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Abstract

In the model organism Caenorhabditis elegans, a class of small molecule signals called
ascarosides regulate development, mating and social behaviors. Ascaroside production has been
studied in the predominant sex, the hermaphrodite, but not in males, which account for less than
1% of wild-type worms grown under typical laboratory conditions. Using HPLC-MS-based
targeted metabolomics, we show that males also produce ascarosides and that their ascaroside
profile differs markedly from that of hermaphrodites. Whereas hermaphrodite ascaroside profiles
are dominated by ascr#3, containing an a,B-unsaturated fatty acid, males predominantly produce
the corresponding dihydro-derivative ascr#10. This small structural modification profoundly
affects signaling properties: hermaphrodites are retained by attomole-amounts of male-produced
ascr#10, whereas hermaphrodite-produced ascr#3 repels hermaphrodites and attracts males. Male
production of ascr#10 is population density-dependent, indicating sensory regulation of ascaroside
biosynthesis. Analysis of gene expression data supports a model in which sex-specific regulation
of peroxisomal p-oxidation produces functionally different ascaroside profiles.

C. elegansis rapidly being developed as a model organism for the study of endogenous
small molecule signals that regulate diverse aspects of animal life history, including
development, lifespan, and social behaviors.(1-3) Recently, we used targeted comparative
metabolomics to investigate the biosynthesis of the ascarosides in C. elegans, a family of
small molecule signals based on the dideoxy sugar ascarylose and additional building blocks
from lipid and amino acid metabolism (Figure 1).(3) Ascarosides were originally identified
as the main components of the dauer pheromone(4, 5) and have since been shown to mediate
several additional aspects of worm behavior, including mating, aggregation, avoidance, and
olfactory learning.(6-9)

Ascaroside functions are highly sex- and structure-dependent. For example, whereas ascr#3
attracts male C. efegans but repels hermaphrodites, (6, 10, 11) the related icas#3 acts a
general aggregation signal, attracting both hermaphrodites and males.(7) Previous
metabolomic analyses have de facto profiled ascaroside production of hermaphrodites due to
their much greater abundance in wild-type cultures grown under typical laboratory
conditions.(7, 12) Because hermaphrodites and male C. elegans markedly differ in their
biological responses to ascaroside-derived signaling molecules,(6, 13) we asked whether
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male C. elegans biosynthesize ascarosides and whether the male ascaroside profile differs
from that of hermaphrodites.

C. elegans is androdioecious and laboratory cultures of wild-type worms are predominantly
composed of selfing hermaphrodites.(14) Male C. elegans in the wild-type strain arise due to
spontaneous non-disjunction in 0.1% of the progeny.(15, 16) The incidence of males
increases in response to stress, and it is possible that in the wild males are more abundant.
(17) We began with investigating the metabolome of Aim-5worms, a mutant strain that
produces a much larger percentage of males (about 30%) than wild-type worms.(15)
Targeted mass-spectrometric analyses of the /A/m-5 exo-metabolome, the entirety of small
molecules found in worm-conditioned media, revealed the production of the same set of
ascarosides found in wild-type controls; however, the relative amounts of some of the most
abundant ascarosides in //m-5and wild-type cultures differed significantly (Figure 1a).
Specifically, relative amounts of the ascaroside ascr#10, which has not previously been
studied in detail, and the known hermaphrodite aggregation factor, icas#3,(7) were higher in
him-5 exo-metabolome samples than in wild-type. Notably, ascr#3, a male attractant,(6) was
relatively more abundant in the wild-type than in the A#im-5exo-metabolome.

To determine whether increased production of these ascarosides was due to the larger
percentage of males in A#im-5 cultures, we developed a protocol for the analysis of the exo-
metabolome of small numbers of worms based on selective-ion monitoring (SIM) of
ascaroside-associated ions. The identity of peaks whose specific retention times and
molecular ions suggested ascarosides was confirmed further by additionally scanning in
HPLC-MS/MS mode for precursor ions of m/z 73, a fragment ion characteristic for
ascarosides.(3) Using this strategy, attomolar amounts of ascarosides could be detected. We
were able to detect ascr#l, ascr#3, and ascr#10 as the major secreted ascarosides in samples
derived from as few as 100 wild-type hermaphrodite worms staged as L4 through young
adults (Figure 1b). Next we analyzed samples of similarly staged 200 //im-5males, and
subsequently wild-type males, which we obtained by increasing male frequency by crossing
males and hermaphrodites. These male-only samples revealed the same three ascarosides,
ascr#l, ascr#3, and ascr#10, we found in hermaphrodites, but in markedly different
proportions (Figures 1b,c). Whereas hermaphrodites excrete the unsaturated ascr#3 as the
major component, the corresponding dihydro-derivative, ascr#10, represents the most
abundant ascaroside in male samples. Relative production of the saturated ascr#1 did not
differ dramatically in males and hermaphrodites. Higher secretion of ascr#10, relative to
ascr#3, by males was observed consistently using different growth media (S-media and
water) and incubation durations; however, we were unable to detect and reliably quantify the
abundance of other ascarosides on this small scale. To check whether increased production
of ascr#10 is a general characteristic of male C. e/egansand not a specific characteristic of
the laboratory wild-type strain N2 Bristol, we also investigated the ascaroside profile of a
second C. elegans wild-type strain, Hawaii CB4846.(18) We found that, as in N2 Bristol,
ascr#3 is the most abundant ascaroside excreted by hermaphrodites, whereas males excrete
predominantly ascr#10 (Figure S1).

Quantitative LC-MS analyses confirmed that males produce and release much larger
amounts of ascr#10 than hermaphrodites (Figure 2a,b, S2). However, whereas relative
ascaroside abundances were highly reproducible for both males and hermaphrodites (Figure
2a), we found that ascaroside excretion rates of males, but not hermaphrodites, were highly
variable (Figure 2b). We then asked whether ascaroside release rates are dependent on worm
population density. Strikingly, we found that a doubling of the density of wild-type males
led to an almost 4-fold increase in the excretion rate of ascr#10, as well as a smaller increase
in ascr#3 excretion rate (Figure 2c). In contrast, ascaroside production by hermaphrodites
did not appear to be density dependent, and the presence of hermaphrodites did not increase

ACS Chem Biol. Author manuscript; available in PMC 2013 August 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Izrayelit et al.

Page 3

male production of ascr#10 and ascr#3 (Figures 2c and S2c¢). Furthermore, male ascaroside
production dominates in mixtures of wild-type males and hermaphrodites (Figure 2d). These
results show that C. elegans males produce a sex-specific blend of ascarosides with ascr#10
as the major component and that ascaroside release in wild-type males is promoted by the
presence of other worms.

Ascr#3 has previously been shown to attract males at low concentrations and repel
hermaphrodites at higher concentrations,(6) whereas the biological roles of ascr#10 have not
been investigated in detail. Given that ascr#10 production is strongly upregulated in males,
we asked whether ascr#10 plays a specific role in hermaphrodite-male interactions. Using
synthetic samples we tested ascr#10 on both sexes in a behavioral assay that measures
holding time (the time the worms remain in the scoring region) in response to compound
exposure (Figure 3a). Ascr#10 did not affect male behavior at any of the wide range of
sample amounts tested, but elicited a very strong response in hermaphrodites at sample
amounts as low as 1 attomole, exceeding the potency of previously identified hermaphrodite
attractants such as icas#3 by more than 100-fold in this assay (Figure 3b).(7) Next we
investigated the effect of ascr#10 on hermaphrodite chemotaxis and aggregation, which
revealed significant activity at concentrations of 1 nM (Figure 3c,d, S3). These results show
that, compared to icas#3, ascr#10 is much more potent in the spot retention assay but less
active in the chemotaxis and aggregation assays.(7) Therefore it appears that ascr#10 serves
a specific function as a holding signal, which is also supported by the very long retention
times observed with ascr#10 in the spot retention assay (Figure 3b). Given that only 1
attomole of ascr#10 is required to elicit hermaphrodite holding behavior, the amounts of
ascr#10 excreted by a single male (about 300 attomole per worm per hour) appear sufficient
to induce hermaphrodite retention. We propose that ascr#10, likely in combination with
other, less abundant components, is an important part of the male sex pheromone blend in C.
elegans.(19)

Next we asked whether sex-specific differences in the regulation of ascaroside biosynthesis
enzymes could account for the observed differences between male and hermaphrodite
ascaroside profiles. The fatty-acid derived side chains in the ascarosides are derived from
peroxisomal B-oxidation of longer-chained precursors (Figure 3e).(3) We found that male
worms carrying a mutation in the peroxisomal thiolase daf-22 do not produce ascarosides,
confirming that peroxisomal p-oxidation is required for ascaroside biosynthesis in males
(Figure S4). Next we analyzed previously published global DNA microarray data for males
and hermaphrodites at the L4 stage, corresponding to the developmental stage we used for
our metabolomic analyses. We found significant sex-specific differences in the expression
levels of all four enzymes known to participate in peroxisomal B-oxidation in L4 worms
(Figure 3e).(20) Relative to the other sex, expression of the acyl-CoA oxidase ACOX-1,
which introduces the double bond in the biosynthesis of ascr#3 from ascr#10, is upregulated
in hermaphrodites, whereas the next two enzymes in the pathway, MAOC-1 and DHS-28,
are upregulated in males. Higher expression levels of ACOX-1 in hermaphrodites are
consistent with increased abundance of the a.,B-unsaturated ascr#3 in this sex. In addition,
relatively higher expression of the downstream enzymes MAOC-1 and DHS-28 may result
in further depletion of ascr#3 in males. In conjunction with the results from our metabolomic
analyses, these findings indicate sex specific regulation of peroxisomal B-oxidation in C.
elegans.

In summary, we have demonstrated that ascaroside biosynthesis and functions are sex-
specific. Male C. elegans produce a sex-specific blend of ascarosides, the major component
of which, ascr#10, strongly retains and attracts hermaphrodites, whereas C. elegans
hermaphrodites most abundantly produce the corresponding dehydro-derivative ascr#3,
which serves as a male attractant but repels hermaphrodites. A single double bond
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differentiates ascr#10 and ascr#3, yet dramatically changes the signaling properties of these
two molecules. The differences between male and hermaphrodite expression levels of the
four genes involved in peroxisomal side chain biosynthesis as well as the results from our
worm-body ascaroside analyses suggest that the observed sex-specific differences in
ascaroside profiles are not simply the result of relative differences in ascaroside secretion
rate, but rather result from sex-specific control of ascaroside biosynthesis. We further show
that male C. elegans respond to the presence of other worms with increased ascaroside
production, a type of response not seen in hermaphrodites. Whether sensing of the male-
specific ascarosides plays a role in male population density signaling remains to be
determined. Given the large quantities of ascr#10 produced by males and its potent activity,
it is likely that ascr#10 constitutes an important component of the male sex pheromone
blend in C. elegans. Based on our bioassay results it appears that the amounts of ascr#10
excreted by a single male are sufficient to affect hermaphrodite behavior. It is likely that
other, less abundant ascarosides contribute to hermaphrodite retention and attraction, for
example, males may also produce some of the indole ascarosides we found to be upregulated
in the male-rich Aim-5liquid cultures (Figure 1a). Notably, hermaphrodite worms also
release ascr#10, although in smaller quantities, which could contribute to indole ascaroside-
mediated aggregation or counteract dispersal behavior driven by ascr#3.(7)

Our study shows that minute changes in ascaroside structures can dramatically affect their
signaling properties. HPLC-MS-based metabolic profiling of small numbers of worms, as
demonstrated here, provides the basis for more detailed exploration of the biological
functions and underlying sensory mechanisms of this diverse library of small molecule
signals.

Preparation of metabolite extracts

Large liquid culture exo-metabolome samples of wild-type and A/m-5mutant worms were
prepared as described previously.(3) Briefly, wild-type or #im-5mutant worms were grown
for two generations on 6 cm NGM plates seeded with £. coli OP50 bacteria. Worms from
three NGM plates were washed into 100 mL of S-media into a 500 mL Erlenmeyer flask and
grown at 22 °C and 220 pm. Concentrated bacteria from 1 L cultures, grown overnight, were
added on day 1 and day 3. On day 5, the liquid culture was split into two 500-mL
Erlenmeyer flasks and S-media was added to maintain a volume of 100 ml per flask.
Additional concentrated bacteria derived from 1 L OP50 culture was added as food upon
splitting. The cultures were harvested on day 7 by centrifugation at 4750 rpm. The
supernatant was lyophilized and the residue extracted with 95% ethanol (300 mL) at room
temperature for 12 h. The resulting suspension was filtered and evaporated /77 vacuo at room
temperature.

For preparation of small-scale exo-metabolome samples, wild-type (N2), #im-5, and daf-22
worms were grown for at least two generations on NGM plates seeded with OP50. Male
production in wild-type (N2) and daf-22worms was induced by placing L4 hermaphrodite
worms at 30 °C with ethanol for 6 h (WormAtlas, http://www.wormatlas.org/). Wild type
and daf-22 mutant worms were synchronized by timed egg lay from mated parents. /im-5
worms were synchronized by timed egg lay.

For exo-metabolome collection, 100 or 200 L4 male or hermaphrodite worms were picked
with an aluminum wire pick and placed into 250 p.L of water or S-media in a 96 well plate
(BD Biosciences) and incubated for 17 hours at 22 °C and 220 pm. The solution was filtered
over cotton to remove worms and evaporated /17 vacuo at room temperature. The extract was
taken up in 100 pL methanol for subsequent HPLC-MS analysis. For mixed-gender
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experiments a mixture of 50 male and 50 hermaphrodite L4 worms (all wild-type) was
incubated in 250 pL of water in a 96 well plate for 17 h at 22 °C and 220 pm. Samples were
extracted and prepared for analysis as described above.

For density experiments, synchronized wild-type (N2) L4 lavae were used. 100 males, 100
hermaphrodites, 200 males, 200 hermaphrodites, or 100 males and 100 hermaphrodites (all
L4 stage) were placed into 250 L of water in a 96 well plate and for 17 h at 22 °C and 220
pm. Samples were extracted and prepared for analysis as described above.

Small-scale worm body extracts were prepared similarly to worm exo-metabolome samples
except for the following modifications. 200 synchronized L4 male or hermaphrodite worms
were picked onto a seeded NGM plate. M9 buffer was used to wash the worms into a 10 mL
falcon tube, and the worms were washed twice with M9 buffer. A suspension of the worms
in a small amount of M9 buffer (~50 L) was lyophilized and the residue was extracted with
95% ethanol (2 ml). After filtration, the extract was evaporated to dryness and re-dissolved
in 100 pL of methanol for subsequent HPLC-MS analysis. For all worm exo-metabolome
analyses at least 2 independent replicates were performed. Figure 2a summarizes data from
11 replicates.

Mass spectrometric analysis

HPLC-MS analysis was performed using an Agilent 1100 Series HPLC system equipped
with an Agilent Eclipse XDB-C18 column (9.4 x 250 mm, 5 um particle diameter)
connected to a Quattro Il spectrometer (Micromass/Waters) using a 10:1 split. Samples were
analyzed using a water (0.1% acetic acid) — acetonitrile gradient with a flow rate of 3.6 mL
min~1. Acetonitrile content was held at 5% for the first 5 minutes then increased to 100%
over 40 minutes. Samples were analyzed by HPLC-ESI-MS in negative and positive ion
modes. Single lon Monitoring (SIM) in negative-ion ionization mode was used to detect the
molecular ions ([M—H]") of ascr#1, ascr#3, and ascr#10 at m/z247.2, 301.2 and 303.2,
respectively. Ascaroside identification was confirmed by MS/MS analysis and comparison
with published retention times,(3) and injection of synthetic standards.

Quantification of ascarosides

Relative ascaroside content was quantified by integration of LC-MS signals from
corresponding ion traces. Absolute quantification of ascarosides was achieved by injection
of solutions of known concentration of synthetic ascr#1, ascr#3, and ascr#10. Ascaroside
release was calculated in attomoles of ascarosides per hour per worm, and ascaroside
content in worm-body extracts was calculated in attomoles of ascarosides per worm.

Spot retention assays

Spot retention assays were performed as described previously.(6, 10) Briefly, for both
hermaphrodites and males, we harvested 50-60 L4-stage worms daily and stored them
segregated by sex at 20 °C overnight to be used as young adults the following day. Aliquots
of ascr#10 assay solutions, dissolved in 10% ethanol, were stored at 20 °C in 20 p.L tubes.
10% ethanol in water was used as control.

Quadrant chemotaxis assays

Chemotaxis was assessed on 10-cm four-quadrant Petri plates.(7) Each quadrant was
separated from adjacent ones by plastic spacers (Figure 3c). Pairs of opposite quadrants
were filled with NGM agar with or without ascr#10. Worms were placed in the center of the
plate and scored after 30 min. A chemotaxis index was calculated as (number of animals on
ascaroside quadrants minus number of animals on control quadrants)/(total number of
animals).
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Aggregation assays

Aggregation assays were conducted as described previously.(7, 21)

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Identification of male-specific ascarosides in C. elegans. a) Relative abundances of
ascarosides ascr#3, ascr#10, and several indole ascarosides markedly differs between wild-
type (N2) and Aim-5 metabolomes, whereas abundances of many other ascarosides, for
example the dauer pheromone component ascr#1, remains unchanged. Relative abundances
were calculated in % of the total amount of the six ascarosides in this Figure (*P < 0.05
unpaired ftest with Welch’s correction; error bars: SD). b) lon chromatograms for ascr#1,
ascr#3, and ascr#10 from negative-ion ESI-LC/MS analysis of exo-metabolome samples
obtained from 200 hermaphrodite worms c) lon chromatogram for LC/MS analysis of exo-
metabolome samples derived from 200 male worms.
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Figure 2.

Males produce large amounts of ascr#10 (error bars: SD). a) Relative abundances of ascr#3
and ascr#10 in wild-type (N2) hermaphrodite and male exo-metabolomes. (***P < 0.0001
unpaired f-test with Welch’s correction). b) Ascaroside release rates of wild-type males and
hermaphrodites. ¢) Fold increase of ascr#3 and ascr#10 production per worm in response to
doubling of worm density from 100 to 200 wild-type hermaphrodites or males per well.
Ascaroside production of wild-type hermaphrodites does not change significantly, whereas
ascr#3 and ascr#10 production of wild-type males increases 2-fold and 4-fold, respectively.
d) The ascaroside profile of 1:1 mixtures of wild-type (N2) males and hermaphrodites is
dominated by the primarily male-produced ascr#10.
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Figure 3.

Sex-specific behavioral responses to male-produced ascr#10 and regulation of ascaroside
biosynthesis. a) Spot retention assay used to measure the effect of ascr#10 on male and
hermaphrodite behavior.(6) The red ‘X’ denotes the initial position of the assayed worms. b)
Results from spot retention assays reveal that hermaphrodites, but not males, are attracted to
ascr#10 sources (see Figure S3 for data for wild-type males). *P < 0.01, **P < 0.001, ***P
< 0.0001, unpaired ttest followed by Welch’s correction; error bars: SD. ¢) Schematic
representation of quadrant bioassay used to measure chemotaxis to ascr#10. A red “X”
marks the spot where worms are placed at the beginning of the assay. d) Chemotaxis of
males and hermaphrodites to ascr#10 as measured by the quadrant assay. **P < 0.01 one-
factor ANOVA followed by Dunnett’s post-test; error bars: SD. e) Sex-specific regulation of
ascaroside biosynthesis. Shown gene expression ratios are based on DNA microarray
experiments of L4-staged worms.(16) The expression ratios highlight differential expression
of four peroxisomal enzymes involved in biosynthesis of the ascaroside sidechain in
hermaphrodites and males. Relatively decreased acox-1 expression in males is consistent
with the observed increase of saturated ascr#10 in the male exo-metabolome.
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