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ABSTRACT
Mating behavior of animals is regulated by the sensory stimuli provided by the other sex.
Sexually receptive females emit mating signals that can be inhibited by male ejaculate. The
genetic mechanisms controlling the release of mating signals and encoding behavioral responses
remain enigmatic. Here we present evidence of a Caenorhabditis elegans hermaphrodite-derived
cue that stimulates male mating response behavior and is dynamically regulated by her
reproductive status. Wild-type males preferentially mated with older hermaphrodites. Increased
sex appeal of older hermaphrodites was potent enough to stimulate robust response from mating-
deficient pkd-2 and lov-1 polycystin mutant males. This enhanced response of pkd-2 males
towards older hermaphrodites was independent of short-chain ascaroside pheromones, but was
contingent on the absence of active sperm in the hermaphrodites. The improved pkd-2 male
response towards spermless hermaphrodites was blocked by prior insemination or by genetic
ablation of the ceh-18-dependent sperm-sensing pathway of the hermaphrodite somatic gonad.
Our work suggests an interaction between sperm and the soma that has a negative but reversible
effect on a hermaphrodite-derived mating cue that regulates male mating response, a

phenomenon to date attributed to gonochoristic species only.
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INTRODUCTION

The immense variety of reproductive strategies of metazoans underlie the diversity of
their reproductive behaviors. In order to maximize its lifetime reproductive fitness, females of
dioecious species release mating signals to attract males, and female mating receptiveness can be
inhibited by male ejaculate (Avila et al. 2011; Chasnov et al. 2007; Gillott. 2003). Animals
continuously adjust their sexual behavior according to internal reproductive needs and stimuli
provided by the opposite sex. The repercussions of the evolution of self-fertility on mating cues
and behavior output of the progeny-bearing parent have not been intensively investigated. The
genetic mechanisms controlling the release of mating signals and regulating behavioral responses
of the opposite sex remain enigmatic.

We used the nematode Caenorhabditis elegans as a model to investigate the genetic
regulation of mating cues by the changing reproductive status of an animal. C. elegans is an
androdioecious (male/hermaphrodite) species that evolved from gonochoristic (male/female)
ancestors (Cutter et al. 2008; Kiontke et al. 2004). During larval development, C. elegans
hermaphrodites produce limited amount of sperm that can self-fertilize oocytes. C. elegans
hermaphrodites can also be cross-fertilized by males, although self-fertile hermaphrodites exhibit
physical resistance to male mating (Garcia et al. 2001; Kleemann and Basolo. 2007). C. elegans
males chemotax towards hermaphrodite-secreted cues and are retained by a signal in the
hermaphrodite cuticle (Barrios et al. 2008; Simon and Sternberg. 2002; White et al. 2007). Once
in physical proximity of a potential mate, males display response behavior, which is defined as
the purposeful contact by male tail copulatory structures (Barr and Garcia. 2006). The
hermaphrodite cue that regulates male contact-based mating response is not known. In this

report, we present evidence of a hermaphrodite-derived cue that dynamically regulates male
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mating response behavior in C. elegans.

Sperm has a profound effect on the reproductive physiology of the C. elegans
hermaphrodite: it maintains gonadal morphological integrity and organization and positively
regulates oocyte maturation and ovulation (McCarter et al. 1999; Mendenhall et al. 2011; Miller
etal. 2003). The hermaphrodite gonad remains responsive to sperm and capable of producing
cross-progeny for several days after self-sperm depletion (Mendenhall et al. 2011). We reasoned
that this non self-reproductive, but functional state of the adult hermaphrodite gonad might
influence her mating signals and impact male mating behavioral responses. To explore this idea,
we compared male mating response towards wild-type sperm-containing, wild-type sperm-
depleted and reproductive mutant C. elegans hermaphrodites. We found that sperm-depleted
hermaphrodites elicited preferential response from wild-type males and robust male response
from mating-defective polycystin males. This hermaphrodite-derived cue for male response is
negatively regulated by activated sperm and positively regulated by her somatic gonad tissues.
The inhibitory effect of sperm-carrying females on male mating response was also observed in
the dioecious Caenorhabditis remanei species, suggesting conservation of function. We suggest
that the reproductive system of the C. elegans hermaphrodite regulates mating cue output in
order to suppress or elicit mating and cross-fertilization by males.

MATERIALS AND METHODS
Stocks: Nematodes were maintained using standard conditions (Brenner. 1974). Males were
isolated at L4 stage >24hrs prior to experiments and kept at 20-22°C overnight. Hermaphrodites
were isolated at L4 stage one or three days prior to experiments, labeled 1DA (days of
adulthood) and 3DA, respectively. 3DA animals were replated on day 2 to avoid overcrowding

from progeny. To achieve cross-insemination, C. elegans N2, fog-2, and C. remanei females
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were exposed to isogenic young males throughout their aging period. Nematodes were
considered fertilized based on the presence of embryos in the uterus.

Sperm content in spermatheca of 1DA and 3DA C. elegans N2, daf-22, fog-2, vab-1, ceh-
18 prior to the response assays was inferred based on presence or absence of embryos in the
uterus and confirmed by DAPI staining of age-matched hermaphrodites. Sperm content in
spermatheca of 1DA and 3DA C. elegans spe-19, spe-8, and spe-38 was inferred based on DAPI
staining of age-matched hermaphrodites.
Mating assay: Response efficiency (RE) reflects the percentage of a population of males
successfully responding to hermaphrodite contact within 4 min. The reported n is the total
number of males tested over the course of at least three tests performed on separate days.
Response assay plates were prepared by dropping 13ul of OP50 E. coli culture onto a fresh NGM
plate the night before assay, making a lawn of ~Smm diameter. 20 hermaphrodites were placed
onto the mating dot and allowed to acclimate for 10 minutes prior to the assay. Response was
assayed as follows: 5 males of the one genotype were placed in the center of the mating lawn and
observed for a 4 minute time period, during which response (1/yes or 0/no) was recorded for
each male. Response was scored as positive when a male made flush contact with the ventral
side of his tail against the hermaphrodite and initiated scanning along her body. After 4 minutes,
all males were removed from the assay plate and 5 males of the next genotype were assayed
against the same hermaphrodites.
Statistical analysis: All the statistical analyses were performed using GraphPad Prism 5
software. To control for type I error rate, multiple group comparisons were done by Kruskal-

Wallis test for non-parametric data with Dunn's multiple comparison post-hoc test.
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RESULTS
Aged hermaphrodites have more sex appeal: The first step of Caenorhabditis elegans male
mating repertoire is response, the act of physical contact between a male tail copulatory
structures and hermaphrodite body (Barr and Garcia. 2006). Male response is mediated by nine
bilateral pairs of tail rays, each composed of two sensory neurons (A and B types) and a
structural cell (Liu and Sternberg 1995; Sulston et al. 1980). Male-specific polycystin genes lov-
1 and pkd-2 are expressed in the B-type ray neurons, act nonredundantly in the same genetic
pathway and are required for efficient male response to hermaphrodite contact (Barr and
Sternberg. 1999; Barr et al. 2001). The low response efficiency (RE) of pkd-pathway mutant
males is attributed to defects in sensory transduction, rather than structure, of the male cilia (Barr
and Sternberg. 1999; Barr et al. 2001).

When tested with young immobilized hermaphrodites, pkd-2 male RE is 20-22% (Barr et
al. 2001 and Figure 1). Strikingly, we observed that when exposed to aged hermaphrodites of
the same genotype, pkd-2 male RE increases dramatically to 75% (Figure 1). Male RE of other
polycystin pathway mutants, lov-1(sy582) and klp-6(my8), also significantly increased towards
aged hermaphrodites (Figure 1). Because hermaphrodites in these assays were genetically
immobilized unc-31 mutants, we conclude that the difference in male response was not due to
changes in hermaphrodites locomotory behavior, as described by Kleeman and Basolo, 2007.

Wild-type male RE was high with either young or aged hermaphrodites, suggesting that,
in the parameters of our response assay (see methods), pkd-2 males are more sensitive to
variation in hermaphrodite-derived mating cues than wild-type males (Figure 1). To determine
whether wild-type males can distinguish between young and aged hermaphrodites, we developed

a “choice assay”, a modification of response assay where males are exposed to an even mixture
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of young and aged wild-type (N2) hermaphrodites. 66% of wild-type males responded to an
aged hermaphrodite during the choice assay, thus showing preference for aged over young
hermaphrodites (Fisher’s exact p<0.0001, n=125). This observation suggests that when placed in
a more complex environment of “choice assay”, wild-type males distinguish age-dependent
differences in hermaphrodite sex appeal. In conclusion, the qualitative change in aged
hermaphrodites improves pkd-2 male mating behavior and may also have relevance for wild-type
male behavior.

Hermaphrodite sex appeal is not dependent on short-chain ascarosides: Hermaphrodite
short-chain ascarosides, glycosides of the dideoxysugar ascarylose, act as male chemoattractants
at a distance (Srinivasan et al. 2008). To test whether the increased male response was
dependent on ascarosides, we assayed the pkd-2 male response with daf-22(m130)
hermaphrodites, which are defective in ascaroside synthesis and whose extracts have no male-
attraction activity (Srinivasan et al. 2008). pkd-2 RE to daf-22 hermaphrodites was comparable
to control N2 hermaphrodites in either age group (Table 1). Therefore, short-chain ascarosides
are not responsible for the increased pkd-2 RE towards aged hermaphrodites.

Hermaphrodite sex appeal is inhibited by active spermatozoa: The quantity of self-sperm in
a C. elegans hermaphrodite is finite. The self-reproductive period spans roughly three to five
days following last larval molt, depending on the temperature, during which about 300 oocytes
are fertilized and deposited (Argon and Ward. 1980; Maupas. 1900). We observed that the onset
of increased pkd-2 male RE towards aging hermaphrodites temporally coincided with their self-
sperm depletion, which lead us to the hypothesis that self-sperm was a negative regulator of
hermaphrodite sex appeal during early adulthood. To test this hypothesis, we used fog-2(q71)

mutants, which do not produce self-sperm and are essentially female (Schedl and Kimble. 1988).
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Young fog-2 females elicited high RE from pkd-2 males, comparable to aged N2 (Table 1).
When spermless hermaphrodites (either aged N2 or young fog-2) were inseminated prior to the
response assay, pkd-2 male RE was reduced (Figure 2). We conclude that that the presence of
active sperm reduces hermaphrodite mating receptiveness, and the absence of sperm due to age-
dependent depletion or genetic mutation triggers a physiological change in the hermaphrodite
body that stimulates male response. The robust sex appeal of the spermless hermaphrodite is
dynamic and can be reversed by sperm transferred from the male.

To test whether the sperm activity or the mere presence of sperm inhibits hermaphrodite
sex appeal, we assayed pkd-2 male response to spe-19(hc41) mutant hermaphrodites whose
spermatids fail to activate and do not form motile spermatozoa (Geldziler et al. 2005). Young
spe-19 hermaphrodites enhanced pkd-2 male RE to levels similar to fog-2 females and spermless
aged N2 hermaphrodites (Table 1). These results were confirmed with spe-8(hc40) mutant
hermaphrodites of the same spermatid activation pathway (Table 1) (Geldziler et al. 2005;
L'Hernault et al. 1988). Because young spe-19 and spe-8 hermaphrodites bearing inactive
spermatids elicited significantly higher response than young N2 hermaphrodites, we conclude
that spermatid activation is necessary for inhibition of mating receptiveness in young
hermaphrodites.

We reasoned that reduced mating receptiveness of sperm-containing hermaphrodites
might be not due to sperm, but rather due the presence of embryos in the reproductive tract. To
determine whether internal fertilization inhibits hermaphrodite sex appeal, we assayed pkd-2 RE
towards spe-38(eb44) hermaphrodites whose spermatozoa fail to fertilize oocytes despite being
morphologically indistinguishable from wild type (Chatterjee et al. 2005). Despite the lack of

embryos in the uterus, young adult spe-38 hermaphrodites elicited low RE from pkd-2 males,
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comparable to RE towards wild-type N2 hermaphrodites (Table 1). Many aged spe-38
hermaphrodites retained self-sperm in the spermatheca and elicited low pkd-2 RE at an age when
wild-type N2 hermaphrodites become highly attractive to pkd-2 males (Table 1). These results
suggest that active sperm, but not embryos, in the reproductive system of the hermaphrodite
negatively regulate her mating receptiveness to male response.

Hermaphrodite sex appeal is dependent on the CEH-18 sperm-sensing pathway: In the C.
elegans hermaphrodite, sperm positively regulate oocyte maturation and ovulation by
antagonizing the inhibitory signaling of parallel and partially redundant sperm-sensing pathways
in the gonad represented by Eph receptor protein-tyrosine kinase VAB-1 and POU-class
transcription factor CEH-18 (Greenstein et al. 1994; McCarter et al. 1999; Miller et al. 2003).
To test whether sperm regulation of the hermaphrodite mating cue occurs via VAB-1 or CEH-18
sperm sensing pathways, we assayed pkd-2 RE towards vab-1(dx31) and ceh-18(mg57)
hermaphrodites. Male response to vab-1 was comparable to N2 hermaphrodites of either age
group, but ceh-18 failed to elicit elevated male RE at a sperm-depleted age, indicating that ceh-
18 is a positive genetic regulator of the hermaphrodite attractiveness after self-sperm depletion.
The dependence of the hermaphrodite mating cue on ceh-18 pathway was confirmed by the
complete suppression of fog-2 attraction phenotype in fog-2;ceh-18 double mutants (Table 1).
Cumulatively, the data indicate that sperm regulate the hermaphrodite mating cue at least in part
via the ceh-18 sperm-sensing pathway.

Sperm regulation of the response cue is evolutionarily conserved: Caenorhabditis species
may be gonochoristic (such as male-female C. remanei) as well as androdioecious (male-
hermaphrodite C. elegans). To determine whether sperm-based inhibition of the response cue

occurs in other Caenorhabditis species, we tested the ability of C. remanei females to elicit
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response from the sensitized C. elegans pkd-2 males. Similar to sperm-depleted N2 and
feminized fog-2 C. elegans, young sperm-less C. remanei females elicited high RE from pkd-2
males; the RE reduced dramatically when C. remanei females were inseminated prior to assay
(Figure 2). Hence, the mechanism of sperm-dependent negative regulation of
female/hermaphrodite response cue is likely to be conserved in the Caenorhabditis genus.
DISCUSSION

Here we show that the self-fertilizing C. elegans hermaphrodites play an active regulating
role in their sexual attractiveness and male mating response behavior. In the C. elegans
literature, the term “mating cue” has been applied to other hermaphrodite-derived chemicals that
act as distant chemoattractants or modulators of male locomotion (Simon and Sternberg. 2002;
Srinivasan et al. 2008). It is important to distinguish cues that regulate social behaviors and
development (e.g. short-chain ascarosides) from the cues that regulate physical aspects of male
mating. In this report, we present evidence of a hermaphrodite cue that regulates male mating
response, is correlated to hermaphrodite reproductive status and that does not depend on known
sex pheromones or behavioral changes in locomotion. At this point, we cannot distinguish
whether this cue is secreted by the hermaphrodite or represents a cuticle-bound modification.

The polycystin family of proteins play important and evolutionarily conserved roles in
mating and fertilization. Polycystins have been shown required for mouse sperm competition
(Sutton et al. 2008), Drosophila sperm guidance (Kottgen et al. 2011; Watnick et al. 2003), self-
recognition of ascidian gametes (Harada et al. 2008), human sperm motility (Torra et al. 2008),
flagella-dependent mating in Chlamydomonas (Huang et al. 2007) and C. elegans male mating
behavior (Barr and Sternberg. 1999; Barr et al. 2001). Our data illustrates that in C. elegans,

male-specific polycystin pathway is particularly required for male response towards sperm-
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containing unreceptive hermaphrodites. We speculate that, in Caenorhabditis species,
polycystins may have evolved to give selective reproductive advantage to males by enabling
mating with partners with low mating signals. The observed improvement of response efficiency
in polycystin mutant males towards spermless hermaphrodites is an indication that
hermaphrodite mating cues are perceived by males using both polycystin-dependent and
polycystin-independent pathways. Activation of a polycystin-independent pathway by a cue
from sperm-depleted hermaphrodite compensates for the sensory defects of polycystin pathway
and increases the efficiency of male response. The identification of this pathway(s) will be a
topic of future study.

We utilized pkd-2 mutant males as a sensitized background to detect and quantify
hermaphrodite sex cues. The experimental need for the sensitized background is based on high
response efficiency of wild-type males to all hermaphrodites tested. It is important to be aware,
however, of the artificially optimal conditions of male growth and chance of hermaphrodite
encounter during the response assay on a small two-dimensional bacterial lawn (see Methods).
In the wild, the task of male mating is more challenging. In native conditions, C. elegans male
encounters a complex three-dimensional environment, suboptimal nutrition, exposure to
infectious or toxic pathogens and other obstacles. Hence, hermaphrodite-derived cues would be
a significant variable in determining wild-type male response efficiency and, ultimately,
reproductive success.

We observed that activated sperm inhibits mating cue(s) of C. elegans hermaphrodites.
This negative effect is reversible and does not depend on fertilization competence of sperm, but
depends on a functional sperm-sensing pathway of the ceh-18 transcription factor. In

Drosophila, female mating receptiveness is inhibited by a sex peptide transferred in the male
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seminal fluid. Male sex peptide signals by binding to the sex peptide receptor on sensory
neurons that innervate female uterus and control female reproductive behaviors (Yapici et al.
2008). In C. elegans hermaphrodites, spermatids promote oocyte ovulation and uterine
contractions via secreted major sperm protein (MSP) signaling (McCarter et al. 1999; Miller et
al. 2001). Importantly, MSP signaling does not depend on spermatid activation or even proper
spermatocyte formation (McCarter et al. 1999), which makes MSP an unlikely candidate for the
spermatid activation-dependent inhibitory cue of hermaphrodite mating attractiveness. C.
elegans spermatid activation involves dramatic changes in cellular morphology and includes
fusion of the membranous organelles to the plasma membrane, extending a pseudopod, and
generating plasma membrane flow (Arduengo et al. 1998; Roberts and Ward. 1982; Ward et al.
1981). Determination of the molecular mechanisms by which activated sperm inhibits C.
elegans hermaphrodite mating cue(s) awaits further studies.

The goal of mating behavior is to maximize the lifetime reproductive success of an
individual. What may be the advantage of producing positive mating cues by a self-fertile
hermaphrodite? The ancestral Caenorhabditis species was gonochoristic, as most of the known
Caenorhabditis species that rely on sex pheromones to attract opposite-sex partners (Chasnov et
al. 2007). C. elegans evolved the ability to make self-sperm, which could relax the selective
pressures on genes for mating behaviors. For example, Garcia et al. demonstrated that C.
remanei females, but not C. elegans hermaphrodites, are sensitive to the soporific-inducing
factor of males (Garcia et al. 2007). However, sperm remains the limiting factor of lifetime
reproductive fitness of the C. elegans hermaphrodite, as illustrated by the fact that a mated
hermaphrodite can produce up to 1400 progeny as compared to ~300 of self-progeny (Kimble

and Ward. 1988). We propose that the C. elegans hermaphrodite retained male attraction ability



Page 14

of the ancestral gonochoristic Caenorhabditis, and that genes regulating C. elegans mating cues
may be under positive selection due to the longer lifetime reproductive fitness of a fertilized
hermaphrodite over an unfertilized one. In addition, the ability of sperm-depleted
hermaphrodites (effectively females) to elicit preferential male mating response in a mixed
population may give them selective reproductive advantage over younger, sperm-containing
hermaphrodites.

Why don’t C. elegans hermaphrodites release the mating cue in early adulthood? Male
sperm out-compete hermaphrodite self-sperm in fertilization of oocytes (Ward and Carrel. 1979).
This fertilization superiority of male sperm makes it disadvantageous for the hermaphrodite to
mate while in a self-fertile stage. The inhibitory effect of the self-sperm on hermaphrodite
attractiveness may act to minimize her likelihood of cross-fertilization by males. For the male,
however, it is advantageous to mate with a hermaphrodite as soon as she is sexually mature.
Consequently, this may create an overt sexual conflict over the timing of mating, which may
drive evolutionary adaptations in C. elegans to manipulate hermaphrodite mating cues in order to
increase self-reproduction. In summary, our results illustrate how males and hermaphrodites
adopt different strategies to maximize their reproductive success in the condition of conflicting

sexual interests.
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FIGURE LEGENDS
Figure 1.--Male response to aged unc-31 hermaphrodites. X axis: Hermaphrodite age groups
(DA = days of adulthood) and male genotypes: pkd-2(sy606), lov-1(sy582), klp-6(my8), him-
5(e1490). Y axis: Mean + s.e.m. percent of responding males out of total males tested (number
within column). Letters above columns indicate results of the Kruskal-Wallis test with Dunn's
Multiple Comparison post-hoc test. Columns marked with the same letter were not statistically

different at p<0.01 cutoft.

Figure 2.--Response of pkd-2 males to virgin and fertilized partners. X axis:
hermaphrodite/female age (DA = days of adulthood), sperm status and genotype. Y axis: Mean
+ s.e.m. percent of responding males out of total males tested (number within column). Letters
above columns indicate results of the Kruskal-Wallis test with Dunn's Multiple Comparison
post-hoc test. Genotypes marked with the same letter were not statistically different at p<0.01

cutoff.
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Figure S1.--Timeline of pkd-2(sy606) male response to aged unc-31(e169) hermaphrodites. X
axis: Hermaphrodite age groups (DA = days of adulthood). Y axis: Mean + s.e.m. percent of
responding males out of total males tested (number within column). Letters above columns
indicate results of the Kruskal-Wallis test with Dunn's Multiple Comparison post-hoc test.

Genotypes marked with the same letter are not statistically different at p<0.01.



TABLE 1. pkd-2(sy606) males’ response to mutant hermaphrodites

H. Genotype® H. Age” Male RE® n‘ 1DA vs 3DA®
N2 1DA 16 + 4 95
<0.
3DA 65+5 85 p<0.001
daf-22(m130) 1DA 7+3 56 -
3DA 66 + 6 56 p<0.001
fog-2(q71) 1DA 63 £ 4* 133 ns
3DA 63+6 72
spe-19(hc41) 1DA 56 + 5* 100 s
3DA 53+6 60
spe-8(hc40) 1DA 58 + 6* 60 s
3DA 60 + 6 60
spe-38(eb44) 1DA 8+3 95 ns
3DA® 32 +5* 95
vab-1(dx31) 1DA 23+6 60
<0.001
3DA 78+5 60 P
ceh-18(mg57) 1DA 23+4 88 s
3DA 28 + 4* 108
fog-2; ceh-18 1DA 18 + 4** 106

4 Hermaphrodite genotype

b Hermaphrodite age; DA = Days of Adulthood, number days since L4 stage

°RE = Response Efficiency (mean + SE), percentage of pkd-2 males responding.
“n = number of observations.

¢ Analysis of statistical significance between age groups of same genotype

*p < 0.001 vs. same-age N2, Kruskal-Wallis test with Dunn's posthoc

**p < 0.001 vs same-age fog-2, Kruskal-Wallis test with Dunn's posthoc

§ Some spe-38 hermaphrodites retained self-sperm at 3DA age.
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FIGURE 2. pkd-2 male response to sperm-less and inseminated partners
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FIGURE S1. Timeline of pkd-2 male response to aged unc-31 hermaphrodites
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