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Thereproductive system regulates somatic aging through competing anti-
and pro-aging signals. Germline removal extends somatic lifespan through
conserved pathways including insulin and mammalian target-of-rapamycin
signaling, while germline hyperactivity shortens lifespan through unknown
mechanisms. Here we show that mating-induced germline hyperactivity
downregulates piRNAs, in turn desilencing their targets, including the
Hedgehog-like ligand-encoding genes wrt-1 and wrt-10, ultimately causing
somatic collapse and death. Germline-produced Hedgehog signals

require PTR-6 and PTR-16 receptors for mating-induced shrinking and
death. Our results reveal an unconventional role of the piRNA pathway
intranscriptional regulation of Hedgehog signaling and a new role of
Hedgehog signaling in the regulation of longevity and somatic maintenance:
Hedgehog signaling is controlled by the tunable piRNA pathway to encode
the previously unknown germline-to-soma pro-aging signal. Mating-
induced piRNA downregulation in the germline and subsequent Hedgehog
signaling to the soma enable the animal to tune somatic resource allocation

to germline needs, optimizing reproductive timing and survival.

Longevity is plasticand isinfluenced by external factors, for example,
diet, and internal factors such as reproductive demands. Communica-
tion between the germline and soma allows a coordinated response to
physiological and environmental challenges. Animals couple nutrient
availability to reproduction’, a typical example of soma-to-germline
communication, through conserved signaling pathways, including
the insulin, AMP-activated protein kinase (AMPK), and mammalian
target-of-rapamycin (mTOR) pathways”°. Conversely, the status of
worm, fly, mouse, and human germlines influence their somatic tis-
sues: germline removal and ovary transplantation extend lifespan’™,
while germline hyperactivity decreases lifespan and leads to dramatic
changesinsomatic physiology in animals across great evolutionary dis-
tances" . While these studies inanimals ranging from invertebrates to
humans support the existence of a pro-aging signal from the germlines,
the nature and identity of that signal remains elusive.

Removal of the germline extends lifespan, increases fataccumula-
tion, and enhances resistance to various stresses”'** '8, However, con-
comitant removal of the somatic gonad eliminates lifespan extension
and other somatic benefits, suggesting the existence of two opposing

signals: agermline pro-aging signal and asomatic gonad prolongevity
signal™. The somatic gonad prolongevity signal pathway has been
characterized using germlineless worms®**, Dafachronicacids, insu-
lin, mTOR, and steroid signaling are required in the soma for germline
loss-mediated lifespan regulation, suggesting that they mediate the
somatic gonad prolongevity effect?22*2%3° By contrast, the identity
of the initial pro-aging signal originating from the germline remains
elusive. Identifying this pro-aging signal is critical for understanding
how animalstunetheir aging ratesin response to germline activity and
reproductive needs.

While most studies of the influence of germline on lifespan have
compared germlineless animals with intact, unmated animals™”, less is
known about therole of the hyperactive germline. Mating accelerates
germline proliferation and ultimately leads to somatic collapse, shrink-
ing and early death'>", suggesting that the germline pro-aging signal is
substantially amplified by mating. Therefore, mated worms are anideal
systemin which to identify the mysterious germline pro-aging signal.

We set out to identify the underlying mechanism of hyperactive
germline-induced shrinking and early death. Our transcriptional
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analyses of isolated germlines revealed that aspecificsubset of piRNAs ~ Results

is downregulated in response to mating, de-repressing Hedgehog-
related genes. Hedgehog signaling communicates the status of the ger-
mline to somatic cells, resulting in mating-induced shrinking and early
death. Thus, somatic responses to germline hyperactivity are tuned by
piRNA regulation of animportant developmental signaling pathway.

Matinginduces transcriptional changesin the germline

Mating causes shrinking and decreased lifespan®. Day 1 adult self-
spermless hermaphrodites (fog-2) mated for 24 hwith Day1adult males
live 40% shorter than their unmated counterparts, and shrink by up to
30%" (Fig.1a,b and Extended Data Fig. 1a,b). (fog-2hermaphrodites, the
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Fig.1|Mating induces shrinking and significant transcriptional changes

in the germline. a, Representative images of the unmated and mated
hermaphrodites from Day 2-6 of adulthood. Mating occurs on Day 1for 24 h.

b, Length of unmated and mated fog-2 hermaphrodites. Day 2 unmated,

1,407 + 45 um (n = 30); Day 2 mated, 1,386 + 39 um (n = 30); P=0.0642.

Day 3 unmated, 1,552 + 41 pm (n =30); Day 3 mated, 1,392 + 59 pm (n =30);
P<0.0001. Day 4 unmated, 1,568 + 44 um (n =30); Day 4 mated, 1,309 + 59 ym
(n=30); P<0.0001. Day 5unmated, 1,604 + 69 um (n = 30); Day 5 mated,

1,194 £100 pm (n=30); P< 0.0001. Day 6 unmated, 1,603 + 59 um (n = 30);

Day 6 mated, 1,102 + 95 pm (n=29); P<0.0001; **P < 0.0001, NS, no statistical
difference. Body size dataare presented as meanbody length + s.d. for all

body size measurements in this study; n, number of biologically independent
animals for all body size measurements. Two-tailed ¢-test was used for all body
size measurement comparisons in this study. ¢, Autofluorescence (red) is
significantly increased by mating. Left, representative images of Day 7 mated and
unmated fog-2 hermaphrodites; right, quantification of mean and maximum red
autofluorescence (via tetramethylrhodamine isothiocyanate (TRITC) filterset).
Unmated mean, 7.3 + 0.5 (n =16); mated mean, 8.9 + 0.7 (n = 14) arbitrary units
(a.u.); P<0.0001. Unmated max, 20.4 + 7.6 (n = 16); mated max, 45.1 £ 11.5 (n = 14)
a.u.; P<0.0001. Red autofluorescence data are presented as mean/maximum
values + s.d.; nrepresents the number of biologically independent animals.
Two-tailed t-test was used to determine the statistical significance. ***P < 0.0001.
DIC, differential interference contrast. d, Mating induces breakdown of intestinal

barrier function. Left, representative images of Day 4 mated and unmated fog-2
hermaphrodites after soaking in blue dye overnight; right, quantification of
intestinal leakage in the population of mated and unmated worms.

e, Experimental design of germline isolation from mated and unmated fog-2
hermaphrodites. f, Left, over 8,000 mRNAs express at alower level in the distal
germline compared with whole animals (regraphed using published data®).
Right, expression levels in mated and unmated germlines (MRNA-seq data from
this study) for the same set of mMRNAs as on the left. Axis unit, log,,(RPM).

g, PCA of normalized read counts from the mRNA transcriptomes of the

isolated germlines. h, Volcano plot of mRNA-seq transcriptome data displaying
the pattern of gene expression values for mated versus unmated germlines.
Significantly differentially-expressed genes (adjusted Pvalue (P,4) < 0.05) are
highlighted in red (upregulation) and blue (downregulation), whereas genes
with no significant expressional changes are in gray. The pie chart (right)
summarizes the number of significantly differentially-expressed genesin the
mated germline compared with the unmated germline. Pvalues are calculated in
DESeq2 using the Wald test. Full list of genes for his available as Source Data.

i, Tissue enrichment analysis of significantly differentially-expressed genes in the
mated germline (https:/wormbase.org/tools/enrichment/tea/tea.cgi). j,k, GO
enrichment analysis of significantly up- (j) and down- (k) regulated genesin the
mated germline (https://wormbase.org/tools/enrichment/tea/tea.cgi). Pvalues
ini-k were calculated by a hypergeometric function after FDR correction using a
Benjamini-Hochberg algorithm as previously described®.

control genotype, are self-spermless; successful mating can be deter-
mined quickly by the presence of fertilized eggs inside the worm.) In
additionto shrinking, mated animals also display an accelerationin age-
related autofluorescence™ and intestinal barrier dysfunction (Fig.1c,d);
this phenomenonis specific to mating, as developmentally small sma-9
mutants do not exhibit these defects (Extended Data Fig. 1c-e) and still
shrink upon mating (Extended Data Fig. 1f)". The longevity decrease
after mating is mediated by multiple factors, including seminal fluid
transfer, male sperm-induced germline hyperactivity,and male phero-
mone toxicity'>***3*, While seminal fluid-mediated death involves
insulin-like peptides and the insulin/FOXO signaling pathway, the
germline-specific pro-aging signal that induces shrinking is unknown'.

To identify the germline pro-aging signal that induces postmat-
ing physiological changes and early death, we dissected distal ger-
mlines from mated and unmated hermaphrodites, and performed
mRNA sequencing (mRNA-seq) and small RNA sequencing (RNA-seq)
(Fig. 1e). Hermaphrodites were mated with young males from Day 1
of adulthood for 2 days before germline dissection. Because mating
causes a significant reduction of the mitotic distal germline region
(about 30% decrease in size and 40% decrease in nuclei number'?), we
used an equal amount of RNA, rather than an equal number of worms
orgermline, from each germline sample to make our sequencing librar-
ies, and sequencing reads were normalized in our analysis. Inunmated

hermaphrodites, over 8,000 mRNAs were previously reported to have
reduced expression in the distal germline compared with whole ani-
mals™ (Fig. 1f, left). These distal germline-depleted genes in unmated
worms were not enriched inthe mated germline (Fig. 1f, right). There-
fore, the significantly differentially-expressed genes we identified here
are induced specifically by mating rather than by reduction in size of
the mated germline.

Atotal of 666 genes were significantly differentially upregulated
and 590 were downregulated in mated germlines compared with
unmated germlines (Fig. 1g,h and Source Data). These genes were
enriched in germline, reproductive system and gonadal primordium
function, confirming successful dissection of the germline with mini-
mum contamination by other tissues (Fig. 1i). Upregulated mated
germline genes were enriched for ribosome, cuticle, protein heter-
odimerization and peptide biosynthesis (Fig. 1j), which are essential
for rapid germ cell proliferation and cellularization. One of the most
upregulated genes, sri-40 (Fig. 1h), was also significantly induced
in whole body after mating with males and, when reduced, extends
lifespan with and without males, suggesting itsinvolvementingeneral
protection of mating-induced death*. Genes downregulated in the
mated germlineinclude metabolic processes (rRNA, cellular aromatic
compound and heterocycle metabolic process) (Fig. 1k), indicating a
shift of metabolic activities in the mated germline.

Fig.2|Mating downregulates a small and specific set of piRNAs without a
general disruption of the piRNA pathway. a, PCA of normalized read counts
from the small RNA transcriptomes of the isolated germlines. b,c, Volcano plots
of small RNA-seq transcriptome data of mated versus unmated germlines. Black
dots, significantly differentially-expressed small RNAs (full list is available as
Source Data); gray dots, small RNAs with no significant expression changes

after mating. Significantly differentially-expressed miRNAs (b) or piRNAs (c)
(P,4;< 0.05) are highlighted in red (upregulation) and blue (downregulation).

The pie chart (right) summarizes the number of significantly differentially-
expressed and unchanged miRNAs (b) or piRNAs (c) in the mated germline
compared with the unmated germline. d, Left, over 1,000 piRNAs express at a
lower level in the distal germline compared with whole animals (regraphed using
published data®). Right, expression levels in mated and unmated germlines
(small RNA-seq data from this study) for the same set of piRNAs as on the left. Axis
unit, log,o(RPM). e, Mating does not change levels of main types of TE (Source
Data). Seven biological replicates in total. LTR (left) unmated, 919 + 200 RPM;
mated, 1,044 + 289 RPM; P = 0.3624; nonLTR (middle) unmated, 1,299 + 444 RPM;

mated, 1,556 + 593 RPM; P=0.3761; DNA (right) unmated, 4,360 + 445 RPM;
mated, 4,527 +1,240 RPM; P=0.7432. Expression levels are presented as mean
values *s.d. Two-tailed ¢-test was used to determine statistical significance. NS,
no statistical difference. f, The general piRNA sensor (§X1316) remains silenced
inmated worms; 25 worms were checked for each condition. g,h, Mating does
not affect the morphology or density of P granules. g, Representative images

of mated and unmated Day 3 YY968 worms (P granules labeled by PGL-1::RFP).
Mating started on Day 1for 2 days. h, Quantification of P granule density (blindly
scored) of Day 3 (left) and Day 7 (right) worms: Day 3 unmated, 123 + 20 per
1,000 pm? (n =55); mated, 123 + 14 per 1,000 um? (n = 63); P=0.9363. Day 7
unmated, 97 +18 per 1,000 um? (n = 16); mated, 95 + 18 per 1,000 um? (n =16);
P=0.7217. Data are presented as mean values + s.d.; n, number of biologically
independent germlines. Two-tailed unpaired ¢-test was used to determine
statistical significance. i, Mating-induced downregulated piRNAs are expressed
atasignificantly higher level in the unmated germline compared with the other
over 1,000 unchanged piRNAs. ***P < 0.0001; two-tailed unpaired ¢-test was used
to determine statistical significance.
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piRNAs are downregulated in the mated germline

Several species of small RNAs are expressed primarily in the germline
and regulate germline function. For example, microRNAs are critical
inlifespan regulation after germline removal®*. Endogenous siRNAs
are required for maintenance of proteostasis and lifespan extension
ingermlineless worms¥, and play critical roles in shaping the germline
transcriptome®. PIWI-associated RNAs (piRNAs) are expressed pre-
dominantly inthe germline and are required to maintain germlineinteg-
rity and fertility’®. Differential expression analysis of small RNAs from
dissected mated and unmated germlines revealed 440 significantly
upregulated and 296 downregulated small RNAs in the mated germline
(Fig.2aand Source Data). Whereas miRNAs showed equal distribution
inup-and downregulation (Fig.2b), asmall set of piRNAs were almost
exclusively (98%) downregulated in the mated germline (148 downregu-
lated versus 3 upregulated; Fig. 2¢), indicating that mating triggers a
unique response in germline piRNA abundance. While many species
of small RNAs, including over 1,500 piRNAs, are depleted in the distal
germline compared with the whole worm in unmated hermaphrodites®
(Fig. 2d, left), we donot see ageneral biasin piRNA expression; thatis,
these piRNAswere not enriched in the mated germline (Fig. 2d, right),
suggesting that mating-induced downregulation of specific piRNAsis
not due simply to the reduction of the mitotic germline region caused
by mating.

Thebest-characterized function of piRNAs is the silencing of trans-
posable elements (TE) to preserve genome integrity***°. We observed
that the main classes of TE were expressed at similar levels inunmated
and mated germlines (Fig. 2e and Source Data), suggesting that piRNA
changes are unlikely to be regulating TE in this context. In addition,
mated and unmated worms showed no difference inactivity of ageneral
piRNA sensor, that is, desilenced if the piRNA pathway is completely
nonfunctional** (Fig. 2f). P granules are essential for piRNA-mediated
gene silencing*’; however, neither P granule density nor morphology
was changed immediately after mating (Day 3) or when shrinking
is obvious (Day 7) (Fig. 2g,h), suggesting that general piRNA func-
tion in P granules is not affected by mating. Moreover, although we
detected morethan1,000 piRNAsinour dissected germlines that were
unchanged upon mating (Fig. 2c), these specific 148 mating-induced
downregulated piRNAs were expressed at asignificantly higher levelsin
the unmated germline compared with the other over 1,000 unchanged

piRNAs (Fig. 2i). Together, our data suggest that mating leads to the
downregulation of asmall and specific set of piRNAs without a general
disruption of the piRNA pathway.

Mating-induced changes require the germline piRNA pathway
Tofurther test which types of small RNA are required for germline-spe-
cific mating-induced response, we measured body size changes after
mating for different types of small RNA pathway mutants, as shrinking
servesasaphenotypicreadout for the germline-emanating pro-aging
signal2. We mated mutant hermaphrodites with young males for 2 days
starting on Day 1of adulthood and measured their body size on Day 6/7
ofadulthood (Extended Data Fig.2a). DCR-1is required for both miRNA
and siRNA processing*~*°. Like wildtype animals, after mating, dcr-1
hermaphrodites still shrank (Fig. 3a and Extended Data Fig. 2a), sug-
gesting that Dicer function is unnecessary for the germline-to-soma
shrinking signal. ALG-3 and ALG-4 are Argonaute proteins that bind and
stabilize 26G siRNAs in the germline and mediate their effector func-
tions**%; alg-3;alg-4 double mutants still shrank after mating (Fig. 3a).
Likewise, mutants of the dsRNA transporter SID-1were also susceptible
to mating-induced shrinking (Fig. 3a), suggesting that mating-induced
shrinking does not rely on functional endogenous small RNA pathways.
Next, we tested mutants for factors in the piRNA pathway, includ-
ing piRNA transcription (prde-1 (ref. 49)), maturation (prg-I (refs. 50-
52), secondary amplification (ekl-1, drh-3 (refs. 41, 53)), and nuclear
silencing (hpl-2 (ref.54)), as wellasMAGO12, which has loss-of-function
mutations in multiple Argonaute protein-encoding genes*. Unlike the
mutants involved in siRNA processing (Fig. 3a), none of these piRNA
pathway mutants shrank after mating (Fig. 3b—-d and Extended Data Fig.
2a),indicating that the piRNA pathway is required for mating-induced
shrinkingin the hermaphrodites. Moreover, one genomic copy of the
secondary amplification genes ekl-1and drh-3restored the susceptibil-
ity of worms to mating-induced shrinking (indicated by ‘+/-’; Fig. 3¢).
Together, our data suggest that piRNA pathway functionis critical for
the signal that conveys the mated state of the germline to the soma.
piRNAs scan most of the transcriptome while located in P gran-
ules (Caenorhabditis elegans germ granules)***>*¢, and disruption
of P granules compromises piRNA-mediated silencing®. P granule
distribution and assembly/disassembly dynamics depend on maternal-
effect germline (MEG) proteins®. We found that meg double mutantsin

Fig.3|Mating-induced shrinking and transcriptional changes require the
functional piRNA pathway in the germline. a-f, Body size measurements

of mated and unmated hermaphrodites related to different small RNA
pathways. a, Mutants that are defective in miRNA or siRNA pathways still shrink
after mating. N2 unmated, 1,334 + 81 um (n =30); N2 mated, 1,088 + 122 pm
(n=31);**P<0.001.dcr-1(mg375) unmated, 1,347 + 84 pm (n =30); mated,

1,088 +122 pm (n = 30); ***P < 0.001. sid-1(qt9) unmated, 1,102 + 78 pm (n = 20);
mated, 898 +101 pm (n =21); **P < 0.001. fog-2(q71) unmated, 1,436 + 54 pm
(n=30); mated, 1,099 +128 um (n = 22); **P < 0.001. alg-4(0k1041); alg-3(tm1155)
unmated, 1,364 + 78 pm (n =25); mated, 1,060 + 136 um (n = 25); ***P < 0.001.
b-f, Mutants in which multiple steps of the piRNA pathway are affected are
resistant to mating-induced shrinking. b, piRNA pathway mutants do not shrink
after mating. fog-2(q71) unmated, 1,546 + 55 um (n =30); mated, 1,065 + 127 um
(n=30);**P<0.001. prg-1(n4357) unmated, 1,368 + 100 um (n = 30); mated,
1,369 +114 pm (n =30); P= 0.9603. prde-1(mj207) unmated, 1,385 + 106 um
(n=30); mated, 1,376 + 120 um (n =31); P= 0.7581. ¢, ekl-1 and drh-3 mutant alleles
are maintained by chromosome balancers. Postmating body size of siblings with
homozygous mutant alleles (-/-, no balancer) and heterozygous mutant allele
(+/-, with the balancer) was measured in the same experiment. ekl-1(0k1197)[+/-]
unmated, 1,306 + 105 pm (n = 25); mated, 1,039 + 140 pm (n =20); **P< 0.001.
ekl-1(0k1197)[-/-]Junmated, 1,464 + 87 pm (n =16); mated, 1,460 + 111 um
(n=16); P=0.9063. drh-3(tmi1217)[+/-]unmated, 1,247 + 117 pm (n = 21); mated,
951+ 58 pm (n =16); **P< 0.001. drh-3(tm1217)[-/-]unmated, 1,294 + 104 pm
(n=16); mated, 1,321 + 58 pm (n=5); P=0.5863.d, fog-2(q71) unmated,

1,422 + 69 um (n =30); mated, 1,122 + 125 pm (n = 30); ***P < 0.001. hpl-2(0k916)
unmated, 1,215 + 130 pm (n = 30); mated, 1,212 + 164 pm (n =30); P= 0.9286.

MAGO12 unmated, 1,365 + 65 um (n = 30); mated, 1,361+ 100 pm (n =30);
P=0.8577.e,fog-2(q71) unmated, 1,349 + 73 pm (n = 25); mated, 1,151 + 89 pm
(n=25);**P<0.001. meg-3(tm4259) meg-4(ax2026) unmated, 1,312 + 71 pm
(n=25); mated, 1,289 + 161 um (n = 25); P= 0.5179. meg-1(vr10) meg-3(tm4259)
unmated, 1,298 + 89 pm (n = 25); mated, 1,311 + 104 pm (n = 25); P=0.6330.f,

N2 unmated, 1,191 £+ 40 pm (n = 25); mated, 1,078 + 69 um (n = 25); **P< 0.001.
Cer1(-) (RNAi for three generations) unmated, 1,170 + 46 pm (n = 25); mated,
1,081+ 59 pm (n=25); **P< 0.001. TEI, transgenerational epigenetic inheritance.
g, Matinginduces shrinking in hermaphrodites with germline-specific rescue

of the piRNA pathway. fog-2(q71) unmated, 1,462 + 68 pm (n = 25); mated,

1,189 +131 pm (n = 25); **P < 0.001. prg-1(n4357) unmated, 1,322 + 96 pm (n = 20);
mated, 1,363 + 101 um (n = 25); P= 0.1803. Germline-specific prg-1 rescue (CQ655)
unmated, 1,431+ 74 pum (n = 25); mated, 1,212 + 152 um (n = 25); ***P < 0.001.

h, Summary of the genetic requirement for mating-induced shrinking. i, PCA

of normalized read counts from the mRNA transcriptomes of the isolated
germlines. Black, fog-2 unmated; red, fog-2 mated; gray, prde-1 unmated; pink,
prde-I mated. Full list of mating-induced significantly differentially-expressed
genesin prde-1germlineis available as Source Data. j, Quantification of
maximum value of Pdaf-9::daf-9::gfp expression in the spermatheca in wildtype
(left) and prde-1 (right) background. All measurements were normalized to the
DAF-9 expression in the XXX cellsin the head, which is not affected by mating.
Unmated control, 44.1 +17.0 a.u. (n =11); mated control, 25.7 +11.7 a.u. (n =13);
P=0.0049; unmated prde-1,34.4 + 7.4 a.u. (n =13); mated prde-1,31.7 +t 4.2 a.u.
(n=14); P=0.2676.Data are presented as maximum values * s.d.; n, number

of biologically independent animals. Two-tailed ¢-test was used to determine
statistical significance. **P < 0.01.
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which P granule functionality is severely impaired®” were also resistant
to mating-induced shrinking (Fig. 3e), demonstrating again that the
germline-mediated postmating shrinking requires afunctional piRNA

pathway and P granules.

We recently found that the CerI retrotransposon is required for
communication between the germline and neurons in the transgen-
erational inheritance of pathogen avoidance, which also requires the
germline and piRNAs*®. However, worms lacking CerI retrotransposon-
encoded capsids still shrank after mating (Fig. 3f), suggesting that Cer1

isnotinvolved in mating-induced shrinking.

Although piRNAs are expressed predominantly in the germline,
the piRNA pathway also functions in somatic tissue®. To determine

whether the piRNA pathway is required in the germline to mediate
mating-induced shrinking, we tested a germline-specific prg-I rescue
strain; mating induced shrinking in these animals (Fig. 3g), confirming

that piRNA functioninthe germlineis sufficient to mediate postmating

shrinking (Fig. 3h).

Next, we wondered whether the piRNA pathway is required for
the dramatic mRNA transcriptional changes in mated germlines. To
address this question, we isolated mated and unmated distal germlines
from prde-1mutants, which are defective in piRNA biosynthesis*’, and

performed mRNA-seq. Principal component analysis (PCA) revealed
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(SourceData, Fig. 3i and Extended Data Fig. 2b,c). Prde-I mutation elimi-
nated the upregulation of genes in mated germlines (Extended Data
Fig. 2b), indicating that the mating-induced transcriptional changes
inthe germline are also dependent on a functional piRNA pathway.

We previously found that daf-9 and daf-12 are required for mating-
induced shrinking and that DAF-9::GFP is reduced after mating in
spermatheca®. However, in the prde-1background, we did not observe
mating-induced reduction of DAF-9::GFP signal, suggesting that prde-
1and piRNA regulation lie upstream of the spermatheca and daf-9
regulation (Fig. 3j).

Hedgehog signaling may be the mysterious pro-aging signal
Both postmating shrinking and transcriptional changes require piRNA
pathway function, implying that the germline pro-aging signal must
be related to piRNAs. Since the pro-aging signal is amplified in mated
germlines, but specific piRNAs are downregulated, piRNAs themselves
are unlikely to be the direct signal. Nor did we observe expression differ-
encesin TEbetween unmated and mated germlines (Fig. 2e), suggest-
ing that piRNA regulation of TE is unlikely to be the signal. Therefore,
we hypothesized that the mating-induced pro-aging process may be
regulated through another main role of piRNAs, endogenous gene
silencing®®. Mating-induced downregulation of piRNAs may release the
silencing effect onspecific piRNA targets, upregulating the expression
ofthese genes, making piRNAs’ targeted genes more likely candidates
for the germline pro-aging signal.

Reasoning that the pro-aging signal should be amplified after
mating, we started with the list of 666 genes that are significantly

upregulated in the mated germlines we identified in our mRNA-seq
analysis (Fig. 4a). Since the pro-aging signal originates from the ger-
mline, it must be germline-specific; we subtracted those genes that are
also upregulated in mated glp-1 germlineless worms** from the original
list, reducing the number of candidates to 418 (Source Data, Fig. 4a and
Extended Data Fig. 2d). Next, we reasoned that the amplified germline
signal should be robust enough to be identified in the transcriptome
of whole worms with an intact germline, since the germline accounts
for a significant proportion of the whole worm biomass. We com-
pared these 418 genes with our previous fog-2 mated versus unmated
whole-worm expression data® and found that the two datasets share
117 genes (Supplementary Data 1). Furthermore, since piRNAs are
required for mating-induced transcriptional changes and shrinking,
the germline signal should also be dependent on piRNAs. Therefore,
we compared the remaining 117 genes with potential predicted targets
(using the default ‘relaxed’ piRNA targeting setting from piRTarBase®?)
of 148 significantly downregulated piRNAs identified in the mated
germline (Supplementary Data 2); 34 of 117 genes were targets pre-
dicted to be regulated by the 148 piRNAs that were downregulated in
mated germline (Supplementary Data 3). Finally, to relay the signal
from the germline to the rest of the body, the gene product is likely to
be secreted. We applied two prediction algorithms (Euk-mPLoc 2.0
(ref. 63) and SignalP®*) to the 34 genes and found that 13 are predicted
toencode secreted proteins. We then ranked the final 13 genes accord-
ing to their expression fold change in the germline and in the whole
worm, and their consistency in expression patterns across the samples
(Fig. 4b and Supplementary Data 3).

Fig. 4 |Secreted Hedgehog-like ligands in the germline are required for
mating-induced shrinking and early death. a, Scheme describing the strategy
and criteria to narrow the list of genes (Source Data) that might encode the
germline pro-aging signal. b, Heatmap of the final 13 germline pro-aging signal
candidates. Their mating-induced upregulation is completely lost in mated
germlineless worms. The data are displayed as log,(fold change) of expression
level in mated versus unmated whole worms. Left, fog-2worms with functional
germlines; right, glp-1 germlineless worms. ¢,d, Body size measurements of
mated worms with RNAi treatment of individual candidate genes. ¢, fog-

2(g71) unmated (control (ctrl) RNAI), 1,549 + 99 um (n = 30); mated (control
RNAI), 1,288 + 155 pm (n = 25); **P < 0.001; mated wrt-1(RNAi),1,511 + 72 pm
(n=27); P=0.1070; mated wrt-10(RNAi),1,503 +103 pm (n = 28); P= 0.0917;
mated cut-3(RNAi), 1,329 + 133 pm (n = 25); ***P < 0.001; mated col-165(RNAi),
1,321+ 165 pum (n =25); *P < 0.001. d, fog-2(q71) unmated(control RNAi),

1,615 + 58 um (n = 25); mated (control RNAIi), 1,404 + 116 pm (n =25); ***P < 0.001;
mated lron-15(RNAi), 1,405 + 133 pm (n = 25); **P < 0.001; mated agr-1(RNAi),
1,433 £124 pm (n = 25); **P < 0.001; mated clec-78(RNAi), 1,425 + 101 pm (n = 25);
***P < 0.001; mated Y37A1B.7(RNAi), 1,421 + 78 pm (n = 25); ***P < 0.001; mated
noah-2(RNAi), 1,414 +100 pum (n = 25); **P < 0.001; mated Y110A7A.7(RNAi),
1,615 + 85 pm (n =25); P=0.9780; mated FIIE6.9(RNAi),1,461 + 124 pm (n =25);
***P < 0.001; mated C34E74(RNAi), 1,441 +106 pm (n = 25); **P < 0.001;

mated sym-1(RNAi), 1,441 £ 66 pm (n =25),**P < 0.001; mated hch-1(RNAi),
1,401+109 pm (n = 25); **P < 0.001; mated pqn-94(RNAi),1,433 + 118 um (n = 25);
***P < 0.001. e-g, Germline-specific knockdown (e) but not hypodermis-
specific (f) or intestine-specific (g) knockdown of wrt-1, wrt-10 and Y110A7A.7
protects the mated hermaphrodites from shrinking. e, Germline-specific

RNAi strain (DCL569) unmated (control RNAi), 1,449 + 89 um (n = 25); mated
(control RNAi), 1,239 + 141 pm (n = 25); **P < 0.001; unmated wrt-1(RNAi),

1,477 + 71 um (n = 25); mated wrt-1(RNAi), 1,479 + 74 um (n = 25); P=0.9211;
unmated wrt-10(RNAi), 1,485 + 76 um (n = 25); mated wrt-10(RNAi), 1,491+ 77 um
(n=25); P=0.7701; unmated YI10A7A.7(RNAi),1,441 + 66 um (n = 20); mated
Y110A7A.7(RNAQ), 1,391 + 147 pm (n = 23); P= 0.1698. f, Hypodermis-specific
RNAi strain (CQ479) unmated (control RNAi), 1,511 + 51 pm (n = 22); mated
(control RNAi), 1,230 + 105 pm (n = 26); *P < 0.001; unmated wrt-1(RNAI),

1,528 + 49 um (n = 25); mated wrt-1(RNAi), 1,282 + 83 um (n = 25); **P < 0.001;
unmated wrt-10(RNAi), 1,477 + 75 um (n = 21); mated wrt-10(RNAi),1,218 + 120 um
(n=26);**P<0.001; unmated Y110A7A.7(RNAi), 1,474 + 67 um (n = 17); mated
Y110A7A.7(RNAi), 1,297 + 67 um (n = 24);***P < 0.001. g, Intestine-specific RNAi
strain (IG1839) unmated (control RNAi), 1,627 + 53 pm (n = 25); mated (control
RNAI), 1,357 + 111 pm (n = 25); ***P < 0.001; unmated wrt-1(RNAi), 1,603 + 67 um

(n=25); mated wrt-1(RNAi),1,352 + 118 pm (n = 25); **P < 0.001; unmated
wrt-10(RNAi), 1,605 + 58 pm (n = 25); mated wrt-10(RNAi), 1,326 + 110 pm
(n=25);**P<0.001; unmated YII0A7A.7(RNAi),1,607 + 52 pm (n = 25); mated
YI10A7A.7(RNAQ), 1,348 £ 96 pm (n = 25); ***P < 0.001. h-j, RNAi knockdown of
wrt-1and, toalesser degree, wrt-10 increases the lifespan specifically of mated
worms. Mated control, 15.3 + 0.2 days, n =199; unmated control, 20.7 + 0.5 days,
n=141.h,Unmated wrt-1(RNAi), 20.2 + 0.4 days, n = 180; mated wrt-1(RNAJ),

18.0 £ 0.3 days, n=190. Log-rank (Mantel-Cox) test revealed that the lifespan of
mated wrt-1(RNAi) worms was significantly different from that of mated control
worms (***P < 0.001). Two-way ANOVA revealed that mating-induced lifespan
decrease of wrt-1(RNAi) worms was significantly different from that of control
worms (P=0.0016). i, Unmated wrt-10(RNAi),19.3 + 0.4 days, n = 237; mated
wrt-10(RNAI),16.4 + 0.3 days, n = 203. Log-rank (Mantel-Cox) test revealed that
the lifespan of mated wrt-10(RNAi) worms was significantly different from that
of mated control worms (P = 0.0214). However, two-way ANOVA revealed that
mating-induced lifespan decrease of wrt-10(RNAi) worms was not significantly
different from that of control worms (P = 0.6789).j, Unmated Y110A7A.7(RNAi),
18.8 + 0.5 days, n=196; mated Y110A7A.7(RNAi),15.8 + 0.2 days, n = 233. Log-
rank (Mantel-Cox) test revealed that the lifespan of mated Y110A7A.7(RNAi)
worms was not significantly different from that of mated control worms
(P=0.0709). Two-way ANOVA revealed that mating-induced lifespan decrease
of YIIOA7A.7(RNAi) worms was not significantly different from that of control
worms (P=0.0509). k, Expression levels of wrt-1 and wrt-10 genes in the germline
of fog-2and prde-1worms (three biological replicates in total, each replicate
contains a pool of 200 dissected germlines). Read counts were normalized to the
housekeeping gene rps-4in each sample. Expression data are presented as mean
values *s.d. Expression level of wrt-1in unmated fog-2 germline: 44 + 76 RPM;
mated fog-2 germline, 1,732 + 1,242 RPM; unmated prde-1 germline: 84 + 96 RPM;
mated prde-1germline, 246 + 188 RPM. Expression level of wrt-10 in unmated
fog-2germline: 132 + 114 RPM; mated fog-2 germline, 1,118 + 62 RPM; unmated
prde-1germline, 189 +137 RPM; mated prde-1 germline, 170 + 212 RPM.1, piRNAs
targeting wrt-1and wrt-10 target different regions. m, Overexpressing wrt-I- or
wrt-10-targeting piRNAs is sufficient to prevent mating-induced shrinking. Body
size measurements: control (overexpressing 21ur-2671, 21ur-2245, 21ur-1272,
21ur-1114, 21ur-4656 and 21ur-8410) unmated, 1,361 + 84 pm (n = 20); mated,
1,073 £109 pm (n =28); **P < 0.001. Wrt-1-targeting piRNAi (overexpressing 21ur-
2484 and 21ur-32) unmated, 1,320 + 82 pm (n = 25); mated, 1,283 + 47 um (n = 26);
P=0.0616. Wrt-10-targeting piRNAi (overexpressing 21ur-4658 and 21ur-5295)
unmated, 1,312 + 97 um (n = 25); mated, 1,284 + 102 pm (n = 22); P= 0.3427.
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To test whether any of these 13 genes might be the germline pro-
agingsignal, we measured body size postmating after RNAi treatment
for each individual gene. Knockdown of three candidates prevented
the mated worms from shrinking: two warthog (Hedgehog-like family)

genes, wrt-1 and wrt-10, and an uncharacterized gene, YII0A7A.7
(Fig. 4c, d and Extended Data Fig. 3a,b). Knocking down these three
genes specifically in the germline (Fig. 4e), but notin the hypodermis
(Fig. 4f) or the intestine (Fig. 4g), was sufficient to protect the mated
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hermaphrodites from shrinking, confirming that they are specifi-
cally required in the germline to mediate mating-induced shrinking,
although Y110A7A.7 reduction in the germline was less protective of
mating-induced shrinking than was wrt-1 or wrt-10 knockdown.

In addition to preventing postmating shrinking, inhibiting the
bonafide germline pro-aging signal should also increase the lifespan of
mated worms. Consistent with this notion, reduction of wrt-I provided
over 50% protection against mating-induced early death (significant
effect determined by both log-rank test and two-way analysis of vari-
ance (ANOVA); Fig. 4h). Knocking down wrt-10 yielded amuch milder
effect (10% protection, significant by log-rank test, P=0.0214 but
not significant by two-way ANOVA, P=0.6789; Fig. 4i). By contrast,
Y110A7A.7 RNAi did not prevent the worms from mating-induced
death (Fig. 4j). Expression of both wrt-1and wrt-10 genes is decreased
inamated prde-I mutant compared with mated fog-2 animals (Fig. 4k).
These results suggest that wrt-1 and, to a much lesser extent, wrt-10,
may play a critical role in mediating germline pro-aging signaling. Simi-
larly, mating-induced death was partially attenuated in prde-I mutants,
inwhich the mating-induced germline upregulation of wrt-1and wrt-10
areabrogated (Extended DataFig.4a). The remaining unrescued lifes-
pandecreaseis probably caused by the germline-independent mating-
induced death mechanisms downstream of seminal fluid transfer'>*,

piRNAs targeting Hh ligands block mating-induced shrinking

To test the specificity of the piRNA pathway in regulating mating-
induced shrinking, we overexpressed specific piRNAs in the germline
viapiRNA-mediated interference®. Among 148 significantly downregu-
lated piRNAs in the mated germline, two piRNAs, 21ur-2484 and 21ur-32,

are predicted to target wrt-1, whereas another two piRNAs, 21ur-4658
and 21ur-5295, are predicted to target wrt-10 (piRTarBase; Fig. 41 and
Extended DataFig.3c). Wrt-I-and wrt-10-targeting piRNAs were added
tothe synthetic piRNAi scaffold, while six other non-wrt gene targeting
piRNAs that are also downregulated in mated germlines were used as
the control. Overexpressing piRNAs targeting either wrt-I or wrt-10
was sufficient to prevent mated worms from mating-induced shrinking
(Fig.4m). These data suggest that postmating shrinking—a pro-aging
phenotype—is regulated directly by piRNAs that target wrt-1 and wrt-
10. Our results suggest that the piRNA pathway and its downstream
Hegdehog signaling encode the germline-emanated pro-aging signal.

Patched receptors mediate mating-induced shrinking

and aging

To identify receptors for the Hedgehog ligands secreted from the
germline upon mating, we tested the roles of ten Patched receptor
homolog genes in shrinking after mating. These genes were chosen
becausetheir expression was induced by mating in agermline-depend-
entmanner (Fig. 5a). Knocking down ptr-6, ptr-10 and ptr-16 prevented
mated worms from shrinking (Fig. 5b,c), making them likely candidates
toreceive the germline-originating signal encoded by wrt-1and wrt-10.
Most Hedgehog signaling receptors, including ptr-6, ptr-10 and ptr-16,
are predicted to be expressed in the hypodermis (Fig. 5d,e)°>*. Using
tissue-specific RNAi strains, we found that ptr-16 in the hypodermis, and
ptr-l6and ptr-10in theintestine, were required for mediating mating-
induced shrinking (Fig. 5f,g); knockdown in muscle and neurons had
no effect, ruling out these tissues as the Hedgehog signal-receiving
tissues (Fig. 5h,i). Reducing ptr-6 and ptr-16, but not ptr-10 or the other

Fig. 5| Somatic expression of ptr-6 and ptr-16 but not other Patched-

related receptor-encoding genes is required for mating-induced death. a,
Relative expression (mated versus unmated) of ptr homolog genesin worms
with a functional germline (fog-2) and germlineless worms (glp-1). Larger fold
changes indicate higher expression after mating. b, Body size measurements

of mated worms with RNAi treatment of Patched receptor homolog genes.
fog2(q71) unmated (control RNAi), 1,426 + 46 um (n = 44); mated (control RNAi),
1,264 + 99 um (n =48); P< 0.001; mated ptr-4(RNAi), 1,305 + 94 pum (n = 43);
P<0.001; mated ptr-5(RNAi), 1,357 + 146 pm (n = 45); P= 0.0032; mated ptr-
6(RNAI), 1,396 + 91 um (n =42); P=0.0502; mated ptr-10(RNAi), 1,436 + 65 um
(n=34); P=0.4623; mated ptr-15(RNAi), 1,311 + 96 um (n = 22); P< 0.001; mated
ptr-16(RNAi), 1,422 + 83 pm (n = 43); P= 0.7409; mated ptr-18(RNAi), 1,337 + 96 pm
(n=42); P<0.001; mated ptr-23(RNAi), 1,387 + 65 um (n =17); P= 0.0104; mated
daf-6(RNAI),1,320 + 86 um (n = 44); P< 0.001; mated che-14(RNAi),1,388 + 112 pm
(n=44); P=0.0394.*P<0.05,**P< 0.01, **P< 0.001. ¢, ptrhomolog knockdown
does not significantly affect the body size of unmated fog-2 hermaphrodites
(unmated control of b). Body size measurements: control, 1,474 + 25 pm (n =15);
ptr-4,1,473 £ 78 um (n =15); ptr-5,1,472 + 45 um (n =15); ptr-6,1,406 + 61 um
(n=10); ptr-10,1,448 + 63 um (n=15); ptr-16,1,491 + 52 um (n =15); ptr-18,

1,474 + 49 pm (n =15); daf-6,1,467 + 48 um (n =15) and che-14,1,468 + 53 um
(n=15).d,e, Tissue-specific expression prediction of Patched receptor homolog
genes by the Tissue Expression Predictions for C. elegans program, version 1.0
(d) and the current version (e) (https://worm.princeton.edu/). f, Hypodermis-
specific RNAi strain (DCL569) unmated control, 1,418 + 94 pum (n = 27); mated
control, 1,309 +104 pm (n = 32); P< 0.001; unmated ptr-6(RNAi), 1,409 + 62 pm
(n=29); mated ptr-6(RNAi), 1,328 + 84 um (n =23); P < 0.001; unmated ptr-
10(RNAi), 1,483 + 78 um (n = 21); mated ptr-10(RNAi), 1,415 + 85 pum (n =30);
P=0.0055; unmated ptr-16(RNAi), 1,340 + 102 pm (n = 34); mated ptr-16(RNAi),
1,359 + 88 um (n =28); P= 0.4494. g, Intestine-specific RNAi strain (IG1839)
unmated control, 1,472 + 81 um (n = 26); mated control, 1,282 + 124 pm (n = 32);
P <0.001; unmated ptr-6(RNAi), 1,433 + 93 um (n = 24); mated ptr-6(RNAi),

1,372 +70 pm (n=30); P=0.0077; unmated ptr-10(RNAi), 1,411 + 85 pum (n = 26);
mated ptr-10(RNAi), 1,374 + 85 pm (n = 27); P= 0.1190; unmated ptr-16(RNAi),
1,328 £103 pm (n = 24); mated ptr-16(RNAi), 1,327 + 70 um (n = 40); P= 0.9813.

h, Muscle-specific RNAi strain (NR350) unmated control, 1,184 + 77 um

(n=23); mated control, 1,047 + 75 um (n = 23); P < 0.001; unmated ptr-6(RNAi),
1,183 + 74 um (n =19); mated ptr-6(RNAi), 979 + 99 um (n =18); P< 0.001; unmated
ptr-10(RNAI), 1,210 + 52 um (n = 20); mated ptr-I0O(RNAi), 1,064 + 99 um (n = 27);

P<0.001; unmated ptr-16(RNAi), 1,148 + 58 um (n = 34); mated ptr-16(RNAi),

966 + 99 um (n=24); P< 0.001.i, ptr genes do not function in the neurons to
regulate postmating body size. Four different neuron-specific RNAi strains were
used: XE1474, XE1581, XE1582 and XE1375. Body size measurements: XE1474
unmated ptr-6(RNAi), 1,004 + 47 um (n = 16); mated ptr-6(RNAi), 903 + 59 pm
(n=16); P< 0.001; unmated ptr-I0O(RNAi),1,087 + 53 um (n = 17); mated ptr-
10(RNAi),985 + 86 pm (n = 20); P< 0.001; unmated ptr-16(RNAi),1,080 + 38 pm
(n=9); mated ptr-16(RNAi), 946 + 95 um (n =9); P= 0.0012. XE1581 unmated
ptr-6(RNAD), 1,119 + 59 um (n = 26); mated ptr-6(RNAi), 987 + 70 pm (n = 27);

P <0.001; unmated ptr-I0(RNAi), 1,159 + 50 pm (n =10); mated ptr-10(RNAi),
1,068 + 86 pm (n =19); P=0.0047; unmated ptr-16(RNAi), 1,088 + 67 um

(n=23); mated ptr-16(RNAi),1,013 + 62 pm (n =19); P< 0.001. XE1582 unmated
ptr-6(RNAi), 1,055 + 41 um (n =13); mated ptr-6(RNAi), 882 + 113 um (n =15);
P<0.001; unmated ptr-I0(RNAi), 1,111 + 65 pm (n = 11); mated ptr-1I0(RNAi),

975 + 86 um (n =20); P < 0.001; unmated ptr-16(RNAi), 995 + 61 um (n =14);
mated ptr-16(RNAi), 865 + 72 pm (n =13); P < 0.001. XE1375 unmated ptr-6(RNAi),
1,041 + 63 pm (n =12); mated ptr-6(RNAi), 961 + 82 pym (n=17); P=0.0096;
unmated ptr-10(RNAi), 1,114 + 26 pm (n =13); mated ptr-IO(RNAi), 980 + 85 um
(n=9); P<0.001; unmated ptr-16(RNAi), 1,015 + 33 um (n = 11); mated ptr-16(RNAi),
932+ 52 pm (n=9); P<0.001.**P< 0.01, **P < 0.001. j-1, RNAi knockdown of ptr-
6and ptr-I6increases the lifespan of mated worms. Mated control, 15.1 + 0.3 days,
n=257;unmated control, 20.6 + 0.5 days, n = 99.j, Unmated ptr-6(RNAi),

19.6 + 0.6 days, n = 91; mated ptr-6(RNAi),18.8 + 0.5 days, n = 114. Log-rank
(Mantel-Cox) test revealed that the lifespan of mated ptr-6(RNAi) worms was
significantly different from that of mated control worms (P < 0.001). Two-way
ANOVA revealed that mating-induced lifespan decrease of ptr-6(RNAi) worms
was significantly different from that of control worms (P = 0.0037). k, Unmated
ptr-16(RNAi),19.8 + 0.5 days, n = 105; mated ptr-16(RNAi),19.1 + 0.5 days, n =120.
Log-rank (Mantel-Cox) test revealed that the lifespan of mated ptr-16(RNAi)
worms was significantly different from that of mated control worms (P = 0.0214).
Two-way ANOVA revealed that mating-induced lifespan decrease of ptr-16(RNAi)
worms was significantly different from that of control worms (P = 0.0003).

1, Unmated ptr-I0(RNAi),19.7 + 0.7 days, n = 100; mated ptr-10(RNAi),

15.5+ 0.3 days, n=120. Log-rank (Mantel-Cox) test revealed that the lifespan

of mated ptr-10(RNAi) worms was not significantly different from that of mated
control worms (P=0.0709). Two-way ANOVA revealed that mating-induced
lifespan decrease of ptr-10(RNAi) worms was not significantly different from that
of control worms (P=0.5749).
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Patched-related receptor genes, rescued mating-induced early death
(Fig. 5j-1). Ptr-6 and ptr-16 RNAi yielded a similar or greater degree of
protection compared with wrt-1 RNAiinmated worms (Fig. 6a). Moreo-
ver, PTR-16is predicted to interact with WRT-1according to the STRING
database (Fig. 6b), which integrates all publicly available sources of
protein-proteininteractioninformation®, To test this potential inter-
action, we performed yeast two-hybrid assays; a modest interaction

between WRT-1and PTR-16 was observed (Fig. 6¢,d), suggesting that
PTR-16 is most probably the receptor that receives the pro-aging Hedge-
hog WRT-1signal from the germline upon mating.

Finally, we wondered whether there is any generational penalty for
eliminating mating-induced shrinking and death, as these processes are
deleterious to the mother. While wrt-1, wrt-10, ptr-6 and ptr-16 knock-
down all produce unmated brood sizes similar to those of wildtype
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(Fig. 6e), knockdown of Hedgehog signaling components in mated
worms led to a20-30% reduction in brood size (Fig. 6f; P<0.001).
Therefore, while inhibiting germline piRNA-mediated Hedgehog sign-
aling is beneficial to the mothers, as it prevents mated worms from
shrinking and largely rescues mating-induced death, such benefits do
not come without a cost to progeny. Signaling from the mated germline,
while deleterious to the mother’s soma and ultimately leading to her
death, may be an unavoidable cost of activation of the germline upon
mating thatis necessary for sufficient nutrient provisioning to progeny.

\J Size
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Discussion

In animals across taxa, germline hyperactivity leads to accelerated
aging'; however, the underlying mechanisms are poorly understood.
Here we found that mating-induced piRNA downregulation in the
germline releases suppression of the Hedgehog signaling pathway,
whichinturnleadstobodysize and lifespan decrease in mated worms
(Fig. 6g,h). Our results suggest that piRNA-regulated Hedgehog sign-
aling encodes the previously unknown and long-sought germline-to-
soma pro-aging signal’.
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Fig. 6| Hedgehog signaling encodes the germline-to-soma aging signal
inmated hermaphrodites. a, Summary of the mating-induced death rescue
effect of RNAi knockdown of individual Hedgehog signaling components. Each
black dot represents one biological replicate of the lifespan assay. Data are
presented as mean values of rescue effect + s.d. (error bars). Three replicates

of lifespan assays were performed for worms treated with wrt-1, wrt-10 and
Y110A7A.7 RNAi. Two replicates of lifespan assays were performed for worms
treated with ptr-4, ptr-5, ptr-6, ptr-10, ptr-15, ptr-16, ptr-23, daf-6 and che-14 RNAi.
b, PTR-16interaction network predicted by STRING. c, Relative yeast cell growth
on selective medium (quantified from the fivefold dilution spots on yeast two-
hybrid assay plates, see d and Methods for details). Data are presented as relative
growth ts.d. Three independent replicates of yeast two-hybrid assay were
performed. d, Representative pictures of yeast two-hybrid assay. Adominant
mutant version of the AURL gene that encodes the enzyme inositol phosphoryl
ceramide synthase is expressed in the Y2HGold yeast strain in response to
positive interaction between the bait and prey, conferring strong resistance to
the otherwise highly toxic drug AbA. The final concentration of AbA on plates
was 200 ng ml™. Single colonies of each type were inoculated and allowed to
grow overnightat 30 °Cto reach stationary phase (OD > 1.5). From the culture,

20 pl of undiluted culture and 5%, 25x,125% and 625x dilutions were spotted
onthe assay plates. Plates were imaged after incubating for 4 days at 30 °C.
Quantification of yeast growth of the fivefold dilution spots is shown in c. Growth
on selective medium was normalized to growth on nonselective medium first
before comparing with the positive control spot (P53-T); Methods). e, Inhibiting
Hedgehog signaling by RNAi does not affect the unmated (self-fertilized) brood
size of the wildtype N2 hermaphrodites. N2 control unmated, 138 + 46, n = 10;
wrt-1(RNAi) unmated, 141 + 42, n = 11; wrt-10(RNAi) unmated, 142 + 54, n =11; ptr-
6(RNAi) unmated, 164 + 39, n =12; ptr-16(RNAi) unmated, 156 + 29, n=10. Data are
presented as total brood size + s.d. f, Inhibiting Hedgehog signaling by RNAi in
mated N2 hermaphrodites leads to significantly reduced total mated brood size.
Control mated, 429 + 67, n = 65; wrt-1(RNAi) mated, 290 + 81, n =13; wrt-10(RNAi)
mated, 358 + 68, n = 41; ptr-6(RNAi) mated, 310 + 65, n = 33; ptr-16(RNAi) mated,
345 +76,n=38. Dataare presented as total brood size + s.d. ***P < 0.001: two-
tailed unpaired t-test was used for total mated brood size comparison (all were
compared with that of control mated worms). g, Model of the role of mating in
piRNA-mediated regulation of wrt-1and wrt-10 expression. h, Model of piRNA-
mediated Hedgehog signaling as the germline-to-soma pro-aging signal in mated
hermaphrodites.

The Hedgehog signaling pathway is a key regulator of animal
development®; our study provides evidence for an additional critical
roleinadult postmating lifespan regulationin C. elegans, distinct from
itsrole in developmental growth processes. Hedgehog signaling also
participates in adult soma-to-germline communication: overexpres-
sion of hypodermal wrt-10 delays reproductive decline and improves
germline health”. Therefore, wrt-10 could function as afeed-forward
loop in mated worms, achieving sustained germline hyperactivity at
the cost of exacerbated somatic collapse (that s, shrinking). Our results
suggest that there is likely a trade-off between somatic integrity and
progeny productioninmated animals, as demonstrated by the reduced
mated brood size of animals with reduced Hedgehog signaling (Fig. 6h).

The involvement of Hedgehog signaling in lifespan regulation is
not limited to worms. Altered Hedgehog signaling reduces survival of
Drosophilalarvae under starvation”, impaired Hedgehog signaling in
glia affects the lifespan of adult Drosophila’® and the Hedgehog path-
way inhibitor saridegib dramatically increases lifespan by fourfold in
amouse medulloblastoma model”. Therefore, Hedgehog signaling
seems to have an evolutionarily conserved role in lifespan regulation
beyond its well-established function in development.

Our results unveil a new function for the piRNA pathway in tran-
scriptional regulation, an underappreciated aspect of piRNA biol-
ogy compared with its better-studied role in germline repression of
transposable elements (TE)™. TE-independent piRNA functions in
endogenous mRNA regulation of developmental processes include
embryonic patterning, germ cell specification and stem cell biology™.
Our results expand the roles of piRNA pathways in the regulation of
gene expression to adult functions®*’®”’. Here, we describe piRNA-
mediated regulation of aknown signaling pathway in the adult germline
(Fig. 6g,h). These results also highlight the fact that piRNA expression
isregulated and tunable by mating status.

Mating-induced germline-to-soma piRNA-mediated Hedgehog
signaling elegantly coordinates germline function and somatic aging.
Inanunmated female with low or no germline proliferation, the priority
of the germline is to maintain its integrity until mating occurs, while
avoiding unnecessary proliferation or differentiation of the germ cells.
piRNAs contribute to this process by suppressing errant TE expression
and developmental programs, including those regulated by Hedgehog
signaling. By contrast, upon mating, the germline switches to progeny
production mode, and the previous suppression of Hedgehog signaling
by piRNAs is released to allow rapid germline stem cell proliferation
and further differentiation (Fig. 6g). As Hedgehogligands are secreted,
activated Hedgehog signaling may be co-opted as agermline-to-soma
signal to coordinate the somatic responsesto elevated germlineactiv-
ity. Postmating shrinking correlates with the reallocation of somatic

resources to the germline'>"*’® and the reduction in energy devoted to
somatic integrity maintenance, reflecting the direct cost of germline
hyperactivity and substantially increased progeny production. Signal-
ing from the mated germline, while deleterious to the mother’s soma
and ultimately leading to her death, may be an unavoidable cost of
activation of the germline upon mating that is necessary for sufficient
nutrient provisioning to progeny. Our study reveals amechanism that
can efficiently convey germline status to the somainadulthood, allow-
ing the animals to better organize the balance between reproduction
and somatic maintenance, optimizing reproductive fitness.

Ofthe three mating-related killing mechanisms—male pheromone,
seminal fluid, and sperm activation of germline proliferation—the
last has the highest chance of being evolutionarily conserved. Male
pheromone-induced killing kills hermaphrodites only at nonphysi-
ologically high concentrations, and kills males specifically but only in
androdioecious species”. Seminal fluid kills the mother by turning off
herlIS/FOXO protective pathway'>"®>, whichis unnecessary for success-
ful reproduction. By contrast, germline activation upon mating is the
most likely to be both necessary and shared with other animals, as ger-
mlineactivity correlates with shorter lifespanin worms, flies, mice, and
possibly humans’'>'*, Because germline proliferation may be induced
by mating in other organisms, and piRNAs are ubiquitous in animal
germlines, it willbe interesting to see whether mating-induced piRNA
regulation of signaling from germline to somatic tissues is conserved.

Methods
Strains
C.elegansstrains used in the study were as follows:

Strains Genotype Source
N2 Wildtype CGC
CB4108  fog-2(q71) V CGC
CB4037  glp-1(e2141) lll CGC
HC196 sid-1(qt9) vV CGC
CS1 sma-9(wk5b5) X CGC
YY470 dcr-1(mg375) 1l CGC
SX922 prg-1(n4357) | CGC
SX2499  prde-1(mj207) V CGC
VC3150  ekl-1(0k1197) I/hT2 [bli-4(e937) let-?(q782) qls48] (I;lll) CGC
WM140  drh-3(tm1217) I/hT2 [bli-4(e937) let-7(q782) qls48] CGC
(I:111); him-8(e1489) IV
RB995 hpl-2(ok916) 11l CGC
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WM191 MAGO12 mutant. Full genotype: sago-2(tm894) CGC
ppw-1(tm914) ppw-2(tm1120) wago-2(tm2686)
wago-1(tm1414) I; wago-11(tm1127) wago-5(tm1113)
wago-4(tm1019) II; hrde-1(tm1200) sago-1(tm1195) Ill;
wago-10(tm1186) V; nrde-3(tm1116) X.

JH3225 meg-3(tm4259) meg-4(ax2026) X CGC

JH3229 meg-1(vr10) meg-3(tm4259) X. CGC

CQ655 prg-1(n4357) I; unc-119(ed3) llI; Murphy
vrls79[Ppie-1::GFP::prg-1+unc-119(+)] laboratory

CQ479 rde-1(ne219); wqEx50[Pdpy-7::GFP; pY37A1B.5::GFP; Murphy
Pdpy-7::rde-1::unc-54 3'UTR; PY37A1B.5::rde-1::unc-54  laboratory
3'UTR]

DCL569  mkcSi13 Il; rde-1(mkc36) V CGC

1G1839 frSi17 II; fris7 IV: rde-1(ne300) V CGC

NR350 rde-1(ne219) V; kzls20 CGC

XE1474 wpSi6 lI; eri-1(mg366) IV: rde-1(ne219) V: CGC
lin-15B(n744) X.

XE1581 wpSi10 II; eri-1(mg366) IV: rde-1(ne219) V: CGC
lin-15B(n744) X

XE1582 wpSill ll; eri-1(mg366) IV: rde-1(ne219) V: CGC
lin-15B(n744) X

AA278 dhls59 [Topo::daf-9::GFP+lin-15(+)] CGC

XE1375 wpls36 I; wpSil ll; eri-1(mg366) IV: rde-1(ne219) V; CGC
lin-15B(n744) X

WM300  alg-4(ok1041) Ill; alg-3(tm1155) IV CGC

YY968 znfx-1(gg544[3xflag::gfp::znfx-1]) ll; pgl-1(gg547 CGC
[pgl-1::3xflag::tagRFP]) IV

Germline dissection

Germline dissection was modified from a previous publication”.
Worms were transferred to iced M9 buffer for dissection. Heads or
tails were removed with 26G needles, allowing the distal portion of
the germline to pop out of the worm. Glass capillaries pulled with an
opening just large enough to fit the end of the germline were used to
detach them rapidly at the ventral-to-distal bend. Dissected distal
germlines were transferred immediately into 1.5 ml Eppendorf tubes
filled with 500 pl Trizol. About 200 germlines were collected for each
biological replicate.

RNA isolation and library preparation

Tubes containing dissected germlines (immersed in Trizol) were put
in an Eppendorf MixMate Vortex Mixer at 800 r.p.m. and 65 °C for 1 h
before theisolation process. Total RNA was extracted from Trizol using
the mirVana miRNA isolation kit (ThermoFisher). mRNA libraries for
directional RNA-seq were prepared using the SMARTer Apollo System
and were sequenced (150-nt single-end) on the lllumina NovaSeq plat-
form. RNA samples for small RNA-seq were treated with 5’ polyphos-
phatase (Lucigen) and prepared using the SMARTer Apollo systemwith
modifications for small RNA library preparation. Small RNA-containing
libraries were Blue Pippin size selected (15-30 nt insert size) before
75-nt single-end sequencing.

Transcriptome data analysis

RNA-seq. FASTQC was used to assess read quality scores. Universal
adapter sequences were trimmed from small RNA library sequences
using Cutadapt. Reads were mapped to the C. elegans genome (UCSC
February 2013, cell/ws245) using Bowtie. Count matrices were gen-
erated using featureCounts. Data were normalized with a variance-
stabilizing transformation (DESeq2). DESeq2 was used for differential
expression analysis. Genes at P,4; < 0.05 were considered significantly
differentially expressed. PCA was carried out using the R method
(prcomp). Heatmaps were generated in R using normalized read
counts (variance-stabilizing transformation). Tissue enrichment and

gene ontology (GO) term enrichment analysis were performed using
wormbase enrichment analysis (https://wormbase.org/tools/enrich-
ment/tea/tea.cgi) for significantly differentially-expressed genes.
Predicted targets of piRNAs were retrieved from piRTarBase (http://
cosbi6.ee.ncku.edu.tw/piRTarBase/) using the default ‘relaxed’ piRNA
targeting setting, see Supplementary Data 2 for the full list. Sequences
were deposited at NCBI BioProject PRJNA892981.

Microarrays. Microarray data of mated and unmated glp-1(e2141) was
retrieved from a previous publication®. Microarray data of mated
and unmated fog-2(q71) was retrieved from a previous publication®’.
Hermaphrodites were mated on Day 1 of adulthood for 24 hiin a 2:1
male:hermaphrodite ratio. About 200 hermaphrodites were col-
lected on Day 2/3 of adulthood for each biological replicate. RNA was
extracted by the heat vortexing method. Two-color Agilent microar-
rays were used for expression analysis. Significantly differentially-
expressed gene sets were identified using significance analysis of
microarrays (SAM)*°, One-class SAM was performed to identify genes
that are significantly differentially expressed after mating. The lists
were then compared with significantly upregulated genesin dissected
germline (RNA-seq).

Lifespan

NGM plates (60 mm) plates were used to set up group mating. Each
60 mm NGM plate was seeded with OP50 to make a bacterial lawn of
around 3 cmin diameter 2 days before mating. All lifespan assays were
performed at roomtemperature (20-21 °C). About 50 hermaphrodites
and 100 young (Day 1-2 of adulthood) males were transferred onto the
plate. Then, 24-48 hlater, the hermaphrodites were transferred onto
newly seeded 60 mm NGM plates in the absence of males for lifespan
assays. No 5-fluro-2’-deoxyuridinevwas added to the plates. We con-
firmed successful mating for all worms by checking their progeny.
With successful mating, about half of the progeny are male. For the
only two sterile strains used in this study, ekl-1 and drh-3homozygous
mutants, we confirmed successful mating empirically by observing
the decrease in darkness of mated sterile worms under normal light,
whichindicates mating-induced fat loss. About 25 synchronized Day 1
hermaphrodites were transferred onto each plate. The hermaphrodites
were transferred daily onto new seeded plates in the first week of the
lifespan assay. Afterward, they were transferred once every 2 days.
When RNAi was used in lifespan assay, RNAi treatment always started
fromeggs for all the experiments in this study. Kaplan-Meier analysis
with log-rank (Mantel-Cox) method was performed to compare the
lifespans of different groups. ‘Bagged’ worms were censored on the
day of the event.

Body size measurements

Mating set up was the same as described in Lifespan. We confirmed
successful mating for all the worms by checking their progeny. With
successful mating, about half of the progeny are male. For the only two
sterile strains used in this study, ekl/-1 and drh-3homozygous mutants,
we confirmed the successful mating empirically by observing the
decrease in darkness of mated sterile worms under normal light, which
indicates mating-induced fat loss. Images of live hermaphrodites on
60 mm platesweretaken onDay 6/7 of adulthood with aNikonSMZ1500
microscope. When RNAi was used, RNAi treatment always started from
eggsforallthe experiments. ImageJ was used to analyze the body size
of the worms. The middle line of each worm was delineated using the
segmented line tool and the total length was documented as the body
length of the worm. A t-test was performed to compare the body size
differences between groups of worms in the same day.

Brood size
Individual hermaphrodites after mating were transferred onto 3 cm
NGM plates seeded with 25 ml OP50 and moved to fresh plates daily
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until reproduction ceased. The old plates were left at 20 °C for 2 days
to allow the offspring to grow into adults, which were counted manu-
ally for daily production and total brood size. Between 10 and 25 plates
of individual worms of each genotype per treatment were counted to
account for individual variation.

P granule imaging and quantification

mCherry-tagged fluorescent PGL-1was visualized in living nematodes
(YY968) by mounting young adult animals on 2% agarose pads with
M9 buffer with20 mM levamisole. Fluorescentimages were captured
using a Nikon Ti microscope with a X100 objective. Images were pro-
cessed and quantified inImage). The quantification of germline granule
fluorescence was performed using ImageJ. For every image, aregion of
interest (ROI) with a clear focus of P granules was selected manually.
The area of the whole ROl was kept the same for all images. The num-
ber of puncta within the ROl was measured blindly for each germline
and image. The densities of germline P granules were calculated as:
the number of puncta within the ROI per the area of the whole ROI.
Densities of germline granules were determined for 50-60 ROls, and
the mean and s.d. were calculated using GraphPad Prism. A ¢-test was
performed to compare the P granule density differences between
mated and unmated germlines.

Germline piRNA overexpression
We modified recently developed piRNAi® to overexpress endoge-
nous piRNAs. The scaffold information was obtained from the website
https://www.wormbuilder.org/piRNAi/. Cluster was generated using
simple search option with the default setting (targeted gene: wrt-1 or
wrt-10). Synthetic piRNAs were replaced by endogenous piRNAs as
indicated by the text and figure legends. The sequences (about 1.5 kb)
were synthesized by Twist Bioscience. The injection mix consisted of
20 ng pl ™ synthetic dsDNA piRNA overexpression cluster with adapt-
ersthatwere not further purified (Twist Bioscience), 2 ng pl™ coinjec-
tion marker (Pmyo2::mCherry::unc-54 3’ UTR), and 1 kb DNA ladder
to a final total DNA concentration of 100 ng pl™. F1 progeny with red
pharynxwere selected frominjected animals. Synchronized F2 progeny
from positive transgenic F1 worms were used in mating and body size
measurement assays.

The sequences of piRNA overexpression clusters used in this study
are as follows:

piRNA overexpression cluster targeting wrt-I (uppercase: piRNAs)

cgcgettgacgegcetagtcaactaacataaaaaaggtgaaacattgegaggata-
catagaaaaaacaatacttcgaattcatttttcaattacaaatcctgaaatgtttcactgtgttc-
ctataagaaaacattgaaacaaaatattaagt TAGAACTTCATCTTTAGAACACc-
taattttgattttgattttgaaatcgaatttgcaaatccaattaaaaatcattttctgataattaga-
cagttccttatcgttaattttattatatctatcgagttagaaattgcaacgaagataatgtcttc-
caaatactgaaaatttgaaaatatgtttttatggcaggtgctgacggattgccagaact-
caaaatatgaaatttttatagttttgttgaaacagtaagaaaatcttgtaattactgtaaact-
gtttgetttttttaaagtcaacctacttcaaatctacttcaaaaattataatgtttcaaattacat-
aactgtgtgaagttgggegececagttgtactgtagagcettcaatgttgataagatttattaaca-
cagtgaaacaggtaatagttgtttgttgcaaaatcggaaatctctacatttcatatggtttt-
taattacaggtttgttttataaaataattgtgtgatggatattattttcagacctcatactaatct-
gcaaaccttcaaacaatatgtgaagtctactctgtttcactcaaccattcatttcaatttgga-
aaaaaatcaaagaaatgttgaaaaattttcctgtttcaacattatgacaaaaatgttatgattt-
taataaaaacaatTGTCATAAACGTAGAATCATCttctgtttttcttagaagtgttttc-
cggaaacgcgtaattggttttatcacaaatcgaaaacaaacaaaaatttttttaattatttcttt-
gctagttttgtagttgaaaattcactataatcatgaataagtgagctgeccaagtaaacaaa-
gaaaatttggcagcggecgacaactaccgggttgeecgatttatcagtggaggatctacaa-
ggctaactgegttatctaatgtgatgtacacggttttcatttaaaaacaaattgaaacagaaat-
gactacattttcaaattgtctatttttgetgtgtttattttgccaccaacaatgagataatgtgt-
tagccttgtcaatctagtaaactcacttaatgcaattcctccagecacatatgtaaacgttg-
tatacatgcagaaaacggttttttggttttaatgggaacttttgacaaattgttcgaaaatct-
taagctgtcccatttcagttgggtgatcgattt

piRNA overexpression cluster targeting wrt-10 (uppercase:
piRNAs)

cgcgettgacgegcetagtcaactaacataaaaaaggtgaaacattgegagga-
tacatagaaaaaacaatacttcgaattcatttttcaattacaaatcctgaaatgtttcactgt-
gttcctataagaaaacattgaaacaaaatattaagtTAAATGAAAAGCTGGCTATG-
Gctaattttgattttgattttgaaatcgaatttgcaaatccaattaaaaatcattttctgataatta-
gacagttccttatcgttaattttattatatctatcgagttagaaattgcaacgaagataatgtcttc-
caaatactgaaaatttgaaaatatgtttttatggcaggtgetgacggattgeccagaact-
caaaatatgaaatttttatagttttgttgaaacagtaagaaaatcttgtaattactgtaaact-
gtttgetttttttaaagtcaacctacttcaaatctacttcaaaaattataatgtttcaaattacat-
aactgtgtgaagttgggcgeccagttgtactgtagagettcaatgttgataagatttattaaca-
cagtgaaacaggtaatagttgtttgttgcaaaatcggaaatctctacatttcatatggtttt-
taattacaggtttgttttataaaataattgtgtgatggatattattttcagacctcatactaatct-
gcaaaccttcaaacaatatgtgaagtctactctgtttcactcaaccattcatttcaatttgga-
aaaaaatcaaagaaatgttgaaaaattttcctgtttcaacattatgacaaaaatgttatgattt-
taataaaaacaatTGGAATAGCGTAAACAAAAGAttctgtttttcttagaagtgttttc-
cggaaacgcgtaattggttttatcacaaatcgaaaacaaacaaaaatttttttaattatttcttt-
gctagttttgtagttgaaaattcactataatcatgaataagtgagcetgeccaagtaaacaaa-
gaaaatttggcagcggccgacaactaccgggttgeccgatttatcagtggaggatctacaa-
ggctaactgegttatctaatgtgatgtacacggttttcatttaaaaacaaattgaaacagaaat-
gactacattttcaaattgtctatttttgetgtgtttattttgccaccaacaatgagataatgtgt-
tagccttgtcaatctagtaaactcacttaatgcaattcctccagecacatatgtaaacgtetg-
tatacatgcagaaaacggttttttggttttaatgggaacttttgacaaattgttcgaaaatct-
taagctgtcccatttcagttgggtgatcgattt

piRNA overexpression cluster control (uppercase: piRNAs)

cgcgcettgacgegcetagtcaactaacataaaaaaggtgaaacattgegagga-
tacatagaaaaaacaatacttcgaattcatttttcaattacaaatcctgaaatgtttcactgt-
gttcctataagaaaacattgaaacaaaatattaagt TAGAAACTGATCTCTGAAA-
GTctaattttgattttgattttgaaatcgaatttgcaaatccaattaaaaatcattttctgataatta-
gacagttccttatcgttaattttattatatctatcgagttagaaattgcaacgaagataatgtcttc-
caaatactgaaaatttgaaaatatgttACTTTCCATAACGTCGACAAAattgcca-
gaactcaaaatatgaaatttttatagttttgttgaaacagtaagaaaatcttgtaattactg-
taaactgtttgetttttttaaagtcaacctacttcaaatctacttcaaaaattataatgtttcaaat-
tacataactgtgtAATTCGGGAGTCCTAATTCTAactgtagagcttcaatgttgataa-
gatttattaacacagtgaaacaggtaatagttgtttgttgcaaaatcggaaatctctacatttcat-
atggtttttaattacaggtttgttttataaaataattgtgtgatggatattattttcagacctcatac-
taatctgcaaaccttcaaacaatatgtgaagtctactctgtttcactcaaccattcatttcaatttg-
gaaaaaaatcaaagaaatgttgaaaaattttcctgtttcaacattatgacaaaaatgttatgattt-
taataaaaacaatGAAAATTTTGCTGAACACCTTttctgtttttcttagaagtgttttc-
cggaaacgcgtaattggttttatcacaaatcgaaaacaaacaaaaatttttttaattatttcttt-
gctagttttgtagttgaaaattcactataatcatgaataagtgagctgeccaagtaaacaaa-
gaaaatttggcagcggecgacaactaccgggttgeccgatttatcagtggaggaGATC-
GAGGCTTAATGAACGGAatctaatgtgatgtacacggttttcatttaaaaacaaatt-
gaaacagaaatgactacattttcaaattgtctatttttgetgtgtttattttgecaccaacaat-
TAAAAGTGGCTCCGAGCTAGGtcaatctagtaaactcacttaatgcaattcctc-
cagccacatatgtaaacgttgtatacatgcagaaaacggttttttggttttaatgggaactttt-
gacaaattgttcgaaaatcttaagctgteccatttcagttgggtgatcgattt

Adapter sequences
Twist Primer Set 2 Fw: 5-CAATCCGCCCTCACTACAACCG-3’
Twist Primer Set 2 Rev: 5-TCCCTCATCGACGCCAGAGTAG-3’

Yeast two-hybrid assay

Yeast two-hybrid assay was performed using Takara Matchmaker
Gold Yeast Two-Hybrid System (catalog no. 630489). WRT-1 and
WRT-10 cDNA were cloned in frame into the bait construct pGBKT7,
whereas PTR-6 and PTR-16 cDNA were cloned in frame into the prey
construct pGADT7. pGBKT7-53, which encodes the Gal4 DNA-BD
fused with murine p53, and pGADT7-7, which encodes the Gal4 AD
fused with SV40 large T-antigen, were used as positive interaction
controls in the assay. The bait constructs and the prey constructs
were cotransformed into Y2HGold yeast strain in various combina-
tions to test potentialinteraction. Adominant mutant version of the
AURI1 gene that encodes the enzyme inositol phosphoryl ceramide
synthaseis expressedin Y2HGold Yeast strainin response to positive
interaction between the bait and prey, conferring strong resistance
to the otherwise highly toxic drug Aureobasidin A (AbA). The final
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concentration of AbA used in the assay was 200 ng ml ™. Single colo-
nies of each type were inoculated and allowed to grow overnight at
30 °C to reach stationary phase (OD >1.5). From the culture, 20 pl
of undiluted, 5x, 25%, 125x and 625x% dilutions were spotted on the
assay plates. Plates were imaged after incubating for 4 days at 30 °C.
Quantification of yeast growth was performed according to the
published protocol®'.

Tissue expression prediction

Tissue enrichment prediction analyses for ptr genes were performed
using two methods: (1) the Tissue Expression Predictions for C. elegans
program, v.1.0 (http://worm-tissue.princeton.edu/search/multi). The
tissue-specificenrichment scores were used to generate the heatmapin
Fig.5d. Genesbulk query for their predicted tissue expression (https://
worm.princeton.edu/). The prediction scores of principal tissues were
used to generate the heatmap in Fig. Se.

Intestinal barrier function assay (Smurf assay)

The intestinal barrier function assay (Smurf assay) was performed
accordingto the published protocol® with afew modifications. Briefly,
synchronized Day 1 worms were set up for mating. About 50 worms
were removed from the mating plate or the control plate 48 h later,
and suspended overnight in liquid cultures of OP50 bacteria mixed
with blue dye (bromophenol blue, 0.4 g100 ml™ M9). Animals were
then washed three times with M9 buffer before imaging using Nikon
Tiwith RGBillumination under x10 or x20 magnification.

TE expression quantification

In addition to grouped germline samples collected for mRNA-seq
and small RNA-seq, we collected single distal germline (four for each
condition) into 10 pl 0.2% Triton X100 with RNase inhibitor (final con-
centration1U pl™). mRNA libraries for directional RNA-seq were pre-
pared using the SMARTer Apollo System and were sequenced (150-nt
single-end) on the Illumina NovaSeq platform. Reads from germline
mRNA-seq were mapped to the C. elegans RepBase database (https://
www.girinst.org/server/RepBase/protected/repeatmaskerlibraries/
RepBaseRepeatMaskerEdition-20181026.tar.gz) using Bowtie. Raw
counts were then normalized on the total number of mapping reads
and multiplied by 1,000,000, obtaining expression values indicated
asreads per million mapped reads (RPM). Transposon type was deter-
mined according to RepBase’s annotation.

Statistics and reproducibility

No statistical method was used to predetermine sample size. Sample
sizes were chosen according to professional standards of the field for
individual assays. For RNA-seq, three biological replicates were per-
formed for each condition per genotype®. About 200 distal germlines
were collected in each replicate®*. No RNA-seq library was excluded
from the analyses. In lifespan assays, each group contains 50-100
worms and at least two biological replicates were performed for each
conditionand genotype®. To compare body size changes, 30-50 worms
per genotype per condition were measured®.

Reported results were consistently replicated across multiple
experiments. Postmating body size measurements and lifespan assays
were repeated twice if mating causes significant shrinking and early
death. Inthe case of treatments that brought protection against mat-
ing-induced shrinking or early death, at least three replicates were
performed to confirm the effect. During initial RNAi screen of candi-
dates, the names of the targeting gene were blinded. The investigators
were not blinded in follow-up lifespan assays, since only two to three
groups of worms were tested each time. However, for these follow-up
lifespan assays, the number of worms for each group was increased
fromaround 50 (in blinded lifespan assays) to over 100. When quanti-
fying the P granule intensities of mated and unmated worms, images
were scored blindly. No randomization was necessary for this study

because mated and unmated worms of specific genotype/treatment
were always compared with each other.

Lifespan data were plotted as Kaplan-Meier survival curves and
statistical analyses were performed using the log-rank (Mantel-Cox)
test and two-way ANOVA. For body size measurements and fluores-
cence intensity quantification, two-tailed ¢-test was used for all com-
parisons to determine statistical significance in this study. Detailed
information of each assay can be found in the corresponding figure
legends.

Source Data for sequencing data and statistics displayed in the
main figures are provided as Supplementary Files.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All RNA-seq reads are available on NCBI Sequence Read Archive
(PRJNA892981). The microarray data were retrieved from previous
publications®**' and are available at http:/puma.princeton.edu. All
other data supporting the findings of this study are available from
the corresponding author upon request. Source data are provided
with this paper.
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Extended Data Fig.1| Mating induces shrinking and other aging phenotypes
that areindependent of developmental body size regulation. A)
Representative pictures of the unmated and mated hermaphrodites from Day
2 - Day 6 of adulthood. Mating occurs on Day 1for 24 hours. B) Representative
lifespan of unmated and mated fog-2 hermaphrodites. Unmated: 18.2+0.6 days,
n =85; mated:12.0+0.3 days, n = 83, p < 0.001. Lifespan results are presented as
mean values + std error for all the lifespan assays in this study. n represents the
number of biologically independent animals in the lifespan assay. Significance
was determined by Log-rank (Mantel-Cox) test for lifespan comparisons. C)
Quantification of unmated Day 4 worms with various body sizes (wildtype
fog2,sid-1,and sma-9). Unmated fog-2:1630+68 pm (n = 25), unmated sid-I:
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worms. No difference was observed despite their different body sizes. fog-2:
15.4+1.9 a.u. (n=10), sid-1:15.6+3.1a.u. (n =10), sma-9:14.6+2.8 a.u. (n =10). Red
autofluorescence data are presented as maximum values + SD. nrepresents the
number of biologically independent animals. E) Quantification of intestinal
leakage of these unmated Day 4 wildtype fog-2, sid-1, and sma-9 hermaphrodites.
50 worms were scored for each genotype. F) Body size measurement of mated
and unmated sma-9(wk55) mutants. Day 6 unmated sma-9:1160+49 pm (n = 25),
mated sma-9:989+82 um (n =25), **p < 0.0001.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2 | piRNA pathway mutants are resistant to mating-
induced shrinking and lack transcriptional responses in the germline. A)
Representative pictures of the unmated and mated hermaphrodites related to
different small RNA pathways on Day 6/7 of adulthood. At least 20-30 worms

(n) were measured for each condition and genotype. See Fig. 3A (N2, dcr-1,
sid-1), Fig.3B (fog-2, prg-1, prde-1), Fig. 3E(meg-3;meg-4) for comparisons and
statistics. B) Heatmap of genes that are significantly up-regulated in mated fog-2

germline. The data are displayed as log2(normalized counts). Mating-induced
up-regulation in expression is completely abolished in piRNA pathway-deficient
prde-1germlines. C) Pie chart summary of mating-induced expressional changes
in normal functional fog-2 germline (left) and piRNA pathway deficient prde-1
germline (right). D) K-Means (k = 2) clustering separates the significantly up-
regulated genes in fog-2 mated germline to germline-specific transcriptional
response and generic transcriptional response to mating.

Nature Aging


http://www.nature.com/nataging

Article https://doi.org/10.1038/s43587-022-00329-2

A

) 0o a0 [ ) 150

wit-1 ATGGTCEMGAABECAT AAITGCAAC r. .GICGC.TA.GGCACGGCTGCATCAGCTTCATGTGGTIC. Ic'c Tccq T'C TTTGAAGTTCTTCCATCCGGACA AGTGC-GIGGA l ------ .c
[ —— crilrTclivTl------ Gl rrclAcAT- - TAG THANclAaccllcETIM- - - - TACHEETCGTG cacllccABAAAAAAT MG
w0 170 w0 190 w 210 220 230 240 250 %0 27 280 290 300

wrt-1 T.TTGGIG. I. GA ACTHGAG CA. I(IAITTTTA GGAg CT.CIG.ATG'TG.TTT CCoT g G GG AfcT GCA-TTCGTGTCCG.T’C‘I - CCAGITCA GCIAA
wrt-10 HCGIMCGT 4 GacTlar A8~ ¢ GRS C A T G ARG C Gl Gl6la ¢ clllT cIT T GG G AJGIA A Gl TG G 4 ~J8lA CIGAT G C ART G CIGATIC Alla T cliT G c - - A TTcTlcadg AGHT G

: o 0 L E I w0 o 0 ) 450

wrt-1 €T CGTGAATTCTCA'ICTTCCAGCTGCTCCAATCCAATGACTTG.IG .TCAAGG TAGTGATAA(GGAGACC‘IITCICTT-TGT ATT TGAII TCGATTIGCTCAAGAA. .GCGC(CA-CA
wrt-10 GGG " = = - 5 - - cllllG A cTTGCTBoGC- - = = Gl AT GECAARAACHA -l AACT GAT Gc

460 , 4I7D 4|BD , 490 520 , 5'30 , 540 SISD s SIBD . 5I7D , SKSD 600
wrt-1 GAGG ARRAT T CT GGG - - - - - - - - - - - - - - - GG(C GART T T GCT A G TG AAATRACTT CTGGGGAT GEGACAGTT GCTT ARGAA| ACT CAC A
wrt-10 G AGCTRCIACGAA] AGTTGCTGAAA}\GGATC TA G A AGG GG G ABRRACEACTT CGIERGEC cC CTGABICAAG- - ------- JAG- - - - - - GAGTECGT TGGEMGT Al T
SIlD 630 720 . TIBO s 740 7ISD
wrt-1 CCTTCCA}\AT AGA G GEAA G- - ----------- T TT GA AT GGA GA ITHAT C ATAAAGTTGG TG GCGGA TCRAACCANT CRCAT CIGAAGCCEATC) GT L
wrt-10 GTGC- - - - - - - A GAG) ARCEGG THTTGAT CCTAT CAC ACINT C ARG CICABCAC------ CT---GHGGA- - - CORAGRAGCAGRGEAABICRG AR -

7o 79 a0 80 820 830 870 880 900
wnl CT(CATCTACC.I AT G.TCAT TT 7@ C c.AA ccfﬁc'ccu\c ACC-AGC TTT TTCAA TAI - IAITT. .GTA AT - @76 ccc'mc ATTIT. . .clc AGT
........ A G CIT|A BTG A C ARTIEA A GIETIG ARMT IGT TI6AGAGCART GAT G GGA TTGAAGAG AAACC A AAGERACHA CTRECCCAGEACEAAA] CCA T CA ABcTcc

930 950 970 980 990 IDOO lDID 1020 1030 1040 1050

910
wrt-1 CCAG CTG.TA TG.A .A AGGTTATGACTCCAGCAGGAGAAAAGTCA&TGGCTGATTTGAGTGTTGGAGATATGGTTATGACTTATGAGTATGGAAAGATGACATACACAAGAGTTG(ATCATGGCTTCATAGACTCCCAGATA
wrt-10 - - - CIEACA]

1060 1070 1080 1090 1110 1120 1150 1160 1170 1180 1190 1200
wrt-1 CAAAAGCTGCCTTCAT CAAGCTCACTACTGAGCAAGGAGCT}\TTATCGATAT - .CAT TC'IACAAGGCTAACTGCGTTACAGAAGAAATGGAACTT GTGTATGCTGAGGATAT GACCATTGGGGATTGTCTGATGGTG}\A
S A G AR - - - - - - - - - oo oo oo

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320 1330 1340 1350

v n v ' i \ I \ i . I , v \ I . I s I .\ I s i . V n i " i ,
wrt-1 AGGAAAAT GAAAAACT CGT GAT GACAACTAT CAGT GAAAAAT CAACATTTTACGAGACT GGAGT GTACGCT CCAAT GACT GAAACTGGAGATTTAATTGTTGAT GACGTGTATGCTT CATGT CACAATGTTGT CAAGGCT AACACATTATC
L e P e

1360 1370 1]80 1390 1400 1410 1420 1430 1440 1450 1450 1470 1480 1490 lSDD
wrt-1 CACATTAT (T CATA(TTT C(T CAA(TT CGCCACTT C(GTT (AACAAAAGAT G(GAT CAGTT T GGAT (ATTAGAAGAAA(T GGGCAT CTT CCAG(CA(TT(T GAATT CTT T GAATAT CATT GAT GTT(TATT GC(A(ATAAGTA(TAG
wrt-10

B
) 10 20 30 ) 40 ) 5 7 80 % 100 m 2 130 1w
wrT-1  [VMNP LTAT FEAAL - - - - - GTAASASEGSSGIPFRFEQLPS PVLG.SPT FGAENGCRDLRHDSSFMACADCDDGFFKDGDLARVRVRDPDAPAQMAN PREFSSS.SNPMTWVCIFKASD.—DLS HY EGLR FAQE
WRT-10 MLLVSVISCLMISVLAKDAVTPRVGSQETKNQVVRKLTHMY EDEALEAEMBP VPBGEVG- - K- - - - -~ === - - - o e oo e e oo REID--DQTEERAETDV F SEMRWAPNGES | L [TMHA- KNK 1|
cveor [ IINIE Dl e el e 1 By 1 In I8 el pln Dl
997797898 EER 8748868°85°96975986°757 66474 F777484--5 7 7 788 67587678%99686 -7+57%8 BE6+-96576
160 17 200 210 20 30 20 250 260 270 280 290
WRT-1 . HPI S-LRDGR ----- QTGFIAISI IKITS DGTVAVE\IWIT. ILPNPG[ESNEI 10R--D I GEILDKVGE-[Janscifo----- THHI A.RLSPSTDVQSDSV SPTEAIPQIP.QFVQVGIQI\IP\I
WRT-10 §iGiT DM AGs F Ml E AEKDLY GDKGGAEYBIFvANART EQGEVRY - - - - - VR 1 €AKGE- - K- - PMDIBBIP I TTTSAPRY IKTTPAPRT TPTMEEEAEEAEQ LIEEDBIPNDNEAE - - - - - E--SHDEEEVMBEET EEEBEMTTT
66 47 7 798 7588 p— 8 7475--7--577 676 8 3878 *8 7 4 8 TTWb-<-b7%58%7 858844 %8%578
) 300 310 ) 320 330 340 350 360 370 380 390 400 410 420 430
WRT-1 TSAGYYY VASGV A( GNEKVMT P
WRT-10 PAPKPFN LRYR- ROBIT G IRR
Conservation
787559 464 -
360 370 380 390 400 410 420 430 440 450 460 470 480 490 500
WRT-1  TKAAFIKLTTEQGAI IDMTPQHF I YKANCVT EEMELYY AEDMT | GDCLMYKENEKLVMTT ISEKSTFY ET GVYAPMT ETGDL I VDDVYAS CHNVVKANT LSHT FLNFATSVQQKMRSVLGS LEETGHLPATSEFFLNIIDVLLPHKY
A 3 L
Conservation
c [Jsum [Jcos [Jzurr [l predicted piRNA target sites [Jsure [ cos [Jsure W predicted pirna target sites
1 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 €50 900 950 1000105011001 25013001 1 S0 100 1301 200 230 300 3%0 400] 450 SO0 S50 (600 630, 700 730 800 (830 900 S50! 1000 10501090

[ I T

[’ R /-
21rur-2484 .\21ur-32 21UF5295 21uF4658
pairing (top:ZK1290.12, bottom:piRNA) pairing (top:ZK1290.8, bottom:piRNA) pairing (top:ZK1290.8 , bottom:piRNA)

5' UUUUUUGUUACCUC|UAUUUU[U 3° 5' UUUUAAUAAGCUUU|UCAUUU[U 3*
3' AGAARACARAUGCG|AUAAGGIT 5' 3' GEUAUCGGUCGAAAIAGUAAAD 5*

5' CAUGAUUCUAGUUU|UAUGGCIA 3' 5' UAUUCUGGAGGAGA|AGUUCU[U 3"
3' CUACUAAGAUGCAA|AUACHG|U 5' 3' ACAAGAUUUCUACU|UCAAGA[E 5°'

[ non-Gu mismateh [] Gu mismatch [I] mismatch at the 1s position of iRNA | | seed region [ non-6u mismatch [[] Gu mismatch [[] mismatch at the 1st position of IRNA | | seed region

Extended Data Fig. 3| Sequence homology of wrt-1and wrt-10. A) Comparison of wrt-1 and wrt-10 cDNA sequences using Clustal Omega (https://www.ebi.ac.uk/
Tools/msa/clustalo/). B) Comparison of WRT-1and WRT-10 protein sequences using Clustal Omega. C) wrt-I- (left) and wrt-10- (right) targeting piRNAs: sequences and
predicted binding sites. Figures were modified from piRTarBase.

Nature Aging


http://www.nature.com/nataging
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/

https://doi.org/10.1038/s43587-022-00329-2

—— prde-1 mated

— fog-2 mated

Percent survival

1 I
0 5 10 15 20 25 30
Days of adulthood

—1 1 11
1800
1600 ‘ ‘
1400 .

§
1200 g %
1000 8 2
800
600
100 T Day 6 of adulthood
0 1 ) 1 1 1 1
QW
& & .@b\ é@& 6@& ,@&

Body length (um)

0(‘
Extended Data Fig. 4 | Inhibiting piRNA pathway and Hedgehog signaling
largely ameliorates mating-induced early death. A) Lifespans of mated and
unmated worms with defective piRNA pathway and control. fog-2 unmated ctrl:
18.2+0.6 days, n = 85, fog-2 mated ctrl: 12.0+0.3 days, n = 83, p < 0.001; prde-1
unmated ctrl: 16.1+0.5 days, n = 89, prde-1 mated ctrl: 12.8+0.5 days,n =77,
p <0.00L1. Significance was determined by Log-rank (Mantel-Cox) test. B)
Expression levels of wrt-1and wrt-10 genes in the germline of unmated fog-2and
prde-1worms (three biological replicates in total, each replicate contains a pool
of 200 dissected germlines). Read counts were normalized to housekeeping
generps-4ineach sample. Expression data are presented as mean values +
SD. Expression level of wrt-1in unmated fog-2 germline: 44+76 rpm (reads per
million reads), unmated prde-1 germline: 84+96 rpm. Expression level of wrt-10
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inunmated fog-2 germline: 1324114 rpm, unmated prde-I germline: 189+137 rpm.
C) Mating-induced shrinking is not affected by large amounts of extracted total
RNA from unmated or mated worms. 2ug of total RNA of each type with RNase
inhibitor was seeded on plate for the assay, Worms were transferred every two
daysonto freshly seeded plates with total RNA supplementation. Body size
measurements: unmated control: 1524+66 um (n = 19), mated control: 1242+119
pm (n=21), **p < 0.001; unmated with total RNA extracted from unmated whole
worms: 1513+63 pm (n = 20), mated with total RNA extracted from unmated
whole worms: 1202+107 pm (n = 20), **p < 0.001; unmated with total RNA
extracted from mated whole worms: 1496+64 pm (n = 20), mated with total RNA
extracted from mated whole worms: 1170+115 pm (n = 20), **p < 0.001.
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Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X’ The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

|X’ For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O O XKOOOS

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection.

Data analysis n/a

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All RNA sequencing datasets are deposited at NCBI BioProject BioProject ID PRINA892981. We have made the request to make the datasets publicly available.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were chosen according to professional standards of the field for individual assays. For RNA-sequencing, three biological
replicates were performed for each condition/genotype (Amrit and Ghazi 2017). About 200 distal germlines were collected in each replicate
(Robert et al., 2020). In lifespan assays, each group contains 50-100 worms, at least two biological replicates were performed for each
condition/genotype (Shaw et al., 2007). To compare body size changes, 30-50 worms per genotype/condition were measured (Shi and
Murphy, 2014). Detailed information regarding sample sizes of lifespan assays and body size measurements can be found in figure legends.

Data exclusions  Data were not excluded from analysis.

Replication Reported results were consistently replicated across multiple experiments. Most experiments (body size measurements and lifespan assays)
were repeated twice if mating causes significant shrinking and early death. In the case of treatments which brought protection against
mating-induced shrinking or early death, at least three replicates were performed to confirm the effect.

Randomization  No randomization was necessary for this study because mated and unmated worms of specific genotype/treatment were always compared
with each other.

Blinding During initial RNAi screen of candidates, the names of the targeting gene were blinded. The investigators were not blinded in follow-up
lifespan assays, since only two-three groups of worms were tested each time. However, for these follow-up lifespan assays, the number of
worms for each group was increased from around 50 (in blinded lifespan assays) to over 100. When quantifiying the P granule intensities of
mated and unmated worms, images were scored blindly.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C. elegans lab strains were used in this study. Detailed information (strain name, genotype, and sources) regarding each strain can be
found in Material and Methods section. All the body size and lifespan experiments were performed using hermaphrodites. Young
males (Day 1 - Day 2 of adulthood) were used only for mating. Hermaphrodites were mated on Day 1 of adulthood for 2 days and
were separated from males on Day 3 and monitored throughout their lifespan.

Wild animals This study did not involve wild animals.
Field-collected samples  No field collected samples were used in the study.

Ethics oversight This study did not require an ethical approval.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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