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Abstract

Parental stress can be encoded into altered epigenetic information to influence their offspring. Concurrently, it is vital for the preservation of
a parent's epigenetic information, despite environmental challenges, to ensure accurate inheritance by the next generation. Nevertheless, the
complexities of this process and the specific molecular mechanisms involved are not yet fully understood. Here we report that Argonaute CSR-
1A potentiates the recovery of histone H3 lysine 9 trimethylation (H3K9me3) in spermatocyte to secure the developmental competence of male
offspring. CSR-1A employs its repetitive RG motif to engage with putative histone 3 lysine 9 (H3K9) methyltransferases SET-25 and -32, and
helps to restore repressive H3K9me3 chromatin marks following heat-stress, protecting the late development of somatic cells in the progeny.
Finally, among the genes regulated by CSR-1A, we identified dim-7, at which decreased H3K9me3 persists in the progeny, and RNAI of dim-1
mitigates the somatic defects associated with csr7a loss under stress. Thus, CSR-1A coordinates a paternal epigenetic program that shields
development from the influences of the paternal environment. We speculate that, driven by both natural environmental stressors and the unique
characteristics of spermatogenic chromatin, the emergence of multiple RG motif-featured and spermatogenesis-specific CSR-1A and small RNA
serves as a protective strategy to safeguard against variability in the orchestration of inherited developmental programs from the paternal lineage.
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The development and health of many organisms are greatly in-
fluenced by the environment [1-3]. Adaptation of parental ex-
posure to environmental stressors ensures proper cellular re-
sponses and survival of offspring, in which epigenetic informa-
tion transmission from parents to offspring plays a prominent
role [4, 5]. The gametes, derived from germline cells, act as

one generation to the next [5-7]. Simultaneously, maintaining
the integrity of a parent’s epigenetic information in the face of
environmental challenges, and ensuring its precise transmis-
sion, is critical for the progeny. Yet, the detailed workings of
this process and the fundamental molecular mechanisms in-
volved still largely remain a mystery. Even though resetting of
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the germline could help erase the epigenetic markers of genes
[8-10], some epigenetic responses triggered by the environ-
ment can still be passed on [11-16], emphasizing that main-
taining the integrity of a parent’s epigenetic information is
crucial. During the reproductive period, an organism’s game-
togenesis is particularly vulnerable to heat stress through epi-
genetic processes [17]. Heat-stress-induced epigenetic changes
can be inherited through the germline for multiple generations
[18-20]. Paternal germline chromatin is especially threatened
by heat stress in pachytene spermatocytes [21, 22], where heat
shock proteins do not respond to HSF1 [21].

Argonaute proteins serve as key regulators within all RNAi-
related small RNA pathways, where they, along with their
associated small guide RNAs (19-35 nucleotides), assemble
into RNA-induced silencing complexes. These complexes are
adept at modulating the expression of complementary tran-
scripts, either at the transcriptional or post-transcriptional
level [23,24]. In the defense against RNA viruses, the RNA in-
terference (RNAI) pathway orchestrates the epigenetic silenc-
ing of viral transcripts [25-28]. During periods of starvation,
the Argonaute protein HRDE-1, together with small RNAs,
can influence the expression of genes related to nutrition
across generations [29, 30]. Collectively, these studies indi-
cate that Argonaute/small RNA pathways play a role in epige-
netically modulating gene expression, which assists offspring
in adapting to environmental stresses. However, it remains
poorly understood whether Argonaute proteins contribute to
the preservation of epigenetic information under environmen-
tal stress, facilitates the precise transfer of such information
to offspring, and subsequently aids in the survival of the
progeny.

Among the 21 Argonaute proteins in Caenorbabditis ele-
gans [31], CSR-1 is essential and exists in two isoforms: CSR-
1A and CSR-1B. CSR-1B performs multiple biological func-
tions [32-37], and mutations in this isoform cause embry-
onic lethality. CSR-1A is expressed in sperm cells associated
with 22G-RNAs that map to spermatogenesis-specific genes
and in some somatic cells, such as the intestine and spermath-
eca [38, 39]. C. elegans, with its hermaphrodite and male
forms, is an ideal model for studying developmental biology.
The major male mating structures include the blunt tail with
fan and rays, the hook, the spicules, the proctodeum, and the
thin body [40-42]. These unique structures help differentiate
males from hermaphrodites during larval development [40,
41] and assist in male mating. During the cross-ability assay
(seen in the “Materials and method” section), we collected a
cohort of csr-1a mutant males derived through conventional
heat stress induction [43, 44]. Intriguingly, L4 stage csr-1a mu-
tant hermaphrodites exposed to heat stress produced male off-
spring with abnormal tails. Here, we report that in response
to heat stress, Argonaute CSR-1A potentiates the steadiness
of sperm-inherited H3K9me3 bookmarking (an epigenetic
mechanism of gene expression transmission through genera-
tions) and protects tail anatomical structure development of
male offspring by suppressing the post-embryonic overexpres-
sion of disorganized muscle protein DIM-1.

Materials and methods

C. elegans strains

C. elegans used in this study are listed in Supplementary
Table S1.

Growth conditions of C. elegans strains

All C. elegans strains were grown and maintained at a temper-
ature of 15°C under standard conditions. The specific temper-
atures used for individual experiments are indicated in the cor-
responding figures. The C. elegans were fed with Escherichia
coli OP50, which was obtained from the Caenorhabditis Ge-
netics Center. Escherhabia coli OP50 was seeded onto the cul-
ture plates 3 days before use.

Generation of CRISPR strains

The generation of C. elegans strains (seen in Supplementary

Table S1) was done using previously described CRISPR-Cas9
ribonucleoprotein (RNP) methods [45]. This process involved
co-injecting 0.5 ul (5 pg) of Cas9 protein with 0.4 ug/ul
sgRNA (transcribed via T7 RNA polymerase from a DNA
template) to form Cas9 RNPs, 2 pg of donors (including
oligonucleotides or melted PCR products) (Supplementary

Table S2), and either a 50 ng/ul 7ol-6 or 20 ng/ul myo-2::gfp
marker for easy identification of transformed C. elegans. To
ensure genetic diversity and to test for off-target effects, at
least two independent alleles were generated for each strain.
This was done by adding different tags or inducing mutations
at endogenous loci, thereby manipulating the genome to cre-
ate genetically modified organisms for further study. CRISPR
strains were outcrossed twice before use.

Generation of extrachromosomal array strains

The generation of Extrachromosomal array strains was mod-
ified from [46]. For construction of the Plasmid Donor: the
plasmid donor was created with a 500 base pair promoter
and a 500 base pair 3'Untranslated Region (UTR) of the genes
of interest. For injection: a mixture of 100 ng of the plas-
mid donor and 50 ng of the rol-6 marker (used to identify
transformed organisms) in a 1:1 ratio were co-injected into
the germline of C. elegans.

For culturing: worms with the desired arrays or roller phe-
notypes were identified and cultured for 2-3 generations. For
selection: 100 L4 stage worms containing the arrays of in-
terest were moved to an empty plate. For irradiation, ~500
puL of 1X M9 buffer, supplemented with 30 pg/mL TMP
(Trimethoprim; catalog no. AC229881000, Thermo Fisher
Scientific), was spread on the plate to allow the worms to
soak in it for 15 min. The worms were then irradiated us-
ing a Stratalinker (Jena) at 250 joules/m”2 with the plate lid
removed. For transfer and culture: the worms were then trans-
ferred to four or five regular OP50 plates and cultivated until
they consumed all the food (~2 days at room temperature).
For chunking and screening: the plates were chunked (i.e. a
small portion of the plate was transferred) to a new plate, and
500 worms were singled out per plate to determine if they
were integrants in the next generation. Successful integrants
should show 100% of progeny containing the co-injection
marker.

Heat-stress assay

Heat-stress experiments were modified according to the pro-
tocol by [44]. Briefly, Bleached-hatched L1 worms were seeded
on 60 mm NGM plates and cultured at 15°C. Late L4 stage
worms were transferred to a 37°C incubator (Bluebird) for 1
h. Following heat exposure, the worms were allowed to re-
cover overnight in a 15°C incubator. Healthy and energetic
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worms were then selected and placed on 35 mm NGM plates
(four worms per plate) and cultured at 15°C. Additional heat
exposure experiments were conducted at 28°C and 33°C for
1 h. The worms were allowed to develop into young adults,
and males were subsequently picked and their tail morphology
was observed. The total number of males and males with ab-
normal tail morphology were counted. The specific heat-stress
temperatures and the developmental stages of the worms used
for each experiment are indicated in the corresponding figures.
For heat-stress analysis of L1/L.2 and L3 worms, worms were
mated for two to three generations to maintain about 10-20%
male progeny per generation.

Maternal or paternal transmission assay

Males  and  hermaphrodites  (unc-119) in  the
gfp:tev::2 x flag::aid::csr-1a and gfp::tev::2 x flag:aid::csr-
laA strains were isolated at the young adult and L4 de-
velopmental stages, respectively. The isolated males or
hermaphrodites (#7c-119) were exposed to heat shock (37°C,
1 h), then allowed to recover for a while. Heat-stressed
males were mated with non-heat-stressed hermaphrodites
(unc-119), and heat-stressed hermaphrodites were mated
with non-heat-stressed males. Mating was conducted for 24 h
at 15°C. Mated hermaphrodites (unc-119) were then singled
per plate, and their male progenies that could move freely
were picked at the young adult stage. The tail morphology
of these progenies was observed. The total numbers of males
and males with abnormal tail morphology were counted.
The number of males mating with hermaphrodites was main-
tained at a 4:1 ratio, and 400 mating plates for each group
per repeat were required to produce enough male-crossed

progeny.

Paternal transmission assay (crossing at different
time points post-heat stress)

This protocol is a modification of the one described by [47]
and involves assessing the impact of heat shock on male pa-
ternal transmission.

Worm Preparation: Worms were mated for two to three
generations to maintain about 10-20% male progeny per gen-
eration. Thousands of young adult male worms were isolated
for the experiment.

Post-Heat Stress Crossings: Following heat stress (37°C,
1 h), four males were paired with one non-heat stressed
hermaphrodite (unc-119) at various time points post-heat
stress. The specific time intervals of pairing post-heat stress
were: 0-4 h, 4-8 h, 8-10 h, 10-12 h, 12-14 h, 14-16 h,
and 16-24 h. For each time interval, before pairing with the
non-heat-stressed hermaphrodites (un¢-119), males were first
mated with a wild-type hermaphrodite for the corresponding
number of hours in order to purge sperm that were generated
prior to heat stress. After each cross, hermaphrodites (u7c-
119) were immediately singled out to produce progeny.

Strain  Specific  Crossings: For different strains,
gfp:tevi:2 x flag:aid::csr-1a (ezs435) males were crossed
with gfp::tevi:2 x flag::aid::csr-1asunc-119 hermaphrodites
(ezs438) and gfp:tevi:2 x flag::aid::csr-1aA (ezs436) males
were crossed with gfp::tev::2 x flag:aid::csr-1aA; unc-119
(ezs439) hermaphrodites.

Worm Selection: Crossed males that could move freely were
picked until worms developed into young adults.
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Observation and Counting: The tail morphology of the
young adults was observed, and the total numbers of males
and males with abnormal tail morphology were counted.

Number of Plates: A total of 800 mating plates for each
group per repeat were needed to produce enough male-crossed

progeny.

Cross ability assay

Young adult males were isolated after their parents were sub-
jected to heat stress (37°C, 1 h) at the late L4 stage. Four Males
were mated with one hermaphrodite (#7¢-119) for 24 h in
15°C. Crossed males that could move freely were picked un-
til worms developed into young adults and numbers of total
crossed males were counted. The number of males for each
strain that was used to mate with hermaphrodites (unc-119)
was comparable.

Sperm activation assay

After their parents were subjected to heat stress at the late
L4 stage, young adult males were picked and placed on an
NGM plate without seeding on OP50 plates before the assay.
Approximately 6-7 males were dissected in 10 pl of sperm
medium (50 mM HEPES, 50 mM NaCl, 25 mM KCI, 5 mM
CaCl2, 1 mM MgSO4) containing 200 pg/mL Pronase E (cat-
alog no.P8811, Sigma). Round spermatids were incubated for
15 min at room temperature in a humid chamber prior to
mounting. Specimens were mounted and imaged on a micro-
scope (ZEISS) using a 60x N.A. 1.42 oil-immersion objective.
The numbers of spermatozoa that were successfully induced
from round spermatids, sperm that were partially activated
or had short spikes, and sperm that were not activated (round
spermatids) were counted.

Life span assay

Worms hatched from bleach-treated eggs, whose parents were
subjected to heat stress at the late L4 stage, were cultivated
until they reached the L4 stage. Males were picked and trans-
ferred to new plates every 2 days. The male worms were cul-
tivated at a temperature of 15°C. The total number of alive
males was counted every two days.

Tissue-specific auxin-mediated protein degradation
in C. elegans

OP50 clones were grown overnight in LB liquid culture, then
added with TAA (500 uM, catalog no. A10556, ThermoFisher)
for 2 h before seeding the bacteria (10X) on NGM plates sup-
plemented with IAA (500 mg/ml). Bleach-hatched L1 worms
were dispersed onto IAA-NGM plates. This was done with
or without the parental late L4 heat stress. The worms were
cultured on ITAA-NGM plates until they reached the L3 stage.
They were then transferred to OP50 plates and washed several
times with 1X M9 buffer. The tail morphology of the worms
was observed. The total numbers of males and males with ab-
normal tail morphology were counted.

RNA interference screening

RNAi was performed by feeding bacteria expressing dsRNA
targeting the gene of interest. RNAI feeding clones were se-
lected from the ORFeome RNAI library, which is available
from the MRC [48]. Bacterial clones expressing the control
(empty vector pL4440) construct and the dsRNA targeting
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different C. elegans genes were obtained from C. elegans OR-
Feome [48], which contains up to 11 942 cloned protein-
encoding open reading frames (ORFs) [48]. The plasmids were
generated by the Gateway recombinational cloning of all pre-
dicted protein-encoding ORFs of C. elegans and were kept in
E. coli. All RNAI clones used in experiments were sequenced
for verification before use. For RNAi experiments, RNAi bac-
teria with empty (pL4440 vector as control) or the dsSRNA-
expressing plasmid were grown overnight in liquid LB me-
dia containing ampicillin (100 mg/ml) and then induced with
IPTG (1 mM, catalog no. 0487, AMRESCO) for 2 h be-
fore seeding the bacteria (10X) on NGM plates supplemented
with ampicillin (100 mg/ml, catalog no. A610028, Sangon
Biotech), and IPTG (1 mM). Bleach-hatched L1 worms were
dispersed onto RNAi plates. This was done with or without
subjecting the parental worms to late L4 stage heat stress. Tail
morphology was observed. The total numbers of males and
males with abnormal tail morphology were counted.

Isolation of germline cells

This protocol, adapted from reference [49], outlines the isola-
tion of germline cells from bleach-hatched worms. Approx-
imately 30 million bleach-hatched worms from each strain
were grown to the late L4 stage and harvested into 15 ml
conical tubes using 1 x M9 buffer. The worms underwent
more than 10 washes with 1 x M9 buffer, followed by three
washes with water. They were then transferred to a 1.5 ml mi-
crocentrifuge tube, and centrifuged at 16 000 rpm for 2 min,
reducing the volume to 80 pl of packed worms by discarding
excess water. Next, 200 ul of freshly thawed SDS-DTT was
added, and the mixture was incubated for exactly 4 min at
25°C in a shaking incubator set to 1200 rpm. After SDS-DTT
treatment (200 mM DTT, 0.25% SDS, 20 mM HEPES, pH
8.0, 3% sucrose), the reaction was halted by adding 800 ul
of egg buffer (118 mM NaCl, 48 mM KCI, 2 mM CacCl2, 2
mM MgCI2, 25 mM HEPES, pH 7.3, osmolarity 340 mOsm).
The lysates were washed five additional times with 1 ml of
egg buffer. Each tube then received 100 ul of freshly thawed
15 mg/ml pronase E (catalog no. P8811, Sigma) and was in-
cubated at 25°C for 30 min in a shaking incubator set to
1200 rpm. The reaction was stopped by adding 900 ul of
egg-buffer/FBS (10%). The digested larvae were centrifuged
at 9600 x g for 5 min at 4°C and washed twice more with 1
ml of egg-buffer/FBS. The digested lysates were resuspended
in egg-buffer/FBS and filtered through a 45 pum cell strainer.
These samples were enriched using a Percoll gradient and ana-
lyzed with a cell sorter (cytoFLEX SRT -1, Beckman Coulter).
GFP marker strains (gfp::tev::2 x flag::aid::csr-1a (ezs435)
and gfp::sl2::2 x flag::aid::csr-1aA (ezs458)) and N2 profiles
were used for gating to analyze CSR-1A-expressing germ cells.
Data analysis was performed using FlowJo software.

Dissection and purification of C. elegans round
spermatids

The protocol for dissection and purification of C. elegans
round spermatids was modified by Dr. Tang’s lab [50]. Young
adult male worms were initially subjected to heat stress at
37°C for 1 h and then allowed to recover at 15°C. After 8-
10 h, the worms were immediately dissected to release round
spermatids. The released materials were incubated in L-15
medium (catalog no. 21083-027, Gibco), supplemented with
15% FBS (catalog no. 10270-106, Gibco) and 1% sucrose.

These samples were subsequently analyzed using a MoFlo As-
trios cell sorter (Beckman Coulter) equipped with Moflo Sum-
mit 6.3.1. The size range of the samples was estimated by com-
paring the forward scatter signals with those from reference
microspheres (The Flow Cytometry Submicron Particle Size
Reference Kit, Thermo Fisher). This size information was used
for gating to analyze mitophers and spermatids. Flow]o soft-
ware was employed for data analysis. After collecting pure
sperm, they were washed twice with 1X phosphate-buffered
saline (PBS) for further analysis.

Immunostaining of dissected worms

Immunostaining of dissected worms was performed accord-
ing to previously published protocol by [18]. After heat
stress, male worms were washed with 1X M9 buffer and
then dissected near their heads using a blade to release the
germline. The germline was immediately fixed in freshly pre-
pared 4% paraformaldehyde (catalog no. FB24243, FEIMO-
BIO) and left to incubate overnight at 4°C. The fixed
germline was washed with 1 x phosphate-buffered saline with
0.1% Tween detergent (1 x PBST). Cold methanol was added
to the germline and left at —20°C for 4 h. The germline was
again washed with 1 x PBST. The germline was then blocked
in 1 x PBST supplemented with 5% BSA for 1 h. The germline
was stained overnight at 4°C with Hoechst 33 342 (1:10 000,
catalog no. A9539, Sigma) and rabbit anti-H3K9me3 anti-
body (1:200, catalog no. ab8898, Abcam), both diluted in
1 x PBST. The next day, the germline was rinsed in 1 x PBST
and incubated with Alexa Fluor 594 goat anti-rabbit IgG
(H + L) antibody (1:400, catalog no. A-11012, ThermoFisher
Scientific) for 4 h at room temperature. The germline was
then washed with 1 x PBST. Post-washing, the germline was
mounted on slides. A spinning disk confocal microscope (Le-
ica) equipped with a 60 x oil objective was used to capture
images. The images were obtained and processed using Imaris
software. Fluorescence of the germline labeled by H3K9me3
was quantified using Imaris software. The threshold setting
was adjusted to yield a similar low reading for the control of
each experiment.

Immunostaining of worms

For worm staining, worms were washed with 1X M9
buffer and fixed with freshly prepared 4% paraformaldehyde
overnight at 4°C. After washing with 1 x PBST, the speci-
mens were treated with cold methanol was added and stored
at —20°C for 4 h. The fixed worms were rewashed with
1 x PBST, stained with Hoechst 33 342 (1:10 000), and left
overnight at 4°C. A spinning disk Confocal Microscope (Le-
ica) with a 60 x oil objective was used for visualization. 3D
images were captured to evaluate the volume of rectal valve
and rectal gland cells (RVRG). Image acquisition and process-
ing were conducted using Imaris software. This software was
also employed to quantify the volume of RVRG cells, with the
threshold setting adjusted to yield a similar low reading for the
control of each experiment.

Propidium iodide staining of worms with RP defect
Male worms were picked in 1XM?9 buffer with propidium io-
dide (1:10 000, catalog no. P1304MP, Thermo) and stained
for 15 min. A spinning disk Confocal Microscope (Leica) with
a 60 x oil objective was used to ascertain whether RP defect
cells were stained with propidium iodide, a marker indicat-



ing the vitality or mortality of RP defect cells. A male worm,
fixed with 4% paraformaldehyde stained with propidium io-
dide, served as a positive control.

Imaging of live worms

For observing RVRGs development along with RP defect for-
mation: After parental late L4 heat stress, bleach-hatched
worms were cultured until L3 at 15°C. A male worm was
carefully selected and placed on slides in 1XM9 buffer with
10 uM tetramisole hydrochloride (catalog no. L9756, Sigma)
to induce temporary paralysis. A 3D imaging of RVRG cells
was performed, marked by Ppcs-1::wrmScarlet and Ppnc-
1::wrmScarlet. The worm was then carefully transferred back
to the plate within a few minutes. As the worm grew to middle
L4, late L4, or young adult stages, the imaging steps were re-
peated. Imaris software was used to obtain, process, and quan-
tify the volume of RVRG cells, marked by Ppcs-1::wrmScarlet
and Ppnc-1::wrmScarlet. The threshold setting was adjusted
to yield a similar low reading for each experiment’s control.
For observation of DIM-1::wrmScarlet expression in L1
hermaphrodite or male worms: Worms were mated for two
to three generations to maintain approximately 10 to 20 per-
cent male progeny per generation. An L1 worm was picked
carefully and placed on slides in M9 buffer containing 10 uM
tetramisole hydrochloride (catalog no. L9756, Sigma) for tem-
porary paralysis. This enabled the imaging of the RVRG cells
marked by DIM-1::wrmScarlet. Each worm was then indi-
vidually transferred to a separate plate. As it matured to the
young adult stage, its sex and tail morphology were recorded.
Approximately 200 L1 worms were needed to observe DIM-
1::wrmScarlet expression in L1 male worms with RP defects.

Imaging of germ cells post heat stress

Cells were isolated and centrifuged at 9600 x g at 4°C for
5 min. The supernatants were cautiously discarded, leaving
behind 10-15 ul to re-suspend the cells. These cells were sub-
sequently stained with propidium iodide (1:10 000 dilution,
catalog no. P1304MP, Thermo) to assess their viability. The
cells were incubated at 37°C in a water bath for 15 min or
were then incubated at 37°C in a water bath for 15 min be-
fore being swiftly transferred to RT for 60 min. Following this,
they were mounted onto slides. Cells that were not subjected
to heat stress served as a control group. Imaging was carried
out using a spinning disk confocal microscope (Leica) with a
60X oil immersion objective lens.

Western blot analysis of round spermatids in
worms

Thousands of young adult male worms were collected on an
NGM plate and subjected to heat stress at 37°C for 1 h. Fol-
lowing this, the males were transferred to a 15°C environment
to recover for approximately 10 h. The worms were then dis-
sected to isolate round spermatids. The released material was
incubated in L-15 medium (catalog no. 21083-027, Gibco)
containing 15% FBS (catalog no. 10270-106, Gibco), and 1%
sucrose [50]. After FACS sorting, pure round spermatids were
collected using a micropipette, washed twice with 1 x PBS,
vortexed briefly with the SDS loading buffer, and heated at
95°C for 10 min. The lysates were separated on 4-12% Bis-
Tris polyacrylamide gels and transferred to PVDF membranes.
The membranes were probed with the following primary anti-
bodies overnight: rabbit anti-H3K9me3 (1:1000, catalog no.
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ab8898, abcam), rabbit anti-H3K4me2 (1:1000, catalog no.
ab272142, abcam), rabbit anti-H3K27me3 (1:2000, catalog
no. C36B11, Cell Signaling), rabbit anti-H3K36me3 (1:2000,
catalog no. ab9050, abcam), mouse anti-H3K9me2 (1:2000,
catalog no. ab1220, abcam), and rabbit anti-Histone H3
(1:1000, catalog no. Ab18521, abcam). Secondary antibod-
ies (goat anti-rabbit IgG (H + L) anti-body (1:2000, catalog
no. RS001, Immunology), goat anti-mouse IgG (H + L) anti-
body (1:2000, catalog no. RS002, Immunology) were then in-
cubated for 1 h. Protein expression, normalized to Histone H3
levels, was measured across different samples using Image].
Around 100 000 round spermatids were required to generate
one sample.

Western blot analysis of germline cells

Isolated cells were centrifuged at 9600 x g at 4°C for 5§ min.
Supernatants were carefully removed, leaving behind 10-15
ul to re-suspend the cells. The cells were then incubated at
37°C in a water bath for 15 min and immediately transferred
to RT. At 0, 5, 10, 15, 30, and 60 min of post heat shock,
cells were promptly treated with 500 ul RIPA lysis buffer (10
mM Tris-HCI, pH 8.0; 1 mM EDTA; 0.5 mM EGTA; 1% Tri-
ton X-100; 0.1% Sodium Deoxycholate; 0.1% SDS; and 140
mM NaCl) for 10 min on ice. The cells were then mixed with
SDS loading buffer and heated at 95°C for 10 min. Lysates
were separated on 4-12% Bis-Tris polyacrylamide gels, trans-
ferred to PVDF membranes, and probed overnight with rab-
bit anti-H3K9me3 antibody (1:1000, catalog no. ab8898, ab-
cam) and rabbit anti-Histone H3 antibody (1:1000, catalog
no. Ab18521, abcam). Goat anti-rabbit IgG (H + L) secondary
antibody (1:2000, catalog no. RS001, Immunology) was incu-
bated for 1 h. Protein expression was measured across differ-
ent samples using Image]. Quantified H3K9me3 levels were
normalized to their respective Histone H3 levels (loading con-
trol). Approximately 100 000 germline cells were required to
generate one sample.

Western blot analysis of worms

Bleach-hatched worms were cultivated at 20°C and harvested
after 2 h (L1 stage), 32 h (L3 stage), 46 h (L4 stage), and
72 h (gravid adult stage) post-cultivation on OP50. Worm
pellets were prepared with 1 ml of L1, 500 ul of L3, 50 ul
of L4, and 30 pl of gravid adults. Each sample was mixed
with 4 x Laemmli sample buffer, supplemented with 5%
beta-mercaptoethanol, and then boiled for 30 min with oc-
casional flipping every 5 min. Whole-worm lysates were sep-
arated on 4-12% Bis-Tris polyacrylamide gels, transferred to
PVDF membranes, and probed overnight with the following
primary antibodies: mouse anti-FLAG M2 (1:1000, catalog
no. F1804, Thermo), mouse anti-alpha tubulin (1:4000, cata-
log no. T9026, Sigma), or mouse anti-V3 antibodies (1:2000,
catalog no. R96025, Thermo). The membranes were then in-
cubated for 1 h with a secondary antibody, goat anti-mouse
IgG (H + L) (1:2000, catalog no. RS002, Immunology). Pro-
tein expression, relative to alpha-tubulin levels, was measured
across different samples using Image].

Co-immunoprecipitation and western blotting

Around 300 000 late L4 worms per condition (non-heat
stressed control or heat stressed at 37°C for 1 h) were im-
mediately cross-linked using UV, collected in 1 x M9 buffer,
washed with water, and snap-frozen in liquid nitrogen. Worm
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pellets were resuspended in an equal volume of pre-chilled 1
x lysis buffer (60 mM HEPES (pH7.4), 100 mM KCI, 4 mM
MgCl2, 10% Triton X-100, 10% Tween-20, supplemented
with 1 mM DTT and a protease inhibitor cocktail) along
with 200 pl glass beads. The samples were homogenized and
then centrifuged at 15 000 rpm for 30 min at 4°C to re-
move worm debris. 10% of the worm lysates were set aside
as input. The remaining lysates were incubated with mouse
anti-FLAG M2 antibody (1:400, catalog no. F1804, Thermo)
or mouse anti-V5 antibodies (1:400, catalog no. R96025,
Thermo) overnight, followed by a 4-h incubation with mag-
netic protein G beads (1:200; catalog no. 10004D, Invitro-
gen). The beads were pre-cleared with pre-chilled 1 x lysis
buffer prior to incubation. Wild-type (N2) worms were used
as a negative control. If necessary, lysates were pre-treated
with RNase A. The immunoprecipitates were boiled with 4X
SDS sample buffer (BioRad), separated by SDS-PAGE, and
transferred to PVDF membranes. The blots were probed with
mouse anti-FLAG M2 antibody (1:1000, catalog no. F1804,
Thermo), mouse anti-alpha tubulin antibody (1:4000, catalog
no. T9026, Sigma), or mouse anti-V5 antibodies (1:2000, cat-
alog no. R96025, Thermo).

Nuclear/cytoplasmic fractionation of proteins

The method for nuclear/cytoplasmic fractionation of proteins
was partially adapted from referenced literature [51]. Syn-
chronized late L4 worms were treated in a 37°C incubator
for 1 h and then collected with M9 buffer in a 15 ml coni-
cal tube. The worm pellets were washed with M9 buffer un-
til the supernatant was clear. They were then washed twice
with cold hypotonic buffer (15 mM HEPES KOH pH 7.6,
10 mM KCI, 5 mM MgCl2, 0.1 mM EDTA, 350 mM Su-
crose) in a 1.5 ml tube. All hypotonic buffer was removed and
replaced with ‘complete hypotonic buffer’ (15 mM HEPES
KOH pH 7.6, 10 mM KCI, 5 mM MgCl2, 0.1 mM EDTA,
350 mM Sucrose, 1 mM DTT, 2x protease inhibitors). The
worm pellets were then resuspended and homogenized by 6.5
m/s for 30 cycles, repeated 5-10 times. Worm bodies and de-
bris were removed by centrifugation at 500 x g for 5 min at
4°C, twice. A 40ul aliquot of the supernatant was saved for
the input fraction. The remaining supernatant was centrifuged
at 4000 x g in 4°C for 5 min to pellet the nuclei. The super-
natant was thereafter transferred to a new 1.5 ml tube and
then centrifuged at 17 000 x g, 4°C for 30 min to collect
the cytoplasmic fraction. The pellet, which contains nuclei,
was washed with 500 pl complete hypotonic buffer and cen-
trifuged at 4000 x g in 4°C for 5 min, twice. The supernatant
was discarded, and the pellet was dissolved with complete hy-
pertonic buffer (15 mM HEPES KOH pH 7.6,400 mM KCl, 5
mM MgCl2, 0.1 mM EDTA, 0.1% Tween 20, 10% Glycerol,
1 mM DTT, 2x protease inhibitors). The cytoplasmic fraction
and nuclear fraction were then incubated with mouse anti-
VS5 antibodies (1:400, catalog no. R96025, Thermo) or anti-
mouse IgG (1:400, catalog no. M8642, Thermo) for the co-
immunoprecipitation assay.

Worm chromatin immunoprecipitation (ChlP) PCR

The Chromatin immunoprecipitation (ChIP) protocol was
modified according to previously published methods [18]. Ap-
proximately 30 pl of worm pellets of late L4 animals were ob-
tained via the ‘bleach-hatch’ method. Immediately after heat
shock at 37°C for 1 h, animals were quickly washed with

1 x PBS (pH 7.4). Cross-linking was performed with freshly
prepared 2% formaldehyde at room temperature for 10 min.
A typical volume of 1 mL of formaldehyde was used to ensure
consistency across samples. To quench the samples, Tris (pH
7.4) was added to a final concentration of 250 mM, and the
samples were left at room temperature for 10 min. The sam-
ples were then washed three times in ice-cold 1 x PBS supple-
mented with a protease inhibitor cocktail and snap-frozen in
liquid nitrogen. The worm pellet was resuspended in FA buffer
[50 mM HEPES (pH7.4), 150 mM NaCl, 50 mM EDTA, 1%
Triton X-100, 0.5% SDS, and 0.1% sodium deoxycholate],
supplemented with 1 mM DTT and protease inhibitor cock-
tail. Following the addition of FA buffer, the suspended worm
pellet was lysed using a homogenizer supplemented with 100
ul glass beads (6.5 m/s, 30 s once) and then sonicated (15
cycles of 30 s on/off). Samples were centrifuged at 11 731
x g for 5 min at 4°C to remove worm debris. Around 20 pl
of lysate was used to preclear magnetic beads. Lysates were
incubated with mouse anti-FLAG M2 antibody (1:400, cata-
log no. F1804, Thermo) or mouse anti-V35 antibodies (1:400,
catalog no. R96025, Thermo) overnight and then incubated
with magnetic protein G beads (1:200; catalog no. 10004D,
Invitrogen) for 4 h. Anti-mouse IgG antibody was used as a
negative control. Beads were washed with low salt, high salt,
and LiCl wash buffers for 5 min at 4°C. Protein complexes
were eluted by incubation with 250 ul of freshly prepared elu-
tion buffer (1% SDS and 100 mM sodium bicarbonate) for 15
min at room temperature. Elutes were treated with Proteinase
K solution (1:10, catalog no. P8107S, NEB) for 30 min, in-
cubated with RNase A (1:10, catalog no. T3018L, NEB) for
2 h, and extracted with phenol:chloroform:isoamyl alcohol
(25:24:1). After ethanol precipitation, DNA was extracted.
qPCR analysis of DNA was performed using primer sets spe-
cific for different target genes. For all ChIP experiments, 10%
of total lysate was used as ‘input’, and chromatin immunopre-
cipitated by different antibodies was expressed as % input val-
ues. All relative changes were normalized to Y43F4A.3. Fold
changes were calculated by the 42 Ct method.

Round spermatids and germ cells chromatin
immunoprecipitation (ChIP-PCR)

For germ cells, approximately 300 000 isolated germ cells per
condition were centrifuged at 9600 x g at 4°C for 5 min.
Supernatants were carefully removed, leaving 10-15 pl su-
pernatant to resolve the cells. Cells were incubated at 37°C
in a water bath for 15 min and immediately transferred to
RT. After 0, 5, 10, 15, 30, and 60 min of post heat shock,
cells were immediately incubated with 100 ul pre-chilled NE
buffer, resuspended by gentle pipetting, and incubated on ice
for 10 min. For round spermatids, approximately 300 000
round spermatids and 30 293-F cells (as spike-in) per condi-
tion were prepared for sperm ChIP-PCR based on the Hyper-
active® Universal CUT& Tag Assay Kit for Illumina (catalog
no.TD903, Vazyme). Round spermatids were washed twice in
500 pl Wash Buffer by gentle pipetting, and centrifuged for 5
min at 1700 x g. Each sample was added 100 ul pre-chilled
NE buffer, resuspended by gentle pipetting, and incubated on
ice for 10 min. The nucleus of germ cells and round spermatids
were then processed following the protocol of the Hyperactive
pG-MNase CUT&RUN Assay Kit for PCR/qPCR (catalog
no. HD101, Vazyme). qPCR analysis of DNA was performed
using primer sets specific for different target genes. Around



10% of total lysate was used as ‘input’, and chromatin im-
munoprecipitated by different antibodies was expressed as %
input values. For round spermatids, all relative changes were
normalized to Y43F4A.3. For germ cells, all relative changes
were normalized to individual gene at 0 min of post heat-stress
in gfp:tev::2 x flag::aid::csr-1a group. Fold changes were cal-
culated by the #4Ct method.

Isolation of rectal gland and valve cells

Parental late L4 worms underwent heat stress (37°C, 1 h), and
2 million synchronized L1 worms in each strain were cultured
until adulthood. The mixture of gravid hermaphrodites and
adult males (day 1 adults) was collected. Worms were sus-
pended with an equal volume of 60% ice-cold sucrose and
centrifuged for 5 min at 1000 xg. Worms in the top layer were
collected on 20-micron Nytex mesh and rinsed with S-basal
(5.85 g NaCl, 1 g K;HPOy4, 6 g KH,PO4, 1 ml cholesterol
(5 mg/ml in ethanol)). Males were allowed to wiggle through
the mesh for at least 30 min [7]. Worms were washed with
M09 for 1 h to flush bacteria out of the nematodes’ gut. Ev-
ery 200 ul pellet of them was transferred to a 1.5 mL micro-
centrifuge tube and centrifuged at 16 000 x g for 1 min. The
pellets were then treated with 500 pL of freshly made Tri-
ton X-100/SDS-DTT solution (0.5% Triton X-100,20 mM
HEPES buffer, pH 8, 0.25% SDS, 200 mM DTT, and 3% su-
crose) and incubated at room temperature at 1300 rpm for
4 min. Immediately after that, 800uL of egg buffer (25 mM
HEPES, pH 7.3, 118 mM NaCl, 48 mM KCI, 2 mM CacCl,,
2 mM MgCl,) was added to each tube and centrifuged for 1
min at 16 000 x g. The supernatant was discarded, and the
pellet was washed five times with 1 mL of egg buffer. Around
1 ml of freshly made 15 mg/ml pronase (catalog no. P8811,
Sigma) was added to the tubes and each sample was pipetted
40-80 times with a P1000 pipette at 3—4-min intervals during
the digestion. The enzymatic reaction was stopped by adding
egg-buffer/10% FBS and the isolated cells were centrifuged at
4°C for 5 min at 550 x g. The pellet was resuspended in 1 mL
of cold egg buffer/10% FBS and centrifuged at 4°C for 5§ min
at 100 x g. The supernatant was then passed through a 35-
um filter (catalog no. 352 235, Corning). The cell suspensions
were sorted by SONY MA900. Profiles of GFP and wrmScar-
let marker strains were compared to an N2 standard to ex-
clude autofluorescent cells. 5000 positive cells were collected
in TRIzol reagent (catalog no. T9424, Sigma) for total RNA
extraction. RNA was precipitated from the aqueous phase by
mixing with isopropyl alcohol.

mRNA sequencing

mRNA libraries were prepared using the VAHTS Universal V8
RNA-seq Library Prep Kit for Illumina (catalog no.NR60S,
Vazyme). This kit is designed to construct libraries for se-
quencing on Illumina platforms. Once the libraries were pre-
pared, they underwent quality assessment using an Agilent
2100 Bioanalyzer System (High Sensitivity DNA Analysis kit).
Finally, the prepared and evaluated libraries were sequenced
on an Illumina HiSeq2500 platform.

CUT&Tag analysis for C. elegans round spermatids

Approximately 300 000 round spermatids per sample were
prepared for CUT&Tag. The process was performed fol-
lowing the protocol provided by the Hyperactive Universal
CUT&Tag Assay Kit for Illumina Pro (catalog no. TD904,
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Vazyme). Thirty of 293-F cells were added as a spike-in. The
sperm were washed twice in 1.5 mL of Wash Buffer by gentle
pipetting and then centrifuged for 5 min at 1700 x g. To each
sample, 100 pl of pre-chilled NE buffer was added, and the
samples were gently resuspended by pipetting up and down.
The samples were then incubated on ice for 10 min. The nu-
clei were processed following the protocol of the Hyperactive
Universal CUT&Tag Assay Kit for Illumina Pro (catalog no.
TD904, Vazyme). Once the libraries were prepared, they were
evaluated using the Agilent 2100 Bioanalyzer System.

Analysis of mRNA-seq data

For pre-processing: adapters and low-quality bases were
removed from the raw sequencing reads using the tool
fastp (version 0.20.1) (options: -q 20 -n 0 -u 50 -1 75
-c). For mapping: the trimmed reads were then mapped
to the reference genome (C. elegans genome WS276) us-
ing the Spliced Transcripts Alignment to a Reference
(STAR) software (version 2.5.2b). The options applied (-
outSAMunmapped Within —outSAMstrandField intronMotif
—outFilterMultimapNmax 1 -outFilterScoreMinOverLread
0.8 —outFilterMatchNminOverLread 0.8). For counting: read
counts per gene were calculated using featureCounts, a func-
tion of the Subread package (version 2.0.0). For differen-
tial Expression Analysis, the read count data were then used
for differential gene expression analysis using the DESeq2
R package.

CUT&Tag data analysis

The following protocol outlines the approach to the analysis
of CUT&Tag data, modified from the protocol in Ye Zheng’s
lab [52].

Pre-processing: adapters and low-quality bases were re-
moved from the raw sequencing reads using the tool fastp
(version 0.20.1) (options: -q 20 -n 0 -u 50 -1 75 -¢).

Mapping: the trimmed reads were mapped to the C. ele-
gans genome (WS276) using Bowtie2 (version 2.3.5.1). The
options applied (-end-to-end —very-sensitive —-no-mixed —no-
discordant —phred33 -I 10 -X 700) control parameters such
as the alignment mode, sensitivity, and insert size. For spike-
in calibration, the trimmed reads were additionally mapped to
the human genome (GRCh38).

Spike-in Calibration: The mapped files were calibrated us-
ing the calculated scale factors and converted to genomic cov-
erage bedgraph files using the bedtools genomecov function.

Visualization: Normalized bedgraph files were converted to
BigWig files using UCSC bedGraphToBigWig. Biological repli-
cates in BigWig files were merged using UCSC BigWigMerge.
The density of genome features in each chromosome was cal-
culated with UCSC BigWigSummary from BigWig files. The
genome browser views were generated by visualizing the Big-
Wig files in the Integrative Genomics Viewer (IGV).

Read Counts: Read counts were obtained using an R script
and normalized to human map reads per million.

Differential Expression Analysis: Differential gene expres-
sion analysis was performed using an R script. The signifi-
cance of differential expression (P-value) was calculated using
the Student’s #-test.

Quantification and statistical analysis

Each experiment was treated as a biological replicate. Specific
statistical details for each experiment, including the statistical
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tests used and the number of replicates, can be found in the
corresponding figure legends. Data analysis was performed us-
ing Student’s t-test and/or one-way ANOVA with Tukey’s cor-
rection, utilizing GraphPad Prism software. The significance
of the results was determined based on the calculated p-values.
The levels of significance are denoted as follows: *P < 0.035;
**P < 0.01; ***P < 0.001; ****P < 0.0001.

Results

Transient degradation of germline Argonaute
CSR-1A leads to somatic defects in male offspring
under heat stress

To investigate the biological function of CSR-1A, we used
CRISPR/Cas9 genome editing to endogenously tag CSR-
1A at its N-terminus with a GFP::TEV::22XFLAG::AID tag
(termed GTFA), resulting in the strain gtfa::csr-1a (ezs4335)
(Supplementary Fig. STA). We then specifically deleted a sin-
gle nucleotide shortly after the csr-1a start codon to in-
troduce a frameshift mutation that results in an early stop
codon in the first exon of csr-1a, creating the strain gtfa::csr-
laA (ezs436) (Supplementary Fig. SIA-C). We then reintro-
duced the deleted nucleotide in gtfa::csr-1aA (ezs436) to re-
stored CSR-1A function in the strain gtfa::csr-1aR (ezs437)
(Supplementary Fig. STA-C). Consistent with prior reports
[38,39], csr-1a mutant worms maintained at 20°C pro-
duced normal numbers of viable progeny or sperm activation
rates.

During the cross-ability assay (seen in the method sec-
tion), we collected a cohort of csr-1a males derived through
heat stress induction. Intriguingly, however, 14 stage csr-
1a hermaphrodites exposed to heat stress produced male
offspring with abnormal tails (Fig. 1A and B). The pene-
trance of the morphological defect increased with temper-
ature (Fig. 1C). The morphological defect in offspring in-
duced by parental heat stress appears to be a rectal prolapse
(RP), which reduces their locomotion and prevents mating
(Fig. 1D). Indeed, the impotence of RP csr-1a males appears
to be physical, as sperm from csr-1a males with or without
the RP phenotype showed similar levels of activation in vitro
(Supplementary Fig. S1D and E). Lastly, whereas wild-type or
non-RP csr-1a adult males survived for ~28 days, RP csr-1a
adult worms only survived about 8 days (Fig. 1E), indicating
that the prolapse is fatal.

To determine if the abnormal morphology is due to the loss
of PO or F1 germline CSR-1A activity or both, we generated
knock-in (KI) strains (gtfa::csr-1a;[Psun-1::tir-1::mRuby::eft
3'utr|chrlV (ezs462)) expressing GFP::degron::CSR-1A from
the endogenous csr-1a locus. We then used the auxin-inducible
degradation (AID) system [53] to deplete CSR-1A in the
germline conditionally. In this system, germline TIR1 protein
(Psun-1::TIR1::mRuby) mediates potent auxin-dependent de-
pletion of degron-tagged targets. PO worms during the L4
stage were heat-stressed and the tail morphology of F1 males
was analyzed. To determine if the abnormal morphology is
due to the loss of PO germline CSR-1A activity, PO worms were
fed with auxin (IAA), but F1 males were not. To determine if
the abnormal morphology is due to the loss of F1 germline
CSR-1A activity, PO worms were not fed with auxin, but F1
males were fed with auxin. We found that the depletion of
PO germline CSR-1A, not that of the F1 germline CSR-1A,
leads to morphological abnormalities in the offspring (Fig. 1F

and G). These findings suggest that parental germline CSR-1A
plays a protective role in preserving offspring morphology.

In the hermaphrodite germline, CSR-1A is only expressed
during spermatogenesis, i.e. during the L4 stage [38, 39].
Consistent with this, we only observed RP male tails among
the progeny of csr-la-mutant hermaphrodites who were
heat-stressed at mid-to-late L4 stage (Supplementary Fig.
S1F), suggesting that the RP phenotype is a paternal ef-
fect. Indeed, whereas non-stressed csr-1a males mated to
heat-stressed csr-1a hermaphrodites produced no RP male
cross progeny, heat-stressed csr-1a males mated to non-
stressed csr-1a hermaphrodites produced RP male progeny
(Supplementary Fig. S1G and H).

In males, pachytene germ cells take 8-16 h to differen-
tiate into mature sperm (Fig. 1H) [47, 54]. We therefore
heat stressed young adult males and then serially mated
them with non-heat-stressed hermaphrodites for brief peri-
ods, transferring the males every 2—4 h to unmated wunc-119
hermaphrodites. A small fraction of cross-progeny males with
defective tails was produced by crosses from 4 to 8 h after heat
shock (Fig. 11). The fraction of cross-progeny males with the
RP phenotype increased dramatically in crosses from 8 to 14
h after heat shock. Together these results suggest that CSR-
1A reinforces a paternal temperature-sensitive epigenetic pro-
gram important for tail development in male offspring.

CSR-1A recruits SET-25/32 to resist H3K9me3
decline by heat stress

Considering that CSR-1A is selectively present in spermato-
cytes and not in mature sperm [38, 39], in order to under-
stand how CSR-1A contributes to the regulation of male tail
development in offspring, we sought to investigate histone
modifications, which are also implicated in epigenetic inheri-
tance [55, 56]. To identify histone modifications that act in the
CSR-1A pathway to bolster the paternal epigenetic program
required for normal male tail structure or function, we used
RNAI by feeding to silence histone methyltransferase genes (or
combinations) beginning at the L1 stage, exposed L4-staged
animals to heat stress, and then examined the morphology
of male progeny (Fig. 2A, Supplementary Fig. S2A). We tar-
geted histone methyltransferases associated with active tran-
scription marks, e.g. H3K4me2 [57] and H3K36me3 [58], or
repressive marks, e.g. H3K27me3 [59], H3K9me2 [60, 61],
and H3K9me3 [62, 63] (Supplementary Fig. S2A). We only
observed RP male tails when we silenced the H3K9 trimethyl-
transferases set-25 and set-32 together. The frequency of
RP male tails among the progeny of heat-stressed set-25/32
RNAi hermaphrodites was similar to that observed in the
progeny of heat-stressed csr-1a hermaphrodites. Moreover,
set-25/32 RNAI did not exacerbate or increase the penetrance
of the RP phenotype caused by loss of CSR-1A (Fig. 2B and
Supplementary Fig. S2C). These results suggest that CSR-1A
and SET-25/32 act in the same pathway to promote the re-
covery from heat stress.

To explore the relationship between CSR-1A and SET-
25/32 and the response to heat stress, we analyzed the levels of
histone methylation in ¢sr-1a mutant sperm after heat stress.
Western blot analyses of various histone modifications re-
vealed a > 50% reduction in H3K9me3 in heat-stressed sperm
from csr-1a males compared to that in heat-stressed wild-type
sperm (Fig. 2C). H3K4me2, H3K27me3, H3K36me3,
H3K9me2, and histone H3 levels appeared normal.
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Figure 1. Loss of CSR-1A in the germline causes male offspring with RP mating interference and being fatal under acute heat stress. (A) Schematic of
heat stress analysis. PO, parent; F1, the offspring of the first generation; L1 and L4, Larve stage 1 and Larve stage 4; AD, adult worm. (B) Representative
micrographs showing DIC images of late L4 parental heat-stress-induced F1 male tails in different groups: gtfa::csr1a (ezs435), gtfa:.csr1a/ (ezs436),
and gtfa::csr-1a" (ezs437). A, csr1a CDS containing the frame-shift mutation. R, corrected csr1a reading frame. The protruding dashed lines indicate the
tail morphology of F1 males. F1 male tail showed RP-like defect in the gtfa:.cs1aA (ezs436) strain. Scale bar, 5 um. (C) Percentage of F1 male progeny
with a RP defect in different groups when late L4 parental hermaphrodites were exposed to different temperatures (15°C, 28°C, 33°C, and 37°C) for 1 h
of heat stress. The number of analyzed males in each group is listed. (D) Cross ability of F1 male progeny in different groups mated with unc-119
hermaphrodites when PO hermaphrodites at late L4 stage were exposed to 37°C for 1 h. The number of cross-progeny males analyzed in each group is
listed. For each group, five males were mated with one hermaphrodite. n = 3 experiments. (E) The survival rate of F1 male progeny in different groups
when late L4 parental hermaphrodites were exposed to HS (37°C, 1 h). gtfa::cs~1aA (RP)indicates gtfa::csr1aA male progeny with RP defect. Total
number of worms for each group in gtfa::.csr-1a (ezs435), gtfa::csr-1al (ezs436), and gtfa::csr-1a" (ezs437)is 90. Total number of worms in gtfa::.csr-1aA
(RP)) is 54. (F) Representative micrographs showing specific degradation of GFP::TEV::2 x FLAG::AID::CSR-1A expression in pachytene spermatocytes
of F1 gfp::tev::2 x flag::aid::csr1a; [sun-1p:: TIRT.:mRuby::sun-1 3 UTR + Cbrunc-119 (+)] chr 1V (ezs462) worms and PO worms when fed with IAA. The
worms were either fed with (+) or without () IAA in PO and F1 worms or fed with IAA only in PO worms. Scale bar, 20 um. The dashed lines indicate the
germline of the hermaphrodite worm. The zoomed-in panel on the right shows GFP::TEV::2 x FLAG::AlID::CSR-1A expression in pachytene germ cells.
Scale bar, 5 um. (G) Percentage of male progeny with a RP defect in worms with (+) or without (-) specific degradation of

GFP::TEV::2 x FLAG::AID::CSR-1A in pachytene spermatocytes in PO or F1 worms upon PO heat stress at late L4 stage. The number of analyzed males
in each group is listed. (H) Cartoons depicting the male C. elegans germline. Different regions of spermatocytes are shown, with 0-8, 8-16, and 16-24 h
representing the time required for the different regions of spermatocytes to mature into round spermatids. (I) Percentage of F1 male with a RP defect in
gtfa::csr1a (ezs435) and gtfa:.csr1aA (ezs436) groups when PO young adult males were exposed to 37°C for 1 h of heat stress and crossed with
gtfa::csr1a; unc-119 (ezs438) and gtfa:.csr-1aA, unc-119 (ezs439) hermaphrodites, respectively, at different time intervals (0-4, 4-8, 8-10, 10-12, 12-14,
14-16, 16-24 h) after heat stress (HS). The number of analyzed males in each group is listed. n.s represents no significant difference, *P < 0.05; **P

< 0.01; ***P < 0.001; ****P < 0.0001 (ttest and one-way ANOVA).
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Figure 2. CSR-1A counters heat-stress-induced H3K9me3 reduction in pachytene spermatocytes through SET-25 and SET-32 recruitment. (A) This
schematic of RNAI screening on genes encoding methyltransferases for analyzing parental heat-stress induced F1 male progeny with RP defects. RNAI
bacteria are highlighted in green. (B) Percentage of F1 male cross-progeny with RP defect in four groups (gtfa::csr1a (ezs435); control RNAI, gtfa::csr1a
(ezs43b); set-25 & set-32 RNAI, gtfa::icsr-1aA (ezs436); control RNAI, and gtfa::csr1aA (ezs436); set-25 & set-32 RNAI). Young adult males from the four
groups were exposed to HS (37°C, 1 h), respectively. Afterward, they were crossed with hermaphrodites of gtfa::csr1a; unc-119 (ezs438) or
gtfa::csr1aA; unc-119 (ezs439) at different time intervals (0-4, 4-8, 8-10, 10-12, 12-14, 14-16, 16-24 h) following heat-stress. The numbers of males
analyzed in each group are provided. (C) The western blot image shows the protein levels of H3K9me3, H3K4me2, H3K27me3, H3K36me3, H3K9me2,
and Histone 3 in round spermatids isolated from young males of two worm strains: gtfa::.csr~1a; him-8 (ezs441) and gtfa::csr1a/; him-8 (ezs442). The
samples were collected under two conditions: without heat-stress (NHS) and 8-10 h after heat-stress (37°C, 1 h). (D) These micrographs display the
immunostaining of H3K9me3 (red) in the male C. elegans germline after HS (37°C, 1 h). Scale bar, 10 um (left), and 3 um (right). DAPI: blue. (E)
Heatmaps illustrate the occupancies of H3K9me3 CUT&Tag signals over the gene body in round spermatids isolated from heat-stressed males
(gtfa:.csr1a; him-8 (ezs441) and gtfa::.csr1an,; him-8 (ezs442)). The samples were collected at 8-10 h post-HS (37°C, 1 h). The other two biological
repeats were shown in Supplementary Fig. S2H. (F) This plot displays the variations of H3K9me3 CUT&Tag signals in round spermatids isolated from
heat-stressed males. The color represents different H3K9me3 CUT&Tag signals compared to gtfa::.csr1a, him-8 group: upregulated (red), downregulated
(green), and unchanged (grey). Genes that were decreased in CUT&Tag analysis were summarized in Supplementary Table S3. FDR = 2, P = 0.01. (G)
The genome browser screenshots demonstrate the H3K9me3 levels at genes of Y43F4A.3 and mel-32, shown in yellow in (F). (H) The ChIP-PCR graph
shows the enrichment of 3 x V5::SET-25 at representative genes, shown in yellow in (F), normalized to Y43F4A.3. Samples were collected from late L4
worms (gfp::tev::2 x flag::aid:.csr1a; 3 x V5::set-25 (ezs443) and gfp::tev::2 x flag::aid::csr1al,; 3 x V5::set-25 (ezs444)) after heat stress. n =3
experiments. () The ChIP-PCR graph represents the enrichment of 2 x Flag::CSR-1A at representative genes, shown in yellow in (F), normalized to
Y43F4A.3. Samples were collected from late L4 worms of gtfa:.csr1a worms feeding with control RNAI or set-25 and set-32 RNAi upon HS. n =3
experiments. n.s means no significant difference, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (t-test and one-way ANOVA).
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Consistent with western blot results, immunofluorescence
analyses revealed that H3K9me3—normally abundant
throughout the wild-type male germline—was present in the
distal region but absent from the pachytene and condensation
regions in heat-stressed csr-1a mutant germlines (Fig. 2D,
Supplementary Fig. S2B, D, and E). By comparison, set-25/32
RNAi dramatically reduced H3K9me3 staining throughout
the male germline.

To determine how the loss of CSR-1A affects H3K9me3
occupancy across the genome in sperm, we used CUT& Tag
to profile H3K9me3 occupancy in sperm isolated from
heat-stressed csr-1a-mutant males or from wild-type males
(Supplementary Fig. S2F-S2G, Methods). We observed a de-
crease in the overall H3K9me3 peaks associated with indi-
vidual genes in csr-1a (gtfa::csr-1al; him-8 (ezs442)) mutant
sperm compared to wild-type (gtfa::csr-1a; him-8 (ezs441))
(Fig. 2E, Supplementary Fig. S2H and O). Indeed, H3K9me3
levels were significantly reduced at most loci in heat-stressed
csr-1a-mutant sperm (Fig. 2F). H3K9me3 occupancy was
reduced across each chromosome, with some exceptional
loci (Supplementary Fig. S2I). Representative snapshots of
CUT&Tag tracks indicate that if H3K9me3 is reduced in the
absence of CSR-1A, it is reduced across the entire locus—
from TSS to termination site (Fig. 2G, Supplementary
Fig. S2]J). Changes in H3K9me3 levels, as revealed by the
CUT&Tag assay, were confirmed using H3K9me3 chromatin
immunoprecipitation (ChIP) followed by quantitative PCR
(Supplementary Fig. S2K). Together our findings suggest that
in the absence of CSR-1A, heat stress disrupts H3K9me3 de-
position in developing spermatids or that CSR-1A is required
to maintain H3K9me3 levels in paternal germ cells after heat
stress.

To determine if CSR-1A is required for SET-25 and SET-
32 enrichment at loci where CSR-1A is required to maintain
H3K9me3 levels after heat stress, we heat-stressed wild-type
and csr-1a mutant worms at late L4 stage and performed SET-
25 and SET-32 ChIP assays. In heat-stressed csr-1a mutants,
SET-25 and SET-32 were reduced at loci where H3K9me3 lev-
els were reduced, but not where H3K9me3 levels remain un-
changed (Fig. 2H, Supplementary Fig. S2L-N). By contrast,
set-25/32 RNAI did not significantly affect CSR-1A enrich-
ment at loci with diminished H3K9me3 levels after heat stress
(Fig. 21). Together, these results suggest that CSR-1A promotes
the recruitment of SET-25 and SET-32 and H3K9me3 modifi-
cation in response to heat-stress.

CSR-1A interacts with SET-25/32 through RG motif
to prevent RP

CSR-1A could directly or indirectly promote the recruitment
of SET-25 and SET-32. Western blot analyses showed that
SET-25 and SET-32 levels are similar in wild-type and csr-
1a mutants (Supplementary Fig. S3A and B), indicating that
CSR-1A does not regulate the expression of SET-25 or SET-
32. To determine if CSR-1A interacts with SET-25 or SET-32,
we performed co-immunoprecipitation (co-IP) experiments
using strains (gifa::csr-1a;3 x vS:uset-25 (ezs443), gtfa::csr-
lan;3 x vS:uset-25 (ezs444), gtfa::csr-lazset-32::3 x v§
(ezs445) and gtfa::csr-lal;set-32:3 x vS5 (ezs446)) express-
ing 2 x Flag::CSR-1A, 3 x VS5:SET-25, or SET-32::3 x V§
from the endogenous loci. In reciprocal co-IP experiments, we
observed heat—stress-dependent co-IP of CSR-1A with SET-25
and SET-32 (Fig. 3A and B, Supplementary Fig. S3C and D).
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Moreover, co-IP experiments from nuclear and cytoplasmic
fractions indicate that CSR-1A and SET-25 or SET-32 primar-
ily interact in the nucleus (Fig. 3B, Supplementary Fig. S3D).
Indeed, a small amount of CSR-1A is detected in the nu-
clear fractions by western blot and in germline nuclei by im-
munofluorescence (Fig. 3B and C, Supplementary Fig. S3D).

In addition to conserved SET domains that catalyze H3K9
trimethylation [64, 65], most SET-25 homologs possess a
highly conserved chromodomain (Supplementary Fig. S3E),
which is structurally akin to the Tudor domain and forms
an aromatic cage that recognizes lysine and arginine residues
[66—68]. The N-terminal disordered region (1-159 aa) of
CSR-1A contains 15 RG/RGG motifs (Fig. 3D, top), we there-
fore wondered if the RG/RGG motif of CSR-1A and the chro-
modomains of SET-25 or SET-32 are required for their inter-
action i1 vivo. We used CRISPR to mutate the RG/RGG mo-
tif, recoding the first 7 (csr-1a 7xRG-t0-AG) or all 15 (csr-
1a 15xRG-to-AG) arginines to alanine or deleting the first
exon (csr-1a Aexon-1) (i.e. the entire disordered domain or
the entire DNA sequence encoding the first exon of CSR-
1A) of CSR-1A. Although the structures of C. elegans SET-
25 and SET-32 have not been determined, we predicted their
structures using AlphaFold and identified a putative chromod-
omain in SET-25 (amino acids 296-386; Fig. 3E). We then
used CRISPR to delete the entire N-terminal region of SET-
25 (up to the SET domain, set-25 AN terminus), the puta-
tive chromodomain only (set-25 AChromodomain), or the
SET domain (set-25 ASET) (Fig. 3F). Co-IP experiments re-
vealed that recoding all 15 arginines to alanines or deleting
the disordered domain prevents CSR-1A from interacting with
SET-25 and SET-32 in response to heat stress (Fig. 3D, down
and Supplementary Fig. S3F). Moreover, deletions that remove
the putative chromodomain of SET-25 prevent it from co-
immunoprecipitating with CSR-1A (Fig. 3G).

Lastly, we asked if mutations that disrupt interactions
between CSR-1A and SET-25 or SET-32 also disrupt the
epigenetic response to heat stress. Compared to wild-type
worms, the csr-1a 7xRG-to-AG, 15xRG-to-AG, and Aexon-
1 mutants all produced RP male progeny (Fig. 3H). The
frequency of RP progeny was higher from the 15xRG-to-
AG and Aexon-1 mutants than from the 7xRG-t0-AG mu-
tant, consistent with the observation that 7xRG-to-AG re-
tains some ability to interact with SET-25 and SET-32 (Fig.
3D, Supplementary Fig. S3F). Notably, when combined with
set-32 RNAI, the set-25 Achromodomain mutant also pro-
duced RP male progeny (Fig. 3H). As expected, neither set-25
Achromodomain nor set-32 RNAI alone produced RP male
progeny. These results therefore suggest that, in response to
heat stress, CSR-1A employs its RG motif to interact redun-
dantly with the SET-25 chromodomain or SET-32, recruiting
the methyltransferases to chromatin targets to maintain or re-
store their H3K9 trimethylation status and paternal epigenetic
programs.

CSR-1A potentiates the recovery of H3K9me3 in
germ cells post-heat stress

In response to heat stress, H3K9me3 levels of C. elegans
germline reportedly decline and gradually recover as cells re-
turn to normal [19, 69]. We therefore sought to determine
how CSR-1A affects the dynamics of H3K9me3 recovery in
pachytene germ cells after heat stress. In order to isolate
GFP-positive germ cells by fluorescence-activated cell sorting
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(FACS), we created wild-type and csr-1a-mutant worms that
only express GFP in germ cells of L4 hermaphrodites. We in-
serted in-frame gfp::tev::2xflag::aid coding sequences imme-
diately after the start codon of wild-type csr-1a, generating
gfp:tev::2xflag::aid::csr-1a (ezs435) worms. Because the csr-
laA frameshift would destabilize a gfp::tev::2xflag::aid::csr-
laA fusion transcript, we inserted an intercistronic region
with an SL2 trans-spliced leader sequence between the GFP
and 2 x Flag coding sequences (gfp::sl2::2xflag::aid::csr-1aA
(ezs458)), thereby uncoupling the stability of the gfp mRNA
from that of the 2xflag::aid::csr-1aA mRNA (Supplementary
Fig. S4A and B). We then disrupted 10 million late-14-staged
worms from each strain, isolated GFP-positive germ cells by
FACS, and measured H3K9me3 levels by western blot at var-
ious times after heat stress (Fig. 4A, Supplementary Fig. S4C-
E). H3K9me3 levels were reduced by ~75% in both wild-
type and csr-1a-mutant GFP-positive germ cells immediately
(t = 0) after heat stress, but whereas H3K9me3 levels were
fully recovered within 20 min in gfp::tev::2xflag::aid::csr-1a
GFP-positive germ cells, recovery was slower and incomplete
in gfp:sl2::2xflag::aid::csr-1a GFP-positive germ cells (Fig. 4B
and C). Thus, CSR-1A appears to facilitate the swift recovery
of H3K9me3 levels.

Our CUT&Tag analyses show that CSR-1A loss of func-
tion reduces H3K9 trimethylation at >12 000 genes (Fig. 2F),
but previous studies showed that CSR-1A recognizes >2000
genes via its 22G-RNA guide sequences [38, 39]. These re-
sults suggest that CSR-1 promotes the recovery of H3K9me3
levels on many genes that are not CSR-1A 22G-RNA targets.
To gain insight into how CSR-1A regulates H3K9 trimethy-
lation of its targets (group A genes) and non-targets (group
B genes), we used H3K9me3 ChIP to analyze several group
A genes (oma-1, B0252.5, and F13H10.3) and group B genes
(F13HS8.2, unc-38, and attf-2), as well as a set of “control”
genes (e.g. KO8D12.6, abu-8 and nhr-15) with low H3K9me3
levels that do not respond to heat stress or CSR-1A activity.
We heat-stressed wild-type, csr-1aA, and 15xRG-to-AG GFP-
positive germ cells and measured H3K9me3 levels at ¢t = 0,
10, and 30 min after heat shock. As expected, H3K9me3 lev-
els were lower on control genes than on groups A and B and
were unaffected by heat stress or csr-1a genotype (Fig. 4D-i
and iv). By contrast, heat stress rapidly depleted H3K9me3
levels on group A and group B genes. Their levels rapidly re-
covered in the presence of wild-type CSR-1A but remained
strongly depleted in csr-1a mutant cells (Fig. 4D-ii-vi). No-
tably, in wild-type cells, H3K9me3 levels on group A genes
recovered faster than on group B genes (Fig. 4D-iv). Addition-
ally, we observed that group B genes (i.e. non-targets) are of
2000-2500 base pair (bp) relative distance to the transcrip-
tion start site (TSS) of group A genes (i.e. CSR-1A targets;
Fig. 4D top). These results suggest that, following heat stress
in male germ cells, CSR-1A potentiates the rapid restoration
of H3K9me3 on CSR-1A target genes. 22G-RNAs guide their
associated CSR-1A to recognize and bind to >2000 genes
[38, 39]. To see whether CSR-1A promoting the rapid restora-
tion of H3K9me3 on its target genes is small RNA-dependent
or not, we found that following parental heat stress, muta-
tion of RNA-dependent RNA polymerase (RARP) genes, ego-
1 and rrf-3, which are involved in the 22G-RNAs amplifica-
tion pathway [33, 38, 70], induced male progeny with RP de-
fects (Supplementary Fig. S4F), suggesting that CSR-1A pro-
moting the rapid restoration of H3K9me3 on CSR-1A target
genes is small RNA-dependent.
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Developmental defect of rectal valve and gland
cells relates to RP

In addition to its expression in pachytene germ cells
(Supplementary Fig. S5A) [38, 39], CSR-1A protein is highly
expressed in tail cells throughout post-embryonic develop-
ment (Fig. 5A and B, Supplementary Fig. S5A). Cell-specific
markers revealed that GFP::CSR-1A is expressed in two rec-
tal valve cells (labeled with wrmScarlet::PCS-1) [71] and three
rectal gland cells (labeled with wrmScarlet::PNC-1) [72] (Fig.
5C). These tail cells—referred to herein as RVRG cells—
gradually grow in size during normal male development (Fig.
5D). In male progeny of heat-stressed csr-1a fathers, however,
RVRG cells gradually diminished in size during the L4 stage
and were absent in RP males (Fig. SE-G, Supplementary Fig.
SS5D-F). Thus CSR-1A appears to enforce a heat-sensitive
epigenetic program required for the growth and survival of
RVRG cells. Because our genetic tests suggested that pater-
nal germline CSR-1A enforces this program (Fig. 1F and G,
Supplementary Fig. S1G and H). This prompted us to investi-
gate whether CSR-1A in the parental germline or RVRG cells
plays a more significant role in preventing RP defects in male
offspring. We used the auxin-responsive degron system to de-
plete CSR-1A only in RVRG cells (Supplementary Fig. S5B).
Compared to ~15% of the male offspring developing the RP
phenotype when parental germline CSR-1A was depleted (Fig.
1F and G), we observed that ~3% of the male offspring devel-
oped the RP phenotype when depleting CSR-1A only in RVRG
cells (Supplementary Fig. S5C), suggesting that CSR-1A in the
paternal germ cells mainly ensures the normal development of
RVRG of male offspring under heat stress.

CSR-1A loss upregulates the cytoskeleton-related
genes in RVRG cells

To investigate how parental CSR-1A promotes the growth
and survival of offspring RVRG cells following paternal heat
stress, we analyzed the expression profiles of RVRG cells iso-
lated from the offspring of heat-stressed wild-type or csr-
la-mutant parents (Fig. 6A, Supplementary Fig. S6A and B).
We disrupted wild-type (gfp::sl2::2xflag::aid::csr-1a) and csr-
1a mutant (gfp::sl2::2xflag::aid::csr-1aA) worms expressing
RVRG markers (pnc-1p::wrmScarlet and pcs-1p::wrmScarlet)
and to isolated the GFP + wrmScarlet + RVRG cells by FACS.
Wild-type (N2) worms without fluorescent reporters served
as negative controls for cell sorting. To increase the popu-
lation of males, we introduced a him-8 mutation into each
strain. We then used RNA sequencing (RNA-seq) to analyze
the gene expression profiles in RVRG cells. Principal compo-
nent analysis (PCA) of the RNA-seq data showed that paternal
heat stress induces clear gene expression differences between
wild-type and csr-1a-mutant RVRG cells (Supplementary Fig.
S6C), with 363 genes upregulated and 61 genes downregu-
lated in csr-1a-mutant worms compared to wild type (Fig.
6B). Gene Ontology (GO) analysis of the upregulated genes
revealed an enrichment of genes associated with muscle dif-
ferentiation and development, cytoskeleton organization, and
morphology/morphogenesis (Fig. 6C).

To assess the effect of CSR-1A on a role in the cytoskele-
tal organization of RVRG cells (Fig. 6C), we examined a
fusion between actin and wrmScarlet (Lifeact::wrmScarlet)
[73]. We observed more actin aggregates in the male progeny
from heat-stressed csr-1a mutant males than from wild-type
worms (Fig. 6D). Actin aggregation can lead to cell death
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Figure 4. CSR-1A potentiates the recovery of H3K9me3 from heat-stress-induced decline, likely through initiating from CSR-1A-targeted genes. (A)
Schematic diagram showing an overview of the experimental setup. It shows the exposure of CSR-1A-expressing germ cells to heat stress (37°C, 15
min) and the subsequent recovery timeline. Temperatures in this experiment are highlighted in red. (B) Western blot analysis was performed on germ
cells isolated from late L4 stage worms (gtfa..csr-1a (ezs435) and gfp.:sl2::2 x flag::aid::csr-1a/ (ezs458)) with or without heat stress, at various time
points (0, 5, 10, 15, 30, and 60 min) during the recovery phase. Three biological repeats were performed. (C) Higher H3K9me3 recovery rate after HS in
gtfa::csr1a (ezs435) group. The data from (B) is quantified and normalized to the levels of Histone 3 (loading control). Quantified replicate data of
H3K9me3 fluorescence intensity (normalized to Histone 3) are shown in Supplementary Table S5. (D) ChIP-PCR analysis shows the enrichment of
H3K9me3 in germ cells expressing different forms of CSR-1A under various conditions during recovery (0, 10, and 30 min) post HS. The germ cells were
isolated from late L4 worms of gtfa::csr1a (ezs435), gtfa:.csr-1a (15 x RG to AG) (ezs449), and gfp::sl2::2 x flag::aid:.csr1aA (ezs458) expressing
wild-type CSR-1A, CSR-1A with an RG-to-AG mutation, or no CSR-1A, with or without heat stress. The enrichment was normalized to individual gene at
0 min of post heat-stress in gtfa..csr1a group. The top panel shows a cartoon illustrating the relative distance of promoters (TSS) of genes that were
downregulated in CUT-Tag analysis (gtfa::cs-1aA; him-8 (ezs442) versus gtfa::csr1a; him-8 (ezs441)) to the nearest promoters of CSR-1A 22G-RNA
targeting genes. The genes were categorized into group A (genes downregulated in CUT-Tag analysis and CSR-1A 22G-RNA targeting genes, highlighted
in green), group B (genes downregulated in CUT-Tag analysis within a specific relative distance to CSR-1A 22G-RNA targeting genes, highlighted in blue),
and Control group (genes neither downregulated in CUT-Tag analysis nor CSR-1A 22G-RNA targeting genes, highlighted in red). Three representative
genes were randomly chosen for each group. n = 3 experiments. n.s means no significant difference, *P < 0.05; **P < 0.01; ***P < 0.001; ****P

< 0.0001 (one-way ANOVA).
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Figure 5. Collapse of developmental rectal valve and gland cells correlates with RP post-heat stress. (A) A representative western blot shows the
expression of 2 x Flag::CSR-1A in gtfa::cs-1a and gtfa::cs-1aA worms at different stages of development. Antibodies against flag and tubulin were
used. (B) Representative micrographs displaying the expression of CSR-1A in RVRG cells during different developmental stages of C. elegans, from the
embryonic stage to adulthood. The right panel zooms in on the CSR-1A expression in RVRG cells. Scale bar, 5 um (left). (C) Representative micrographs
demonstrate the co-localization of CSR-1A (GFP) and PCS-1/PNC-1 (wrmScarlet) in the rectal valve and gland (RVRG) cells of the male C. elegans tail.
The bottom panel shows the projections of confocal z sections through RVRG cells, with dashed lines indicating the vir and rep (RVRG) cells. A model
illustrating the structure of RVRG cells in the male tail is also shown. Scale bar, 3 um. (D) Quantification of the size of male RVRG cells at different
developmental stages, as measured in 6-9 experiments. (E) Representative micrographs using specific markers showing the morphological changes in
RVRG cells during the formation of the male tail (L3 to young adult), along with RP defects, in different groups of worms, including N2 (wild-type) group,
gtfa::csr1a; Ex (pnc-1p::wrmScarlet); Ex (pcs-1p.:.wrmScarlet) (ezs460) and gtfa:.csr-1al,; Ex (pnc-1p.:.wrmScarlet); Ex (pcs-1p::wrmScarlet) (ezs461)
group with parental L4 heat-stress. Scale bar, 5 um. A zoomed-in 3D image of RVRG cells is also shown, with a scale bar of 1 um. (F and G)
Quantification of the size of male rectal valve cells (F) and rectal gland cells (G) in (E) from the L3 to the young adult stage, along with male tail
formation, in different groups of worms. The data were obtained from 6 to 9 experiments. n.s represents no significant difference, *P < 0.05; **P

< 0.01; ***P < 0.001; ****P < 0.0001 (one-way ANOVA and t-test).
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Figure 6. RNA-seq of RVRG cells identified dim-7 as a key regulator to modulate RP. (A) The model illustrates the isolation of RVRG cells from F1 male
worms of gfp::sl2::2 x flag::aid::csr1a; him-9; Ex (pnc-1p::wrmScarlet); Ex (pcs-1p::wrmScarlet) (ezs472) and gfp::sl2::2 x flag::aid:: csr1aA; him-9; Ex
(pnc-1p::wrmScarlet); Ex (pcs-1p::wrmScarlet) (ezs473), the late L4 parental worms were subjected to heat stress. Temperatures in this experiment are
highlighted in red. (B) The plot shows mRNA expression profiling datasets of RVRG cells from the two strains mentioned in (A). The fold changes of
mRNA expression display gfp::sl2:: 2 x flag::aid:.csr1aA; him-9; Ex (pnc-1p::wrmScarlet),Ex (pcs-1p::wrmScarlet) (ezs473, i.e. gsfa::csr1aA) versus
gfp:isl2::2 x flag::aid::csr-1a; him-8; Ex (pnc-1p::wrmScarlet);Ex (pcs-1p.:.wrmScarlet) (ezs472, i.e. gsfa:.csr-1a). The color signifies different gene
changes, including upregulated genes (red), downregulated genes (blue), and unchanged genes (grey). Upregulated genes are listed in

Supplementary Table S4. FDR = 2, P = 0.05. (C) The GO terms for the upregulated differentially expressed genes in (B). (D) Representative micrographs
depict the actin cytoskeleton (red) in RVRG cells of male progeny tail from two different strains of worms (gtfa::.csr1a, Ex (pnc-1p::lifeact::wrmScarlet);
Ex (pcs-1p:lifeact::wrmScarlet) (ezs470)) and gtfa::.cs-1alEx (pnc-1p::lifeact::wrmScarlet),Ex (pcs-1p::lifeact.:wrmScarlet) (ezs471)) with RP defects
after late L4 parental heat stress. Scale bar, 5 um. Zoomed-in images of LifeAct::wrmScarlet expression in RVRG cells are also shown. Scale bar, 1

um. GTFA::CSR-1A: green. LifeAct::wrmScarlet: red. DAPI: blue. (E) Representative micrographs demonstrate the co-localization of GFP::CSR-1A and
DIM-1::.wrmScarlet in L4 male C. elegans RVRG cells. Scale bar, 10 um. Zoomed-in images of RVRG cells are also shown. Scale bar, 1

um. GTFA::CSR-1A: green. DIM-1::wrmScarlet: red. DAPI: blue. (F) Representative micrographs of DIM-1::.wrmScarlet expression in F1 L4 male C.
elegans RVRG cells from different experimental groups, including GFP::CSR-1A (gtfa::csr1a,dim-1::wrmScarlet (ezs467)), GFP::CSR-1AA
(gtfa:.csr1an,dim-1::wrmScarlet (ezs474)), and IAA-mediated CSR-1A degradation in either the parental germline
(gtfa::csr1a,dim-1.:.wrmScarlet;,[Psun-1::ti-1.:mRuby:.eft 3 utr] chr IV (ezs468)) or parental RVRG cells
(gtfa:.csr1a,dim-1.:wrmScarlet;Ex[Ppnc-1::tir-1::wrmScarlet];, Ex[Ppcs-1::tir1.:wrmScarlet] (ezs469)) after subjecting the parental worms to heat stress at
late L4 stage. Scale bar, 4 um. Zoomed-in images of DIM-1::wrmScarlet and GFP::CSR-1A expression in RVRG cells are also shown. Scale bar, 1

um. GTFA::CSR-1A: green. DIM-1::wrmScarlet: red. DAPI: blue. (G) ChIP-PCR results display the enrichment of H3K9me3 (relative to the wild-type
group) in F1 embryos from different experimental groups, including GFP::CSR-1A, GFP::CSR-1AA, parental germline CSR-1A degradation, and parental
RVRG cells CSR-1A degradation groups, after late L4 parental heat stress. n = 3 experiments. Temperatures in this experiment are highlighted in red. (H)
The percentage of male cross-progeny with RP defects in F1 gtfa::csr1an (ezs436) worms fed with control RNAI (highlighted in red) or dim-1

RNAI (highlighted in green). The parental young adult males were exposed to 37°C heat stress for 1 h (highlighted in red) and at different time intervals
after heat stress, were crossed with gtfa::csr1aA; unc-119 (ezs439) hermaphrodites. The top panel provides a schematic representation of the
experimental setup, and the numbers of analyzed males in each group are listed. n.s indicates no significant difference, *P < 0.05; **P < 0.01; ***P

< 0.001; ****P < 0.0001 (one-way ANOVA and t-test).
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(Supplementary Fig. S7A) [74-76], perhaps consistent with
the eventual loss of RVRG cells in RP males.

Muscle cytoskeleton gene dim-1 RNAI represses RP

The dim-1 (disorganized muscle-1, a homolog of Titin in
H. sapiens) gene encodes an immunoglobulin-like protein re-
quired for muscle structure and integrity [77]. To visual-
ize the DIM-1 protein, we used CRISPR/Cas9 genome edit-
ing to insert an in-frame wrmScarlet coding sequence imme-
diately before the endogenous stop codon of dim-1. DIM-
1::wrmScarlet fluorescence was clearly observed in RVRG
cells in wild-type worms beginning at the L4 stage of devel-
opment (Fig. 6E and Supplementary Fig. S7B), but was not
detected at earlier developmental stages. Importantly, DIM-
1::wrmScarlett was markedly upregulated in RVRG cells in
the progeny of either heat-stressed csr-1a-mutant or germline
csr-1a—depletion worms (Fig. 6F, Supplementary Fig. S6D). By
contrast, CSR-1A depletion in RVRG cells of heat-stressed
parents did not increase DIM-1::wrmScarlet expression in the
progeny RVRG cells (Fig. 6F, Supplementary Fig. S6D). We
next hypothesized whether the upregulated expression of dim-
1 in RVRG cells is correlated with the decreased H3K9me3
level when CSR-1A is absent in the paternal germline. Con-
sistent with this hypothesis, H3K9 trimethylation of dim-1
in embryos is reduced if the paternal germ line lacks CSR-
1A activity (Fig. 6G). This suggests that H3K9 trimethyla-
tion status of dim-1 in the paternal germ line is heritable
and determines its expression level in RVRG cells of male
offspring.

To determine if the up-regulation of DIM-1 contributes to
the RP phenotype observed in csr-1a mutants, we collected
csr-1a offspring from a heat-stressed paternal cross and used
RNAI to silence dim-1 expression (Fig. 6H, top). Notably, the
reduction of DIM-1 partially rescued the RP defect of csr-
1a mutants (Fig. 6H, down), suggesting that DIM-1 overpro-
duction does indeed contribute to the RP-like phenotype as-
sociated with heat stress in the absence of paternal CSR-1A
function.

Discussion

Here we have shown that CSR-1A acts in the paternal
germline to enforce a heritable epigenetic program required
for male tail development. Our results suggest that CSR-
1A interacts via its RG motifs with SET-25 and SET-32 his-
tone H3K9 methyltransferases to rapidly restore heat-labile
H3K9me3 modifications in male germ cells. This CSR-1A-
dependent response to heat stress in the paternal germline
maintains the fate of rectal cells in male offspring by suppress-
ing the expression of developmental genes including dim-1
(Fig. 7).

In previous studies, Argonaute proteins have been shown
to defend against viral infections [25-28], resist starvation
stress [29, 30], direct behavioral avoidance of pathogens
[78], and inhibit transformations induced by plasmids [79,
80]. Our data augments the array of Argonaute functions,
demonstrating their role in safeguarding the normal somatic
RVRG development of offspring following paternal expo-
sure to environmental heat stress. In addition, extensive ev-
idence suggests that epigenetic information in mouse sperm
can be passed on, bypassing post-fertilization reprogramming,
and triggering changes in gene expression during embryo-
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genesis [81], thereby influencing pre- and post-implantation
embryo development [12, 82, 83-85]. Our findings suggest
that epigenetic defects inherited from sperm at developmen-
tal regulatory regions can persist throughout embryogene-
sis and become activated during the late stage of larval de-
velopment. Given the involvement of H3K9me3 heterochro-
matin in gene regulation, genome integrity and chromosome
organization [68, 86-88], the CSR-1A-dependent repressive
H3K9me3 marks in response to heat stress might serve
additional functions beyond establishing paternally inher-
ited developmental programs. This possibility merits further
investigation.

Increasing studies have demonstrated that both imprinted
paternal genes and paternal environmental stress can influ-
ence the health of the next generation, with the epigenome
potentially playing a crucial role in this process [89-92]. The
epigenome can possibly affect the phenotype of subsequent
generations through transmission via sperm [12, 82-84]. No-
tably, spermatogenesis necessitates epigenomic reprogram-
ming and a histone-to-protamine transition, thereby erasing
previous epigenetic memories [93]. Interestingly, even after
protamines replace histones, about 1% of histone proteins still
remain in mature mouse sperm, and up to approximately 15%
in human sperm [94-97]. While some histones are removed
immediately after fertilization [98], others may persist and in-
fluence embryo development [12, 82, 83-85]. These seminal
findings suggest that sperm histones marker genes may have a
function beyond gene regulation during spermatogenesis, act-
ing as transmitters of paternal epigenetic information [82]. In
the study described here, the decline in H3K9me3 at genes fol-
lowing initial stress exposure transmitted memories of prior
paternal stress exposure in the absence of CSR-1A. Without
paternal stress exposure, such as in routine 20°C cultivation
of nematodes, csr-1a mutants exhibited no significant abnor-
mal phenotype compared to wild-type animals [38, 39]. How-
ever, with paternal stress exposure, CSR-1A likely serves as a
rectifier of environmentally altered epigenetic information. It
safeguards the developmental program inherited from the fa-
ther, thereby facilitating the normal somatic development of
progeny.

A handful of studies to date have shown that improper
alterations in histone methylation may impact paternal im-
printed genes, leading to sex-specific consequences [99]. In-
triguingly, such epigenetic changes often occur quickly and
frequently throughout an organism’s reproductive lifespan,
but they tend to be lost across just a few generations [100,
101]. In our study, we observed the effect of the disorganized
muscle gene dim-1, modified by H3K9me3 in the paternal
germline, on the later development of male somatic RVRG
in the next generation. This finding suggests that paternal epi-
genetic memory programs the later developmental phenotype
of offspring, which may serve to enhance adaptation to envi-
ronmental changes and uphold population productivity and
stability.

Despite our concerted efforts to isolate germ cells from a
large cohort of synchronized L4 stage C. elegans and exam-
ine variations in the total level of H3K9me3 in these germ
cells during immediate recovery after heat stress, the lack of
a cell culture system for cultivating germ cells limited our fur-
ther investigation. We did not investigate the genome-wide
dynamic chromatin binding footprints of CSR-1A or SET-
25/32 following heat stress. Such studies will be important
to comprehend the dynamics of CSR-1A or SET-25/32 bind-
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