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Abstract
In many organisms, population-density sensing and sexual attraction rely on small-molecule-based
signalling systems1,2. In the nematode Caenorhabditis elegans, population density is monitored
through specific glycosides of the dideoxysugar ascarylose (the ̀ ascarosides') that promote entry into
an alternative larval stage, the non-feeding and highly persistent dauer stage3,4. In addition, adult C.
elegans males are attracted to hermaphrodites by a previously unidentified small-molecule signal5,
6. Here we show, by means of combinatorial activity-guided fractionation of the C. elegans
metabolome, that the mating signal consists of a synergistic blend of three dauer-inducing
ascarosides, which we call ascr#2, ascr#3 and ascr#4. This blend of ascarosides acts as a potent male
attractant at very low concentrations, whereas at the higher concentrations required for dauer
formation the compounds no longer attract males and instead deter hermaphrodites. The ascarosides
ascr#2 and ascr#3 carry different, but overlapping, information, as ascr#3 is more potent as a male
attractant than ascr#2, whereas ascr#2 is slightly more potent than ascr#3 in promoting dauer
formation7. We demonstrate that ascr#2, ascr#3 and ascr#4 are strongly synergistic, and that two
types of neuron, the amphid single-ciliated sensory neuron type K (ASK) and the male-specific
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cephalic companion neuron (CEM), are required for male attraction by ascr#3. On the basis of these
results, male attraction and dauer formation in C. elegans appear as alternative behavioural responses
to a common set of signalling molecules. The ascaroside signalling system thus connects reproductive
and developmental pathways and represents a unique example of structure- and concentration-
dependent differential activity of signalling molecules.

C. elegans hermaphrodites produce a chemical signal that strongly attracts males5,6. To identify
this signal, we developed a new protocol for obtaining samples of secreted metabolites from
different life stages of C. elegans (Supplementary Information). Biological activity of these
samples was confirmed using a bioassay in which time spent by males or hermaphrodites within
the vicinity of a chemical sample was measured (Fig. 1a, Supplementary Movie 1,
Supplementary Methods). To determine the timing of mating pheromone release, samples from
all life stages (egg, L1, dauer, L2, L3, L4, young adult and adult) were tested for biological
activity on both males and hermaphrodites (Fig. 1b). C. elegans males were strongly attracted
to L4, young adult and adult samples, whereas hermaphrodites were not attracted. Consistent
with the observation that C. elegans reaches sexual maturity at the end of the L4 stage8 (Fig.
1b), these results indicated that L4, young adult and adult hermaphrodites secrete a chemical
signal that specifically attracts males.

To characterize the mating signal, we subjected samples derived from young adults to a
multistep fractionation scheme, starting with C18-reverse-phase solid-phase extraction
chromatography. Strong male attraction was observed for one of the resulting fractions (Fig.
1c), which was further fractionated using coupled ion-exchange columns. Of the resulting
seven fractions A to G, none was active at physiologically relevant concentrations when tested
individually (data not shown), which suggested that male attraction depends on the synergy of
two or more signalling molecules. To determine which fractions were required for activity, we
assayed a series of combinations of fractions A-G; these assays showed that combination of
fractions F or G with fraction A produced significant activity (Fig. 1d).

Because fraction A appeared to be required for full activity, we characterized it using nuclear
magnetic resonance (NMR) spectroscopy9 and liquid chromatography-mass spectrometry
(LC-MS) (Supplementary Figs 2 and 8 and Supplementary Table 1). Two-dimensional NMR
spectroscopic analyses suggested that the major component of fraction A is a novel derivative
of 5-O-ascarylosyl-5R-hydroxy-2-hexanone, or ascr#2 (according to proposed nomenclature
for nematode compounds) (Fig. 2a, Supplementary Figs 3 and 4), which was recently shown
to induce dauer formation in C. elegans7. Additional NMR spectroscopic analyses showed that
the major component of fraction A features a β-glucosyl substituent attached to C2 of the
ascarylose in ascr#2 (Supplementary Figs 5-7). These assignments were corroborated by LC-
MS analyses that showed an m/z value of 426 to represent the ammonium adduct (M +
NH44) of a compound with a nominal mass of 408 AMU and molecular formula C18H32O10.
Comparison of these spectroscopic data with those of synthetic sample of 5-O-(2′-O-[β-D-
glucosyl]-ascarylosyl)-5R-hydroxy-2-hexanone provided final proof for the identify of the
major component of fraction A, which we named ascr#4 (Fig. 2a).

The identification of ascr#4 in fraction A suggested that ascaro-sides might have a role as
mating signals. Therefore, we analysed the fractions required for activity, A, F and G, for the
presence of additional ascarosides. LC-MS analyses revealed the presence of ascr#3 in
fractions F and G, as well as of small amounts of ascr#2 in fraction A (Supplementary Fig. 8).
Next we tested synthetic samples of the three identified ascarosides, ascr#2, ascr#3 and ascr#4,
for activity, using the assay described in Fig. 1a (Fig. 2a). Consistent with the assay results for
fractions A, F and G, none of the three compounds was active at physiological concentrations
when tested individually (data not shown). However, at higher concentrations, ascr#2 and
ascr#3 were both active (Fig. 2b). The corresponding dose-response curves show a strongly
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biphasic activity profile (Fig. 2b), which is characteristic of many types of pheromone10. In
contrast to ascr#2 and ascr#3, ascr#4 alone was not active in the male attraction assay, even at
concentrations much greater than physiological levels. Because the assay results for the ion-
exchange fractions (Fig. 1d) suggested that the mating signal consists of multiple compounds
that act synergistically, we combined ascr#2 and ascr#3 in amounts that did not elicit significant
male attraction when assayed individually (10 fmol ascr#3 and 100 fmol ascr#2; arrows in Fig.
2b). This mix produced strong male attraction, demonstrating synergism of ascr#2 and ascr#3
(Fig. 2c).

At the concentrations of ascr#2 and ascr#3 found in fractions A and F, a mixture of these two
compounds also produced significant activity, but was less potent than the combination of
fractions A and F (Fig. 2d), suggesting synergy with a third component, perhaps ascr#4.
Additional tests using ternary mixtures of synthetic ascr#2, ascr#3 and ascr#4 confirmed this
hypothesis. A physiological mixture of 20 fmol ascr#2, 20 fmol ascr#3 and 1 pmol ascr#4
reproduced the activity in fractions A and F and elicited significantly stronger male attraction
than a mixture of 20 fmol ascr#2 and 20 fmol ascr#3 alone (Fig. 2d). The same mixture of
ascr#2, ascr#3 and ascr#4 was then tested on different species of the Caenorhabditis genus.
Caenorhabditis brenneri and Caenorhabditis remanei males responded to the mixture in a way
very similar to C. elegans, whereas Caenorhabditis briggsae and Caenorhabditis japonica
males responded only weakly (Supplementary Fig. 9)11.

We then tested whether attraction by the identified pheromone components is sex specific.
Ascr#3, tested at the concentration that elicits maximal male attraction, was significantly less
attractive to hermaphrodites (Supplementary Fig. 10a). Similarly, ascr#2 showed little or no
activity for hermaphrodites (Supplementary Fig. 10a). At higher concentrations of ascr#2 and
ascr#3, hermaphrodites were strongly deterred whereas males showed neither attraction nor
deterrence (Supplementary Fig. 10a). These results demonstrate that the identified ascarosides
are sex-specific attractants.

These results indicate that ascarosides regulate both dauer formation and male attraction in C.
elegans. To determine how these signalling molecules elicit such different biological
responses, we compared their activity profiles with regard to both dauer formation and male
attraction. We found that ascr#3 elicited the strongest response for male attraction. Males spent
approximately ~6.6 times longer in the ascr#3-spotted region than in the control region,
whereas ascr#2 elicited a maximum ~2.8-fold increase (Fig. 2b and Supplementary Fig. 10a).
However, ascr#4 and the first-published dauer-inducing ascaroside, ascr#1 (ref. 12), the second
of which we did not detect in any of our active fractions, were not active in the attraction assay
at the range of concentrations tested (data not shown). In the dauer formation assay, ascr#4
was weakly active and ascr#2 and ascr#3 showed strong dauer-inducing activity at the
concentrations previously reported (Supplementary Fig. 11a-c). Ascr#3 is much more potent
as a male attractant than ascr#2, whereas in the dauer assay ascr#2 is slightly more potent than
ascr#3. Together with the observed synergy, these activity profiles suggest that ascr#2 and
ascr#3, and possibly ascr#4, act by means of different molecular mechanisms13,14.

To further investigate the connection between dauer and mating signals, we analysed media
extracts of daf-22 mutants, which are known not to contain the dauer pheromone15. We found
that neither daf-22 media extracts nor daf-22 worm pellet contained ascr#2, ascr#3 or ascr#4,
and that daf-22 media extracts did not attract males at the range of dilutions tested
(Supplementary Fig. 12). Additional analyses of extracts from Escherichia coli cultures
(HB101 and OP50) by LC-MS and NMR spectroscopy confirmed that E. coli do not produce
ascr#2, ascr#3 or ascr#4 (Supplementary Figs 13-15); however, it is conceivable that bacterial
food sources contribute a precursor to the biosynthesis of these compounds.
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Given the nature of the attraction assay used in this study (Fig. 1a), the exact concentration of
the compounds tested in the scoring region was not well defined. However, it seems likely that
the test sample volume (1 μl), when added to the scoring region, was diluted by diffusion,
suggesting that the actual concentrations of the assayed compounds on the plate were much
lower than the original concentrations in the test sample volumes. Male C. elegans change
direction of motion more frequently in the presence of an attractant, which correlates with an
increase in time spent in the sample scoring region5, suggesting that reversal frequency could
be used as a measure of pheromone perception. Thus, we monitored reversal frequency of
males on agar plates with a range of concentrations of the most active pheromone components,
ascr#2 and ascr#3, using the automated worm tracking system16. As shown in Fig. 3a, reversal
frequency is increased by concentrations of ascr#3 as low as 1 pM. For ascr#2, only weak
increases of reversal frequency were observed (Supplementary Fig. 10c, d). These results
suggest that ascr#3 acts as a male attractant at concentrations more than 10,000 times lower
than those required for dauer induction.

General sensory mutants such as osm-6, which is expressed in all ciliated neurons in
hermaphrodites and males17, are defective in response to ascr#3 (Fig. 3b). Mutants defective
in osm-3, which is expressed in a subset of these ciliated sensory neurons and in the male-
specific cephalic companion (CEM) neurons18,19, were also defective in response to ascr#3
(Fig. 3b). Two G-protein α-subunits (gpa-2 and gpa-3) responsible for sensing the dauer
pheromone are expressed in the amphid single-ciliated sensory neuron type I (ASI), the amphid
double-ciliated sensory neuron type L and the amphid single-ciliated sensory neuron type K
(ASK)20. Ablation of the ASK neurons, but not the ASI neurons, partially affected response
to ascr#3 (Fig. 3c). The male-specific CEM neurons have been implicated in sensing the mating
signal along with other neurons6,11. Removal of the CEM neurons also resulted in partial
insensitivity to ascr#3, but removal of the CEM and ASK neurons resulted in complete loss of
sensitivity to ascr#3 (Fig. 3c), indicating that response to ascr#3 is mediated by both sex-
specific and general sensory neurons. This finding provides a cellular mechanism by which
males and hermaphrodites respond differentially to the ascarosides.

Both sexual reproduction and dauer formation, a population-control mechanism that increases
larval lifespan and resilience, are major life-history traits. In many organisms, including C.
elegans, both experimental manipulation and natural genetic variation often have opposite
effects on fecundity and lifespan, suggesting a pervasive, inverse relationship between these
two traits21-23. The discovery that largely overlapping families of small molecules regulate
these traits (Supplementary Fig. 1) provides a direct linkage between the corresponding
molecular pathways. Characterization of the ascaroside receptors and their downstream targets,
as well as the elucidation of ascaroside biosynthesis and the molecular identity of daf-22, could
provide further insights into how developmental and reproductive pathways are connected.

METHODS SUMMARY
Synchronized C. elegans (N2 Bristol) were grown on S-complete medium supplemented with
E. coli (strain HB101) to desired life stage, washed with M9 buffer to remove bacteria and
incubated for 1 h in double-diluted water (ddH2O) to collect worm-secreted metabolites.
Metabolite samples thus produced were tested for mating activity, chromatographically
fractionated and analysed using NMR spectroscopy and mass spectrometry (see Methods and
Supplementary Information for details).

Mating assays were performed as described previously5 but were population based. All assays
were conducted on plates containing nematode growth medium with a thin film of E. coli
(OP50) spread throughout the plate as a food source. The worms were given a choice of worm
metabolite fraction (or synthetic ascaro-sides) and control water, and the amount of time spent
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in each region was measured (see Methods and Supplementary Methods for details). To analyse
locomotory behaviour of worms in presence of the ascarosides, standard nematode-growth-
medium plates were prepared with the different concentrations of the ascarosides, and worm
movement was monitored using an automated tracker to calculate parameters of
locomotion16.

Ascr#1, ascr#2 and ascr#3 were synthesized from L-rhamnose and (2R)-propylene oxide
(ascr#1, ascr#3) or (2R,5R)-hexanediol (ascr#2) as described previously7, and ascr#4 was
subsequently prepared from acetobromo-α-D-glucose and ascr#2 (see Supplementary Methods
for details). For NMR spectroscopic comparisons of daf-22 and wild-type-derived metabolite
mixtures, two-week-old liquid cultures of daf-22 or wild-type (N2) worms raised on E. coli
(OP50) were extracted and the resulting metabolite samples directly prepared for NMR
spectroscopic analyses by means of double-quantum filtered correlation spectroscopy as
previously described7. For comparison of worm-derived and bacterial metabolites, E. coli
(OP50) cultures were extracted and subsequently analysed by NMR spectroscopy using the
same protocol.

METHODS
Collecting C. elegans-secreted metabolites

Synchronized C. elegans(N2 Bristol) with a worm density of 10,000 worms per millilitre was
grown at 22 °C at 250 r.p.m. in an incubator shaker in S-complete medium supplemented with
E. coli (strain HB101): 1% for L2, 2% for L3, 3% for L4, 3% for young adult, 4% for adult
and 0% for L1, which was not fed. After worms reached the desired life stages, they were
exposed to several wash and filtration (10-μm NITEX nylon filters) steps using M9 buffer to
remove bacteria. The worms were collected between the washes either by gentle centrifugation
at 121g for 30 s or by allowing the worms to settle for 10 min. To remove the bacteria in the
gut of the worms, they were placed in M9 buffer in an incubator shaker for 30 min at 22 °C at
250 r.p.m., which was followed by three washes with ddH2O. Subsequently, C. elegans-
secreted metabolites were collected by incubating in ddH2O in an incubator shaker for 1 h at
22 °C at 250 r.p.m. with a worm density of~30,000 worms per millilitre for L2, L3, young
adult and adult;~15,000 worms per millilitre for L4; and ~100,000 worms per millilitre for L1.
The worms were removed from conditioned water by gentle centrifugation at 121g for 10 s.
The conditioned water was filtered through a 0.2-μm filter, lyophilized and stored at —80 °C.
At least three independent experiments were done for each developmental stage. We developed
a working unit called `worm equivalents' to keep track of relative concentrations of unknown
compounds. One worm equivalent is the volume of worm water that contains the compounds
secreted by one worm in 1 h.

Mating (male-attraction) assay
We modified the single-worm response assay in C. elegans3 to test multiple worms. Standard
nematode-growth-medium plates (5-cm diameter) were used for assaying biological activity
of the worm-conditioned water. The assay plates consisted of a thin lawn of an E. coli OP50
culture, grown overnight, with a ~0.25-cm gap between the bacterial lawn and the edge of the
plate to prevent the animals from escaping. Plates were stored at room temperature (20 °C) for
two days before being used in trials. Two spots (5-mm diameter) were spotted 1.6 cm apart on
a template and stuck to the bottom of the assay plate (Fig. 1a). 0.8 μl of the control and the
worm metabolite were placed in the two circles and allowed to dry for approximately 30 s. To
remove any bias, control and conditioned water spots were interchanged after every trial. Males
and hermaphrodites were harvested daily at the L4 stage and stored at 20 °C overnight with,
per plate, 50-60 worms of the same sex to be used as young adults the following day. Five
worms were placed ~1.0 cm away from each spot (10 worms total) and allowed to acclimatize
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for 5 min. Trials were videotaped at 30 frames per second for 15 min using the Unibrain Fire-
i software. For each sample, a minimum of four or five trials were conducted each day and
each stage was tested on at least three different days.

Purification of mate-finding pheromones
Secreted metabolites were collected from 4,000,000 young adult worms using the method
described above. The purification involved a series of fractionation steps guided by the male-
attraction assay. Conditioned young adult water was lyophilized and the residue suspended in
H2O. Reverse-phase solid-phase extraction was performed using Sep-Pak Plus C18 cartridges
(Waters). The column was eluted sequentially with 50% and 90% MeOH. The active 50%-
MeOH fraction was further fractionated by using a SAX anion-exchange column (Alltech)
coupled to a SCX cation-exchange column (Alltech). After the neutral fraction was collected,
the cation and anion columns were detached and eluted separately with 250, 500 and 1,000mM
KCl. The 250-, 500- and 1,000-mM-KCl fractions were desalted using C18 columns (Waters).
The neutral fraction (fraction A) was lyophilized and re-suspended in 6 μl of D2O containing
0.25 mM of the proton reference standard 3-(trimethylsilyl)propionic acid-D4, for
characterization by means of two-dimensional NMR spectroscopy including double-quantum
filtered correlation spectroscopy, total correlation spectroscopy, heteronuclear single-quantum
coherence, heteronuclear multiple-bond correlation and nuclearÖverhauser enhancement
spectroscopy. All NMR spectra were acquired at 27 °C using a 1-mm triple-resonance high-
temperature superconducting probe and a 600-MHz Bruker Avance II spectrometer11

(Supplementary Figs 1-6). Total sample amount for these analyses corresponded to about
4,000,000 worm equivalents. Fractions A, F and G were analysed further by LC-MS
(Supplementary Fig. 7). In addition, the peak corresponding to ascr#4 in fraction A was
analysed by high-resolution mass spectrometry using an Agilent 6210 mass spectrometer: mass
of sodium adduct of molecular ion [M + Na]+ calculated for C18H32O10 Na, 431.1888 AMU;
found, 431.1907 AMU.

LC-MS analysis of ion-exchange fractions
A Thermo Finnigan LCQ Deca XP Max was used with electrospray ionization in positive or
negative ion mode in the 50-1,000 AMU range (sheet gas, 25 arbitrary units; sweep gas, 5
arbitrary units; spray voltage, 5.00 kV; capillary temperature, 285 °C; capillary voltage, 3.0
V). Daughter ion spectra were obtained from a dependent scan of the most intense ion in a
predefined mass range. The Thermo Separation spectra HPLC system consisted of a P4000
quaternary pump, an AS 3000 autosampler and a UV6000 diode array detector. The tertiary
solvents are consisted of methanol with 0.05% formic acid (a), water with 10 mM ammonium
formate (b) and 90% acetonitrile-10% water with 10 mM ammonium formate (c). With the
column temperature maintained at 60 °C and a solvent flow of 1.0 ml min-1, the C18 column
(ODS-AMQ, S-5 μm, 20 nm, 250×4.6 mm i.d., YMC) was eluted with a solvent composition
starting with 4:90:6 (a:b:c) for 2 min followed by a gradient to 4:0:96 in 14 min and then kept
at that composition for 5 min. Ultraviolet absorption was monitored at 190 to 400 nm and the
solvent flow between the ultraviolet detector and the mass spectroscopy electrospray interface
split 9:1 with a low-volume micro needle P450 splitter valve (Upchurch Scientific), making it
possible to obtain spectra of eluted compounds and simultaneously collect 90% of the injected
material for bioassays.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Activity-guided fractionation of worm metabolites
a, Representation of the bioassay used to measure mating behaviour in worms. Crosses mark
the initial positions of the assayed animals (see Supplementary Methods).b, Male and
hermaphrodite responses to secreted metabolites produced by hermaphrodites at different
developmental stages. L1-L4, the first four larval stages; D, dauer stage; YA, young adult stage;
A, adult stage; C, control. n≥30 animals for each histogram. c, Assay results for C18-reversed-
phase chromatography fractions of young adult metabolite extract. d, Assay results for
combinations of ion-exchange fractions of the active fraction from c: A, neutral; B, 250 mM
KCl anion; C, 250 mM KCl cation; D, 500 mM KCl anion; E, 500 mM KCl cation; F, 1,000
mM KCl cation; G, 1,000 mM KCl anion. Error bars, s.e.m.; *P<0.01, ***P<0.0001, unpaired
t-test (see Supplementary Methods).
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Figure 2. Synergy between ascr#2, ascr#3 and ascr#4
a,Structures of ascr#1, ascr#2, ascr#3 and ascr#4. b, Dose-response curves of ascr#2 and
ascr#3. c, Synergistic effects of ascr#2 and ascr#3 from points respectively indicated by red
and blue arrows in b. d, Demonstration that the three synthetic compounds account for most
of the mating activity. For all entries, ascr#4 was tested at 1 pmol and ascr#2 and ascr#3 were
each tested at 20 fmol. n≥30 animals for each histogram. Error bars, s.e.m.; *P<0.01,
***P<0.0001, unpaired t-test.
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Figure 3. Neurons mediating response to ascr#3
a,Dose-response curve for male reversal rates on plates with increasing concentrations of
ascr#3. n≥15 animals for each histogram. Error bars, s.e.m.; *P<0.05, **P<0.01, one-factor
analysis of variance with post test. b, Male attraction by ascr#3 in sensory-deficient
mutants17-19. Error bars, s.e.m. c, General sensory neurons and sex-specific neurons mediate
response to ascr#3. Ablation of neurons involved in volatile chemotaxis (amphid winged
sensory neuron type A (AWA) and amphid winged sensory neuron type C (AWC)) together
with the CEM neurons6 did not affect response to ascr#3, in comparison with animals lacking
only CEM neurons. n≥15 animals for each ablation set. Error bars, s.e.m.;*P<0.05, **P<0.01,
one-factor analysis of variance with post test.
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