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Pheromones exchanged by conspecifics are a major class of chemical signals that can
alter behavior, physiology, and development. In particular, males and females commu-
nicate with potential mating partners via sex pheromones to promote reproductive suc-
cess. Physiological and developmental mechanisms by which pheromones facilitate
progeny production remain largely enigmatic. Here, we describe how a Caenorbabditis
elegans male pheromone, ascr#10, improves the oogenic germline. Before most signs of
aging become evident, C. elegans hermaphrodites start producing lower-quality gametes
characterized by abnormal morphology, increased rates of chromosomal nondisjunc-
tion, and higher penetrance of deleterious alleles. We show that exposure to the male
pheromone substantially ameliorates these defects and reduces embryonic lethality.
ascr#10 stimulates proliferation of germline precursor cells in adult hermaphrodites.
Coupled to the greater precursor supply is increased physiological germline cell death,
which is required to improve oocyte quality in older mothers. The hermaphrodite
germline is sensitive to the pheromone only during a time window, comparable in dura-
tion to a larval stage, in early adulthood. During this period, prereproductive adults
assess the suitability of the environment for reproduction. Our results identify develop-
mental events that occur in the oogenic germline in response to a male pheromone.
They also suggest that the opposite effects of the pheromone on gamete quality and
maternal longevity arise from competition over resource allocation between soma and

the germline.
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In many species, fecundity declines, particularly in females, before other signs of organ-
ismal aging become prominent. For example, in a nematode Caenorbabditis elegans,
reproductive senescence is separable from somatic aging and occurs earlier than the
overt onset of organismal decline and death (1-4). As in other species (5, 6), oocyte
quality is compromised in older individuals (7, 8). Soma plays an important role in
regulating germline aging (2, 8), likely balancing it with organismal aging and coordi-
nating reproductive output with environmental conditions (9, 10).

The relative simplicity of the C. elegans reproductive system makes it a tractable
model to study the effects of aging. In hermaphrodites, the germline is tightly packed
in a gonad that consists of two arms that converge on a shared uterus. The distal (from
the uterus) to proximal axis reflects the sequential order of differentiation from mitotic
germline precursors to mature gametes (11). Hermaphrodites produce a cache of ~300
sperm before irreversibly switching to oogenesis (12). In this respect, sexually mature
adult hermaphrodites are similar to females of many animal species that can store
sperm following mating (13). In the absence of males, C. elegans hermaphrodites repro-
duce by selfing during the first ~5 d of adulthood but could remain fertile for an addi-
tional ~5 d if mated (3). Aging hermaphrodites start producing overtly defective
oocytes (7, 8, 14) and deplete stores of germline precursor cells (GPCs) in the distal
gonad (4, 8, 9), a population that contains germline stem cells and other mitotic cells,
as well as cells that are just entering meiosis (12, 15). Mated—and, thus, sperm-
replete—hermaphrodites older than ~12 d of age do not appear capable of reproduc-
tion (3), even though they retain GPCs (9), indicating that oocyte quality loss may
predate complete exhaustion of oocyte precursors.

In multiple species, male pheromones can affect reproduction-related traits in females
(16). This is the case for the prominent male-biased pheromone in C. elegans, ascr#10
(17). In addition to altering aspects of behavior (18, 19), this small-molecule signal indu-
ces changes in the reproductive system: it improves the ability of hermaphrodites to facil-
itate sperm guidance (20) and increases the number of GPCs in the distal gonad (21,
22). The effect of physiologically relevant concentrations (22) of ascr#10 on the distal
germline in hermaphrodites (Fig. 1 A and B) appears to counteract the effects of aging,
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Fig. 1. ascr#10 increases proliferation of germline precursors. (A and B) Representative images of DAPI-stained progenitor zones in day 5 N2 hermaphro-
dites aged on (A) control or (B) ascr#10 plates. (Scale bars, 10 um.) Proximal are to the left, and distal are to the right. Dashed vertical lines delimit proximal
boundaries of progenitor zones, as defined by Crittenden et al. (70). Notice the higher number of mitotic figures (arrowhead) in B. (C and D) Experimental
scheme and results are shown for (C) number of GPCs in N2 hermaphrodites reared on or off ascr#10 from egg lay to indicated stage (in hours after hatch-
ing) and (D) number of GPCs in N2 hermaphrodites reared on or off ascr#10 from 48 h following release from L1 arrest to indicated stage. In C and D, each
dot is the number of GPCs in one individual; horizontal bars represent means. () Schematic representation of one arm of hermaphrodite gonad showing
the GPC population and mitotically dividing cells (magenta). (F) Representative DAPI-stained progenitor zones from hermaphrodites aged on or off ascr#10.
pH3-positive cells are shown in magenta. (Scale bars, 10 um.) (G and H) Mitotic events in gonads of (G) larvae and young adults exposed to ascr#10
since early embryogenesis and (H) adult hermaphrodites exposed to ascr#10 since early adulthood. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant.
See Table S1 for primary data and details of statistical analyses.

in that germlines of older hermaphrodites exposed to male pher- hermaphrodite germline that are altered in response to the male

omone resemble the germlines of their younger, untreated coun-  pheromone and to test whether this social signal improves germ-
terparts. We sought to identify developmental processes in the  line quality in aging individuals.
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Results

Male Pheromone Increases Germline Proliferation in the
Adults. A hallmark of germline aging in C. elegans hermaphro-
dites is the decline of the population of GPCs (4, 8, 9). Expo-
sure to ascr#10 results in an increase in the numbers of GPCs
(21) (Fig. 1 A and B). Because the number of GPCs is
the most development-proximal and highly reproducible (22)
manifestation of the effects of the male pheromone on the her-
maphrodite germline, we used this phenotype as an entry point
to study the underlying mechanisms.

During larval development and the first few hours of adult-
hood, the number of cells in the progenitor zone increases to a
maximum of ~120 to 130 per gonad arm, while subsequently
this population is gradually spent down as animals age (23).
Therefore, the observation of more GPCs in animals exposed
to ascr#10 may be due to increased acquisition of precursors
during larval development or to a slower decline of this cell
population in adults. To distinguish between these two possi-
bilities, we varied the time during which hermaphrodites were
exposed to ascr#10. Developing in the presence of the phero-
mone from embryogenesis to young adulthood did not alter
the number of GPCs (Fig. 1C), regardless of the age at which
this number was assessed (S Appendix, Fig. S1). In contrast,
exposure that started soon (~3 h) after the molt separating the
last larval stage and adulthood consistently resulted in higher
GPC numbers (Fig. 1D). Therefore, ascr#10 exerts its effects
on the germline during adulthood.

In adult hermaphrodites, cells in the progenitor zone con-
tinue to divide, albeit at a lower rate than in larvae (24). An
increase of GPC proliferation rate in adults in the presence of
ascr#10 could result in a greater number of germline precur-
sors. Consistent with this hypothesis, we noticed an increased
number of mitotic figures in animals aged in the presence of
the pheromone (Fig. 1B). To obtain additional evidence of
increased proliferation, we examined the distal portion of the
gonad (Fig. 1£), the progenitor zone (12, 15), using antibodies
against phospho-histone H3 (pH3) that mark nuclei in
M-phase (25). We found that adult hermaphrodites exposed to
ascr#10 had consistently more pH3-positive cells in the progen-
itor zone compared to untreated controls (Fig. 1F). Exposure
to ascr#10 during larval stages did not increase germline prolif-
eration (Fig. 1G), consistent with the results shown in Fig. 1C.
Proliferative activity in young (48 h), prereproductive adults
was lower than in larvae, as previously reported (24), and it was
not increased on ascr#10. Only in 60-h-old egg-laying adults
was there an indication (not significant) of increased GPC pro-
liferation in the presence of the male pheromone (Fig. 1G).
These findings are consistent with the idea that the germline
response to ascr#10 requires egg laying (18), which starts
~8 h after the L4-to-adult transition (see below). Importantly,
we found that exposing adult hermaphrodites to ascr#10 signif-
icantly increased the number of proliferating germline cells
(Fig. 1H), mirroring results shown in Fig. 1D.

Male Pheromone Increases Physiological Cell Death in the
Germline. We reasoned that the increased number of mitotic
nuclei in the germlines of ascr#10-exposed worms may lead to
higher incidence of germline cell deaths because in C. elegans
hermaphrodites, physiological apoptosis is a common fate that
consumes over 50% (26, 27) and likely ~85% (15, 28) of cells
that enter meiosis. In the C. elegans germline, apoptosis affects
cells in late pachytene that are located in the vicinity of the
gonad bend (26) (Fig. 2A). We observed a significantly
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increased number of dying cells, particularly on day 2 of adult-
hood and thereafter, likely because excess GPCs require some
time to arrive into the region of the gonad where cell deaths
take place (Fig. 2 Band Cand SI Appendix, Fig. S2A). Loss of
caspase CED-3, a core component of the cell death machinery
(29), prevented the ascr#10-dependent increase in cell deaths
(Fig. 2D). Conducting this experiment in the background of a
ced-1 mutation that precludes corpse engulfment allowed for
easier visualization of dying cells (26) but did not interfere with
ascr#10 effects on cell death (87 Appendix, Fig. S2B).

In C. elegans, physiological germline cell death is indepen-
dent of the activity of a BH3-only protein EGL-1 (26). We
found that ascr#10-induced increase in cell death was egl-1
independent and also unaltered in animals carrying mutations
in cep-1 (a p53/p63 homolog) or pch-2 genes (Fig. 2E) that are
required for apoptosis due to DNA damage (30, 31) and unsy-
napsed chromosomes (32), respectively.

Loss-of-function mutations in the core components of the apo-
ptotic machinery, ced-3 and ced-4 (Apaf-1), did not affect the
increase of proliferating GPCs seen in the presence of ascr#10
(Fig. 2F and SI Appendix, Fig. S2C). In contrast, blocking germ-
line proliferation (S/ Appendix, Fig. S2D) in adult hermaphrodites
by RNA interference (RNAi) knockdown of 7/ (initation factor
5A; ref. 33) precluded the ascr#10-induced increase in cell death
(Fig. 2G). We concluded that exposure to the male pheromone
increased the number of mitotic GPCs, thereby increasing the

supply of cells that could undergo physiological cell death.

Male Pheromone Improves the Quality of the Oogenic
Germline. Next, we investigated the consequences of continu-
ous exposure to ascr#10 during adulthood on the quality of the
hermaphrodite germline. Beyond ~day 5 of adulthood, both
selfing and mated (i.e., sperm-replete) hermaphrodites show
evidence of aging-related oogenesis defects (1, 4, 8). We
noticed that embryonic lethality in the self-offspring of older
mothers was lower in the presence of ascr#10 (S/ Appendix, Fig.
S3A4), yet we sought more direct evidence that this was due to
improvements in the oogenic germline. Mating self-sperm-
depleted (day 5 of adulthood) hermaphrodites to young adult
males is an efficient test of oocyte quality. We found that
whereas aging substantially compromised the ability of oocytes
to sustain normal development, exposure to ascr#10 during
oogenesis relieved underlying defects (Fig. 34).

A hallmark of germline aging is an increased incidence of
gametes with chromosomal aberrations (34). In selfing C. elegans
hermaphrodites with the XX karyotype, one manifestation of this
phenomenon is a higher frequency of rare, spontaneously arising
male (XO) offspring (8, 35) that result from nondisjunction (36).
We therefore compared the frequency of male offspring in the
self-broods of hermaphrodites (day 5 of adulthood) on versus off
ascr#10. Exposure to ascr#10 significantly reduced the occurrence
of male progeny produced by older mothers (Fig. 3B).

It is possible that the observed increase in the incidence of
male offspring in self-broods is not due exclusively to nondisjunc-
tion during oogenesis, but to a combination of factors including
sperm defects. All sperm are produced during the 14 larval stage
(12)—that is, before the onset of ascr#10 treatment (see Materials
and Methods)—yet we sought independent evidence implicating
oocyte defects in increased production of male offspring by aging
mothers. We took advantage of the #4-2(¢2706) allele that mascu-
linizes XX individuals into sperm-producing males (37). We
mated young day 1 #2-2 (XX) males with aged (day 5 of adult-
hood) wild-type N2 (XX) hermaphrodites that exhausted their

self-sperm supply; this cross is expected to generate almost
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Fig. 2.

ascr#10 increases physiological cell death in the germline. (A) Schematic representation of one arm of hermaphrodite gonad showing approximate

location of dying cells (green). (B) Representative SYTO12-stained gonads from hermaphrodites aged on or off ascr#10. (Scale bars, 10 gm.) (C) Numbers of
dying cells, identified using two different methods, in gonads of adult hermaphrodites exposed to ascr#10 since early adulthood. (D) Increased germline cell
death on ascr#10 requires CED-3. (E) ascr#10 increases incidence of cell death in mutants defective in several types of germline apoptosis. (F) Mutations
that block cell death do not prevent increased GPC proliferation in the presence of ascr#10. (G) Blocking GPC proliferation prevents increased cell death on
ascr#10. D through F show results from hermaphrodites on day 3 of adulthood, and G shows day 2 of adulthood. *P < 0.05; **P < 0.01; ***P < 0.001; n.s.,

not significant. See Table S1 for primary data and details of statistical analyses.

exclusively hermaphrodite (XX) offspring except for rare XO
males that are due to nondisjunction. We found that when her-
maphrodites in this cross were aged in the presence of ascr#10,
the rate of male offspring was approximately twofold lower (Fig.
30), and embryonic lethality was likewise decreased (SI Appendix;
Fig. S3B), further supporting the idea that this male pheromone
could improve oocyte quality.

Given the somewhat low frequency of nondisjunction events
even in older wild-type N2 C. elegans hermaphrodites, overall
incidence of males was low. To overcome this limitation, we

4 0of 12 https://doi.org/10.1073/pnas.2015576119

mated him-5(¢1490) hermaphrodites (day 5 of adulthood), a
strain characterized by high frequency of nondisjunction (36), to
young #ra-2(¢g276) males. Although the frequency of male off-
spring in this cross was ~150 times higher than when wild-type
N2 mothers were used (compare to Fig. 3C), mothers exposed
to ascr#10 showed a lower rate of nondisjunction (Fig. 3D).

Morphological defects can be seen in the germlines of older
hermaphrodites. We found that occurrence of small oocytes (7, 8)
and cavities between proximal oocytes (8) were significantly lower
on ascr#10 (Fig. 3 E'and F).
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Fig. 3.

ascr#10 improves quality of oogenic germline. (A-C) Experimental scheme and results are shown for (A) embryonic lethality in progeny from day 5

adult N2 hermaphrodites aged on or off ascr#10 and mated to young N2 males; (B) percentage of males in self-progeny from day 5 adult N2 hermaphro-
dites aged on or off ascr#10; and (C) percentage of males in progeny from day 5 adult N2 hermaphrodites aged on or off ascr#10 and mated to young tra-
2(g276) males. The tra-2(q276) males produce XX sperm. In A-C, dots represent means of experimental replicates, each paired with its control. (D) Percentage
of males in progeny from day 5 adult him-5(e1490) hermaphrodites aged on or off ascr#10 mated to young tra-2(q276) males. (E and F) Day 7 adult N2 her-
maphrodites aged on or off ascr#10 and examined for (E) abnormally sized oocytes and (F) gaps between oocytes are shown. (Scale bars, 10 ym.) (G)
Mutants defective in cell death execution do not show reduced embryonic lethality (offspring of mated day 5 adults are shown) in the presence of ascr#10.
In A through D and G, numbers inside bars represent totals of scored embryos. *P < 0.05; ***P < 0.001; n.s., not significant. See Table S1 for primary data

and details of statistical analyses.

Physiological germline apoptosis plays a role in maintaining
oocyte quality in aging C. elegans (7). Because exposure to
ascr#10 increased cell death (Fig. 2), we tested whether the
ability to execute the cell death program was required for the
beneficial effects of this pheromone. We found that ascr#10
did not decrease lethality in the offspring of aged hermaphro-
dites carrying loss-of-function mutations in ced-3 or ced-4 genes
that block cell death (29) (Fig. 3G). Mutations in ced-3 and
ced-4 increase lethality in the offspring (compare Fig. 3 G to A)
and have other organismal effects (38). Still, we interpret the
results in Figs. 2 and 3 as an indication that improvement of
oocyte quality on ascr#10 involves core components of the apo-
ptosis signaling pathway.

Offspring of Older Mothers Show Increased Penetrance of
Lethal Alleles, while the Male Pheromone Suppresses This
Effect. We reasoned that lower gamete quality in older mothers
may exacerbate developmental defects. To test this idea, we
selected mutant alleles of four genes that cause weakly pene-
trant embryonic lethality. We collected samples of early, mid-
dle, and late broods (produced on day 1, day 3, and days 4 and
5 of adulthood, respectively) from singled hermaphrodites and
evaluated fractions of embryos that failed to hatch. In all four

PNAS 2022 Vol. 119 No.21 2015576119

genetic backgrounds, late broods (approximately last 5% of
total progeny production) displayed considerably higher levels
of embryonic lethality (Fig. 44). For comparison, embryonic
lethality among comparably late progeny of wild-type N2
mothers is ~4.8% (SI Appendix, Fig. S3A). Late progeny of the
mutant strains displayed higher embryonic lethality than seen
in late N2 broods, even when the somewhat-elevated lethality
among early offspring was considered. We inferred that an age-
related decline in gamete quality, combined with the defects
caused by the mutant alleles, resulted in a notable decline in
successful embryonic development in the progeny of older
mothers. In all four genetic backgrounds, late broods (days 4
and 5) of hermaphrodites that were maintained in the presence
of ascr#10 showed significantly lower offspring lethality (Fig.
4B). Combining these results with the data presented in the
previous section, we concluded that by multiple criteria,
ascr#10 improves the quality of the hermaphrodite germline,
and certainly of oocytes, in the way that counteracts the effects
of reproductive aging.

A Narrow Window of Sensitivity of the Hermaphrodite
Germline to the Male Pheromone. Because at least some devel-
opmental processes are sensitive to pheromones only during
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Fig. 4.

ascr#10 reduces penetrance of lethal alleles. (A) Fractions of unhatched embryos measured during “early” (day 1), “middle” (day 3), and “late” (days 4

and 5) progeny in rol-3(e754), egl-18(0k290), him-5(e1490), and skn-1(zj15). (B) Fractions of unhatched embryos in the progeny of day 4 and 5 hermaphrodites
aged on or off ascr#10. Each dot represents the fraction of unhatched embryos from one hermaphrodite. Red bars denote means. **P < 0.01; ***pP <

0.001. See Table S1 for primary data and details of statistical analyses.

precisely defined periods (39), we investigated the time depen-
dence of germline response to ascr#10. First, we found that for
maximal response, exposure needs to be continuous throughout
adulthood (Fig. 5A4).

Second, we showed previously that several hermaphrodite
responses to ascr#10, including the increase in the number of
GPCs, require ongoing egg laying (18). This requirement of
reproduction for pheromone response sharply distinguishes
between late larvae and prereproductive adults, on the one
hand, and actively reproducing adults. One possible mechanism
to account for this difference is that the pheromone receptor or
other components required for the response are expressed only
in older individuals. The identity of the ascr#10 receptor is not
currently known, and much remains to be learned about other
genes involved in reception and signal transduction (22). We
therefore compared transcriptional response to physiological
amounts of ascr#10 between young adults that were
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immediately prereproductive and those that just initiated egg
laying. We found that 1,667 genes were differendially expressed
in prereproductive worms exposed to ascr#10. We also found
3,627 genes that changed expression in the young adults that
started to lay eggs. The two conditions shared a highly sig-
nificant (P < 10~ *, hypergeometric test) overlap of 741 genes
(Fig. 5B). When we compared fold-changes across the union of
4,553 genes, regardless of significance, we observed that the
majority of genes were measured to change in the same direc-
tion across both conditions, suggesting that the reason for the
relatively small overlap between both groups is likely due to
insufficient statistical power with which to call significance. We
will report a detailed analysis of the genome-wide response to
ascr#10 elsewhere. Here, we concluded that the lack of behav-
ioral (18) and germline (Fig. 1) responses to this male phero-
mone in prereproductive adults is not because these worms do
not express the receptor or other components essential for
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Fig. 5.

ascr#10 increases the number of germline precursors in aging adults. (A) Increase (relative to paired controls) in the number of GPCs following

exposure to ascr#10 from 48 h until different time points. In all experiments, GPCs were counted in day 5 mothers. Temporal extent of exposure is repre-
sented by the schematics above. The greatest effect, at 144 h, shows an increase in GPCs equivalent to Fig. 1D. (B) A heatmap representing differentially
expressed genes (on vs. off ascr#10) in 50- and 58-h-old adults. (C) Increase (relative to paired controls) in the number of GPCs following exposure to
ascr#10 from different starting points until day 5. The temporal extent of exposure is represented in the schematics above. The greatest effects (exposure
starting at 0 or 48 h) show an increase in GPCs equivalent to Fig. 1D. Organization of A and C is inspired by Schaedel et al. (39). (D) Fractions of worms that
attained four developmental milestones: molting from the L4 larval stage to adult, producing the first oocyte in the gonad, ovulating the first embryo, and
laying the first egg. (E) Comparison of the number of GPCs on versus off ascr#10 in N2 and trag-3(e2333) hermaphrodites with pheromone exposure starting
at 56 h postrelease from the L1 arrest. *P < 0.05; n.s., not significant. See Table S1 for primary data and details of statistical analyses.

transduction of the signal. Rather, the absence of the response
is likely due to the lack of a signal that reproduction has com-
menced, which must exert a potent modulatory effect.

Third, not only does the ascrt#10 response in the germline
require the onset of egg laying (even if exposure began during
an early larval stage), but the exposure to the pheromone also
must commence by no later than ~56 h post-release from the

PNAS 2022 Vol.119 No.21 2015576119

L1 arrest (Fig. 5C), which is ~8 to 10 h after the L4-to-adult
transition. This time closely corresponds to the onset of egg lay-
ing (Fig. 5D), demonstrating that the germline response to
ascr#10 requires exposure before egg laying commences,
whereas the response itself is conditioned on active egg laying
(18). To test whether the apparent inability of the germlines of
N2 hermaphrodites to respond to ascr#10 when exposure
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started at 56 h was due to their age or functional state, we eval-
uated the ability of comparably old #4-3(¢2333) hermaphro-
dites to respond to ascr#10. The #ra-3(¢2333) hermaphrodites
delay the switch from spermatogenesis to oogenesis by several
hours (40); therefore, whereas most ~56-h-old N2 hermaphro-
dites have already initiated egg laying, almost none of the #a-
3(e2333) hermaphrodites have. We found that unlike their N2
counterparts, the #a-3(e2333) hermaphrodites increased the
number of GPCs on ascr#10 when exposure starts at 56 h (Fig.
5E). These data further support the notion that it is not age,
per se, but instead whether egg laying has commenced that
determines the age at which the germline is no longer respon-
sive to ascr#10.

Different Sensitivity of the Reproductive System to Brief
Food Deprivation Just before and Just after the Onset of
Reproduction. We hypothesized that the short period between
the beginning of adulthood and the onset of reproduction repre-
sents not only a window of pheromone sensitivity, but also, more
generally, a critical time during which prereproductive adult her-
maphrodites conduct the final assessment of the environment’s
suitability for reproduction. To explore this idea, we briefly (4 h)
deprived hermaphrodites of food either just before or just after
the onset of egg laying. Imposing this stress immediately before
the onset of reproduction substantially reduced progeny produc-
tion in the following 24 h, whereas starvation after the onset of
reproduction had no discernable effect (Fig. 6A4). In contrast,
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whereas brief food deprivation during the sensitive period
appeared to have modest effect on progeny quality, starvation
early during reproduction was associated with substantially
increased embryonic lethality (Fig. 6B). We interpret these results
to mean that prior to irreversible commitment to reproduction,
mothers experiencing adverse environmental conditions can lower
their reproductive output to preserve offspring quality. After the
onset of reproduction, the ability to adjust reproductive physiol-
ogy in response to the environment is reduced, and adverse con-
ditions result in poorer offspring quality.

Discussion

Results reported here support five main conclusions. First, pre-
viously we showed that the germlines of adult C. elegans her-
maphrodites appeared more youthful in the presence of male
sex pheromone ascr#10 (20, 21). Here, we demonstrate that by
several measures—the ability to sustain development, rates of non-
disjunction, and morphology—exposure to ascr#10 improved the
quality of the oogenic germline, thus ameliorating the effects of
aging. The beneficial effects are particularly notable in older moth-
ers who have exhausted the cache of self-sperm; in the absence of
the male pheromone, these animals would show pronounced
reproductive defects. Higher concentrations of ascr#10 relative to
other pheromones signal the presence of males (22). Therefore,
our finding that ascr#10 improves oocyte maintenance supports
the idea that this pheromone communicates a higher demand for
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Fig. 6. Predictions and model. (A) Total number and (B) embryonic lethality of progeny produced in the first 24 h by young N2 hermaphrodite mothers that
were briefly deprived of food either just before (48 to 52 h) or just after (56 to 60 h) the onset of reproduction. In A and B, numbers inside bars represent
totals of scored embryos. (C) Model summarizing the role of serotonin signaling in regulating the flow of resources into somatic versus germline mainte-
nance. Graphical depiction of the model benefited from Maklakov and Friberg (85). ***P < 0.001; n.s., not significant. See Table S1 for primary data and

details of statistical analyses.
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quality oocytes in anticipation of mating to promote reproductive
success (19, 21). In other species, female reproductive physiology
is substandially altered by mating, at least in part due to compo-
nents of the seminal fluid (41) that can alter the germline (42) as
well as organ systems required to sustain the germline (43, 44).

Second, we argue that the major effect of ascr#10 on the
germline is to increase proliferation of GPCs. Action of the
pheromone appears to be restricted to the germlines of adult,
not larval, hermaphrodites, strengthening the case for the some-
what distinct mechanisms of germline maintenance during dif-
ferent life stages (45). The adult-specific effect appears sensible
because a plausible male strategy would be to manipulate gamete
quality in likely mating partners, not in sexually immature lar-
vae. In Drosophila melanogaster, ovaries develop more germline
precursors in response to male-produced signals (46), suggesting
that dynamic regulation of germline proliferation in response to
sex-specific signals may be a common phenomenon.

Third, the male pheromone causes increased incidence of
germline cell death that is due to a greater supply of cells that
could die. The dying cells bear the hallmarks of physiological
apoptosis, a process that eliminates the majority of oocyte pre-
cursors in C. elegans (26) and other animals (47-50). The
dependence of the pheromone-caused oocyte improvement on
the core apoptosis genes reflects the important role of physio-
logical germline apoptosis in maintaining oocyte quality in
aging C. elegans (7). Physiological germ cell death in vertebrates
and invertebrates (51) could remove defective oocytes or cells
that, instead of becoming mature gametes, provision developing
oocytes (52, 53). In C. elegans, there is evidence that cell death
does preferentially remove defective germline precursors (32,
54, 55), although selective culling of defective oocytes is unlikely
to account for all observed deaths (7). Therefore, the plausible
primary “purpose” of cell death in the germline may be to sal-
vage resources (e.g., nutrients, metabolites, organelles) from the
dying cells to improve oocyte quality. Our finding that exposure
of hermaphrodites to ascr#10 increases proliferation of mitotic
germline precursors is consistent with the idea that this phero-
mone promotes resource allocation to the germline.

Fourth, continuous exposure to ascr#10 causes germline
effects as long as it is initiated prior to the first egg being laid.
Because larval germlines do not appear to respond, the window
of pheromone responsiveness extends for ~8 to 10 h between
the L4-to-adult molt and the onset of reproduction. This
period is as long as a larval stage and is used by the adults to
“run a final check” of the environmental conditions prior to
initiating reproduction. Food availability and quality as well as
the presence of potential mates are just some of the factors that
animals must consider to optimally match their reproductive
strategy to the environment. Our results suggest that a study of
salient sensory inputs during very early (i.e., prereproductive)
adulthood has the potential to elucidate important components
of the brain—germline axis.

Finally, the apparent balancing of demands of reproduction
versus survival (56) may be due, at least in part, to a tradeoff
between somatic and reproductive maintenance (57-60). In C.
elegans, male pheromones in general (61-63), and ascr#10 in
particular (21, 63), shorten hermaphrodite lifespan. Germline
hyperactivity, such as extra cell deaths induced by the male
pheromone, are known to cause senescent pathologies (64) and
could, thus, directly reduce hermaphrodite longevity. An addi-
tional cause of shorter hermaphrodite lifespan in the presence of
male signals may be due to the differential regulation of the flow
of resources into somatic versus germline maintenance, depicted

by the “samovar hypothesis” (Fig. 6C). Male pheromones and
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other environmental inputs signifying conditions conducive to
reproduction would result in increased proliferation of GPCs,
thus causing preferential channeling of resources toward the
germline. The reduced resource allocation toward the soma may
manifest as a shortened lifespan seen in the presence of ascr#10
(21, 63) and may represent one possible cause of a detrimental
effect of mating on female physiology in C. elegans (65) that has
also been seen in other species (43).

Materials and Methods

Nematode Strain Maintenance. All strains (complete list in Table S2) were
obtained from the Caenorhabditis Genetics Center and were maintained at 20 °C
on OP50 under standard nematode growth conditions (66). Populations were syn-
chronized by alkaline hypochlorite treatment of gravid hermaphrodites. Isolated
eggs were allowed to hatch overnight in M9 buffer with rotation at 20 °C (67). The
arrested L1 larvae were pipetted onto lawn plates of OP50 the following morning
at a density of 30 to 60 larvae per plate. Based on our experience staging N2 her-
maphrodites, 48 h after release from larval arrest was designated as day 1 of adult-
hood (68). At this stage, worms are adults but have not yet begun to lay eggs.
Some strains were slightly delayed in their development compared to the N2 wild
type. Timing of experiments using these strains was adjusted to accommodate for
their developmental delay. On day 1 of adulthood, hermaphrodites were trans-
ferred in populations of 30 worms per plate to either control or treatment plates.
Adult hermaphrodites were moved to fresh plates every other day.

Conditioning Plates with Ascarosides. Concentrated ascr#10 was stored in
ethanol at —20 °C. This stock was diluted with water, and a total of 100 pL (for
60-mm plates) or 50 uL (for 35-mm plates) of ascaroside solution (containing
2.2 or 1.1 femtograms per plate, respectively) was applied to the plate and
spread evenly with a sterile bent glass rod. Plates were incubated at 20 °C over-
night to allow the ascaroside to be absorbed. Control plates were prepared in
the same manner using water as the control. The following day, the plates were
seeded with 20 pL of a 1:10 dilution of OP50 overnight culture and allowed to
grow at 20 °C before use.

Counting GPCs. Hermaphrodites were aged in small populations of 30 per
plate on either ascr#10 or control plates. At the indicated times, they were
stained with DAPI as described (21) using a variation of the protocol by Pepper
et al. (69). Briefly, following washes in M9 and fixation with 95% ethanol, ani-
mals were incubated with Vectashield mounting medium with DAPI (Vector Lab-
oratories, Burlingame, CA) and mounted on 2% agarose pads for visualization.
We counted the number of nuclei in the progenitor zone, as defined by Critten-
den etal. (70). The slides were imaged on a Leica DM5000B microscope using a
Retiga 2000R camera.

Immunohistochemistry. Worm dissection and antibody staining were modi-
fied from Crittenden et al. (71). Hermaphrodites were picked and their gonads
dissected in 200 ul phosphate-buffered saline (PBS)-0.1%Tween 20 with
0.25 mM levamisole in a large glass Petri dish. The dissected animals were incu-
bated with 3% paraformaldehyde in PBS-Tween in 1.5 mL microcentrifuge tubes
for 30 min at 20 °C with rocking. This was followed by washes, fixation in metha-
nol at —20°C for 30 min, washes, and blocking with 3% bovine serum albumin
in PBS-Tween for 30 min at 20 °C with rocking. The blocking agent was washed
off, and the worms were incubated overnight with the primary antibody (Abcam
rabbit polyclonal against Histone H3 phospho serine 10 diluted 1:100 in blocking
solution) at 4 °C with rocking. The following moming, the worms were washed 3x
with PBS-Tween at 20 °C with rocking for more than 10 min. After washing, the
worms were incubated with secondary antibody (Abcam goat anti-rabbit-Alexa
Fluor 555 diluted 1:1,000) for 2 h at 20 °C with rocking. The worms were washed
again 3x with PBS-Tween as above and suspended in 15 pl Vectashield with
DAPI (Vector Laboratories, Burlingame, CA). A glass micropipet was used to transfer
the worms in Vectashield to 2% agarose pads, where they were covered with a
glass coverslip. All experiments were processed with paired controls.

Staining for Cell Death. The response to ascr#10 as an increase in apoptotic
cells was determined in three ways. Animals were stained with SYTO12 (Invitro-
gen) using the protocol of Gumienney et al. (26). An altemative stain, acridine
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orange (Invitrogen) was also used to monitor cell deaths as described by Lant
and Derry (72). Both protocols require the hermaphrodites to take up the dye
and, later, to consume unstained bacteria to clear the stain from the intestine.
Since the worms are alive during the staining protocol, staining began in the
morning and finished in the afternoon of the day specified. In addition, the
increase of apoptotic cells when exposed to ascr#10 was observed in a strain car-
rying the CED-1::GFP transgene. This strain cannot be used for quantifying the
number of apoptotic corpses, however, because it has been noted that not all
cells surrounded by CED-1::GFP go on to form apoptotic corpses (73). All experi-
ments were processed with paired controls.

RNAi Knockdown of iff-1. Adult (48 h post-release from L1 arrest) N2 wild-
type hermaphrodites were fed HT115 E. coli containing an empty vector
(L4440) or expressing iff-1 double-stranded RNAi (obtained from the
Ahringer RNAi Library and verified by sequencing). On day 2, animals were
stained with SYTO12 to assess the number of apoptotic cells in the germ-
line. A second batch of animals from the same experiment were stained
with anti-pH3 antibody to demonstrate that knockdown of iff-7 reduced pro-
liferation in the germline.

Embryonic Lethality Measurements. N2 hermaphrodites were aged in syn-
chronized populations of ~30 to day 5 of adulthood (when most of the worms
were depleted of self-sperm), singled, and allowed to mate with three young
adult N2 males for 1 h. After mating, the hermaphrodites were singled to fresh
plates. Hatched progeny and unhatched fertilized eggs were scored for 3 d after
the mating.

Unlike N2 wild type, the mutants in Fig. 4 had high-enough levels of embry-
onic lethality to be detected without mating to extend the reproductive span. At
48 h after release from L1 arrest, synchronized hermaphrodites were singled to
seeded plates and subsequently transferred to fresh seeded plates every 12 h.
Hatched larvae and dead embryos were counted on each plate and designated
as "early" [48 to 84 h; 48 to 96 h for skn-1(zj15)], "middle” (102 to 120 h), or
"late” (120 to 168 h).

To assess the effect of ascr#10 on embryonic lethality, hermaphrodites were
aged in small populations on ascr#10 or control plates. At 120 h post-release
from L1 arrest, 35 worms from each population were singled to seeded ascr#10
or control plates. Hatched larvae and dead embryos were counted until the end
of self-reproduction. Experiments to determine embryonic lethality in ced-
3(n717) and ced-4(n71162) in Fig. 3G used day 5 hermaphrodites that were
mated to young N2 males as described above.

Male Frequency Experiments. Hermaphrodites were maintained in popula-
tions of 30 per plate (both control and treatment) and were transferred every
other day to fresh plates. On day 4 of adulthood, the hermaphrodites were sin-
gled to fresh plates, and the fraction of male offspring generated during the last
2 d of self-progeny production (days 5 and 6 of adulthood) was noted. Data
from these experiments were also used to assess the percentage of embryonic
lethality in the progeny of selfing hermaphrodites. The strain JK987 tra-2(q276)/
mnCT[dpy-10(e128) unc-52(e444)] segregates phenotypic males with the XX kar-
yotype (74). Synchronized day 5 N2 wild-type or him-5(e 1490) hermaphrodites
were mated with one young adult JK987 male for 2 h and singled to fresh
plates. Progeny production was monitored for 4 d after the mating, and the frac-
tion of male progeny was scored.

Germline Morphology in Aged Hermaphrodites. On day 7 of adulthood,
hermaphrodites were assessed for defects in the proximal gonad. To assess
oocyte morphology, we used two phenotypes-abnormally small oocytes in the
proximal gonad and the presence of atypical cavities between oocytes in the
proximal gonad-as described by Luo et al. (8). In young adult hermaphrodites,
the cellular volume of the oocytes in the proximal gonad increases prior to
oocyte maturation so that the most proximal oocytes fill the gonadal lumen.
Smaller oocytes have been correlated with decreased oocyte quality (7). Also
prior to maturation, the oocyte shape changes from cylindrical to ovoid (11). This
shape change causes a small gap between the most proximal oocyte in the
gonad and the next oocyte. The presence of cavities between more distal oocytes
is abnormal. The presence of small oocytes or cavities in one arm of the gonad
was scored as a "mild" defect, and the presence in both arms of the gonad was
counted as "severe."
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RNA Sequencing. Synchronized populations of L1s were obtained by hypochlo-
rite treatment as above and pipetted onto control or ascr#10 plates that had
been seeded with 20 uL drops of OP50 the previous day. Care was taken to
keep the density between 30 and 50 L1s per plate. In total, 16 plates (8 control
and 8 ascr#10 plates) were prepared in this manner for the “50 h" sample, and
12 plates (6 control and 6 ascr#10 plates) were prepared for the “58 h" sample.
Worms were allowed to develop on these plates at 20 °C until the allotted times.
Just prior to harvesting the worms, we closely examined each plate for develop-
mentally delayed or abnormal worms, which were removed. Plates that con-
tained males were excluded. At 50 h and 58 h after the worms were dispensed
on the plates, they were collected, washed four times with PBS, and snap-frozen
in liquid nitrogen. Total RNA was extracted with Qiagen RNeasy Mini Kit (Cat.
No. 74104) and on-column DNase digestion done with Qiagen RNase-Free
DNase (Cat. No. 79254) according to the manufacturer's protocols. Three inde-
pendent samples were prepared and analyzed for each condition each time the
experiment was performed. In total, 1 xg total RNA was used in library prepara-
tion with NEBNext UltraTM 11 Directional RNA Library Prep with Sample Purifica-
tion Beads Kit for lllumina (NEB#E7765). Libraries were sequenced on a HiSEq
4000, 50-bp single-read system at the Northwestern University Sequencing Core
facility (NUSeq). Due to technical issues that resulted in lower than desired read
depth, the 58-h timepoint was collected a second time.

We used a publicly available Nextflow (75) pipeline (https://github.com/
nf-core/rnaseq) to carry out quality control (FASTQC; ref. 76), alignment, and
quantification (Salmon; ref. 77) of our RNA sequencing reads. The pipeline
used MultiQC to assemble the final HTML report (78). We used R 4.1.0 and
DESeq2 version 1.32.0 (79) to perform pairwise differential expression analy-
ses of each timepoint comparing control animals to animals exposed to
ascr#10. We called a gene differentially expressed if its false discovery rate
(g value) was less than or equal to 0.05. Since we had six replicates across
two batches of the 58-h timepoint, we pooled the 58-h replicates together
including a batch correction term in the general linear model to maximize
statistical power. We report only those differentially expressed genes that
were measured across the 50-h and 58-h timepoints. The DESeq? results are
shown in Table S3. We generated the heatmap using Python (80) version
3.7.10, Matplotlib (81) version 3.3.4, and seaborn (82) version 0.11.2. The
hypergeometric P value and other calculations were carried out using SciPy
(83) version 1.6.2 and NumPy (84) version 1.19.2.

Removal of Food Experiments. Synchronized hermaphrodites grown in small
populations (30-50) were washed off, rinsed 5x in M9, deposited on either
seeded or unseeded nematode growth medium (NGM) plates, and incubated
for 4 h. In total, 25 worms for each condition were singled onto seeded plates,
and progeny production was monitored for 24 h (and an extra 24 h to confirm
unhatched embryos). The "56 to 60 h" cohort was treated in the same way,
except all worms were examined to ensure that egg laying had begun.

Data Analysis. Experiments were compared against matched controls that
were processed in parallel. For details of quantification and statistical methods
used, see studies by Aprison and Ruvinsky (18, 19, 22). Statistical tests were per-
formed in R or Excel. Tests performed for each comparison are shown in
Table S1.

Note Added in Proof. When our paper was in press, a study by Wu and col-
leagues (86) reported on a protein in C. elegans that contributes to the tradeoff
between reproduction and longevity. The loss of this TRL-1 protein upregulates
vitellogenin translation thus increasing yolk provision to oocytes and brood size,
but at the cost of reduced lifespan. This is precisely the kind of molecular mecha-
nism that could mediate the germline vs. soma balance depicted in our Fig-
ure 6C.

Data Availability. All scripts and parameters to reproduce our analyses can be
found at GitHub (https://github.com/dangeles/MalePheromoneRNAseq). Raw
sequence reads and processed counts can be found in the Gene Expression
Omnibus database (accession no. GSE193636). All other study data are included
in the article and/or supporting information.
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