
Cellular/Molecular

Mate Searching in Caenorhabditis elegans: A Genetic Model
for Sex Drive in a Simple Invertebrate
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Much of animal behavior is regulated to accomplish goals necessary for survival and reproduction. Little is known about the underlying
motivational or drive states that are postulated to mediate such goal-directed behaviors. Here, we describe a mate-searching behavior of
the Caenorhabditis elegans male that resembles the motivated behaviors of vertebrates. Adult C. elegans males, if isolated from mating
partners, will leave the area of a food source and wander about their environment in an apparent search for a mate. When mating partners
are present on the food source, males do not wander but remain with them. This behavior is sexually dimorphic for C. elegans and two
additional male/hermaphrodite species studied; for these species, hermaphrodites leave food significantly slower than males. In contrast,
for three male–female species examined, both males and females left food, in two cases with similar frequency, suggesting coordinate
evolution of behavioral dimorphism with hermaphroditism. We use a quantitative behavioral assay to show that C. elegans male mate
searching is regulated by signals from hermaphrodites and by physiological signals indicating nutritional and reproductive status. We
identify genes in the serotonin, insulin, and sex determination pathways that affect the rate of mate searching. These genes may contrib-
ute to physiological and reproductive regulatory mechanisms. Our results establish C. elegans as a model genetic animal with a simple
nervous system in which neural pathways leading to a motivated behavior may be genetically dissected.
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Introduction
Drives govern the expression of complex animal behaviors, en-
suring that in their activities animals are appropriately goal-
oriented and purposeful. Animals seek to gain nutrition; they
avoid danger and search for a favorable physical environment.
They try to find sexual partners and mate with them, and they
express behaviors that promote success of their offspring. They
express complex social behaviors and seasonal behaviors, such as
migrations. Expression of complex, goal-oriented behavioral pat-
terns such as these requires the harmonious functioning of many
sensory, neural, and motor systems. In vertebrates, motivational
states or drives are invoked to explain the expression and choice
among alternative, goal-directed behaviors, but given the com-
plexity of most animal nervous systems, little is known about the
detailed nature of such drive states (Kupfermann et al., 2000).

The necessity for the coherent organization of behavior ap-
plies to tiny invertebrates no less than to larger species. Although

the nervous system of the nematode worm Caenorhabditis elegans
comprises only a few hundred neurons (White et al., 1986), C.
elegans can express a number of alternative complex behavioral
patterns that are regulated to achieve definable goals. Locomo-
tion, for example, which consists of alternating periods of for-
ward and backward swimming segmented by stops and turns
(Croll, 1975; Zheng et al., 1999), is regulated by sensory input to
avoid obstacles (Chalfie et al., 1985; Kaplan and Horvitz, 1993),
to take the individual toward or away from attractive or noxious
substances (Pierce-Shimomura et al., 1999; de Bono et al., 2002),
to keep a hungry animal on a food source (Sawin et al., 2000), to
keep an animal at the temperature where it last found food
(Hedgecock and Russell, 1975), or to keep a male near a mating
partner (Simon and Sternberg, 2002). Two reproductive behav-
iors, egg laying by the hermaphrodite (Hardaker et al., 2001) and
copulation by the male (Loer and Kenyon, 1993; Liu and Stern-
berg, 1995), are coordinated with locomotion. Copulation is it-
self a complex male behavioral mode with the obvious goal of
achieving fertilization (Loer and Kenyon, 1993; Liu and Stern-
berg, 1995). The possibility of performing a genetic analysis in C.
elegans and similar small invertebrates opens a way to identify
genes necessary for the coordination and expression of overall
behavioral patterns such as these. These genes will define the
mechanisms responsible for switching between different behav-
ioral states and for making the best choice among alternatives in
view of environmental and physiological conditions.

Before a male can copulate, he must locate a mating partner.
We show here that under appropriate conditions, the C. elegans
male expresses a behavioral pattern that appears to be aimed at
accomplishing this goal. If an adult male is isolated on a restricted
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food source without hermaphrodites, he
will leave the food source and wander
about his environment. When a mating
partner on a food source is located, further
expression of wandering is blocked. We
have studied this behavior as a model to
identify genes required for expression of a
sex-specific behavior governed by a drive.
By measuring the rate at which males leave
a food source under various conditions,
we have defined environmental, physio-
logical, and genetic factors that govern ex-
pression of mate-searching behavior.
These experiments establish C. elegans as a
model genetic system in which to study the
nature and regulation of a drive state.

Materials and Methods
Strains and culture conditions. Nematodes
were propagated following published proce-
dures (Brenner, 1974; Sulston and Hodgkin,
1988). The him-5(e1490)V mutation was introduced into strain back-
grounds, where appropriate, to generate cultures with spontaneous
males. “Wild type” refers to CB4088 him-5(e1490) animals. The
additional C. elegans strains used were as follows: CB3844, fem-
3(e2006)IV; EM653, tph-1(mg280)II;him-5(e1490V ); EM670, fem-
2(b245)III; him-5(e1490)V; EM678, fem-1(hc17)him-8(e1489)IV;
EM708, glp-1(bn18)III;him-5(e1490)V; EM709, fog-1(q253)I;him-
5(e1490)V; EM734, spe-26(hc138)IV;him-5(e1490)V; EM814, daf-
2(e1370)III;him-5(e1490)V; EM871, daf-16(mgDf50)I;him-5(e1490)V;
EM897, daf-16(mgDf50)I;daf-2(e1370)III;him-5(e1490)V; JK577, fog-
2(q71)V; JK659, mog-3(q74)III; JK816, fem-3(q20)IV.

The strains of other nematode species used were Caenorhabditis brigg-
sae (AF16 ), Caenorhabditis japonica (SB339), Caenorhabditis remanei
(EM464 ), Caenorhabditis sp. (DF5070), and Pristionchus pacificus
(PS312).

Leaving assays. Leaving assays were performed on plastic Petri plates
(9-cm-diameter) prepared with 10 ml of agar medium [17 gm of agar
(Difco, Detroit, MI), 2.7 gm of Bactopeptone (Difco), 0.55 gm of Tris
base (Sigma, St. Louis, MO), 0.27 gm of Tris HCl (Sigma), 2.0 gm of NaCl
(Fisher Scientific, Pittsburgh, PA), and 1 ml of ethanol containing 5
mg/ml cholesterol (Sigma), per liter H2O] and were allowed to dry over-
night on a laboratory bench. The smaller amount of agar per plate (10 ml)
compared with the standard amount for genetics (23 ml) was used be-
cause it was found to increase the ease of scoring worm tracks (see Fig. 1),
while not affecting the rate of leaving. Each plate was inoculated in the
center with 18 �l of Escherichia coli strain OP50 grown to OD600 � 1.0,
establishing after incubation for an additional 12–16 hr at room temper-
ature, a small circular lawn of �9 mm diameter. The dryness of the agar
surface and degree of bacterial growth were the most critical variables for
reproducible results. In a typical assay, L4 larval worms were selected
from worm cultures and held on same-sex seeded plates for �12 hr to
mature. Approximately 20 animals were selected, placed individually on
assay plates, and scored for leaving (passage of their track beyond a 3.5
cm radius circle) at intervals. Assays were performed at 20°C, unless
noted otherwise. Tracks were often most easily seen by direct observation
of the plate tilted at angles to observe the reflections of laboratory lights
on the agar surface. For photography, plates were prepared with 10 ml of
nematode growth medium agar (Sulston and Hodgkin, 1988) and pho-
tographed following the method of Mori and Ohshima (1995).

Calculation of leaving rates. The probability of leaving per hour, PL, was
estimated in one of two ways: (1) as the slope of the plot of log fraction of
nonleavers versus time (see Fig. 2) using a mixed effects repeated-
measures ANOVA with an autoregressive covariance structure (SAS soft-
ware, version 6.12; SAS Institute, Inc., Cary, NC); or (2) as the hazard
obtained by fitting an exponential parametric survival model to the
censored data using maximum likelihood (software R; http://www.

R-project.org). Each condition was contrasted against the appropriate
control condition (pooled across replicates).

Food deprivation. Adult male worms were picked from plates seeded
with bacteria and washed three times with M9 solution (Brenner, 1974).
They were then placed on fresh 9 cm plates that were either seeded with
bacteria or contained agar alone. Plates were placed at 20°C for varying
lengths of time. Fed or food-deprived individuals were transferred to
standard leaving assay plates, and their leaving times were scored.

Gonad ablation. Ablation by laser microsurgery was performed on L1
animals as described (Bargmann and Avery, 1995). Germ-line ablation
was accomplished by ablating the germ-line precursor cells Z2 and Z3.
Whole gonad ablation was accomplished by ablating these plus the so-
matic precursors Z1 and Z4. Success of ablations was determined by
examining adult animals with Nomarski optics to confirm the absence of
the ablated tissues.

Results
A quantitative assay for mate searching
In the laboratory, C. elegans is normally reared on agar plates
seeded with E. coli as a food source. Under these conditions, if an
adult male is left alone on a restricted patch of food, he will
eventually leave the food source and wander about the plate. We
developed a quantitative assay to measure this tendency, a behav-
ior we call “leaving.” The assay is based on the time it takes from
the start of the assay for a male to traverse a region of the agar
plate a certain distance from the food (Fig. 1). Males appear to
leave food stochastically, each worm in a population having an
equal and invariant probability of leaving in any given time in-
terval (Fig. 2). From the assay, we derive a first-order rate con-
stant, PL (the probability of leaving per hour), which represents a
simple, single, and quantitative means by which to compare ge-
notypes and conditions for the expression of this complex behav-
ior (Fig. 2).

Leaving appears to be a mate-searching behavior for the fol-
lowing reasons. First, leaving behavior is both sex and stage spe-
cific. Adult hermaphrodites, which do not need to mate to repro-
duce, rarely, if ever, wander away from food (Fig. 2, Table 1).
Moreover, neither males nor hermaphrodites at the sexually im-
mature L4 stage or earlier express appreciable leaving behavior
(Table 1). L4 larval males began leaving after sexual maturation
(data not shown). These data suggest that behavioral mecha-
nisms promoting leaving behavior are activated concomitantly
with sexual maturation in males. Thus, only animals capable of
mating and requiring a mating partner to reproduce leave food.

Figure 1. Wild-type males leave food. When C. elegans males are isolated on a food source away from mating partners, they
eventually leave the food source and wander about their environment. These photographs show the tracks a male left on the agar
surface of a leaving assay plate after being placed at time 0 in the center of a 0.9-cm-diameter bacterial lawn in the middle of a 9-
cm-diameter agar plate. The position of the male on the 4 hr plate is indicated by the white arrow. When the male’s track reaches
a distance 3 cm from the edge of the food source (dashed white circle), the male is scored as a leaver (5 hr plate). The white
rectangle is a raised area of plastic on the bottom of the Petri plate.
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Second, when adult hermaphrodites are placed on the leaving
assay plates with males, the males do not leave food (Fig. 3A,
Table 1). Thus, encounter of a hermaphrodite has the property of
a goal of an appetitive behavior by the criterion that it causes the
behavior to cease (Kupfermann et al., 2000). When males are
cultured with other males, leaving probability is reduced but not
eliminated (Fig. 3A, Table 1). Thus, in the leaving assay, males are
capable of distinguishing males from hermaphrodites.

A food supply is necessary for the presence of hermaphrodites
to inhibit male leaving. Males tested with paralyzed hermaphro-
dites [unc-51(e369) or unc-54(e1152)] in the absence of food but
not in the presence of food rapidly left the region containing the
hermaphrodites (Table 1). Thus, males are retained by hermaph-
rodites only in the presence of food, conditions favorable to the
production of progeny. Taken together, these observations are
consistent with the interpretation that leaving is an adaptive male
sexual behavior that promotes finding a mate on food.

Correlation of leaving rates and sexual system
To determine whether leaving was always correlated with the
need to find a mate, we measured leaving rates of the two sexes in
additional nematode species. We chose species with both male–
female sexual systems and species with a self-fertile hermaphro-
dite like C. elegans. The expectation was that only self-fertile her-
maphrodites would remain indefinitely on food. Contrary to this
expectation, we found a wide range of PL values for both sexes,
suggesting that the balance between wandering and food attrac-
tion has evolved (Table 2). Of two hermaphroditic species we
tested, neither showed the extreme sexual dimorphism of leaving
behavior exhibited by C. elegans. Under standard assay condi-
tions, in the closely related hermaphroditic species C. briggsae,
both males and hermaphrodites left food at similar rates, whereas
in the hermaphroditic species P. pacificus, both sexes tended to

remain on the food (data not shown). However, by either increas-
ing (C. briggsae) or decreasing (P. pacificus) the size of the bacte-
rial lawn, we could demonstrate higher rates of leaving by males
than by hermaphrodites in both species (Table 2).

In three male–female species tested, females left food, in one
instance [C. sp. (DF5070)] at high rates comparable with males.
For two of these species, there was no significant difference in the
rates of leaving between males and females. These results are
consistent with the need for both sexes to find a mate. Strikingly,
for one male–female species, C. remanei, when virgin females
were mated, their rate of leaving was decreased (Fig. 3B, Table 2).
This indicates that leaving behavior is under the control of signals
from the reproductive system and is governed by reproductive
status, an observation that provides support for the conclusion
that leaving is associated with the requirement to mate.

Regulation of male leaving by a hermaphrodite signal
Motivated behaviors are governed by cues from the environment
and by physiological signals from the tissues that indicate their
appropriateness under various circumstances. Mate searching is
inappropriate when mates are already present, and, accordingly,
C. elegans male mate searching is regulated by a signal from her-
maphrodites. The leaving assay allowed us to investigate the na-
ture of this signal.

We found that the hermaphrodite signal appears to be either

Figure 2. Quantitative measurement of leaving behavior. To determine the probability of
leaving food, a number of animals (typically 20) are scored for their time of leaving as shown in
Figure 1. A plot is shown of representative data for two assays, one with wild-type C. elegans
males and one with wild-type hermaphrodites. The log fraction of nonleavers versus time is
plotted, and the data are fitted to the first-order equation N( t)/N0 � exp(�PLt), where N( t)/N0

is the fraction of total worms that remain nonleavers at time t and PL , the rate constant,
represents the probability of leaving per unit time. A reasonable fit to a straight line indicates
that to a first approximation, the probability of leaving per unit time is the same for each
individual and is constant over the period of the assay.

Table 1. Leaving probabilities (PL) of C. elegans strains

Genotype or condition Male Hermaphrodite

Wild type
Adult 0.17 � 0.008 (20) 0.002 � 0.001a* (15)
L4 �0.001b* (2) �0.001 (2)
Male with hermaphrodites �0.001c* (8) NA
Male with males 0.103 � 0.017d* (3) NA
Male with hermaphrodites,

no food 0.6 � 0.05e* (3) NA
Gonad ablations

Entire gonad ablated 0.05 � 0.002f* (n � 25) 0.06 � 0.002f* (n � 23)
Germ line ablated 0.07 � 0.003f** (n � 18) 0.005 � 0.004f*** (n � 30)

Serotonin biosynthesis
tph-1(mg280) 0.04 � 0.01g* (3) 0.007 � 0.002g*** (3)

Insulin pathway
Wild type 0.05 �0.04, 0.06� (4)
daf-2(e1370) 0.003 �0.001, 0.007� g* (4)
daf-16(mgDf50) 0.11 �0.09, 0.14�g* (3) 0.003 � 0.001***
daf-2(e1370);daf-

16(mgDf50) 0.06 �0.05, 0.08�g*** (3)
Germ cell developmentg

glp-1(bn18) 0.04 � 0.002* (2) �0.001*** (2)
spe-26(hc138) 0.05 � 0.005* (2) 0.001 � 0.001*** (2)
fog-1(q253) 0.001 � 0.001* (3) 0.001 � 0.001*** (2)
fem-1(hc17) NA 0.004 � 0.004*** (2)
fem-2(b245) NA 0.002 � 0.002*** (2)
fem-3(e2006) NA 0.004 � 0.003*** (2)
fem-3(q20gf) NA 0.005 � 0.005*** (3)
mog-3(q74) NA 0.010 � 0.007*** (2)

PL � SE was calculated from the combined data of all independent tests. For the insulin pathway male data, which
were analyzed by survival analysis (see Materials and Methods), upper and lower 95% confidence intervals are given
in brackets. The number of independent assays that were combined in the calculation of PL is given in parentheses.
For ablation experiments, the total number of animals examined is given. p values for pairwise contrasts are indi-
cated as follows: *p � 0.001; **p � 0.05; ***p � 0.05. For daf-2(e1370);daf-16(mgDf50) versus daf-2(e1370),
p � 0.001; for daf-2(e1370);daf-16(mgDf50) versus daf-16(mgDf50), p � 0.05. Insulin pathway assays were
performed at 25°C. Wild-type males appear to have a significantly lower rate of leaving at this temperature than at
lower temperatures, and this slow leaving apparently requires daf-16 function. A possible explanation is that the
worms are experiencing some stress response at the higher temperature. NA, Not applicable.
a– gThe data compared were as follows: awild-type hermaphrodite versus wild-type male; bL4 male versus adult
male; cmale with hermaphrodites versus male alone; dmale with males versus male alone; emale with hermaphro-
dites without food versus male with hermaphrodites on food; fablated versus unablated; gmutant versus wild type.
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on the hermaphrodite body or is a labile
secreted pheromone. Single males were
placed with hermaphrodites for 15 hr,
during which time they had the opportu-
nity to mate. The hermaphrodites were
then removed, and male leaving kinetics
was determined. After hermaphrodite re-
moval, the rate of male leaving returned to
that of isolated virgin males without mea-
surable delay (�20 min) (Fig. 3A and data
not shown). Thus, males could quickly de-
tect the absence of hermaphrodites. If
males are attracted by a diffusible signal
generated by hermaphrodites, this signal
does not persist in the environment at ef-
fective levels longer than �20 min. Alter-
natively, the males might detect the her-
maphrodite by contact. This experiment
also demonstrated that neither extensive
exposure to the hermaphrodite-derived
signal nor previous mating opportunity
had an effect on males that persisted in the
absence of hermaphrodites.

In view of the possibility that males de-
tected hermaphrodites by contact, we ex-
amined whether males on food with her-
maphrodites were in continuous contact
with them. Spot checks at 1–2 min inter-
vals (n � 600) of single males on assay
plates (n � 20) with five wild-type her-
maphrodites revealed that a male was in
contact with a hermaphrodite 29% of the
time (4% mating with spicules inserted
into the hermaphrodite vulva, 19% in con-
tact searching for the vulva, 6% touching
any part of the hermaphrodite body in
some other way), whereas for 71% of the
time, a male was not in contact with any
part of the hermaphrodite and was moving
separately about the lawn. Thus, it is un-
likely that male leaving behavior is inhib-
ited by constant contact with hermaphro-
dites. If males detect hermaphrodites by
contact, the effects of such contact must
persist during intervals of no contact
(measured to have a mean of 6.7 � 0.5
min; range, 3.4 –14.2 min).

Nutritional status regulates leaving
The leaving assay sets up a competition be-
tween food attraction and exploratory behavior. Therefore, a
physiological factor that might be expected to affect the leaving
rate is nutritional status. Remaining on food might be favored
under conditions of starvation, and we found that this was the
case. Males were deprived of food for increasing times, then were
placed on leaving assay plates, and their rate of leaving was as-
sayed. After food deprivation, males had a reduced initial rate of
leaving (Fig. 3C). After a few hours of feeding on the assay plate,
they began to leave. The amount of time required for recovery
increased with the duration of previous food deprivation. This
demonstrates that leaving is a facultative behavior regulated by
conditions specific to individual animals. Its inhibition by food
deprivation suggests that the neural mechanism governing its

expression is responsive to physiological signals reflecting nutri-
tional status.

The reproductive system regulates leaving
To determine whether another relevant physiological signal came
from the gonad, as appeared to be the case in C. remanei, we
determined the leaving rates of adult C. elegans males and her-
maphrodites after gonad ablation. We found that whole-gonad
ablation (removal of both germ cells and somatic gonadal tissue)
decreased the rate of leaving of males but increased leaving by
hermaphrodites (Fig. 3D, Table 1). Rates of leaving by gonad-
ablated males and hermaphrodites were, in fact, indistinguish-
able, indicating that sexual dimorphism in this behavior requires

Figure 3. Representative leaving assays under various conditions. A, Male leaving is blocked by hermaphrodites and slowed by
other males. Single wild-type males were tested in the presence of five wild-type hermaphrodites or paralyzed [unc-51(e364)]
males. In the male plus hermaphrodite experiment, at the time indicated by the arrow, the hermaphrodites were removed from
the plates. Leaving probability returned to that of males alone without measurable delay, indicating the hermaphrodite signal is
on the hermaphrodite body or is labile in the environment. B, Leaving behavior in a male–female species, C. remanei. Virgin
females leave food, but mated females do not. C, Food deprivation decreases leaving. Wild-type C. elegans males were kept on
plates without food for the times shown, then tested for leaving behavior. D, Effect of the reproductive system on leaving behavior.
Either the entire gonad was ablated by laser microsurgery (GA) or the germ line only was ablated (GL). E, Effect of signaling
through the insulin pathway on male leaving behavior. A strong loss-of-function mutation in the insulin receptor daf-2(e1370ts)
inhibits leaving. A null allele in the downstream transcription factor daf-16(mgDf50) increases leaving and is epistatic to daf-
2(e1370ts). Animals were raised to the L4 larval stage at 20°, shifted to 25° to mature, and tested at 25°. F, fog-2(q71) hermaph-
rodites (functional females) leave food. Leaving is decreased by mating. Data are shown for three independent tests. Alone among
all genotypes and conditions we tested, leaving data for fog-2 animals did not yield a straight line for unknown reasons. The q71
allele gave the strongest effects, but we also tested q70, q123, oz40, and oz170 with similar results (data not shown).
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a signal from the reproductive system. It is possible to selectively
remove the germ line from the somatic gonad by ablating the two
larval germ cell precursors. In males, removal of the germ line
decreased the leaving rate similar to whole-gonad ablation, indi-
cating the germ line was critical for the gonad signal (Fig. 3D,
Table 1). In hermaphrodites, however, removal of the germ line
had no affect on leaving behavior, suggesting that the signal
blocking hermaphrodite leaving came from the somatic tissue
(Fig. 3D, Table 1). The function of the germ cells in the absence of
gonad somatic tissue cannot be tested because germ cell develop-
ment requires presence of the somatic tissues.

Leaving is regulated by serotonin and by an insulin-like
signaling pathway
Hormones coordinate development, metabolism, reproduction,
and behavior. In C. elegans, serotonin and insulin are two signal-
ing pathways known to be involved in the response to food and
nutritional status. We found that both pathways affected leaving
behavior.

Serotonin is thought to act as a neurohormone after being
secreted in response to food into the region of the nerve ring by
the neurosecretory NSM cell located in the pharynx (Albertson
and Thomson, 1976; Horvitz et al., 1982; Sawin et al., 2000). We
found that serotonin-deficient tph-1(mg280) males had a signif-
icantly decreased rate of leaving (Table 1). Serotonin levels might
promote leaving as part of a spectrum of responses to nutritional
status. Alternatively, or in addition, serotonin might have a more
direct involvement in the coordination of locomotion. Eight
male-specific CP motor neurons in the ventral cord, thought to
innervate the diagonal muscles and required for male copulation,
are also serotonergic (Loer and Kenyon, 1993). These neurons
represent a possible alternative source of serotonin affecting leav-
ing behavior.

Insulin pathway signaling in C. elegans mediates the choice
between rapid development and delayed development (dauer de-
velopment) and also affects the rate of aging. Pathway activity is
influenced by a pheromone, food signals, and signals from the
gonad (Kimura et al., 1997; Hsin and Kenyon, 1999). In view of
the regulation of male leaving by both food and gonad signaling,
we examined whether insulin signaling might be involved. We
found that the male leaving rate was dramatically reduced in a
mutant for the daf-2 insulin receptor (Fig. 3E, Table 1). daf-2
signaling both to promote nondauer development and to shorten
the life span antagonizes the function of the DAF-16 forkhead
transcription factor. To determine whether this was the case for
behavior as well, we examined the leaving rate of a daf-2; daf-16
double mutant. We found that the daf-16 mutation suppressed

the effect of the daf-2 mutation and the animals left at wild-type
or even greater rates (Fig. 3E, Table 1). Thus, in a daf-2 loss-of-
function background, DAF-16 acts to decrease male leaving. Sup-
pression was incomplete, however, suggesting the possibility that
daf-2 may promote leaving by antagonizing an additional activ-
ity. None of these mutations affected the hermaphrodite charac-
teristic to remain on food (Table 1 and data not shown) or the
ability of males to be retained on food by the presence of her-
maphrodites (data not shown). Insulin signaling might act to
promote development of nervous system circuitry that enables
leaving behavior or it might be required in adult animals to reflect
current physiological conditions. In these experiments, per-
formed using a temperature-sensitive daf-2 allele, animals were
reared at permissive temperature and raised to nonpermissive
temperature either as late L4 animals or as adults. In both cases,
males were strongly retarded in leaving. This indicates that path-
way activity is required in adult animals.

Genes controlling germ cell development are required for
wild-type leaving behavior
Gonad ablation altered the rate of leaving by both males and
hermaphrodites, indicating that one or more signals from the
gonad regulated leaving behavior. To confirm and extend these
observations, we examined mutants that block or alter germ cell
development. Consistent with the result of germ cell ablation in
males, glp-1 males, which lack normal proliferation of germ cells,
had lower leaving rates than wild-type males (Table 1). Similarly,
males defective for spe-26, which have normal numbers of germ
cells but are blocked at an early step in sperm differentiation, also
had slow leaving rates (Table 1). This suggests that the signal
requires the presence of mature male gametes. To determine
whether the sex of the gametes was important, we examined
males mutant for the sex determination pathway gene fog-1, in
which male germ cells differentiate as oocytes instead of as sperm
(Barton and Kimble, 1990). Remarkably, fog-1 mutant males left
food at very low rates, slower than males with no germ cells at all
(Table 1). Thus, it appeared that oocytes cause generation of a
signal that blocked leaving by males.

Consistent with the lack of any effect in hermaphrodites of
ablation of the germ line, most mutations that affected germ cell
development had no effect on the tendency of hermaphrodites to
remain on food. The mutations tested included mutations that
blocked germ-line proliferation ( glp-1), prevented development
of hermaphrodite sperm ( fog-1, fem-1, fem-2, fem-3, spe-26), or
transformed hermaphrodite gametes entirely into sperm [mog-3,
fem-3(gf)] (Table 1). Thus, C. elegans hermaphrodites were not
comparable with mated females of a male–female species (C.
remanei) in which presence of sperm or developing embryos de-
creased the rate of leaving.

One gene we tested, however, was exceptional. The gene fog-2
is necessary for the C. elegans hermaphrodite to develop sperm
(Schedl and Kimble, 1988). fog-2 acts in the sex determination
pathway at an early step to repress pathway activity promoting
female development, thereby allowing sperm to be made briefly
in the hermaphrodite gonad (Schedl and Kimble, 1988; Clifford
et al., 2000). fog-2 virgin hermaphrodites, which lack sperm and
are functional females, left food at significant rates (Fig. 3F).
After mating, the rate of leaving was decreased (Fig. 3F). There-
fore, it appears that in a fog-2 mutant background, behavior of the
C. elegans hermaphrodite was altered from wild type and can be
influenced by the presence of sperm, developing embryos, or
possibly a component of seminal fluid.

The effect of fog-2 on hermaphrodite behavior is independent

Table 2. Leaving probabilities (PL) of non-C. elegans species

Species Male Hermaphrodite or female

Male/hermaphrodite
C. briggsae 0.05 �0.04, 0.07� (2) 0.02 �0.01, 0.03�* (2)
P. pacificus 0.05 �0.04, 0.08� (2) 0.006 �0.002, 0.01�* (2)

Male/female
C. japonica 0.04 �0.02, 0.06� (1) Virgin: 0.02 �0.01, 0.04�*** (1)

Mated: 0.01 �0.006, 0.04�*** (1)
C. remanei 0.21 � 0.07 (3) Virgin: 0.07 � 0.008** (3)

Mated: 0.03 � 0.002** (3)
C. sp. (DF5070) 0.27 �0.18, 0.41� (1) Virgin: 0.44 �0.28, 0.68�*** (1)

Mated: 0.30 �0.20, 0.45�*** (1)

For an explanation of values and symbols, see the footnote to Table 1. The diameter of the food patch was 0.2 cm for
P. pacificus; 1.0 cm for C. remanei, C. japonica, and C. sp. (DF5070); and 2.0 cm for C. briggsae. Pairwise contrasts were
hermaphrodite versus male, virgin female versus male, and mated female versus virgin female.
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of the development of male gametes because more downstream
mutations that blocked sperm development failed to have any
effect on hermaphrodite leaving behavior. Thus, in addition to its
function in determining the sex of the gametes, fog-2 also has an
independent function that affects behavior. In determining
germ-line sex, fog-2 blocks translation of the tra-2 sex determi-
nation gene by acting within a protein complex that targets a 3	
untranslated region element within tra-2 mRNA (Clifford et al.,
2000). fog-2 may have additional translational targets allowing it
to also block generation of a germ-line signal that would other-
wise function to promote leaving in female nematodes.

Discussion
Mate searching in C. elegans: an appetitive behavior governed
by a drive
We have described a behavior of the C. elegans adult male that
appears to be a mate-searching behavior. This spontaneous, ap-
parently goal-directed behavior is regulated by signals from the
environment indicating the presence of hermaphrodite mating
partners as well as by internal physiological signals reflecting nu-
tritional and reproductive status. We introduced a simple, quan-
titative assay that makes it possible to analyze the effects of mu-
tations on expression of this behavior. C. elegans male mate
searching provides a potential genetic model for understanding
the nature of the signals and signaling pathways that influence
expression of a complex, goal-directed behavior.

In vertebrates, the state of the nervous system that influences
expression of behavior of this type is termed a motivational or
drive state (Kupfermann et al., 2000). Experience-dependent
modulation of response to food (Sawin et al., 2000) and environ-
mentally regulated choice of locomotory state (Fujiwara et al.,
2002) have been suggested previously as examples of motiva-
tional phenomena in C. elegans. A behavioral state model involv-
ing regulation by serotonin was used by Waggoner et al. (1998) to
describe egg-laying behavior. We suggest that the male can exist
in one of two behavioral states, one that promotes leaving and
one that prevents it, and that regulation of male mate searching
represents an additional example of motivation in C. elegans.

In mate searching, a C. elegans male wanders about his envi-
ronment. If in wandering he encounters a hermaphrodite on
food, he stops wandering and stays indefinitely on this food
source for as long as the hermaphrodite is present. It is this phe-
nomenon that allows us to assign encounter of a hermaphrodite
on food as the goal and to consider this an appetitive behavior
(Kupfermann et al., 2000). The probable sex-specific hermaph-
rodite signal that the male detects is unknown; it could be a
secreted substance (Simon and Sternberg, 2002) or a chemical
moiety on the hermaphrodite cuticle that the male detects by
touching her. Most likely, it is a combination of multiple signals.

The behavioral basis of male mate searching
Isolated males leave food in a manner consistent with a stochastic
process with a constant probability. This probability might be the
probability of switching between two behavioral states, one that
favors food attraction and one that results in rapid leaving (e.g.,
one that suppresses turning and results in long excursions in a
straight line or one that momentarily blocks food sensation).
Alternatively, a constant probability of leaving might be the ran-
dom outcome of a single behavioral state the male enters when
hermaphrodites are not present.

Patterns of locomotion on and off food have been analyzed for

the hermaphrodite (Croll, 1975; Brockie et al., 2001; Hardaker et
al., 2001; Fujiwara et al., 2002). On food, hermaphrodite locomo-
tion alternates between two states, one characterized by relatively
uninterrupted forward runs (roaming) and one characterized by
more frequent turning that keeps the worm within a more re-
stricted area (dwelling) (Fujiwara et al., 2002). Switches between
roaming and dwelling states are influenced by sensory input
(Fujiwara et al., 2002).

The locomotory behavior of the male has not been studied in
similar detail. We do not believe male leaving is simply a conse-
quence of a greater rate of male locomotion because we found no
correlation between locomotory rate and leaving rate in a num-
ber of mutants we examined (data not shown). The pattern of
tracks the male leaves on an agar surface suggests that male loco-
motion off food might be characterized by roaming and dwelling
states similar to the two states of hermaphrodite locomotion on
food (Fig. 1). Absence of hermaphrodites might cause males to
favor the roaming state. In chemical gradients off food, the
pattern of runs and turns made by hermaphrodites is influ-
enced by changing chemical concentration (Pierce-
Shimomura et al., 1999). Because males are also expected to be
attracted toward food, leaving might be promoted via regula-
tion of male responsiveness to attractive food signals. Simon
and Sternberg (2002) have demonstrated that when in the
vicinity of hermaphrodites, males have an increased rate of
reversals. This increase might be sufficient to account for their
failure to leave the food.

Regulation of behavior by nutritional status
Absence of food or starvation affect several C. elegans behaviors,
including the rate of locomotion (Croll, 1975; Croll and Smith,
1978; Sawin et al., 2000), pharyngeal pumping (Avery and Hor-
vitz, 1990), defecation (Liu and Thomas, 1994), egg laying
(Chalfie and White, 1988), thermotaxis (Hedgecock and Russell,
1975; Mori, 1999), and olfaction (Colbert and Bargmann, 1997).
Serotonin is thought to be one important food-associated signal
mediating these effects (Horvitz et al., 1982; Trent et al., 1983;
Avery and Horvitz, 1990; Sawin et al., 2000; Sze et al., 2000).

In humans and other animals, serotonin has powerful effects
on modulation of behavior and mood (Hull et al., 1999, 2002). In
C. elegans, it might be involved in regulating transitions between
behavioral states. Such a role has been demonstrated for behav-
ioral states involved in egg laying (Waggoner et al., 1998) and in
coordination of egg laying and locomotion (Hardaker et al.,
2001). Therefore, the effect of serotonin on male leaving might be
attributable to a role of this neurotransmitter in modulating tran-
sitions to the mate-searching behavioral state. However, seroto-
nin also affects locomotion itself (Horvitz et al., 1982; Sze et
al., 2000; Hardaker et al., 2001), and serotonin-deficient ani-
mals leave altered track patterns on agar (our unpublished
observations). By affecting the pattern of runs and turns, se-
rotonin might have a more direct effect on the rate at which
males can leave.

A second pathway that coordinates multiple aspects of C.
elegans growth, development, and metabolism is the daf-2/
daf-16 insulin pathway. Signaling through this pathway is nec-
essary for normal reproductive development in the presence of
food, whereas loss of such signaling results in the developmen-
tal and metabolic shift to the diapause dauer state that follows
crowding and low food levels (Riddle and Albert, 1997). Sig-
naling through this pathway also mediates the effect of signals
derived from the reproductive system that affect life span
(Hsin and Kenyon, 1999) as well as the effects of altered sero-
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tonin levels on development and life span (Sze et al., 2000).
Here, we show function of this pathway during adulthood also
affects behavior, being necessary to promote mate searching in
males. Hence, insulin signaling may be involved in the coor-
dination of an appetitive sexual behavior with metabolic and
reproductive status.

Regulation of behavior by the reproductive system
Not surprisingly, for a reproductive behavior, mate searching is
regulated by signals from the gonad. Gonad ablation resulted in
opposite effects in males and hermaphrodites, decreasing the
leaving rate in the former and increasing the leaving rate in the
latter. As a result, gonad-ablated males and hermaphrodites left
food at similar rates. Hence, sexual dimorphism of this behavior
is entirely dependent on differential signaling from the gonad.
The mature gonad makes up a large fraction of the mass of the C.
elegans adult body, and rapid reproduction appears to be a sig-
nificant life-history characteristic of this species (Hodgkin and
Barnes, 1991). Hence, it may be expected that the gonad plays a
central role in coordinating and dictating the functions of the
somatic tissues (e.g., it is possible that the signal that activates
leaving behavior after maturation of an L4 male to an adult is a
gonadal signal). Previously, gonad signaling has been demon-
strated to effect C. elegans life span (Hsin and Kenyon, 1999) and
growth (Patel et al., 2002).

We have demonstrated that in both males and hermaphro-
dites, germ cells play a role in gonad signaling that affects leaving
behavior. Males in which the sex of the germ line was transformed
from male to female by mutation of fog-1 remained on food,
whereas hermaphrodites in which development of male germ
cells was blocked by mutation in fog-2 left food. Both fog-1 and
fog-2 are thought to be germ line limited in their expression
(Clifford et al., 2000; Jin et al., 2001). Because there was no
effect of ablation of the germ cells in wild-type hermaphro-
dites, our results suggest that the function of fog-2 must be to
prevent signaling from germ cells that promotes leaving. As an
early-acting gene in the sex determination hierarchy, by regu-
lating both mate-searching behavior and the sex of gametes,
fog-2 may ensure coordinate expression of sexual and behav-
ioral phenotypes.
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