fig-
ure 4F). Remarkably, this strain displayed a viable brood
size comparable to wild type (Figure 4E), indicating that
GFP::CSR-1a can compensate for loss of csr-1h when ec-
topically expressed in the oogenic germline and in embryos.
Overall, this result was unexpected, and suggests that CSR-
la can execute the molecular functions of CSR-1b, but has
differentiated itself from CSR-1b by its expression profile,
and potentially other features of the protein. Conversely, the
reduced brood size in the CSR-1b-expressing rescue strain
may indicate that CSR-1b cannot perform the functions of
CSR-1a, or that the timing, cell types, and levels of CSR-1b
are not optimized in this strain.

By integrating these observations with our knowledge
of CSR-1 expression profiles, we conclude that under nor-
mal culture conditions, CSR-1a is not required for embry-
onic viability. Instead csr-1b plays an essential role during
oocyte development and in the early embryo. However, un-
der stressful conditions, such as elevated temperature, csr-
la may play a role in fertility that is likely linked to a role in
sperm development and differentiation (see below).

CSR-1a and CSR-1b associate with 22G-RNAs to target
partly overlapping sets of protein coding genes

To understand whether each CSR-1 isoform has distinct or
overlapping target transcripts and roles in gene regulation,
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each csr-1 isoform-specific transgene. Scale bar, 25 pm.



we set out to determine the pools of SRNAs bound by each
isoform. Past studies have shown that CSR-1 associates
with 22G-RNAs, and 22G-RNAs display perfect comple-
mentarity to target transcripts (4,14,15). Therefore, by de-
termining the sSRNA complements associated with each
CSR-1 isoform, we can computationally identify gene tar-
gets. In these experiments, we used GFP antibodies to per-
form immunoprecipitation (IP) of GFP::3xFLAG::CSR-
1 (for CSR-1a, CSR-1b and CSR-1) in synchronized L4
worm populations maintained at 20°C (Figure 5, Supple-
mentary Figure S5). We chose L4 worms because both iso-
forms are robustly expressed at this stage. For CSR-1b we
expected that SRNA populations would reflect germline ac-
tivities during spermatogenesis. For CSR-1a, we anticipated
that we would recover both somatic and germline (sper-
matogenesis) SRNA populations, due to its expression pro-
file. In parallel, we cloned and sequenced total SRNA sam-
ples from the same samples (Input). Two replicates were per-
formed for each condition (Supplementary Tables S1-2).

We focused our analysis on the CSR-1la and CSR-1b
IPs (Figure 5A). (Note that total CSR-1 results are pre-
sented in Supplementary Figure S5, but not discussed fur-
ther.) We first examined the size and first nucleotide dis-
tribution of sSRNAs from the Input and IP samples, and
observed a large proportion of 22G-RNA reads present in
each CSR-1 IP (Figure 5B, Supplementary Tables S1-2).
Next, we determined which reads were enriched in each
GFP::3xFLAG::CSR-1 IP relative to Input (with a mini-
mum of 5 reads per million (RPM) and a 2-fold or greater
increase in IP versus Input) to define a set of target tran-
scripts (genes for which antisense SRNAs are enriched in the
IP) for each isoform (Figure 5C, Supplementary Table S2).
Protein coding genes are the major targets of both isoforms
(CSR-1a: 2572 genes; CSR-b: 5326 genes out of 20116 to-
tal genes in the genome) (Figure 5C). Both isoforms also
target a small number of transposable elements (CSR-1a:
6 TE; CSR-b: 7 TE out of 285 total TE) and pseudogenes
(CSR-1a: 59 pseudogenes; CSR1-b: 32 pseudogenes out of
1885 total pseudogenes) (Figure 5C). While there is exten-
sive overlap between the CSR-1a and CSR-1b protein cod-
ing gene targets (1757 genes), there are also distinct sets of
genes that are specifically targeted by one isoform (815 for
CSR-1a, 3569 for CSR-1b) (Figure 5D).

We examined how the CSR-1a/b shared and isoform-
specific 22G-RNA targets overlap with those of other
sRNA pathways by comparing them to previously pub-
lished RdRP mutant, ago mutant, and AGO IP/sRNA-
seq datasets (Figure SE) (4,14,15,71). Such comparisons
could provide insights into any differences in 22G-RNA
biogenesis pathways between the CSR-1 isoforms and their
distinct and overlapping target gene sets. Striking pat-
terns emerged from these comparisons. First, we found
that CSR-1b-specific targets and CSR-1a/b shared targets
are over-represented in genes that are depleted of 22G-
RNAs in ego-1 mutants. In contrast, CSR-1a-specific tar-
gets are over-represented in genes that are depleted of
sRNAs in rrf-1 and rrf-3 mutants, while CSR-1b-specific
targets are not. CSR-la/b shared targets are also over-
represented in genes depleted of sSRNAs in 77/-3 mutants
(Figure SE). The overlap with different RdRPs reflects
CSR-1 isoform expression profiles: RRF-1 is mostly ex-
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pressed in the soma (like CSR-1a), EGO-1 is expressed
constitutively in the germline (like CSR-1b), and RRF-
3 is important during spermatogenesis (like CSR-la and
CSR-1b) (4,14,15,23,27,71). Consistent with a link to sper-
matogenic SRNA pathways (below), CSR-1a-specific and
CSR-1a/b shared targets are over-represented in genes de-
pleted of SRNAs in alg-3, alg-4 spermatogenesis-specific
ago mutants (Figure 5SE). Interestingly, CSR-1b-specific and
CSR-1a/b shared targets are over-represented in existing
CSR-1(total) targets from males and hermaphrodites, while
CSR-1a-specific targets are under-represented in these sets.
This likely reflects the relative abundance of each isoform,
as CSR-1D is expressed at higher levels than CSR-1a and
can be more easily immunoprecipitated by CSR-1 anti-
bodies. Of note, we observed a similar phenomenon with
our GFP::3xFLAG::CSR-1 (both isoform) IPs (Supple-
mentary Figure S5). All sets of CSR-1 target genes are
under-represented in WAGO-1 targets, consistent with a
functional distinction between the CSR-1 and WAGO-1
pathways (Figure 5E) (4,15). Collectively, these data suggest
that different biogenesis mechanisms may contribute to the
production of each subset of CSR-1 associated 22G-RNAs.

We asked if there are any differences in the distribution
of SRNAs along the groups of target genes for each CSR-1
isoform. To assess this, we performed metagene analysis, ex-
amining the density of sSRNAs along the set of CSR-1a vs.
CSR-1Db protein coding gene targets, after normalizing for
gene length (Figure 5F). CSR-1b -associated sSRNAs dis-
played a pattern consistent with previous reports, in which
sRNAs were enriched at the 3’ end of the target transcripts
(72). However, we observed a distinct pattern of SRNAs as-
sociated with CSR-1a, in which sSRNAs were distributed
along the entire length of the target transcripts. This result
is reminiscent of the pattern of WAGO-1 sRNAs, which are
generated by the RARP RRF-1 (15). Collectively, these ob-
servations highlight similarities and differences in CSR-1a
vs. CSR-1b 22G-RNAs, and hint that, at least in some tis-
sues, there may be differences in the CSR-1 22G-RNA bio-
genesis pathways.

CSR-1a and CSR-1b target different subsets of germline
genes

To further characterize the overlapping and distinct 22G-
RNA gene targets of each CSR-1 isoform, we categorized
targets based on existing data that designate mutually ex-
clusive sets of sperm, germline constitutive, and oocyte
enriched transcripts (29) (Figure 6A, Supplementary Ta-
bles S1-2). Because CSR-1a and CSR-1b only overlap in
their expression in the spermatogenic gonad, we antici-
pated that the set of shared targets would be enriched in
germline genes. Indeed, we observed that germline consti-
tutive and spermatogenic gene sets were over-represented
among the shared targets, and accounted for nearly all 1757
of these shared targets, while oogenic genes were under-
represented (Figure 6A). The CSR-1b specific targets were
over-represented in the germline constitutive and oogenic
gene sets. This reflects the constitutive germline expression
pattern of CSR-1b and highlights its broad role in germline
gene regulation. Itisimportant to note that the CSR-1b spe-
cific targets are under-represented in spermatogenesis genes,
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from two independent groups. (B) Tissue enrichment analysis of the 268
CSR-1a targets that do not overlap with the sets of germline transcripts in
(A). (C) Venn diagram of core histone genes enriched in the IPs for CSR-1b
(red) and CSR-1a (blue), relative to all core histone genes in C. elegans. (D)
Bar graph showing the distribution of types of core histone genes enriched
in each CSR-1 isoform IP.
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highlighting that any spermatogenesis targets of CSR-1b
are generally shared with CSR-1a. Finally, CSR-1a specific
targets were over-represented in germline constitutive and
spermatogenic gene sets, and under-represented in oogenic
genes, again, reflecting its expression during spermatogen-
esis. Notably, approximately one-third of the CSR-1a spe-
cific targets (268/815 genes) did not fall into any of these
germline categories, and were enriched for targets expressed
in somatic tissues. Of these 268 genes, 171 were enriched in
the intestine (Figure 6B).

Based on a previously described role for CSR-1 in regu-
lating histones, we examined histone targeting by the CSR-
1 isoforms in more detail. Replication dependent histone
mRNAs are generally not poly-adenylated, but possess a
3’ stem loop that must be cleaved for mRNA maturation
and translation (73). CSR-1 has been implicated in histone
mRNA processing in worms. In this mechanism, sSRNAs
guide CSR-1 to the stem loop cleavage site, where CSR-1 is
proposed to act as the endonuclease (10). There are approxi-
mately 80 histone genes detectable in the C. elegans genome
and we found that 50 of the histone genes are targeted by
CSR-1a, CSR-1b, or both isoforms (Figure 6C-D, Supple-
mentary Table S2). CSR-1a targets Histones H2A, H2B,
and H3, while CSR-1b targets predominantly H3. Histone
H4 is a prominent target of both isoforms. Because both
CSR-1 isoforms possess the same catalytic tetrad within the
PIWI domain, it is plausible that both isoforms could pro-
cess the 3’ stem loop of different classes of histone genes in
different tissues during development.

Gene expression is perturbed in c¢sr-1a mutants

Our data collectively attribute the previously described ex-
pression pattern and essential functions of CSR-1 in the lit-
erature to CSR-1b, whereas CSR-1a plays an uncharacter-
ized role that promotes fertility. We therefore focused our
efforts on understanding how loss of CSR-1a affects the ex-
pression of its SRNA target genes to maintain fertility. Be-
cause c¢sr-1a mutants exhibit temperature-dependent fertil-
ity defects after long-term culture, we performed mRNA-
seq on late generation L4 stage csr-1a(torl59) mutants vs.
wild-type worms at 20°C and 25°C.

We first compared gene expression changes in csr-
la(torl59) mutants to wild-type worms at 20°C. We found
that very few genes that changed at this temperature were
the targets of CSR-1a or CSR-1b 22G-RNAs (Figure 7A,
Supplementary Table S2). In contrast, when we compared
gene expression changes of csr-1a(torl59) mutants to wild-
type worms at 25°C, we found that a greater number of
genes display altered expression (Figure 7B, Supplementary
Table S2). A large fraction of these mis-expressed genes are
CSR-1a and/or CSR-1b targets. Interestingly, the majority
(61%) of genes that display reduced expression are CSR-1b
targets (including both shared CSR-1a/b targets or CSR-1b
specific targets). Further, 66% of genes with reduced expres-
sion are targeted by either CSR-1 isoform, while only 21%
of genes with increased expression are targeted by either
CSR-1 isoform. Genes that are uniquely targeted by CSR-
la tended to display increased expression (355 up-regulated
genes vs. 187 down-regulated genes). Overall, 63% of CSR-
la 22G-RNA targets are mis-regulated. We also verified ex-
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pression changes for several genes using qRT-PCR (Supple-
mentary Figure S6).

Tissue Enrichment and Gene Ontology (GO) analysis in-
dicated that the genes that display decreased expression in
esr-la(torl59) mutants are expressed in the germline, re-
productive system, and in males. GO terms including mei-
otic cell cycle, reproduction, chromosome segregation, and
nucleotide binding were also enriched in this set, suggest-
ing that these genes are involved in spermatogenesis (Figure
7C, Supplementary Table S2). Indeed, when we assessed the
relative expression of germline constitutive, oogenic, and
spermatogenic transcripts in wild-type and csr-Ila(torl59)
mutant worms, we observed that only spermatogenic genes
were significantly decreased in the mutant (Figure 7D, Sup-
plementary Table S2) (29). These results point to a positive
gene regulatory role for CSR-1a in the spermatogenic go-
nad, and are consistent with the previously described pos-
itive, or licensing role for CSR-1 overall in regulating sper-
matogenic transcripts (14).

In sharp contrast, the genes that displayed increased ex-
pression in csr-Ia(torl59) mutants at 25°C are largely ex-
pressed in the soma, including the intestine, where CSR-
la is expressed (Figure 7E, Supplementary Table S2). GO
terms including response to biotic stimulus, stress response,
interspecies interaction between organisms, and immune
system process were enriched in this set, suggesting a role
in pathogen responses. The intestine serves as an impor-
tant interface with the environment, including pathogens.
This prompted us to ask whether csr-1a(torl59) mutants
respond better or worse than wild-type animals when faced
with a pathogen, such as the gram-negative bacterium Pseu-
domonas aeruginosa (strain: PA14) (49,74). To our surprise,
we observed that csr-1a(torl59) mutants were able to sur-
vive better on PA14 than wild-type animals (Figure 7F).
We reason that the upregulation of immune response genes
in csr-1a(torl59) mutants ‘primes’ worms to better defend
against PA14, and possibly other pathogens. Collectively,
our gene expression data indicate that CSR-1a promotes
the expression of spermatogenesis genes in the L4 spermato-
genic gonad. In contrast, somatic CSR-1a, likely acting in
the intestine (soma), is required to dampen expression of
immune and pathogen response genes. These roles are likely
mediated, at least in part, by SRNA directed mechanisms.
However, many of the mis-expressed genes are not direct
targets of CSR-1a or CSR-1b, so it is important to note that
indirect effects on gene expression are also possible.

CSR-1b and CSR-1a differentially intersect with the WAGO-
4 22G-RNA pathway

Having established a positive gene regulatory role for CSR-
la alongside CSR-1b during spermatogenesis, we aimed to
determine how CSR-1-dependent gene regulation intersects
with other sSRNA pathways during spermatogenesis. First,
we assessed the germline AGO, WAGO-4.

Recent studies have demonstrated that WAGO-4 binds to
a pool of 22G-RNAs that target nearly all of the previously
defined CSR-1 protein coding gene targets (75). WAGO-4
is expressed constitutively in the germline, where it local-
izes to germ granules, including Z granules in adults and
P granules in early embryos (65). WAGO-4 has been im-
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plicated in transgenerational epigenetic inheritance of ex-
ogenous RNAI, and its loss leads to a transgenerational
loss of fertility at the stressful temperature of 25°C (Mortal
germline, Mrt phenotype) (65,75,76). Because of this link
between the CSR-1 and WAGO-4 targets, we aimed to de-
lineate the relationship between the targets each CSR-1 iso-
form and WAGO-4.

We cloned and sequenced sRNAs associated with
GFP::3xFLAG::WAGO-4 from L4 worms, and compared
these data to the targets of CSR-1a and CSR-1b (37). Our
WAGO-4 IPs identified 22G-RNAs that target 4933 pro-
tein coding genes, which overlap extensively with existing
data sets (data not shown) (75). We asked if the targets
of WAGO-4 overlap with CSR-1a or CSR-1b targets, and
found that the greatest overlap was between CSR-1b and
WAGO-4 targets (4499/5326 CSR-1b genes; 84.5%) (Figure
8A, Supplementary Tables S1-2). Among these were 1065
CSR-1a/b shared targets, which encompassed almost all of
the CSR-1a and WAGO-4 overlap in targets. In fact, only 19
CSR-1a-specific targets overlapped with WAGO-4 targets.
These data demonstrate that CSR-1b and WAGO-4 path-
ways intersect, while any relationship between the CSR-1a
and WAGO-4 pathways is centered around targets shared
with CSR-1b, rather than CSR-1a-specific targets.

We next asked what types of germline target genes fall
into each AGO group (Figure 8B, Supplementary Table S2).
Here, the distinction is clear. CSR-1a and CSR-1b specific
targets are both enriched in spermatogenic and germline
constitutive genes, while the CSR-1a/b shared targets are
enriched in spermatogenic genes only. In contrast, CSR-
1b/WAGO-4 shared targets are enriched in oogenic and
germline constitutive genes. Genes targeted by all three
AGOs were enriched in germline constitutive genes. These
data distinguish CSR-1a, CSR-1b and WAGO-4 into two
major germline regulatory modules: CSR-1a and CSR-1b
target a set of spermatogenesis genes, while WAGO-4 oper-
ates with CSR-1Db to target germline constitutive and, to a
lesser extent oogenic transcripts.

To better understand the relationship between the CSR-
1 isoforms and WAGO-4, we examined several other fea-
tures of WAGO-4 22G-RNAs. First, we analyzed the pat-
tern of 22G-RNAs along WAGO-4 targets using a meta-
gene plot (Figure 8C). Here, we observed that the WAGO-4
22G-RNA pattern appears very similar to the CSR-1b 22G-
RNA pattern and, as we had observed for CSR-1b, is dis-
tinct from the CSR-1a 22G-RNA pattern (compare Figure
8C to Figure 5F). This may reflect different 22G-RNA bio-
genesis mechanisms.

Next, we examined the extent to which WAGO-4 22G-
RNAs display non-templated addition of uridine (Figure
8D). CSR-122G-RNAs are known to be uridylated at their
3’ ends by terminal uridyl-transferase, CDE-1, and this
modification was originally thought to facilitate turnover of
CSR-1-associated 22G-RNAs (4,77). Conversely, WAGO-
4 is thought to favor an association with the uridylated
22G-RNAs. Hence, the uridylation state of the 22G-RNAs
may control the balance in association between CSR-1 and
WAGO-4 (75). First, we assessed to what extent CSR-1a
and CSR-1b 22G-RNAs were uridylated. We found that
CSR-1b 22G-RNAs were consistently U-tailed (24.14% of
22G-RNA reads in IP samples had one or more U’s added
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vs. 7.01% in Input samples). In contrast, CSR-la 22G-
RNAs displayed a more modest degree of U-tailing (12.96%
of 22G-RNA reads in IP samples vs. 5.18% in Input sam-
ples). We next assessed the uridylation of WAGO-4 22G-
RNAs and found them to be uridylated to a similar extent
as CSR-1a (10.41% of 22G-RNA reads in IP samples vs.
3.31% in Input samples). These uridylation differences of
CSR-1b vs. CSR-1a and WAGO-4 22G-RNAs uncover an-
other important distinction between the CSR-1 isoforms,
and suggest that CSR-1a and WAGO-4 22G-RNAs are reg-
ulated differently than those in complex with CSR-1b.

When examining the localization patterns of CSR-1 iso-
forms, we found that both CSR-1a and CSR-1b are present
in at least two types of germ granules that are closely sit-
uated on the nuclear periphery: P granules and Z granules
(Figure 2B). Z granules have been implicated in transgen-
erational epigenetic inheritance, while P granules have been
implicated in sSRNA biogenesis and exoRNAi (78). WAGO-
4 and the helicase ZNFX-1 were identified as the found-
ing members of Z granules, and only a few other proteins
have been identified in association with Z granules so far
(65,76,78,79). Loss of either wago-4 or znfx-1 did not in-
fluence the localization of each other to Z granules (65,76).
However, loss of both isoforms of ¢sr-1 disrupted ZNFX-
1 foci in adult hermaphrodites, and was associated with a
dissociation of PGL-1 from the nuclear periphery during
oogenesis (4,28,76).

Given the relationships we established between WAGO-
4 and CSR-1a/b targets above, we wanted to determine
if loss of wago-4 affected the association of either CSR-
1 isoform with germ granules. To do this, we first quanti-
fied the association of GFP::CSR-1a, GFP::CSR-1b and
GFP::WAGO-4 with the P and Z granule markers PGL-
1::RFP and RFP::ZNFX-1, respectively, in L4 wild-type
worms (Figure 8E). We found that all three AGOs over-
lap with PGL-1 and ZNFX-1 pixels to a comparable extent.
This implies that CSR-1a/b and WAGO-4 reside in both P
and Z granules. We next performed the same quantification
for each CSR-1 isoform in wago-4(tml1019) null mutants.
While CSR-1a maintained an equivalent overlap with PGL-
1 and ZNFX-1, CSR-1Db displayed decreased overlap with
PGL-1 and increased overlap with ZNFX-1. Loss of csr-1a
led to no change in WAGO-4 overlap with either marker.
These observations imply that loss of wago-4 shifts the bal-
ance of CSR-1b from P granules to Z granules, and rein-
forces the notion that CSR-1b and WAGO-4 act in concert
to maintain germ granule homeostasis. In contrast, CSR-1a
appears to function independently of WAGO-4, and does
not influence germ granule morphology or the balance be-
tween CSR-1b and WAGO-4. In sum, our data point to
a broad role in germline constitutive gene regulation and
germline homeostasis mediated via CSR-1b and WAGO-4,
while CSR-1a and CSR-1b promote the expression of sper-
matogenesis transcripts.

CSR-1a and a group of spermatogenesis-specific AGOs are
required for sperm-mediated fertility

The AGOs ALG-3 and ALG-4 play an established role in
spermatogenesis, and their functions have been linked to
CSR-1 during sperm development (14,23). Therefore, we

aimed to assess how the CSR-1 isoforms intersect with
the ALG-3, ALG-4 pathway. In addition, we have evalu-
ated the expression patterns and sRNA binding partners
of every AGO in a comprehensive study of all C. elegans
AGOs (Seroussi, in preparation). This study uncovered a
fourth WAGO with a spermatogenesis-specific expression
profile: WAGO-10 (Figure 9A). Consistent with its expres-
sion, WAGO-10 also associates with 22G-RNAs that tar-
get spermatogenesis transcripts (Seroussi, in preparation,
and Figure 10, Supplementary Tables S1-2). ALG-3, ALG-
4, CSR-1a, and WAGO-10 therefore define a set of AGOs
with spermatogenesis-specific germline expression.

The overlap in expression profiles and target gene sets
(Figures 9A, 10A, Supplementary Table S2) suggested that
these four AGOs could function redundantly to regulate
spermatogenesis. Therefore, we built a quadruple null mu-
tant for the spermatogenesis agos, and assessed male fertil-
ity. Double mutants of alg-3; alg-4 and csr-1 null mutants
have previously been shown to exhibit a progressive loss of
male fertility over several generations when cultured at the
stressful temperature of 25°C (14,23). We also noticed that
our csr-la(torl59) allele showed a decrease in fertility at
25°C or after long-term culture at 20°C (Figure 2D). Thus,
we outcrossed each single spermatogenesis ago mutant and
compared the brood size of each freshly outcrossed single
mutant to the quadruple spermatogenesis ago mutant in the
first generation experiencing the temperature shift. For each
of the outcrossed single mutants, the brood size was com-
parable to wild-type worms (Figure 9B). In sharp contrast,
the quadruple ago mutant was nearly sterile in the first gen-
eration experiencing the temperature shift. Further, we no-
ticed that the quadruple spermatogenesis ago mutant pro-
duced only unfertilized oocytes, which is consistent with a
defect in spermatogenesis. To determine whether the fertil-
ity defect was due to non-functional sperm, we crossed the
quadruple spermatogenesis ago mutant hermaphrodites to
wild-type males at 25°C, and found that this rescued fertility
to wild-type levels (Figure 9C).

We were curious as to the cause of the spermatogenesis
defect, so we took two approaches to broadly examine the
phenotype. First, we DAPI stained L4 hermaphrodite wild-
type vs. quadruple spermatogenesis ago mutants reared at
25°C to examine whether there were any developmental ar-
rests or delays. Remarkably, we observed a block in sper-
matogenesis at the primary spermatocyte developmental
stage in the quadruple spermatogenesis ago mutant (Figure
9D). In fact, we did not detect mature spermatids in the ma-
jority of individuals examined from this strain. In parallel,
we examined the number of germ granules (as measured by
counting the number of ZNFX-1 and PGL-1 foci) present
in quadruple ago mutants vs. wild-type worms at 25°C, be-
cause germ granule dysfunction has been associated with
a transgenerational loss of fertility in hermaphrodites (80)
(Figure 9E). However, we did not detect any differences
in the number of ZNFX-1 or PGL-1 foci, suggesting that
defects in germ granule homeostasis were not at the root
of the loss of fertility in the quadruple spermatogene-
sis ago mutant. Collectively, these data indicate that the
spermatogenesis-specific AGOs, ALG-3, ALG-4, CSR-1a,
and WAGO-10 cooperate to produce functional sperm and
are essential for fertility.
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Figure 8. CSR-1 isoforms intersect differently with the WAGO-4 22G-RNA pathway. (A) Venn diagram showing the overlap between CSR-1a/b 22G-
RNA targets and WAGO-4 22G-RNA targets from L4 AGO IP samples. (B) Heatmap depicting the overlap between 22G-RNA protein coding targets of
CSR-1b only, CSR-1a only, WAGO-4 only, and various shared target groups with mutually exclusive germline constitutive, oogenic, and spermatogenic
enriched transcript sets (29). Bold numbers indicate significant enrichment in overlapping genes (Fisher’s Exact Test, P < 0.05). Enrichment = number
of overlapping genes divided by the expected number of overlapping genes drawn from two independent groups. (C) Metagene plot of the distribution of
WAGO-4 enriched 22G-RNAs antisense to protein coding genes along the gene body. N = Number of genes. (D) Pie charts of percentage of total reads with
U-tailing (chartreuse; addition of one or more non-templated uridines) for Input (top) and IP (bottom) samples of CSR-1b, CSR-1a, and WAGO-4 sRNAs
(all genome matching sSRNAs are included) (E) Quantification of the number of GFP::3xFLAG::CSR-1a, GFP::3xFLAG::CSR-1b, and WAGO-4::GFP
pixels that overlap with PGL-1::mRFP (burgundy) or HA::TagRFP::ZNFX-1 (blue) pixels in wild-type or mutant worms, using Mander’s Correlation.
For each data set, five Z stacks of proximal germline regions from six different animals per strain were counted (N = 30 slices, approximately 80—100 nuclei
per worm). Significance was analyzed as a mixed-effects ANOVA. ** indicates significance of P < 0.01, *** indicates significance of P < 0.001.
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Figure 10. Spermatogenesis AGOs target different subsets of germline genes. (A) Clustering diagram of genes targeted by 22G-RNA binding AGOs and
26G-RNA binding AGOs during the L4 stage. Each blue line represents a single gene targeted by an AGO/sRNA. There are 7137 genes in total represented.
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that overlaps with the other sample. Numbers in the center of the circle indicate the number of genes that overlap between the two data sets. Numbers
in bold are statistically significant as calculated by Fisher’s Exact Test (one sided), P < 0.05. (C) Heatmap depicting the overlap between protein coding
targets of various combinations of AGOs with mutually exclusive germline constitutive, oogenic, and spermatogenic enriched transcript sets (29). Bold
numbers indicate significant enrichment in overlapping genes (Fisher’s Exact Test, P < 0.05). Enrichment = number of overlapping genes divided by the
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depicting which AGOs target which genes in each pathway: (D) Stem Cell Niche (81); (E) Sex Determination (82); (F) Spermatogenesis (22); (G) Major
Sperm Proteins (83); (H) Sperm Activation (84).
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Interconnected AGO/sRNA modules target germline tran-
scripts during spermatogenesis

The ALG-3, ALG-4 26G-RNA pathway is thought to
act upstream of CSR-1 (14). However, this model does
not take into account the roles of other spermatogenesis-
expressed AGOs, including the individual isoforms of CSR-
1, WAGO-10, or WAGO-4. As a part of our comprehensive
study of all C. elegans AGOs (Seroussi, in preparation), we
performed IP/sRNA-seq experiments on ALG-3 and ALG-
4 to define their sets of 26G-RNA target transcripts, and
WAGO-10 to define its 22G-RNA targets. Each of these
AGOs targets protein coding genes (ALG-3: 2810; ALG-
4 3246; WAGO-10: 786 genes) (Figure 10A-B, Supplemen-
tary Tables S1-2). Given this abundance of SRNA targeting
data, we now have an important opportunity to define the
network of spermatogenic gene regulation in greater detail.

We first performed an unsupervised clustering analysis to
visualize subsets of genes that were coordinately targeted
by multiple AGOs (Figure 10A). From this analysis, the
overlap in WAGO-4 and CSR-1b targets discussed above
is evident. Similarly, ALG-3 and ALG-4 show a high de-
gree of overlap in their target transcripts, as was previously
described (14,23). WAGO-10 targets almost entirely over-
lap with CSR-1a, and with ALG-3 and ALG-4 targets, pro-
viding a possible explanation for the quadruple ago mutant
fertility phenotype.

We next compared the targets of each AGO to oogenic,
spermatogenic and germline constitutive gene sets (29) (Fig-
ure 10B, Supplementary Table S2). We found that like
CSR-1a, ALG-3 and ALG-4 targets are enriched, roughly
equally, in germline constitutive and spermatogenic tran-
scripts, while WAGO-10 targets are enriched in spermato-
genic transcripts. Consistent with our analysis above, CSR-
1b targets are most enriched for germline constitutive genes.
However, a comparable number of CSR-1b targets are en-
riched in oogenesis and spermatogenesis genes, reflecting
its distinct gene regulatory modules (WAGO-4 vs. CSR-1a).
WAGO-4 targets are enriched in germline constitutive and
oogenic gene sets, and are conspicuously under-represented
in spermatogenesis genes. From the clustering visualization
(Figure 10A), we can detect more specific subsets of SRNA
target genes based on the combination of AGOs that target
them (Figure 10C, Supplementary Table S2). This analysis
reinforces our findings above. Gene sets targeted by WAGO-
4 and any other AGO are over-represented in germline con-
stitutive and oogenic genes. Genes targeted by various com-
binations of ALG-3, ALG-4, WAGO-10, CSR-1a, and to
a lesser extent CSR-1b (but excluding WAGO-4) are over-
represented in spermatogenic genes. Collectively, our find-
ings implicate CSR-1b and WAGO-4 in a germline gene reg-
ulatory module that is likely to be important in both sper-
matogenesis and oogenesis (based on the nature of the genes
targeted and the expression profiles of WAGO-4 and CSR-
1b), while the CSR-1a, WAGO-10, ALG-3 and ALG-4 form
a spermatogenesis gene regulatory module that is also likely
to involve CSR-1b.

We homed in on genes involved in several important
facets of spermatogenesis and spermiogenesis to under-
stand how these different processes might be regulated. As
anticipated, CSR-1b and WAGO-4 appear to play broad
roles in the germline that are important for both spermato-
genesis and oogenesis. All Delta/Notch signaling factors in-

volved in maintaining the germline stem cell niche (81) are
targeted almost exclusively by CSR-1b and WAGO-4 22G-
RNAs (gld-2 is also a target of CSR-1a, ALG-3, and ALG-
4) (Figure 10D, Supplementary Table S2). The exception in
this pathway is /lag-2, the Delta ligand expressed in the dis-
tal tip cell, which is not targeted by any sSRNA pathways
described here. This is likely due to the fact that the distal
tip cell is somatic. Similarly, the sex determination pathway
(82) is extensively targeted by CSR-1b and WAGO-4 22G-
RNAs (Figure 10E, Supplementary Table S2), as are many
chromatin associated DNA and RNA binding proteins ex-
pressed in mature spermatozoa (Supplementary Table S2)
(66).

Sperm-specific functions are subject to regulation
by the spermatogenesis AGOs. Genes involved in
spermatogenesis—the differentiation of germ cells into
sperm (22)—are predominantly targeted by ALG-3, ALG-
4, CSR-1a and CSR-1b, and to a lesser extent WAGO-10
and WAGO-4 (Figure 10F, Supplementary Table S2).
The Major Sperm Proteins (MSPs) are encoded by a
group of about 30 highly homologous genes (along with
about 20 pseudogenes) (83). These small (~15kDa), basic
proteins are expressed late in spermatogenesis, and play
roles in sperm structure, motility, and signaling (84). The
msp genes are targeted by ALG-3, ALG-4, CSR-1a, and
to a lesser extent, CSR-1b and WAGO-10 (Figure 10G,
Supplementary Table S2). Notably WAGO-4 does not
target any msp genes. Finally, the spermiogenesis, or sperm
activation pathway, yields motile, fertilization competent
spermatozoa from immature spermatids (84), and most
components of this pathway are targeted by ALG-3,
ALG-4, CSR-1a, WAGO-10 and CSR-1b (Figure 10H,
Supplementary Table S2). While these few examples only
scratch the surface, they highlight the gene regulatory
modules at play during spermatogenesis, and place CSR-1b
at a critical intersection between the two major AGO
networks.

DISCUSSION

Because it is the only essential AGO in C. elegans, exhibits
several noteworthy developmental and molecular pheno-
types, and regulates a large portion of the transcriptome,
CSR-1 has been the focus of intense study since its initial
characterization. Remarkably, CSR-1 is only conserved in
clade IIT and V nematodes, yet in the only other nematode
species in which its function has been studied, C. briggsae,
it is also essential (85). The essential nature of CSR-1 points
to important gene regulatory roles in gametogenesis and
embryonic development, but it was unclear which isoforms
of CSR-1 were responsible for these varied gene regulatory
functions. Using CRISPR-Cas9 genome editing to insert
GFP::3xFLAG tags each CSR-1 isoform, and mutant stud-
ies to understand the outcome of loss of each isoform on de-
velopment, we have uncovered distinct expression patterns,
sRNA binding partners, and gene regulatory functions for
the two CSR-1 isoforms (Figure 11).

CSR-1 isoforms regulate different facets of fertility

Our previous studies using antibodies that recognize both
CSR-1 isoforms failed to distinguish the expression pat-
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terns of CSR-1a and CSR-1b (4). By GFP::3xFLAG tag-
ging the individual CSR-1 isoforms, we found that CSR-
1bis expressed constitutively in the germline throughout all
stages, and is present in somatic cells of the early embryo,
due solely to maternal deposition. In contrast, CSR-1a ex-
pression in the germline is restricted to spermatogenesis.
Moreover, CSR-1a is the only isoform expressed in the adult
soma, where it is predominantly present in the intestine and
spermatheca. These expression profiles alone shine a light
on which CSR-1 isoform may be responsible for which phe-
notypes. Our analysis shows that CSR-1b alone carries out
essential gene regulatory functions in the hermaphrodite
germline and within embryos, where the sterile/lethal phe-
notype manifests. Therefore, we conclude that csr-1b is the
essential isoform under ‘luxurious’ lab culture conditions.

We were also surprised to find that the csr-1b rescue strain
displayed lower fertility than the endogenously tagged
GFP::3xFLAG::CSR-1b strain at 20°C (compare Figure 4B
to E), as both strains express only CSR-1b. This fertility de-
fect appears to be due in large part to a late embryonic devel-
opmental arrest that occurs later than that of csr-1(tm892)
null mutant embryos (Supplementary Figure S4F). This in-
dicates that ectopic expression of CSR-1b from the rpl-28
promoter does not fully recapitulate wild-type CSR-1b ex-
pression, and suggests that the levels, developmental tim-
ing, and/or cells in which CSR-1b is expressed are subject
to developmentally-important regulation. In particular, we
speculate that based on the expression pattern of CSR-1b
during embryogenesis, ectopic expression in somatic cells in
late embryonic development could be deleterious for devel-
opment.

Conversely, expression of ¢sr-1a from the same rpl-28
promoter rescues the fertility defect of a csr-1(tm892)
null mutant, suggesting that CSR-1a can perform at least
some of the functions of CSR-1b. Interestingly, when
we sequenced sRNAs associated with CSR-la in L4
hermaphrodites of the c¢sr-1a rescue strain, we found that
CSR-1a binds to 22G-RNAs that target almost all of the
CSR-1Db targets (data not shown). This result is consistent
with the fertility data, and reinforces the idea that CSR-
la can compensate at the molecular level for CSR-1b. Al-
though we did not sequence sRNAs associated with ec-
topically expressed CSR-1a during oogenesis in the csr-1a
rescue, we anticipate that CSR-1a binds to CSR-1b 22G-
RNAs, resulting in fertility.

On its own, CSR-1a plays an important role in sperm-
based fertility within hermaphrodites. Loss of ¢sr-1a alone
leads to a transgenerational loss of sperm-based fertility
in hermaphrodites. CSR-1a also plays an overlapping role
with ALG-3, ALG-4 and WAGO-10 in spermatogenesis;
collectively these AGOs are required for generating mature
sperm, and hence sperm-mediated fertility, at stressful tem-
peratures. Because CSR-1b is also expressed throughout the
germline during spermatogenesis, it is conceivable that it
too is required for sperm-based fertility. Unfortunately, our
data do not specifically address this issue. Comparing the
transgenerational loss of fertility between csr-/a and csr-1
null mutants is fraught by the additional defects in oogene-
sis and embryogenesis caused by loss of c¢sr-1b. Instead, to
assess a role for CSR-1b in sperm-based fertility, we would
need to examine male fertility in a transgenerational mating

assay similar to Conine et al. (14) or rescue the csr-1(tm892)
null mutant with a ¢sr-1a transgene expressed from the csr-
1 promoter. Selective degradation of CSR-1b during sper-
matogenesis via a degron approach (86) may also enable
such an assessment. Related to this, any male-specific roles
for either CSR-1 isoform should also be explored in the fu-
ture. While many aspects of spermatogenesis are consistent
between male and hermaphrodite C. elegans, there are sev-
eral features that are sex-specific (87).

CSR-1 isoforms associate with P and Z granules

Our previous work showed that CSR-1 co-localizes with
PGL-1 and is present within germ granules known as P
granules (4). We initially speculated that CSR-l1a might
be the only isoform capable of localizing to P granules
due to its unique RGG/RG rich N-terminus. RGG/RG
motifs have been implicated in RNA binding, recruiting
RNA binding proteins, and inducing phase separation in
vitro—all of which are functions relevant to germ gran-
ules (9). Loss of ¢sr-1 has been shown to result in the mis-
localization of P granules to the core cytoplasm of the
germline, pointing to a role for CSR-1 in the maintenance
and proper positioning of P granules (4,28). Remarkably, we
observed that both CSR-1 isoforms overlap with P granule
and Z granule markers to a similar extent in the L4 germline.
Examination of CSR-1b overlap with PGL-1 and ZNFX-1
during oogenesis yielded the same pattern (data not shown).
There are multiple mechanisms by which proteins can asso-
ciate with phase separated granules, including association
with RNA and other proteins that induce phase separation
(9). The fact that CSR-1b, without an RGG/RG rich do-
main, and CSR-1a[G91R] localize to germ granules sup-
ports the notion that RNA and/or other proteins enable the
association of CSR-1 with these granules.

Prior to our findings, there were six known Z granule
components (65,79,88), thus the identification of CSR-1
isoforms in association with ZNFX-1 is important. Al-
though there are some limitations of our analysis to con-
sider, including the facts that we were not able to visualize
PGL-1, ZNFX-1, and CSR-1 in the same strains, and that
our imaging represents a snapshot (and not live tracking)
of development, there are several important implications.
First, there may be an uncharacterized region of overlap be-
tween Z and P granules in the L4 germline where the CSR-1
isoforms reside, as opposed to CSR-1 isoforms existing as
discrete pools within each granule. Second, it is possible that
CSR-1 isoforms could move between the granules. Third, if
the patterns we observed represent localization to distinct
granules, CSR-1 isoforms could play different roles in the
different granules, as Z granules have been linked to trans-
generational epigenetic inheritance and P granules are asso-
ciated with maternal inheritance and germ cell fate (65,78).

CSR-1b and WAGO-4, a founding member of Z granules,
possess extensive overlap in their 22G-RNA targets. Thus, it
may not be surprising that CSR-1b is present in Z granules,
or that loss of wago-4 perturbs the distribution of CSR-1b
between P and Z granules. The loss of wago-4 does not per-
turb the CSR-1a distribution, and notably, the overlap in
CSR-1a and WAGO-4 targets is almost exclusively via tar-
gets shared with CSR-1b. Why and how germline genes are



subject to regulation by different combinations of CSR-1a,
CSR-1b, and WAGO-4 is currently unknown, but there is
clearly a deeper molecular link that demands further study.

How do CSR-12a’s RG motifs contribute to its functions?

Regarding the function of the RGG/RG motifs within the
first exon of CSR-1a, we recovered several alleles that af-
fected these motifs from the screen for proteasomal regu-
lators. This could point to a role for arginine methylation
in regulating CSR-1a. Arginine methylation is important
for the recruitment of tudor domain proteins to AGO, for
example, TudorSN and Piwi in Drosophila (6-8). In the
worm, we hypothesize that tudor domain proteins, such
as RSD-6 or EKL-1 (a known CSR-1 pathway compo-
nent) (4,15,63,89,90) may interact with CSR-1a in a methyl-
arginine dependent manner.

We studied one of these alleles, csr-1a/““/®/ in more de-
tail. While mutation of a single RG motif in csr-lal ¥R/
led to lower levels of CSR-1a expression, it did not per-
turb the formation of germ granules, nor did it prevent the
association of CSR-la with PGL-1 (Supplementary Fig-
ure S4). In addition, sequencing sRNAs associated with
CSR-1a[G91R] showed a depletion for 22G-RNAs target-
ing approximately one-half (1279/2572) of the protein cod-
ing genes that are normally the targets of CSR-1a (data not
shown). These genes are both germline and intestinal genes,
suggesting that this particular RG motif could be impor-
tant for gene regulation in both tissues. It is important to
note that mutation of multiple RG residues may be neces-
sary to perturb germ granules or cause substantial changes
in sSRNA association, thus a detailed mutagenesis study of
these residues will be necessary in the future.

CSR-1b associates with chromatin

We also observed that CSR-1b associates with spermatid
and oocyte nuclei and chromatin. These observations are
consistent with a previous proteomic study that found CSR-
1 peptides enriched on both oocyte and sperm chromatin
(66), as well as microscopy and ChIP studies that point
to an association of CSR-1 with chromatin (4,10,14,18).
These collective findings point to a low but consistent level
of CSR-1b present in the nucleus and/or associated with
germ cell chromatin, despite the fact that the bulk of CSR-
1b protein is present within the cytoplasm and germ gran-
ules (4). This pool of CSR-1b can be passed from parent
to progeny via sperm or oocyte chromatin and presents the
possibility for epigenetically marking chromosomes, influ-
encing chromatin landscapes, and reinforcing patterns of
transcription in progeny (14,19,91). CSR-1 has been impli-
cated in transgenerational phenotypes, including Mrt and
RNAa (14,17,18), and this chromatin association could be
but one of several molecular mechanisms by which these
phenomena are executed.

An extensive network of spermatogenesis SRNA pathways

In addition to CSR-la, we identified a second novel
spermatogenesis-expressed AGO, WAGO-10, and found
that CSR-1a, WAGO-10, ALG-3 and ALG-4 that target
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spermatogenesis genes. This overlapping profile of gene tar-
gets for the spermatogenesis AGOs pointed to the poten-
tial for redundancy. While csr-/a, and alg-3; alg-4 mutants
display a transgenerational loss of fertility at high temper-
atures (14), the quadruple spermatogenesis ago mutant dis-
played male-dependent infertility in a single generation at
the stressful temperature, supporting that these AGOs func-
tion redundantly during spermatogenesis. Although we did
not deeply examine the phenotype of quadruple spermato-
genesis ago mutant germlines, we observed that germ gran-
ules appeared comparable in quantity to those of wild-type
animals. However, germ cells were arrested in meiosis prior
to differentiation into secondary spermatocytes, based on
nuclear morphology. Further cell biological examination of
this phenotype and characterization of any changes in gene
regulation that result from loss of these four agos will be
important next steps to understanding how these AGOs in-
fluence spermatogenesis.

We have stratified germline genes into different gene reg-
ulatory modules likely to be regulated by different AGOs.
CSR-1b and WAGO-4 are constitutively expressed in the
germline, and coordinately target germline constitutive and
oogenic genes. CSR-1b is likely to play gene licensing rather
than silencing roles (4,14,18), while WAGO-4 appears to
play a silencing role (75). How these AGOs coordinate gene
expression to maintain germline homeostasis and fertility
remains unclear, and will undoubtedly be the focus of fu-
ture studies.

CSR-1b also plays a role in regulating spermatogenic
transcripts, this time alongside CSR-1a and the other sper-
matogenic AGOs. In this way, CSR-1b fills an important
sRNA regulatory niche across all classes of germline genes.
Perhaps this broad role for CSR-1b contributes to its essen-
tial nature. Exactly how CSR-1b regulates all of these differ-
ent types of transcripts—at the co-transcriptional or post-
transcriptional level—remains to be determined. There is
some precedent for CSR-1’s capacity to differentially reg-
ulate subsets of targets in the embryo (10,11), but detailed
molecular studies will need to be carried out in the germline
to fully understand the scope of CSR-1b mechanisms.

The four spermatogenesis AGOs, ALG-3, ALG-4, CSR-
la, and WAGO-10, are expressed predominantly in the
proximal germline, where they target mostly spermato-
genic and some germline constitutive genes, but not
oogenic genes. Perhaps not surprisingly, these AGOs tar-
get genes in all major pathways/components: spermatoge-
nesis, spermiogenesis, and MSPs. Based on our current un-
derstanding of these pathways, it seems plausible that ALG-
3 and ALG-4 26G-RNAs act in a primary capacity, while
CSR-1a, WAGO-10, and to a lesser extent, CSR-1b 22G-
RNAs act in a secondary capacity (14). ALG-3 and ALG-
4 were previously implicated as licensing AGOs in con-
junction with CSR-1 (14). Our mRNA-seq analysis in csr-
la(tor159) mutants supports this relationship: spermato-
genic gene expression is decreased. It will be critical to ex-
amine gene expression changes in each single and combina-
tion spermatogenic ago mutant to determine the contribu-
tion of each AGO to fertility and gene regulation as well as
to delineate functional distinctions and redundancies. Im-
portantly, while these AGOs play an essential role in buffer-
ing the processes of spermatogenesis and spermiogenesis
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from stress to maintain fertility, their deposition into the
residual body and depletion from maturing sperm indicates
that they are unlikely to be direct couriers of transgenera-
tional epigenetic inheritance.

Somatic gene silencing roles for CSR-1a

CSR-1a is the only CSR-1 isoform expressed in the adult
soma, where it is required for repression of endoge-
nous intestinal transcripts, including innate immunity and
pathogen responsive genes. From our initial screen for pro-
teasomal regulators, we isolated mutations affecting csr-1a
and several known RNAI factors, including rde-1, rrf-1,
and rsd-2. The screen was carried out using a repetitive ar-
ray transgene (rpn-2p::gfp), and rde-1, rrf-1, and rsd-2 have
all been implicated in exogenous and endogenous sRNA-
mediated gene silencing (61-63). We therefore anticipated
that CSR-1a may participate in somatic SRNA-mediated
silencing of rpn-2p:.:gfp. However, sSRNA sequencing from
csr-1al“?%"1and from CSR-1a IPs in the rpn-2p::gfp strain
showed no link between CSR-1a and sRNAs derived from
the transgene, pointing to an indirect effect for CSR-1a in
regulating the transgene. It is plausible that the other RNAi
factors are involved in somatic transgene silencing, consis-
tent with a previous report (92). However, at this point, it
appears that CSR-1a affects the rpn-2p::gfp transgene in-
directly, possibly by affecting other regulators such as tran-
scription factors, histone modifiers, or proteasome pathway
components.

Interestingly, in an attempt to identify other somatic
functions for CSR-1a, we also tested whether loss of csr-
la resulted in RNAI deficiency (Rde) (62). Null mutants of
csr-1 have been shown to have limited capacity to silence
germline transcripts, including pos-1 and cdk-1 (4). How-
ever, when we performed RNAi on dpy-/1, an intestinal-
expressed gene, we observed no difference between csr-Ia
mutants and wild-type worms (data not shown). While
we were surprised that loss of csr-/a did not result in
RNAI deficiency, our systematic study of C. elegans AGOs
points to several other AGOs that are expressed in the in-
testine and have been previously implicated in RNAi, in-
cluding the secondary sSRNA binding AGOs, SAGO-1 and
SAGO-2 (3) (Seroussi, in preparation). One particular in-
teresting candidate is SAGO-2, which has recently been
shown to interact with CSR-1a by mass spectrometry (93).
Thus, it is possible that these AGOs could function redun-
dantly with CSR-1a to execute exogenous RNAIi in this
tissue.

Loss of csr-1a led to the increased expression of many
somatic genes. This suggests that CSR-1a silences the ex-
pression of its targets in the intestine, and possibly other so-
matic tissues. Our gene expression analysis hinted that CSR-
la could play a role in pathogen and/or stress responses
within the intestine, as genes related to defense responses,
interspecies interaction and the immune system were upreg-
ulated in csr-1a(torl59) mutants. Despite this observation,
we were still somewhat surprised to find that loss of csr-/a
was beneficial to worm survival from the bacterial pathogen
Pseudomonas aeruginosa. We reason that upregulation of
such genes could enable the intestine to be ‘primed’ for en-
counters with pathogens or other environmental stressors.

It will be important to test the response of csr-Ia(torl59)
mutants to a full array of pathogens and environmental
stresses in the future, to determine if this is a generalized
or specialized response.

Slicer activity of CSR-1 isoforms

Our studies uncover many new dimensions of CSR-1 biol-
ogy, however they do not address whether Slicer function
is important for both CSR-1 isoforms and in what tissues
or gene regulatory contexts. Both isoforms possess the cat-
alytic tetrad of residues within the PIWI domain that are
required for Slicer activity, and CSR-1 is one of few AGOs
in the worm for which Slicer activity has been studied in
vitro and in vivo (11,20,21). Slicer activity has been impli-
cated in fine tuning maternally deposited transcripts with
high 22G-RNA density in the embryo (11). This function
can be attributed to CSR-1b based on expression of the iso-
forms alone. Histone mRNA maturation is another activ-
ity for which Slicer activity is anticipated to be required.
As both CSR-1 isoforms associate with 22G-RNAs that
target half of all histone transcripts, Slicer activity may
be important for both isoforms in this context. Clearly,
detailed tissue-specific studies will be important to delin-
eate the roles of Slicer activity for each isoform throughout
development.

Summary: A tale of two Argonautes

Our studies disentangle a significant amount of complex-
ity surrounding the essential C. elegans AGO, CSR-1, and
generate a myriad of additional questions surrounding the
tissue-specific functions of CSR-1 and other AGOs. Newly
developed means of expressing and degrading or inactivat-
ing proteins in a tissue specific manner will enable us to un-
derstand the roles of each CSR-1 isoform at a finer resolu-
tion, in specific cells and tissues (86).

In other Caenorhabditis nematodes, particularly
male/female mating species, c¢sr-I not only has multi-
ple isoforms, but possesses duplicated gene copies (85,94).
This expansion has been proposed to serve as a defense
mechanism against viruses and other invasive nucleic acid
transmitted between the members of obligatory mating
species (94). We have shown that CSR-la buffers the
effects of temperature stress during spermatogenesis to
maintain fertility and is involved in gene silencing in
the intestine, a tissue that directly interfaces with the
environment. Given its roles in C. elegans, it is possi-
ble that these additional copies of c¢sr-1 have further
specialized to enable other Caenorhabditis species to
navigate an array of stresses encountered in their natural
environment.

Importantly, CSR-1 is not the only Argonaute expressed
as multiple isoforms. Several other AGOs, including ALG-
1, ALG-2, ERGO-1, and PPW-1, also possess this capacity
in C. elegans, but isoform-specific functions of these pro-
teins have not been examined. Our work highlights the im-
portance of dissecting each of these AGO isoforms’ roles
to unravel how complex tissue- and developmental stage-
specific SRNA networks safeguard the genome, germline,
and soma.
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