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one bit at a time. And the nematode’s response to environmental signals? Immensely
complicated! So too are the nematodes’ olfactory signaling amongst one another. These little

worms are having chemical conversations, and making life-or-death decisions about where to go
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Abstract

Nematodes have been studied for centuries in their roles as pathogens of humans, crops, and
livestock. In more recent times, the free-living nematode Caenorhabditis elegans and its close
relatives have been heavily studied as genetic and developmental model organisms. Despite the
extent of research into nematode biology and lifestyle, relatively little is known about
communication between nematodes. In the last decade, there has been a burst of research into
identifying the pheromones secreted by nematodes, as well as determining their effect on other

nematodes in the population.

The bulk of pheromone research has focused on the chemical identification of olfactory signals,
and studying the behavioral and physiological responses of worms exposed to these signals. We
report the discovery of a new C. elegans mating pheromone, and an attempt to dissect the
pathway that regulates its production. Instead of studying what a worm “hears” when this signal

is received, we hope to understand what the worm that produces the signal is trying to “say”.

We also review the existing literature on nematode mating pheromones, highlighting the most
stunning recent discoveries, and point out several questionable claims frequently made by

authors in the field.
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Chapter 1:

Mating pheromones of Nematoda: Olfactory signaling with
physiological consequences



Abstract

Secreted pheromones have long been known to influence mating in the phylum Nematoda. The
study of nematode sexual behavior has greatly benefited in the last decade from the genetic and
neurobiological tools available for the model nematode Caenorhabditis elegans, as well as from
the chemical identification of many pheromones secreted by this species. The discovery that
nematodes can influence one another’s physiological development and stress responsiveness
through the sharing of pheromones, in addition to simply triggering sexual attraction, is
particularly striking. Here we review recent research on nematode mating pheromones, which
has been conducted predominantly on C. elegans, but there are beginning to be parallel studies

in other species.

Introduction

Nematoda is a diverse phylum of worms that occupy a variety of terrestrial, aquatic and marine
habitats. Most nematode species are gonochoristic, consisting of males and females that must
locate one another and mate to reproduce. Research on nematode mating pheromones began
in the 1960s with an eye toward understanding the mating habits of animal- and plant-parasitic
nematodes. Since then, it has been found that dozens of nematode species, most of them
vision- and hearing-impaired by nature, locate one another by the reception of secreted

molecules (reviewed in [1]).

Most research on nematodes is conducted in the small, transparent Caenorhabditis elegans,
which lives on rotting fruit and utilizes insect vectors as phoretic hosts. This nematode, unlike
most, is androdiecious in nature, consisting of self-fertilizing hermaphrodites and rare males
(reviewed in [2]). The hermaphrodites are incapable of mating with one another, and may only

self-fertilize using a limited supply of self-sperm generated during larval development —



reproduction after the exhaustion of self-sperm can only proceed by mating with a male. That
mating is strictly unnecessary for survival of C. elegans makes this species an excellent model for
the study of mating behavior [3], as the mating process can be disrupted at nearly every step

without sacrificing the organism’s viability [4].

The discovery that many disparate species utilize ascarosides, a nematode-specific family of
glycolipids, for communication, has greatly accelerated the rate of research in this field
(reviewed in [5]). The research reviewed here largely took advantage of the ability to identify
specific pheromones and challenge worms with pure synthetic compounds to uncover the

precise neurological and physiological activities of these molecules.

Ascarosides

The ascarosides are glycosides of the dideoxysugar ascarylose. These molecules always include a
lipid tail, and may be conjugated to amino acid derivatives or other small molecules [6].
Ascarosides are now known to be produced by over twenty species of nematode from multiple
clades, including free-living, vertebrate parasitic and insect parasitic worms [7]. Ascarosides
have been demonstrated as mate-attracting pheromones both C. elegans [8] and Panagrellus
redivivus [9], despite these species’ significant evolutionary distance, lying in different families.
Ascarosides have also been shown to promote entrance into dauer, an alternative non-feeding
and stress resistant larval stage, in C. elegans [10], Heterorhabditis bacteriophora [11], and
Pristionchus pacificus [12]. As would be expected of signaling molecules, ascaroside production
varies with a worm’s age and environment [13]. In both C. elegans and P. redivivus, the different
genders secrete specific ascarosides in vastly different quantities, with each gender producing
the attractants for the other. In addition, the C. elegans hermaphrodite secreted pheromones

are repulsive to other hermaphrodites [9,14]. Taken together, this evidence suggests that



ascarosides are evolutionarily ancient signaling molecules that may serve as mating pheromones

across much of Nematoda.
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Figure 1: The behavioral response of Caenorhabditis elegans to specific ascarosides is highly
dependent on chemical structure.

In addition to being a highly diverse molecular family with over 150 members, the specific
activity of each ascaroside is highly dependent on its chemical structure [15] (Fig. 1), and the

same ascaroside can have extremely different effects on different species. For example, ascr#l



is a potent mate-attracting pheromone in P. redivivus, but promotes dauer formation in C.
elegans [9,10,16]. In fact, evolution of ascaroside signaling appears to be extremely rapid even
within a species. The production and reception of dauer pheromones by both C. elegans and P.
pacificus differs markedly amongst wild isolates of both species, possibly as a result of intense
intraspecific competition over food resources [12,17]. Different strains of the same nematode
are even known to mate at different rates, though this may have both pheromone-related and
other reasons [18]. Ascarosides are also known to trigger feeding behavior in nematophagous
fungi [19], and immune reactions in plant hosts [20], which likely apply additional pressure on
the rapid evolution of nematode pheromones. Additionally, the ability of a nematode to locate a
mate depends on more than simply chemotaxis to a pheromone cocktail. For example, Sammut
et al. (2015) have recently shown that C. elegans males can be conditioned to associate a

particular salt concentration with potential mates [21].

The essentially invariant anatomy of C. elegans, coupled with the ability to identify specific
neurons under Nomarksi microscopy, has allowed researchers to identify pheromone-
responsive neurons through laser ablation experiments. The ADL, ASI, and ASK sensory neurons
are necessary for normal response to mating pheromones, and thus are expected to express
mating pheromone receptors [22-24]. One exciting finding from these studies is that the male
neuronal response to mating pheromone is exhibited within the hermaphrodite nervous system
as well. However, the stereotypical male behavioral response is simultaneously inhibited by

neurons that only react to mating pheromone in the hermaphrodite [24].

Currently, six ascaroside receptors have been identified in C. elegans: srg-36, srg-37, srbc-64,
srbc-66, daf-37, and daf-38. Two of these receptors, srg-36 and srg-37, have homologs with
conserved function in Caenorhabditis briggsae. All six receptors are G-protein-coupled-receptors

(GPCRs), consistent with findings that GPCR function is important for sensation of ascarosides



[25-28]. It has proven difficult, however, to determine precise relationships between
pheromones and their receptors. It is not known whether ascaroside receptors function as
single proteins, or as homo or heterodimers. Two yeast-based assays have recently been
developed specifically for analysis of C. elegans GPCR activity [29,30]; this may allow for more
rapid identification of ligand-receptor relationships than the mammalian and Xenopus based

assays traditionally used for this purpose.

Hermaphrodite versus female behavior

There has been a common conception in nematode literature that C. elegans hermaphrodites
have lost certain female traits through evolution (e.g., [31-33]). Traits claimed to have been lost
by hermaphrodites include the production of volatile mate-attracting pheromone and mating-
induced torpor (which may aid the male in locating the vulva). In fact, evidence for both of these
traits may be found in C. elegans, but mating behavior in general is repressed by the presence of
sperm. As with a recently mated female, a young hermaphrodite exhibits no production of
volatile pheromone, but resumes production upon sperm depletion, whether due to mutation
or age [34]. This change in hermaphrodite pheromone production is also observed in the plant

parasitic nematode Bursaphelenchus okinawaensis [35].

Garcia et. al ([36]) argued that hermaphrodites and females differ primarily because of age, but
it is worth revisiting the observations in light of the recent finding of sperm-regulated physiology
in hermaphrodites. In particular, the ability of males to successfully insert their spicules into
hermaphrodites or xenospecfic females was assayed. There appears to be an effect of both age
and sperm status. Specifically, the authors investigated the number of mating attempts made
by a male before successful spicule insertion, depending on the strain of hermaphrodites he was

presented with. The data for this experiment shows a dramatic reduction in the number of



failed attempts if the hermaphrodite is spermless due to mutation, and a further reduction if the
hermaphrodite is aged past the normal period of self-fertilization. These data indicate there are
separate youth- and sperm-correlated inhibitory effects on male copulation. Similar results were
reported by another group in the same year [37]. Young C. elegans pseudofemales may be more
difficult to mate with than young true females of another species, but the difference is far
smaller than that between a female and a young hermaphrodite. C. elegans males do not induce
torpor in females of other species upon mating, but this may simply be due to divergence of
signals or receptors. Keeping in mind the significant differences in mating behavior between
isolates of the same species, we believe a proper test of this torpor hypothesis would be to
challenge males from multiple C. elegans isolates with aged and feminized hermaphrodites, also
of various isolates. While there are genuine differences between hermaphrodites and true
females of closely related species, in many respects the hermaphrodites are simply behaving as

sperm replete females.

Physiological effects of pheromone exposure

A major shift in the discussion of nematode mating pheromones has occurred with the
recognition that they are responsible for more than just chemoattraction. An early paper that
attempted to address this topic, Timmermeyer et al. [33], showed that C. remanei females that
had received copulatory plugs from their mates were more fecund than their unplugged sisters,
despite receiving a similar number of matings. This observation suggests that male-deposited
mating plugs, which may contain signaling compounds, might act to promote egglaying, oocyte
development, or some other fertility promoting process in the receiving female. However, the
possibility remains that plugged females had simply received or retained more sperm than their

unplugged sisters in these experiments.



Very recently, Aprison and Ruvinsky [38] showed that exposure to male pheromones has a
substantial and beneficial effect on recovery from heat stress in both C. elegans and C.
remanei[38]. Heat stress is known to reduce fertility in C. elegans hermaphrodites, to the point
of sterility at sufficient extremes. Exposure to either males or male pheromones is sufficient to
restore partial fertility. The authors focused on two ascaroside pheromones, ascr#3 and ascr#10.
These pheromones appear to promote clearance of gonadal blockages and improved sperm
guidance, respectively. These two pheromones are in fact produced by both genders, but in
different proportions. A hermaphrodite-like synthetic cocktail does not promote recovery,
though it is unknown how the hermaphrodite can exercise this level of discretion when the

molecules are the same.

Not all pheromone exposure serves to promote fertility. Dauer pheromones are believed to
alert nematodes to conditions of overcrowding. In young larvae, these pheromones cause entry
into the long-lived dauer state, but in adult hermaphrodites, these same pheromones cause
reduced production of sperm guidance signals, leading to lower rates of fertilization[39]. Both
this effect and the heat-stress amelioration of male pheromones are dependent on the gene
daf-7, which encodes a TGF-B ligand secreted by sensory neurons [38,39]. It seems that C.
elegans and other nematodes have evolved to reproduce at variable rates depending on

environmental and social conditions.

Battle of the sexes

It has been known for over 40 years that mating with a male reduces the lifespan of a
nematode, first in Panagrellus [40], then in C. elegans [41], and more recently in C. remanei

[42]. It has even been shown that in a mutant gonochoristic C. elegans strain raised for 100



generations, males have evolved to cause even more extreme reduction in lifespan, while the

pseudofemales have evolved a resistance to this effect [43].

While the act of mating with a male causes damage to a worm’s cuticle [44], this is not sufficient
to reduce lifespan. Rather, the major impact on hermaphrodite or female lifespan appears to
result from exposure to male pheromone and transfer of seminal fluid, and is mediated by
hermaphrodite/female neuronal activity (especially insulin signaling). The shortening of the
hermaphrodite lifespan is sometimes accompanied by substantial shrinking of the body and
sensitization to osmotic stress prior to death [45,46]. It is frequently argued that the reduction
in female/hermaphrodite lifespan is an example of the battle of the sexes — that males reduce
the lifespan of their mate for selfish purposes. This argument typically appears in the absence of
experiments to demonstrate that lifespan reduction is not coupled to hermaphrodite/female

benefit.

While the fact that lifespan reduction can be achieved without fertilization, or even mating, is
strong evidence against a “death through reproductive exhaustion” hypothesis, it does not rule
out that the female is making physiological changes in anticipation of increased reproductive
rate. This has been presented as a “life span versus reproduction” hypothesis. Settling this
question is complicated by the strong influence of experimental design on the relationship
between longevity and hermaphrodite fecundity. Wu et al. (2012) found that perpetual mating
with five males per hermaphrodite yields a positive correlation between lifespan and fecundity,
mostly due to lifespans becoming so short that hermaphrodites die before exiting from the
fertile phase of life. In a much more mild setup with one male per hermaphrodite, with mating
only lasting for 24 hours, there was a negative correlation between lifespan and fecundity [47].
Shi and Murphy ([45]) argue that, among other reasons, because daf-12 mutants can extend

their fertile period through mating without suffering a reduction in lifespan, lifespan shortening

9



is not linked to hermaphrodite benefit. However, the daf-12 mutants used in this study suffer
from shortened lifespan to begin with. A convincing proof that lifespan reduction is to the
hermaphrodite’s detriment would be a demonstration that pheromone-insensitive
hermaphrodites can yield at least as many viable offspring after mating as wild-type

hermaphrodites.

Conclusion

More than ten years ago, virtually all research on nematode mating pheromones was limited to
merely demonstrating that they existed in various species, and motivated chemoattraction. Few
pheromones were chemically identified. In the last ten years, we have seen an accelerated pace
of research on nematode pheromones thanks to the discovery of ascarosides, whose use as

pheromones appears to be conserved across much of Nematoda.

With the ability to now synthesize pure pheromones, we expect future research to uncover the
neurological and biochemical activity of many pheromones that we may better understand how
the worm sexes communicate in the wild. While the vast majority of research in this field has
been conducted in the model organism C. elegans, the knowledge of the conservation of
ascaroside pheromones, as well as the increased ease with which even non-model organisms
can be genetically modified, should make it easier for future research to uncover similar systems

in other nematodes.
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Abstract

Males of the androdioecious species Caenorhabditis elegans are more likely to attempt to mate
with and successfully inseminate C. elegans hermaphrodites that do not concurrently bear
sperm. Although a small number of genes have been implicated in this effect, the mechanism by
which it arises remains unknown. In the context of the battle of the sexes, it is also unknown
whether this effect is to the benefit of the male, the hermaphrodite, or both. We report that
successful contact between mature sperm and oocyte in the C. elegans gonad, at the start of
fertilization, causes the oocyte to release a signal that is transmitted to somatic cells in its
mother, with the ultimate effect of reducing her attractiveness to males. Changes in
hermaphrodite attractiveness are tied to the production of a volatile pheromone, the first such

pheromone described in C. elegans.

Introduction

C. elegans’ properties of self-fertilization and rapid generation, as well as the extensive library of
C. elegans mutants, make it an excellent system for studying reproductive events. The
generation time of C. elegans is under three days, and a single hermaphroditic worm can use its
sperm to fertilize its own eggs, without any need for mating [1]. C. elegans and related
nematodes possess a robust sperm sensation pathway that limits unfruitful oocyte maturation
and ovulation [2]. Both self- and non-self-sperm secret protein ligands called Major Sperm
Protein (MSP) that activate signal transduction pathways in both unfertilized oocytes (leading to
activation of Mitogen Activated Protein kinase MPK-1) and the somatic gonad (involving
transcription factor CEH-18). The result of this signaling is the release of oocytes from prophase |

arrest and the ovulation of unarrested oocytes into the uterus [3,4].
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Several behaviors of female and hermaphroditic nematodes have been demonstrated to
correlate with either the presence of sperm or the recentness of mating. C. elegans
hermaphrodites that have exhausted their supply of self-sperm are more likely to elicit a mating
response from males of their species, and less likely to resist an attempted mating. Mutant C.
elegans hermaphrodites that develop without self-sperm also elicit more mating attempts, and
this increase in attractiveness vanishes after a successful mating [5,6]. In the gonochoristic
species Caenorhabditis brenneri and Caenorhabditis remanei, males are attracted to a volatile
pheromone produced only by females that have not recently mated [7]. The mechanisms that

link these behaviors to sperm status remain unknown.

Pheromones have been shown to exist in dozens of nematode species [8-10], and positively
identified in several, including C. elegans [11-14]. Although high performance liquid
chromatography coupled with mass spectrometry has led to the identification of over 140
pheromones or pheromone-related metabolites in C. elegans [15], little is known about how
production of such pheromones is regulated. Life stage and environmental conditions have been

shown to affect pheromone output, but the detailed mechanisms remain elusive [16].

Results

Chasnov et al. [7] showed that females of C. brenneri and C. remanei produce an unknown
volatile pheromone only if they have not recently been inseminated by conspecific males; C.
elegans hermaphrodites produced no such pheromone. However, hermaphrodites of C. elegans
reach adulthood already containing enough sperm to last nearly three days [17]. We
hypothesized that a novel pheromone may be observed in C. elegans only when aging
hermaphrodites exhaust their supply of self-sperm. We further set out to identify how sperm

status regulates hermaphrodite behavior.
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Figure 1: Volatile chemotaxis assays (y-axis values represent chemotaxis index). (A) Schematic
of volatile chemotaxis assay. (B) Volatile chemotaxis of C. elegans males to adult
hermaphrodites of varying age. Significance was determined by ANOVA: F (5,17) =9.460, p =
0.001. Chemotaxis indices (Cl) to WCM collected on days 5 and 6 are significantly greater (p <
0.01) than to the Cl on day 1, as determined by Dunnett’s post-test. (C) Volatile chemotaxis of C.
elegans males to mated fog-2 mutants versus unmated mutants and wild-type hermaphrodites.
Attraction to mated fog-2 mutants is significantly less than attraction to unmated mutants ( p <
0.0005), but statistically indistinguishable from attraction to wild-type hermaphrodites ( p > 0.1).
Significance was determined by the one-tailed, homoscedastic student’s t-test. (D) Chemotaxis
of young adult males to ceh-18 mutant hermaphrodites in the 1st-6th day of adulthood and
pseudofemales in the first day of adulthood. No significant differences were found.

To test our hypothesis, we generated a synchronized population of larval hermaphrodites and
allowed them to mature into adults. On the day that adulthood was reached and the next five
days, a fraction of aging worms was incubated in a buffered medium to collect pheromone.
Upon completion of the collection, the worms were removed, yielding worm conditioned media

(WCM). To test for the presence of volatile pheromone, C. elegans males were placed in a
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chemotaxis assay in which the WCM was not permitted to come into direct or indirect physical
contact with the males (Fig. 1A). Any attraction to the WCM would necessarily result from
sensation of volatile compounds. Our results show that males are attracted to a volatile
compound produced by hermaphrodites, but only on the 5-6™ days of adulthood (Fig. 1B).
Prior research shows that sperm exhaustion occurs on the 3" day [17], consistent with our own
observations. Control experiments confirmed that the volatile pheromone is neither attractive

to hermaphrodites nor produced by males (Fig. 3A,B).

To confirm that our findings resulted from loss of sperm rather than any other feature of aging,
we collected WCM from hermaphrodites bearing a mutation that eliminates hermaphrodite
sperm production (fog-2) [18]. We also collected WCM from feminized hermaphrodites that had
been mated to fertile males. Non-self-sperm are also capable of triggering suppression of
pheromone production, causing the mutant hermaphrodites to attract only 19% of males versus
82% attracted by unmated mutants (Fig. 1C). We also performed interspecies chemotaxis assays
with C. remanei to see whether the C. elegans pheromone would function cross-species. We
found that the two species’ volatiles are interchangeable — males of each species are attracted

to females of each species (Fig. 3C).

These initial experiments indicate that a volatile pheromone is produced by hermaphrodites and
attracts males (Fig. 1B). This pheromone is produced only after a hermaphrodite’s self-sperm
supply has been exhausted. Since fog-2 mutants, which lack self-sperm, produce the pheromone
on the first day of adulthood, we can infer that pheromone production is linked to sperm status
rather than age (Fig. 1C). The finding that mated fog-2 mutants do not attract males suggests

that initiation of pheromone production is reversible.
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This correlation between spermlessness and pheromone production in C. elegans
hermaphrodites is inconsistent with the findings of Chasnov et al. [7], who also prepared WCM
from aged hermaphrodites and spermless mutants. However, our WCM preparation protocol
calls for twenty times as many worms per unit volume, and collection occurs for four times as
long, potentially yielding a far more concentrated product. Our chemotaxis assays also differ

markedly.

To test the similarity of our volatile cue to the unknown mating cue suggested by Morsci et
al.[6], which also correlates with age, we collected WCM from hermaphrodites and feminized
worms mutant for ceh-18, a transcription factor gene found to be essential for production of
this cue [6]. We found no detectable volatile attraction of males to ceh-18 mutant
hermaphrodites or females of any age (Fig. 1D). We therefore conclude that our pheromone’s
production is dependent on CEH-18. However, since ceh-18 is a poorly understood gene that is

expressed in multiple cell types, we cannot draw more detailed conclusions from this result.

To study the regulation of the volatile pheromone, we tested a series of mutant strains
defective in various aspects of reproduction. We chose mutations that cause germline
development and reproduction to cease at a defined point so that we could determine which

specific aspect of the reproductive process regulates production of the volatile cue.

Our results show a striking anti-correlation between sperm-egg contact and volatile pheromone
production (Fig. 2). How specific reproductive phenotypes correlate with pheromone production
reveals details about the regulation of this pheromone (Table 1). Mutations that induced
inappropriate pheromone production include those in the genes glp-1, fem-2, fog-2, spe-8,and

egg-3 as well as the oma-1; oma-2 double mutant. Tested mutations that did not induce
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pheromone production include those in genes spe-42, mbk-2, chs-1, mei-1 and pos-1 as well as

the egg-4; egg-5 double mutant.
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Figure 2: Relationship of germline status to pheromone output. Volatile chemotaxis of C.
elegans males to hermaphrodites of various genotypes, accompanied by a diagram of germline
status in each of the strains used in the mutant survey. Significance of the data set was
determined by ANOVA: F (13,50) = 9.319, p < 0.0001, with significant differences from wild type
determined by Dunnett’s post-test (p < 0.05 is indicated by *; p < 0.01 is indicated by **). In
general, fertilization and volatile pheromone production are anti-correlated. WCM for all
mutant strains except for aged N2 hermaphrodites was prepared from young adults.
Chemotaxis assays for spe-42 and egg-4; egg-5 double were performed six times instead of
three, due to high variance.

The results of this mutant survey (Fig. 2) reveal that the phenotype of the worm may be
predicted by the developmental time at which the mutated gene acts. C. elegans germline
development begins with two unsexed, primordial germ cells (PGC) [19]. These cells divide
mitotically to produce cells that will eventually develop into spermatocytes during the fourth
larval stage and oocytes during adulthood. Oocytes arrest during prophase |, and do not

continue meiosis at high rates until activated by MSP secreted by spermatozoa. The oocytes
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reinitiate meiosis at the same time that they are ovulated in preparation for sperm entry.
Activated oocytes re-arrest if they are not fertilized by spermatozoa. Ovulated oocytes that are

not fertilized are laid by the hermaphrodite as if they were eggs [2].

We first examined a mutant with complete failure of germline proliferation, leading to adults
with virtually no gametes of either sex (glp-1) [[20]. The production of pheromone by glp-1
mutants, in the absence of any appreciable germline, implies that the pheromone is produced
by the soma; the default state of the soma is to produce, and a normal germline suppresses
volatile pheromone production. We then tested a mutation that feminizes the germline, leading
to adults with normal oocytes but no sperm (fem-2) [21]. As with the previous experiment using
fog-2 mutants, fem-2 mutant hermaphrodites produce pheromone in young adulthood,
corroborating the finding that absence of sperm is sufficient to trigger pheromone production,

and aging is unnecessary.

In addition to looking at the mere presence of sperm, we examined three strains in which both
sperm and oocytes are present but their interactions are impaired. In the first strain (oma-1;
oma-2 double mutant), ovulation never occurs, and so the two types of gametes never meet
[22]. The production of pheromone by the oma-1; oma-2 double mutant indicates that the
presence of normal sperm is insufficient to suppress pheromone production. In the second
strain (defective in spe-8), sperm are immobile and cannot fertilize oocytes, although they are
fully capable of stimulating meiotic activation, ovulation, and egg-laying [23]. Since this strain
also produces pheromone, we know that activation of the canonical sperm sensation pathway is
insufficient to suppress pheromone production. Finally, we tested a strain (defective in spe-42)
containing superficially normal sperm and oocytes, although fertilization does not continue past
sperm-egg contact [24]. This strain failed to produce pheromone in young adulthood, making

sperm-egg fusion the earliest failure in reproduction that still permits pheromone suppression.
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We also examined the complex of genes known to regulate oocyte activities during fertilization.
Strains bearing these mutations produce and lay eggs that failed to undergo pronuclear fusion
and/or have no shells. The strains studied are egg-3, simultaneous mutation of egg-4 and egg-5,
mei-1, mbk-2, and chs-1 [25-29]. We further looked at one strain that displays completely

normal fertilization, but whose embryos fail soon thereafter (pos-1) [30].

Upon sperm-egg fusion in a wild-type worm, the presence of the sperm is signaled by a complex
whose components are encoded by egg-3, egg-4, and egg-5. This complex triggers the
completion of meiosis and is also required for proper assembly of the egg shell [2]. Our data
demonstrate that EGG-3 is required for pheromone suppression, but its two binding partners as
well as its known substrates, MBK-2 and CHS-1, are dispensable for pheromone suppression.
The genes mei-1 and pos-1, required for meiosis and embryonic cell determination, respectively,

are also unnecessary for suppression of volatile pheromone production.

To test whether EGG-3 has an undescribed role in sperm, we also collected WCM from egg-3(-/-)
hermaphrodites that had been mated to fertile males, so that they would contain a supply of
egg-3(+/+) sperm. These animals continue to produce volatile pheromone, showing that egg-
3(+/+) sperm are insufficient to rescue the attraction phenotype of egg-3(-/-) hermaphrodites

(Fig. S1).

To determine whether the vulva is required for volatile pheromone release, we produced
feminized animals that lack a vulva (a let-23(sy1); lin-18(e620) double mutant treated with fem-1

RNAI). This strain continues to produce and release volatile pheromone (Fig. 3D).

In an effort to identify genes involved in sperm-oocyte communication, we assayed genes that
code for transmembrane proteins required for fertilization: spe-9, spe-41, and egg-1. In all three

cases, no pheromone production was detected (Fig. 3E).
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Discussion

Our data indicate that simultaneous presence of mature sperm and activated oocytes in the
spermatheca (the portion of the gonad in which sperm are stored and fertilization takes place),
which occurs just prior to fertilization, is necessary for suppression of the volatile pheromone.

Membrane fusion is not required.

Table 1. Results and implications of Fig. 2
Strain Sperm status Qocyte status Volatile pheromone Implications
glp-1 Very few, normal None Yes Pheromone is produced by the soma and
suppressed by the germ line.
fem-2 None Normal Yes Sperm depletion eliminates suppression
without aging.
fog-2 None Normal Yes Same as fem-2.
Aged N2 None Normal Yes Aging of WT worms eliminates suppression.
oma-1,2 Normal Cannot be ovulated Yes Sperm presence is insufficient.
spe-8 Immobile Normal, ovulated Yes QOocyte activation/ovulation is insufficient.
spe-42 Cannot fuse Normal, ovulated No Sperm-oocyte fusion is unnecessary.
egg-3 Normal Qocyte cannot react to sperm Yes EGG-3 is necessary.
egg-4,5 Normal Qocyte cannot react to sperm No Known EGG-3-binding partners are unnecessary.
mbk-2 Normal No eggshell, meiosis incomplete No Known downstream effectors of
EGG-3 are unnecessary.
chs-1 Normal No eggshell No Eggshell deposition is unnecessary.
mei-1 Normal Meiosis incomplete No Completion of meiosis is unnecessary.
pos-1 Normal Resulting embryo dies No Embryonic viability is unnecessary.
Young N2 Normal Normal No Young WT worms suppress pheromone output.
The terms "insufficient”, “necessary,” and “unnecessary” are always in reference to the suppression of pheromone production. Overall, we conclude that
the pheromone is produced in the soma and suppressed by a signal originating in the germ line. EGG-3 and sperm-ococyte contact are necessary for
suppression. Eggshell deposition, complete meiosis, known EGG-3 effectors, known EGG-3-binding partners, and embryonic viability are unnecessary for
suppression. Sperm presence, oocyte activation, ovulation, and egg/oocyte-laying are insufficient for suppression.

The signal to suppress volatile pheromone production originates from the activated oocyte in an
EGG-3-dependent manner, and is transmitted to the maternal soma. The mere presence of
sperm, activation and ovulation of oocytes, egg-laying, and sperm-oocyte contact is insufficient
for pheromone suppression. Complete meiosis, embryonic viability, and the known effectors

and binding partners of EGG-3 are unnecessary for pheromone suppression (Table 1).

Our data cannot distinguish between a scenario in which mature sperm and oocyte
simultaneously signal to somatic cells, and one in which mature sperm and oocyte communicate
with one another before just a single germ cell-type signals somatic tissue. In an effort to
investigate the communication scheme, we tested a series of mutants that are defective for

transmembrane proteins involved in fertilization, but are not known to significantly impact
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oocyte or sperm development. A failure of any of these strains to suppress pheromone would
suggest the mutant gene is in the suppression pathway, and may have led to an understanding
of how sperm status is communicated. The mutants chosen were spe-9, spe-41, and egg-1,
which reduce successful fertilization to very low rates [31-33]. None of these mutations
prevented suppression of volatile pheromone production (Fig. 3E). We hypothesize that if sperm
surface proteins are necessary for suppression, that this is accomplished through surface ligands
that have not been implicated in fertilization. Since the mutations for spe-9 and egg-1 are
temperature sensitive rather than nulls, as is the case for spe-41, they may retain limited
function even at the non-permissive temperature. A low rate of successful sperm-oocyte contact
might have masked the requirement for either spe-9 or egg-1 in pheromone suppression. Our

data does not provide any suggestions for the nature of the oocyte-soma or sperm-soma signal.

These results are especially confusing in light of the dependence of pheromone suppression on
the action of EGG-3. If the sperm are unable to fuse to the oocyte, EGG-3’s known functions
should fail to be carried out. Further, EGG-3’s known functions are dependent on the presence
of either EGG-4 or EGG-5, as well as downstream proteins MEI-1, CHS-1, and MBK-2. That none
of the proteins tested in this pathway influence pheromone production, whether they reside in
the sperm or the egg, suggests a novel and independent function for EGG-3. This issue is even
further confused by the fact that localization of EGG-3 to the oocyte cortex is dependent on the
presence of CHS-1[25]. If EGG-3 carries out an undescribed function in pheromone regulation, it
is a function that does not require its typical localization. This all unfortunately leaves us with no

clear hypothesis for how EGG-3 regulates pheromone production.

The similarity of our results to those of Morsci et alia on the mating preference cue [6] lead us
to further speculate that the volatile pheromone and the mating-preference cue are regulated

by the same process, and may be the same.
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We naturally question what drove the evolution of oocyte-to-soma communication, which had
previously only been reported in mammals, where communication between somatic cells and
oocytes or embryos is critical to embryonic survival. In addition to influencing events that occur
in both uterine and embryonic tissue shortly after fertilization, oocyte-uterine signaling plays a
large role in modifying the nutrition and development of the fetus [34,35]. In nematodes,
however, the mother plays no role in the embryo's nutrition and development after fertilization;
therefore, such communication would serve no purpose to the developing embryo. Our findings
suggest a novel utility for oocyte-uterine signaling — one which may be related to the exclusive

benefit of the mother.

A growing body of research has demonstrated that the presence of males and the act of mating
may be hazardous to the health of females and hermaphrodites in the genus Caenorhabditis.
Mating between hermaphrodites and males, and even mere exposure to male secretions, has
been shown to shorten the life-span of C. elegans hermaphrodites [36,37]. Male sperm and
seminal fluid also trigger physiological changes in mated hermaphrodites [38]. It has also been
shown that the act of mating is followed by the appearance of cuticular damage around the
hermaphrodite vulva [39]. Unfortunately it is unclear whether any of these physiological and
lifespan alterations are detrimental to hermaphrodite fecundity or the fitness of their offspring.
It is also unclear whether these changes provide any benefit to the male mating partner or its
offspring. In other species of Caenorhabditis, however, a clear danger of mating has been
demonstrated. Males of the species C. nigoni have been shown to sterilize and kill

hermaphrodites and females of other species through the action of their sperm [40].
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aged hermaphrodites, and young adult males to young adult males. No significant differences
were found in any pairwise comparison. (B) Chemotaxis of young adult males to males in the 1°-
6™ day of adulthood. No significant differences were found. (Error bar for day 4 is not shown as
the standard deviation is very small: 0.016.). (C) Chemotaxis of young adult males of C. remanei
and C. elegans to females and aged hermaphrodites of C. remanei and C. elegans. No significant
differences were found. (D) Attraction of young adult males to vulvaless pseudofemales is not
significantly less than attraction to otherwise normal pseudofemales. (E) Attraction of young
adult males to incompletely sterile mutants defective for fertilization. No significant differences
were found when compared with attraction to young adult hermaphrodites. (F) Attraction of
young adult males to pseudofemales raised at varying temperatures. No significant differences
were found.

We hypothesize that due to the potential harms of mating, it benefits the mother to recognize
when successful fertilization has occurred, therefore shutting off further production of volatile
pheromone. While we have been presenting a scenario in which mating benefits males and

harms hermaphrodites (if they already possess sperm), it may also be the case that the male
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benefits from this arrangement by minimizing the possibility of sperm competition. There may
also be reasons to shut off pheromone production unrelated to mating control, such as limiting

the number of worms who may encroach on the hermaphrodite’s food source.

It is interesting to note that previous work shows that gravid hermaphrodites produce non-
volatile mate-attracting pheromones [41]. We cannot fully explain why, if production of mating
pheromones is disadvantageous to the hermaphrodite, they continue to produce non-volatile
attractants. It is possible that the loss of production of volatile attractants serves to reduce the
range of attraction, rather than abolish it completely. However, it is difficult to speculate on the
significance of the volatility of C. elegans pheromones as it remains unclear in what
environment the species evolved [42]. It is also possible that the non-volatile attractants are
indispensable for reasons other than mate-attraction; indeed, some of these attractants induce
dauer formation[41]. It is further possible that output of non-volatile attractants is reduced as a
result of sperm depletion; the appropriate experiments to show this have not been performed.
However, we have provided the most detailed characterization yet of the regulation of
pheromone output in a nematode, and we hope that this will lead to greater understanding of

how nematodes communicate through chemical signals.

Materials and Methods

Strains. Provided by the Caenorhabditis Genomics Center (complete genotypes available at
http://www.cgc.cbs.umn.edu/ ): N2 (C. elegans wild type), EM464 (C. remanei wild type), BA671
(spe-9), PS4330 (spe-41), AD186 (egg-1), GR1034 (ceh-18), BA785 (spe-8), IK574 (fog-2), DG1604
(fog-2; ceh-18), VC2876 (egg-3), AD266 (egg-4; egg-5), 1J462 (pos-1), TX183 (oma-1; oma-2),

SL1138 (spe-42), RB1189 (chs-1), TH48 (mbk-2), VC1530 (mei-1), CB1490 (him-5). Provided by H.
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Robert Horvitz: MT11436 (fem-2(e2105ts,mat) Ill / sC1 Il [ s2023 dpy-1(s2170) Ill ]). Provided by

Paul Minor (Sternberg laboratory): PS6345 (let-23(sy1); lin-18(e620)).

Strain maintenance. Worms were raised on NG-agar plates that had been seeded with E. coli
OP50. The males used for chemotaxis assays are collected from strain CB1490. For the purpose
of WCM collection, TH48, AD186, and BA671 were grown at the non-permissive temperature of
25°C and 15°C otherwise. All other strains were grown at room temperature. Control
experiments confirm that raising worms at high temperature does not interfere with

pheromone production (Fig. 3f).

Synchronization. Males for chemotaxis assays and hermaphrodites for WCM preparation were
synchronized by time of hatching prior to other procedures. Synchronization was carried out
over two generations. In the first generation, a plate of worms was rinsed with M9 buffer,
removing larvae and adults but leaving behind eggs. The roughly synchronized larvae resulting
from these eggs were permitted to grow to adulthood and lay eggs of their own. As the second
generation of larvae began to hatch from these eggs, all worms were removed from the plate in
M9. The adults and arbitrarily synchronized larvae were separated from one another by relative

buoyancy, after which the larvae were replated for later use.

Worm conditioned media. WCM was prepared using synchronized young-adult hermaphrodites
and pseudofemales. In the case of strains that segregate genotypes, the desired hermaphrodites
were separated from the origin strain by picking. For strains that did not produce males, worms
were picked on the day of collection. For strains that also produced males, worms were picked
the day before collection as L4s. On the day of collection, worms were rinsed from their plate in
M9 buffer and permitted to settle to the bottom of a microcentrifuge tube. Upon settling, the

supernatant was removed and the worms were resuspended (or rinsed) in fresh M9. This rinsing
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step was performed a total of four times to remove bacteria from the worms. When the rinsing
was complete, the worms were placed in the inverted cap of a microcentrifuge tube, one worm
per microliter, 75 worms per cap. The cap was sealed and permitted to sit at room temperature
for 24 hours, after which the worms and any eggs or larvae deposited in the WCM were

removed by centrifugation. WCM was stored at -20°C.

Chemotaxis assays. Chemotaxis assays were performed with synchronized males unless
otherwise noted. Males were separated from hermaphrodites by picking during the young-adult
stage, and permitted to feed for another 24 hours. This segregation procedure is meant to
reduce the influence of recent mating on male chemotaxis behavior. The males were then
rinsed from their plate with M9 buffer and transferred to a microcentrifuge tube. Rinsing was
performed in the same manner as with WCM preparation, but only twice with M9 to remove
bacteria and then twice with ddH,0 to remove salts. The chemotaxis assay was performed in a
10cm Petri dish prepared with chemotaxis agar (1.5% agar, 75 mM NH,CI, 10 mM MOPS, pH 7.2
with NH,OH, and 0.25% Tween 20). During the final rinse of the males, one microliter of sodium
azide was dropped on each far side of the plate (referred to as east and west), a diameter apart.
(Sodium azide functions as a rapidly lethal neurotoxin when encountered by C. elegans, allowing
us to record which position the male was most attracted to, rather than which position he is
more likely to linger at if he is sampling without initial bias. Since the azide is added to both
sides of the plate, and has not had time to diffuse through the agar when the assays begin, we
do not believe it has any effect on experimental outcomes.) Once the final rinse was complete,
100 males were pipetted onto the center of the plate, and gently spread north and south to
speed up the absorption of the excess water into the agar. As the water began to absorb, ten
microliters of WCM was pipetted to the inside lid of the Petri dish above one spot of azide, and

ten microliters of M9 was pipetted to the other. While thawing and pipetting the WCM, we
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were careful to pipette from the top of the media and not to disturb or mix the media. The plate
was then placed in a small box to eliminate the influence of light, and onto a vibration resistant
platform to reduce the influence of vibrations. The assay was run until 295% of the males were
dead, as determined by periodic checking. This generally took between 15 minutes and four
hours. At the conclusion of the assay, the males were tallied on the east and west sides of the
plate, while ignoring all worms within a 0.75 inch buffer zone along the north-south axis.
Chemotaxis index is computed as (cue — control)/(cue+control). All chemotaxis assays were

repeated three times unless otherwise noted.

Hermaphrodite aging. A population of 15,000 synchronized N2 larvae was permitted to reach
young adulthood, split across several plates. On the day that young adulthood was reached, a
portion of the worms were put into WCM collection, with the rest being replated by rinsing onto
fresh food. On each subsequent day until the sixth day, this procedure was repeated but with an
additional step of separating the adults from eggs and larvae by relative buoyancy. On the sixth

day, all remaining adults were put into WCM collection.

Mating assay. The testing of mated versus unmated fog-2(If) animals was performed with strain
JK574. For the unmated population, 150 L4 pseudofemales were segregated to a separate plate
and permitted to grow for another 24 hours, at which point the resulting adults were put into
WCM collection. For the mated population, 150 L4 pseudofemales and an equal number of
otherwise isogenic males were permitted to grow on the same plate for 24 hours. At the
conclusion of the mating period, males were discarded and the pseudofemales were put into
WCM collection. The testing of mated versus unmated egg-3(If) animals was performed in

otherwise identical fashion.
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Figure: S1. Effects of mating on pheromone output of egg-3 mutant hermaphrodites. y-axis
represents chemotaxis index. Chemotaxis of young adult males to young adult hermaphrodites
mutant for egg-3 is unaffected by whether the hermaphrodites have been mated. Attraction
showed no significant difference between mated and unmated samples.
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Chapter 3:

Attempts to identify pheromone regulatory genes through
random mutagenesis and RNAseq



Introduction

With the existence of a novel pheromone demonstrated, it is desirable to uncover the
mechanisms behind its regulation. However, the discoveries detailed in Chapter 2 of this thesis
leave very little to go on. Although it is appears probable that the default state of the soma is to
produce pheromone, and the repression pathway involves egg-3, we do not know enough to
place this novel pheromone on a known pathway. Experiments involving the genes mbk-2, egg-
4, egg-5, mei-1, and chs-1 demonstrate that the known egg-3 pathways have no apparent

involvement in pheromone regulation.

In a broader context, there are no known biochemical pathways comparable to what our data
suggests — a response of somatic cells to fertilization of an egg — in any organism other than
mammals. A thorough review of the literature, as well as correspondence with experts in the
field, has yielded no reports of such a pathway, or even hints of one: insects are not known to
behave differently after mating according to the ability of sperm to fertilize an egg; birds and

lizards care for unfertilized eggs the same as fertilized ones (at least until the egg begins to rot).

We therefore chose to approach this problem through two methods that encompass the entire
genome: random mutagenesis and RNAseq. EMS mutagenesis has been utilized since the very
beginning of C. elegans genetic studies [1]. This technique results in the introduction of random
point mutations throughout the genome of each cell of an exposed organism. If that cell should
be a germ cell, and that germ should give rise to an offspring, the resulting animal will be
heterozygous for the germ cell’s point mutations, and these mutations may homozygose in
some animals of the subsequent generation (one of the advantages of working with a
hermaphroditic species — a gonochoristic genetic model would require at least another

generation).
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RNAseq is a relatively new technique that allows for simultaneous abundance measurements of
all RNA transcripts in an organism, or a subset of those transcripts [2]. This technique, which
relies on modern high-throughput sequencing technology, has been used to analyze nematode

transcriptomes in the past [3].

Random mutagenic screen

As is standard practice in mutagenic screens, a parental population of worms (PO) was exposed
to EMS and allowed to recover and produce progeny. These progeny (F1), which are potentially
heterozygous for many mutations, were then distributed to new plates and allowed to develop.
The second generation of progeny (F2) from the mutagenesis, which are potentially

homozygous for some mutations, were then redistributed to fresh plates at one worm per plate.

In order to rapidly assess many thousands of potential mutants, a more efficient chemotaxis
assay needed to be devised than was used previously in chapter 2. To this end, both the
collection and testing of pheromone were optimized for high throughput. Instead of carefully
selecting out worms for pheromone extraction, the progeny of the F2 population were rinsed

off their plates, and pheromone was extracted from many strains in bulk in 96-well plates.

To speed the testing of pheromone, males were challenged with a modified chemotaxis assay
containing worm water samples from sixteen F2 plates (Fig. 1). Since the aging of nematodes is
time consuming, and finding a single negative in a background of positives is more difficult than
the reverse, this screen was only used to search for mutant that precociously produced

pheromone in young adulthood.

Through the course of this screen, we generated approximately 7,000 F2 clonal populations for
testing. After filtering these strains for those suitable for high-throughput pheromone extraction

(fast-growing, large brood size), 2,000 strains were chosen for testing. Testing ultimately
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identified 28 candidate mutant strains, although none of these strains still produced a
phenotype after retesting with the more strict protocol described in chapter 2. At the very least,

we are satisfied that this assay has a false positive rate of less than 1.5%.

Figure 1: A. High-throughput assay diagram. Eight pheromone samples were placed
circumferentially on the inside lid of the plate. Approximately fifty males were placed in the
center of the agar. B. Ideal situation — All males have congregated beneath a single sample, cue
1, which will selected for retesting. C. Second best situation — Males have congregated in the
general area of several samples, cues 2-4, which will all be selected for retesting. D. Worst case
scenario — Males have positioned themselves randomly across the plate, appearing to favor no
position. All eight samples will be discarded.

RNA-Seq
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The goal of this experiment was to measure the abundance of all mMRNA molecules in a
population of nematodes to identify those associated with pheromone production. Choosing a
single population of worms would produce too many potential genes of interest, so we had to
sample from multiple distinct types of populations and use Boolean methods to whittle the list

of candidates down to a manageable number.

We ultimately obtained sequencing data for four populations: young adult N2 (no pheromone),
aged adult N2 (pheromone), young adult female mutants (pheromone), and old adult female
mutants (pheromone). This approach would allow us to follow the effects of sperm depletion
through two distinct mechanisms, as well as filter out transcriptional changes that occur merely

as a result of age (fig.2).

N2 fog-2

Aged
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Figure 2: Diagram of RNA-seq scheme and summary of results.

Three biological replicates of each population were sequenced. All twelve samples were PCA
plotted to ensure that the variance between individual samples was primarily caused by

differences between populations rather than between replicates (fig. 3).
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The overall results of this experiment reveal many genes that may be involved in pheromone
regulation, and also validate the use of multiple comparisons. In the N2 set, over 2,500 genes
undergo differential regulation as pheromone status changes, whereas in the mutant female
set, over 20,000 genes remain steady as pheromone status goes unchanged. Fortunately, the

intersection of these two groups of genes produces a more modest 1,349 candidates.
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Figure 3: PCA plot of all twelve sequenced samples.

Although better than 2,500 or 20,000, 1,349 genes is still too many to assay in a single thesis
project. Instead, this list of candidates was further filtered down to those in which expression
levels were similar between the mutant female group and the aged N2 group, bringing the total
number of candidates down to 700. This was then further filtered by selecting only those genes
in gene classes considered likely to code for proteins that synthesize small molecules or regulate
their production (fig. 4).

40



Pheromone-correlated genes in classes
of interest

Metabolism

oac-31, oac-39, fat-5
C45B11.6, C17C3.3, RO3E9.2
Y66D12A.14, cyp-1411

Protein

interaction
eya-1, C40A11.2

ZC239.14, C40A11.6

Signalling

arrd-1, C45G9.6
arrd-4

Figure 3: Genes of interest organized by gene class. For most genes, class was determined by
sequence homology.

After this final filtering step, we arrived at 24 candidate genes we considered most likely to
encode either regulatory proteins that govern pheromone production, or metabolic enzymes
that actually generate the pheromone. Putative null mutations existed for ten of these genes,
which were tested for pheromone activity. Seven of these genes are highly expressed in
pheromone-positive samples, and were tested for an absence of pheromone production in old
age (fig. 4). The other three were highly expressed in pheromone-negative samples, and were

tested for precocious pheromone production (fig. 5).
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Figure 4: Attraction of males to aged hermaphrodites of N2 and seven mutant strains.
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No pheromone repressors identified
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Figure 5: Lack of attraction of males to young hermaphrodites of N2 and three mutant strains.

From our testing of 10 genetic mutations, we found four genes that appear to produce the
appropriate phenotype, although the result of unc-39 turned out to be spurious, as outcrossing
the mutant strain 3X to N2 eliminated the phenotype. Without any one of the three remaining
candidates, adult hermaphrodites appear incapable of transitioning to a pheromone-positive

state.

Very little is known about these three genes, oac-31, oac-39, and arrd-1. None have been
studied directly in great detail, and most of what we know comes only from protein homology.
The genes oac-31 and oac-39 are believed to encode o-acyltransferases, a class of metabolic
enzymes. The gene arrd-1 is believed to encode an arrestin, a class of proteins that inhibit the

activity of G-protein coupled receptors.
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Discussion

This project has identified multiple genes that may be involved in either the biochemical or
regulatory pathway that underlies production of the unknown nematode mating pheromone.
Further work is required for the validation of these results, but it is striking that three candidates
were found from a screen of only ten strains. If these are merely false positives caused by
background mutations, and not by fortuitously good dataset filtering, this would imply at least
that there are so many genes that effect pheromone production you can find mutants by

accident at a high rate.

If and when these candidates are validated as being involved in pheromone production, it will
be helpful to assay these genes for site of expression and transcriptional interdependence, in

order to help place these genes into a pathway, perhaps even in the context of egg-3.

At this moment in time, there is currently too little uncovered to draw firm conclusions about

how these three genes influence pheromone production.

1. Brenner S: THE GENETICS OF CAENORHABDITIS ELEGANS. Genetics 1974, 77:71-94.

2. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B: Mapping and quantifying
mammalian transcriptomes by RNA-Seq. Nat Meth 2008, 5:621-628.

3. Hillier LW, Reinke V, Green P, Hirst M, Marra MA, Waterston RH: Massively parallel
sequencing of the polyadenylated transcriptome of C. elegans. Genome Research 2009,
19:657-666.

44



Chapter 4:

Conclusions



At my last committee meeting, Professor David Anderson asked me what the one most
important thing | discovered was. | feel torn between two statements: 1) Hermaphrodites simply
behave like females with sperm, until they run out; and 2) Hermaphrodites can tell if their eggs

are being fertilized.

Regarding the first statement, it has long been known that young hermaphrodites and young
females of closely related species of nematode do not behave the same. As discussed in chapter
1, this has classically been interpreted as an evolutionary response to the rise of
hermaphroditism — since hermaphrodites no longer require mates, those behaviors that lead to
mating have been lost (either through actively negative selection, or simply drift and neutral
selection). However, | hope | have demonstrated to the reader, through both a thorough
examination of the literature and novel experiments, that this is most certainly not the case.
Many authors have recognized that sperm replete females behave in a similar fashion to
hermaphrodites, but very few appreciated that sperm deplete hermaphrodites behave like
females! The behavioral scheme is essentially the same for both genders, but they merely begin

in different physiological states.

In terms of actual new discoveries, however, | consider my most important to be that
hermaphrodites can sense the fertilization of their eggs, or at least the simultaneous presence
of mature oocyte and mature sperm in the spermatheca. As mentioned previously, this is a
finding unprecedented outside of mammals. Caenorhabditis nematodes already possess a
robust sperm detection system to prevent wasteful ovulation, so what could be the purpose of a
second sperm or fertilization sensation pathway? Why would a nematode begin ovulating after

a successful insemination, but only stop seeking mates when the sperm has proven effective?
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The most obvious conclusion | can imagine is that scenarios exist in the wild in which a female or
hermaphrodite may find herself inseminated with ineffective sperm. Perhaps this is a result of
mating to sick or damaged males, or to males of a closely related but non-interfertile species.
Alternatively, perhaps this is simply how it evolved — both ovulation and mate finding benefited
from being linked to sperm status, and this arose through independent mechanisms for no

particular reason except that it did.

Nevertheless, | believe this is a valuable approach to dissecting the communication of
nematodes. While the careful study of nematode responses to pheromone exposure provides
valuable information, analysis of this data can be difficult. Laboratory worms are grown in an
environment that does not remotely resemble their wild environment — they are generally
unexposed to pathogens and parasites, they eat food they are unlikely to encounter naturally,
the temperature is held roughly constant, and they can only move in two dimensions! Although
some behaviors are easy to make sense of (mating, dauer), for many others, it is unclear what
the worms are actually trying to do. And this does not even take into account the possibility that

a worm may benefit from not responding to a signal the way its sender intended.

But studying instead how a signal is generated and what physiological triggers are needed to

release it, may reveal the purpose of a signal with great clarity.
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