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ABSTRACT: Despite major progress in our understanding of animal signaling systems, the identifica-
tion of chemical signals in aquatic organisms is still in its infancy. Exemplary for this is the lack of
structural knowledge of crustacean sex pheromones despite their initial description in crabs almost
40 yr ago. We hypothesized that species in which the reproductive event is linked to a short window
of mating opportunities centered around the time of ecdysis would be ideal to purify and identify
such a cue. Here we present the first identification of a crustacean sex pheromone, the female signal
produced by the green crab Carcinus maenas from both conditioned seawater and female urine. We
used a bioassay-driven purification scheme combined with a candidate approach focusing on
excreted compounds that changed through the course of the female molt cycle. Uridine diphosphate
(UDP), a nucleotide accumulated from UDP-N-acetylglucosamine during chitin biosynthesis, is the
major component of the female crab pheromone and induced all key characteristics of male sexual
behavior in bioassays (i.e. pre- and post-copulatory guarding of the female and initiation of mating)
at a threshold of 107> M UDP in seawater. The identification of a nucleotide pheromone in crus-
taceans will enable future studies on signal specificity, biological function, biosynthesis, reception,
and evolution as well as focus its potential use in pest control and aquaculture, thus allowing for a
major expansion of crustacean chemical and behavioral ecology research that was hindered by the
lack of structural knowledge.

KEY WORDS: Crustacean sex pheromone - Identification - Nucleotide - Mate guarding - Carcinus
maenas
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INTRODUCTION

Although Ryan (1966) demonstrated in an elegant
series of experiments conducted more than 40 yr ago
that female sex pheromones influence reproductive
behavior in malacostracan crabs, the chemical nature
of these cues remains unknown (Hardege et al. 2002).
This has been attributed to 2 problems: the biological
assays are not able to effectively discriminate between
signals derived from the opposite sex and other cues
such as food (Dunham 1978, 1988), and the analytical
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methods to purify pheromones from an aqueous envi-
ronment are challenging (Hardege et al. 2002, Hayden
et al. 2007). Many studies have described the existence
of aquatic chemical cues as mechanisms that control
animal behavior, but few aquatic sex pheromones
have actually been identified. Exceptions include the
polychaete pheromones and the steroid and bile acid
sex pheromones in fish (Dulka et al. 1987, Li et al.
2002, Hardege et al. 2004, Sorensen et al. 2005). Per-
haps one of the best-studied crustacean systems for
examining sex pheromones is that of the European
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green crab Carcinus maenas (Eales 1973, Seifert 1982,
Bamber & Naylor 1996, Ekerholm & Hallberg 2005).
This species, also known as the shore crab, has
recently been introduced to Australia, the USA, and
South America (Grosholz & Ruiz 1995), resulting in
ecological and economic damage to native ecosystems
and local aquaculture industries.

Green crab mating is confined to the period immedi-
ately following the molt (ecdysis) when the female
reproductive organs are accessible (Bamber & Naylor
1996). Pre-copula males are able to sense and select
pre-molt females in anticipation of their prime repro-
ductive stage. When a male senses such a female, he
rises up on tiptoe, approaches and grasps the female,
and manipulates her beneath his abdomen, thus
guarding the female in a cradling position (Berrill &
Arsenault 1982). Guarding behavior continues through
the molt until the female's carapace has hardened
enough to provide protection and to discourage com-
petitive mating, although guarding does not necessar-
ily result in single paternity, as takeovers have been
well documented in other crustaceans (for review see
Jormalainen 1998). The same pre-copula males are not
attracted to inter-molt females, and exposure to other
males or inter-molt females evokes fighting behavior
(Hardege et al. 2002). This well characterized behavior
is easily recognized, being very different from feeding
responses (Hayden et al. 2007). It forms the basis of the
unambiguous, fast behavioral assay (Hardege et al.
2002) used in this study to aid in the purification and
identification of the female-derived sex pheromone.

Since reproduction is linked to the molt, early reports
indicated that the molting hormone 20-hydroxyecdy-
sone (20HE) also functions as a female-produced sex
pheromone (Kittredge et al. 1971). Recent studies
(Hardege et al. 2002) have demonstrated that for many
crustaceans, including Carcinus maenas, this is not the
case (Hayden et al. 2007). Instead, 20HE plays a role
during mating as a sex-specific feeding suppressant for
male crabs, thereby reducing the risk of cannibalism of
soft-bodied, reproductive females (Hayden et al. 2007).

The aim of this study was to identify the chemical
composition of the female sex pheromone in Carcinus
maenas using a bioassay-guided purification and
analysis scheme coupled with high-performance liquid
chromatography (HPLC) separation methods (Hardege
et al. 2002) to isolate bioactive compounds from both
urine and ‘conditioned seawater,’ each known to con-
tain the female cue (Hayden et al. 2007).

MATERIALS AND METHODS

Experimental animals. Carcinus maenas were col-
lected between June and September 2000 to 2007 from

the intertidal shore both as individuals and in pre-cop-
ula pairs near Forder, Cornwall, UK. Single crabs of
both sexes were kept in communal holding tanks (76 x
64 x 25 cm) supplied with circulating seawater (salinity
32 to 34 %), while pre-copula pairs were allowed to
remain paired and kept in their own holding tanks
(30 x 20 x 20 cm) each filtered with a Mini-Aqua-Flow
Filter pump. Tanks were checked daily for pre-copula
pairs and molting females. All tanks were maintained
at 16 + 2°C and on a 12:12 h light:dark cycle. Animals
were fed 3 times a week with frozen mussels Mytilus
edulis.

Pheromone purification and analysis. Urine was col-
lected daily from paired females 5 d prior through 15 d
after their molt. Females were strapped to a plastic
board with rubber bands, and the third maxillipeds
were restrained and fixed. The urine was collected
from the opening of the antennal opercula as described
by Bamber & Naylor (1996) using a micropipette
attached to an Eppendorf vial. The urine from each
individual crab was filtered through a sterile filter
(Spin-12000 RPM, centrifuge tube filters, Costar) and
frozen at —20°C. The females were returned to their
individual tanks with the original male partner.
Female-conditioned seawater samples were obtained
as described by Hardege et al. (2002) by placing a
defined number of either pre-molt, post-molt, or inter-
molt females in freshly sterilized seawater (i.e. 20
females in 250 ml UV irradiated, 0.45 pm filtered sea-
water) for 1 to 2 h followed by removal of the crabs, fil-
tration (0.2 pm), and storage at —70°C until required.
To be able to compare samples of crabs at different
stages of the molt cycle, and as such identify peaks
specific to sexually active females, we also collected
urine samples from 10 individuals each of inter-molt
males, inter-molt females, and post-molt males.

A multistep strategy (Fig. 1) was used to concentrate
the bioactive compounds from the samples, to remove
inorganic salt and purify via HPLC for analysis by mass
spectrometry (MS) and nuclear magnetic resonance
(NMR) imaging. The urine samples were filtered
through 3000 Da filters (Microcon YM-3, Millipore)
and the subsequent filtrate passed through a 1000 Da
filter (Micon Centrifree Micropartition Devices, Milli-
pore). For the larger-volume, female-conditioned sea-
water samples, an Amicon stirred cell ultrafiltration
membrane system (10 kDa, 1 kDa, and 0.5 kDa) was
used. To reduce the overall volume of the female-
conditioned seawater samples (250 ml), the filtrate was
lyophilized and subsequently redissolved in 12.5 ml of
distilled water. Aliquots of the filtered samples were
then transferred to 1.5 ml amber glass HPLC vials for
fractionation via HPLC. To reduce the impact of inor-
ganic salt in the concentrated samples upon the HPLC
analysis, 1 ml of the active sample (as determined via



Hardege et al.: Identification of crustacean sex pheromone 179

Samples: body fluid,
urine or conditioned

seawater

-

Supernatant
(centrifuge 12000 x g)

!

] Initial sample preparation

Sterile filtration
(0.45 pm)
10kDa ‘Desalting’
Centrifugal 1 l}Da BioRadP2, Active
filtration < low pressure ) fraction
chromatograph
500 Da grapny

SPE extraction w Lyophilization
take-up in water

For

Eluent

Aqueous ph

a8
ase

take-up in water

Purification

Active Biologically active,
fraction purified peak

Identification
(LC-MS, NMR,)

Size exclusion
chromatography

Identification UV-Vis

Final bioassay with
synthetic compounds

Fig. 1. Carcinus maenas. Purification strategy used to isolate
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arrow represents a step where a bioassay was undertaken to

verify the strategy. Assays were against negative control (sea-
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the bioassay) was ‘desalted’ using a BioRad low-
pressure chromatography system and a size exclusion
gel column (packed with BioRad P2, 50 cm x 1.0 cm,
1.5 ml min~! flow, UV-detection at 254 nm). Fractions
were collected at 1 min intervals, bioassayed for sex
pheromonal activity and stored at —-70°C.

Previous attempts to purify the female pheromone
(Hardege et al. 2002) showed that the bioactive com-
pound has little to no retention on C18 and SAX solid
phase extraction cartridges. Both of these stationary

conditioned
seawater

phases were used to remove non-bioactive compounds
such as lipids and amines from the urine sample. As
described by Hardege et al. (2002), this pre-HPLC
preparation included a Bond-Elut™ C18 cartridge
(3 ml, 100 mg sorbent; extraction: condition 3 times
1 ml with ultra-pure water, 1 ml of the sample loaded,
and fractionated with 1 ml methanol/water gradients
of 10% increments using a Bond-Elut™ system, Var-
ian; final elution was with 1 ml methanol:chloroform
1:1). A strong anion-exchange (Bond-Elut™ SAX, 3 ml,
100 mg sorbent) cartridge that is ideal for the isolation
of weak acids from aqueous solutions was used in the
next purification step. The cartridge was pre-condi-
tioned (solvated) using methanol (1 ml) and the SAX
chloride counter-ion replaced by a less selective ion.
This was undertaken by rinsing the column with
deionized water, followed by 1.5 ml 0.1 M KH,PO,
buffer, 1 ml sample loaded and then eluted with 2 ml
20 mM phosphate buffer.

The HPLC was an Agilent 1100 system consisting of
a quaternary pump, degasser, autosampler (100 pl
loop), temperature-controlled column compartment,
diode-array detector (scanning between 200 and
300 nm), and fraction collector, all interfaced with Agi-
lent ChemStation software (Rev. A.10.01). For the
pheromone analysis, 6 different HPLC columns and
20 different solvent gradient systems (not described
here) were used to achieve a separation of the bio-
active peak originally described by Hardege et al.
(2002) as eluting near 2.5 min from a Lichrospher™
RP18 column (4.6 mm x 250 mm, mobile phase: water,
1.0 ml min!). In addition to the Lichrospher™ RP18
column, other columns used were (1) Phenomenex
Synergi Fusion RP column (4.6 mm x 250 mm; mobile
phase: 0.2 M KH,PO, buffer pH 5.5, 1 ml min™);
(2) Phenomenex Sphereclone SAX column (4.6 mm X
250 mm; mobile phase: Buffer A 0.04 M KH,PO,, pH
5.5; Buffer B 0.5 M KH,PO,, pH 5.5; 0 to 100% B in
26 min, 1 ml min?!); (3) Phenomenex Discovery RP18
column (4.6 mm X 250 mm; mobile phase: 0.5 M
KH,PO,, pH 6.0, 1 ml min~!); (4) Shodex OHpak SB-
802-HQ size exclusion column (300 mm X 8.0 mm; size
range: <4 kDa, mobile phase: 0.5 M KH,PO,, pH 6.0,
1 ml min?!); sample co-injected with a polyethylene
glycol standard (MW 940, 580, 400 mixture; Pheno-
menex); and (5) Jordi Gel DVB 100 A size exclusion
column (250 mm x 10 mm, 100-5000 Da; mobile phase:
water, 1 ml min™!); sample co-injected with a poly-
ethylene glycol standard (MW 940, 580, 400 mixture;
Phenomenex).

Fractionation of bioactive peaks was also under-
taken using a variety of solvent systems. For example
with the Phenomenex Synergi Fusion RP column, dif-
ferent methanol/water and acetonitrile/water gradi-
ents were used having various pH and KH,PO, buffer
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strengths, as well as the inclusion of 0.1% trifluoro-
acetic acid (TFA). The conditions listed with the HPLC
columns above represent those chromatographic sys-
tems utilized for the separation of the bioactive peak
fractions. The most recently used HPLC method (see
Fig. S6a in the Supplement at www.int-res.com/
articles/suppl/m436p177_supp.pdf) made use of a TSK
gel ODS-100V 4.6 mm x 250 mm, 5 pm particle size,
HPLC column (TOSOH Biosciences). The mobile phase
used was a 2-solvent system with Solvent A (20 mM t-
butylamine, pH 6.8) and Solvent B (A plus 10%
methanol) run at a gradient of 0 to 100 % B over 35 min,
hold for 15 min, then post run back to A for 10 min to
give a total run time of 50 min at a flow rate of 1 ml
min~! at 25°C. The HPLC detector was as above, a
DAD UV/Vis at 260 nm.

Confirmation of the identity of the pheromone was
initially achieved through co-injection of synthetic
pheromone uridine diphosphate (UDP, Sigma) with a
purified urine sample using the above listed chromato-
graphic methods (see Fig. S6) to purify the pheromone.
To verify the nucleotide structure, the synthetic phero-
mone and the HPLC fraction containing the authentic
pheromone isolated from urine were analyzed via
direct inlet electrospray MS, and the mass spectral
data were compared to a variety of synthetic nucleo-
tides including those that either had uridine or gluta-
mine as the base (UMP, UDP, UTP, GMP, GDP, GTP,
cAMP, AMP, ADP, and ATP; Sigma-Aldrich). For this, a
Hypersil ODS 5 pm (4.6 mm x 250 mm) column with
50% methanol in water at 1 ml min~! was used with
synthetic standards of the nucleotides (as above) and
20HE. Liquid chromatography (LC)-MS studies were
undertaken at Hemel Hempstedt (ThermoQuest) and
Agilent using Finnigan LCQ ion trap and Agilent 6100
Quadrupole mass spectrometers using APCI, ESI*, and
ESI" modes. At Hull University, we used a Varian 500-
MS ion trap LC-MS system with a Varian ProStar LC-
212 binary solvent delivery system and a Varian
ProStar 410 autosampler. The instrument was used
in positive ion electrospray mode, and data were
acquired and processed using the Varian MS Work-
station software running on a dedicated PC-based data
system. Electrospray (ESI) using nitrogen as the nebu-
lizer gas (70.0 psi, 60°C, drying gas at 330°C, needle
voltage -5 kV) producing negative ions was used
(mean scan rate 4.26 s scan”!, data acquisition rate
0.23 Hz, multiplier offset 200 V). The LC column and
solvents were as described for Fig. S6A (in the Supple-
ment), and the solvent flow rate was 1 ml mint.

For NMR, samples were prepared by dissolving a
UDP sodium salt standard or 200 ml of lyophilized crab
urine sample in 500 ml of D,0O. All NMR experiments
were carried out on a Bruker Avance II 500 MHz spec-
trometer using a 5 mm liquid state probe operating at

frequencies of 500.1013 MHz for *H and 202.404 for 3'P
measurements. 'H experiments were conducted with a
p/2 pulse length of 7 ms, a relaxation delay of 4 s, and
64 kB scans. *'P measurements were performed with a
typical p/2 pulse length of 11 ms, a relaxation delay of
2's, 64k scans with heteronuclear proton decoupling of
typically 20 kHz applied during the acquisition time.
Measurements were referenced to tetramethylsilane
or 85 % phosphoric acid at 0 ppm for 'H and *'P mea-
surements, respectively. All samples were measured at
278K.

Behavioral assays. To ensure that the bioassay spe-
cimens were physiologically in the correct state and
able to respond to female cues, only pre-copula males
from pairs were used for the behavioral assays. We
restricted bioassays to the main reproductive season
(June to September) using mainly large, dominant
males, as they were more likely to respond to female
signals (Sneddon et al. 2003). The assays were adapted
from Hardege et al. (2002) and followed the principle
that males were exposed to an object not resembling a
sexually active female crab with the substances under
investigation added to induce a response. The experi-
mental male (n = 40) was placed in an observation
glass aquarium (30 x 20 x 20 cm, covered on 3 sides to
minimize optical interference from the surroundings)
with seawater (32%.) at ambient temperature (16°C)
and allowed to acclimatize for 10 to 20 min. Before
each experiment, a yellow natural sponge, smaller (2 to
3 cm diameter) than the test male crab’s carapace, was
placed in a glass beaker with 200 ml sterile filtered
(0.45 pm) seawater and 1 ml of the stimulus (fraction-
ated urine samples or 10~* M synthetic pheromone) for
30 min. As a control, the sponge was treated only with
seawater. The sponge was placed slowly into the
aquarium, and the behavior of the crab was observed
for a period of 20 min. As described by Hardege et al.
(2002), a positive result required the male to walk
above the sponge and attempt to grasp and lift it with
its chelipeds and second pair of walking legs, thus
demonstrating the typical ‘guarding behavior.” This
stereotyped reproductive behavior has been described
by a number of authors (Hardege et al. 2002, Bublitz et
al. 2008, Fletcher & Hardege 2009) to significantly con-
trast with the responses to feeding stimuli whereby the
crab moves its chelipeds in a type of digging move and
never attempts to grasp the object (pseudo female),
turn it, and move it into the mating stance (Berrill &
Arsenault 1982, Bamber & Naylor 1996, Hayden et al.
2007). We also used the scale described by Hardege et
al. (2002) to grade male responses to distinguish
between relatively unspecific responses such as induc-
tion of the tip-toe behavior from full sexual responses
such as grasping and attempted copulation. In the data
analysis e.g. of the HPLC fractions, only those stereo-
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typed full responses at grades 4 and 5 (see Hardege et
al. 2002 for details) were assigned as positive
responses. Verification of results was also undertaken
by adding a positive control (molted female) to the
males used in the bioassays after an experiment,
although this was not always possible since the avail-
ability of freshly molted females as positive controls
was limited. Bioassays were undertaken ‘blind," with
the observer of a test not informed as to the exact
nature of the sample being tested. To test the bioactiv-
ity of synthetic UDP, 3 trials with 20 crabs each were
undertaken (see Fig. 5a). In the first trial, individual,
randomly selected crabs were tested using exposure to
a control sponge and independently towards a UDP-
treated sponge. Trials 2 and 3 were slightly different,
as tests on UDP/control were undertaken with the
same crab, initially tested on a control sponge, the
sponge removed, treated with UDP and returned to the
crab (n = 2 per trial), therefore producing linked
before—after trials. Data analysis made use of a Mann-
Whitney test for trials 1 and 2 and separate Wilcoxon
matched pair tests for trials 2 and 3.

Both negative (filtered sea water) and Net separator

Crosshatch separator

were used for this purpose. Individual male crabs (n =
20) were placed in a holding chamber within the flume
and left to acclimatize for at least 1 h. Once the divider
to the main flume was released, the behavior was
observed and recorded for future reference by video
for the experimental period of 15 min. Data were ana-
lyzed using SPSS v.13.0. The data were also checked
initially for normality and remained non-normally dis-
tributed after arcsine square root transformation. A
Wilcoxon signed-ranks test was used to compare pref-
erences for the pheromone over glycine.

RESULTS

In the current study we used a multi-step purification
procedure (see Fig. 1) that is based on an earlier study
(Hardege et al. 2002) to desalt the samples, remove
organic material that showed no bioactivity, and frac-
tionate the samples in order to purify the bioactive
compound(s) from 2 sources, urine and crab-condi-
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tioned water. At every step of the purification strategy
that was developed over 5 summer breeding seasons,
the extracts and fractions were tested against 2 nega-
tive controls (blank seawater control treated identical
to the urine sample, and a urine sample from immature
males) and a positive control (female urine). The pri-
mary challenge in the elucidation of the pheromone
was that the cue co-eluted with the inorganic salts
found in both body fluids (here urine) and seawater. A
BioRad P2 packed column with a low-pressure chro-
matographic system used in our previous study (Hard-
ege et al. 2002) was useful in desalting the samples.
Nevertheless, the pheromone was not completely
resolved, producing some overlap with the tail-end of
the inorganic salt band. Through the trials of a variety
of elution conditions using 5 different HPLC columns
and procedures (see 'Materials and methods’' for
details), the best separation of the pheromone from the
reduced inorganic salt contamination was obtained us-
ing a Phenomenex Synergi Fusion RP column (4.6 mm
x 250 mm, fitted with a Phenomenex C18 guard col-
umn; mobile phase: 0.2 M KH,PO,4, pH 5.5, 1 ml min~!
at 28°C; injection volume: 100 pl; detection: scanning
200-300 nm). Previously, Hardege et al. (2002) found
that a significant proportion of the bioactivity of the
samples was confined to the fraction representing the
retained residue of the 0.5 kDa membranes. Washing
the filter residue with ultraclean 18 MQ, 0.2 pm filtered
water resulted in a dramatic reduction of residual inor-
ganic salt in the bioactive sample. Fig. 3 shows the
HPLC analysis of female-conditioned seawater with
the bioactive peak eluting near 3.3 min. None of the
other peaks seen in the urine extract chromatogram
showed any bioactivity on males, nor did any combina-
tions of fractions that did not contain the large peak at
3.3 min (data not presented, as all were 0) and none of
the peaks in urine samples seen in Fig. 4 other than
that at 3.3 min was detectable in female-conditioned
seawater samples analyzed.

To reduce the number of potential bioactive com-
pounds in the complex matrix of urine, the purification
scheme also made use of a metabolomic type ap-
proach, namely those metabolites stemming from the
physiological changes occurring during the female
molt. The HPLC chromatograms of samples from inter-
molt females (data not shown) and males were com-
pared to samples from pre- and post-molt females, all
of which with the exemption of pre- and post-molt
female urine showed no bioactivity upon sexually
active males (see Hardege et al. 2002). When following
the multistep purification procedure shown in Fig. 1
and injecting the resulting extract, we found that the
only significant difference between these samples and
those from sexually active, pre- or post-molt females
was the occurrence of a peak at 3.3 min shown in
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Fig. 3. Carcinus maenas. (a) Comparison of pheromone-con-
taining female urine sample and synthetic UDP. The chro-
matogram shows the HPLC analysis of 10 pl of female urine
(2 d post-molt, black line) and synthetic pheromone, UDP
(grey line). HPLC conditions used were: Phenomenex Synergi
RP Fusion column (4.6 mm X 250 mm); mobile phase: 0.2M
KH,PO, buffer, pH 5.5; 1 ml min"!. The chromatogram of
female urine shows the bioactive peak appearing at 3.3 min.
Note the unresolved shoulder peak; taken together, this
represents both tautomeric forms of UDP. (b) UV spectrum of
female urine and UDP (maximum absorbance at 260 nm).
(c) Structure of synthetic pheromone (UDP), which was 100 pl
at a concentration of 10~° M. mAU: milli-absorbance units

Fig. 3. This confirms our earlier hypothesis that this
peak represents the female molt-related chemical sig-
nal (Hardege et al. 2002).

The cue did not dissolve in the organic solvents
tested as described earlier (Hardege et al. 2002), and it
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was not retained on C18 SPE cartridges, but did have
very weak retention on anion exchange substrates.
The substance displayed UV absorbance at 264 nm,
contrary to our initial predictions (no UV maximum
between 200 and 300 nm; Hardege et al. 2002). Taken
together, the analytical data and physicochemical
characteristics of the pheromone suggested with high
probability that the compound was a nucleotide or
nucleoside. The bioactive fractions from both the urine
samples and the conditioned seawater samples were
injected onto the HPLC, and the resulting chromato-
graphic data (retention index, UV spectra) were com-
pared to a variety of synthetic nucleotides that were
co-injected (Fig. 4). For this, 3 different HPLC separa-
tion systems were used: a Phenomenex Synergi Fusion
RP column, a Phenomenex Sphereclone SAX column,
and a Phenomenex Discovery RP18 size exclusion col-
umn as means to separate the compounds. The frac-
tionated bioactive pheromone peak was further con-
firmed as UDP through co-injection of the samples
with synthetic UDP, overlaying of HPLC traces (see
Fig. S6), as well as repeating the entire purification
procedure (Fig. 1) using 104M UDP added to inter-
molt male urine (which does not contain significant
levels of UDP), thus also providing us with an internal

positive standard usable to evaluate the efficiency of
the purification procedures. This allowed for compari-
son of e.g. the spectroscopic data using a realistic
matrix (urine) rather than distilled water. Figs. 3 & 4
show that the retention time and the UV absorbance of
synthetic UDP are identical to that of the biologically
active peak in female urine. Fig. S6a (in the Supple-
ment) shows the co-injection of synthetic UDP to the
bioactive fraction obtained from female urine with only
the UDP peak increasing, as such confirming its chem-
ical identity as UDP. Interestingly, in all chromato-
grams, the UDP peak showed shoulder peaks. When
samples were analyzed using the Phenomenex Syn-
ergi Fusion RP column with 0.1% TFA added, the
pheromone peak changed into a double peak. Simpkin
(1978) describes how nucleotide bases, particularly
uracil, are liable to undergo tautomeric transforma-
tions in aqueous media. Of all the nucleotide bases,
only adenine in aqueous solutions has predominantly
an aromatic structure; this is associated with the rela-
tively low solvation energy in this case. In accordance
with this, our chromatograms of female samples
showed no evidence for peaks or UV spectra of UMP,
UDP-Glucose, GMP, GDP, GTP, cAMP, AMP, ADP, and
ATP, but showed an unresolved shoulder peak for UDP
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(Fig. 4) potentially representing traces of UTP. The
final confirmation of the bioactive peak to be UDP via
LC-MS (Figs. S1 & S2 in the Supplement) and NMR
(Figs. S3 to S5 in the Supplement) proved complex, as
it was difficult to ionize using the positive (ESI*) mode
in electrospray MS, and as such the measurements
provided no useful spectra for its identification. Using
negative ion electrospray MS, it is possible to detect
UDP in the bioactive fraction in the urine samples,
although the detection limit threshold for this is very
high at 10~ M. Thus the MS spectra supplied in the
Supplement can only be used to confirm that UDP is
actually present in the bioactive peak by comparing
the spectra with those of synthetic UDP. NMR data (*H
and °'P) of the bioactive peak and of synthetic UDP,
also shown in Figs. S1 & S2, confirm this.

In the behavioral bioassays used to verify the identi-
fication procedures, synthetic UDP elicits the induction
of the stereotyped cradling behavior typical for
female-male pair formation (Trial 1: Mann-Whitney
U-test, U=290.0, n; 5 =20, p < 0.001, Trial 2: x? = 16.94,
df =1, p<0.001, Trial 3: chi-square test, xz =12.12,df =
1, p <0.001; n = 20 per trial; Fig. 5a), whilst none of the
other synthetic nucleotides elicited the cradling behav-
ior (data not shown, as all were negative). The mini-
mum reaction threshold for synthetic UDP to induce
the full cradling behavior was determined to be 0.10 ml
of a 107> M solution, representing a total of 0.4 ng UDP
in our test aquarium. We also compared the bioactivity
threshold of synthetic UDP with that of the original
female urine sample (ca. 1000 BE, n = 20 females), and
calculated the quantity of synthetic UDP potentially
required in a urine sample to explain its bioactivity on
males and compared this value with the level of UDP
we detected in the female urine via HPLC (Table S1 in
the Supplement). This was designed to examine
whether all sex pheromone activity of a sample can be
aligned to UDP or whether synergistic effects of other
minor components in a potential bouquet could exist.
The detectable UDP in female urine varied between
individual females mainly because the volume of urine
obtained varied (0.15 to 1.9 ml female™?, average:
0.54 ml) whilst the urine UDP concentration was
approximately 7.5 x 107> M (from 3.5 x 10> M to 1.5 x
10~* M). At this rate, just over 810 BE of the 1000 BE in
the original female sample (n = 20 females) could be
attributed to UDP in urine.

Using a Y-shaped olfactometer (see Fig. 2 for design
of this choice chamber) bioassay to assess responses
over the seasons, we found that males preferred UDP
to the feeding attractant glycine only during the repro-
ductive months (June to September, Wilcoxon signed
ranks, n = 20, p = 0.005; Fig. 5b). This seasonality of the
pheromone response was also seen when examining
cradling behavior. It was only during the reproductive
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Fig. 5. Carcinus maenas. Sex pheromone responses in males
and their seasonal variation. For behavioral assays with male
green crabs using synthetic pheromone (UDP), crabs were
exposed to 0.10 ml of pheromone at a concentration of 5.0 x
107° M, equaling approximately 2.0 pg. (a) Series of 3 bio-
assays with 20 males in each repeat, undertaken in a static
tank using the mate-guarding stance as a positive result
(data represent SEM). All experiments were undertaken
during summer within the reproductive season with males
collected as pre-copula pairs in the field. (b) Experiments
undertaken in a choice chamber showing the percentage of
time males spend in either the food stimulus (glycine) arm or
the sex attraction (UDP) arm showing a significant prefer-
ence for UDP (Wilcoxon signed ranks, n = 20, p = 0.005).
Experiments were undertaken during the reproductive sea-
son (summer) as well as outside the reproductive season
(winter). One ml of 10°* M UDP was added every 2 min
using a peristaltic pump. (c) Seasonal differences in male
response levels towards synthetic pheromone (UDP) with the
only significant response to the synthetic pheromone in sum-
mer (%3 = 13.48, p < 0.01). Pheromone concentration and
bioassay procedure are as described in (a)
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season that males responded with cradling behavior
when exposed to a sponge treated with UDP (x? =
13.48, df = 3, p < 0.01; Fig. 5c), whilst outside the
breeding season, the pheromone showed little bioac-
tivity (see also Hayden et al. 2007) when compared to
feeding stimulants such as glycine.

Since our initial hypothesis was that the female sex
pheromone production is ultimately linked to the
female molt and potentially even the biochemical/
physiological changes during the molting process such
as increased chitin biosynthesis, we also examined
whether male urine during their epidemic molt in
spring also contains UDP. Fig. 6 shows that this is the
case, although UDP was found only in traces of less
than 5% of the level detected in females (see Fig. 3) at
levels (3.1 x 10-°M; range: 0.1-5.5 x 1075 M) well below
the minimum threshold that would initiate a significant
sexual response in sexually active males.

DISCUSSION

The characterization of UDP is the first conclusive
chemical identification of a crustacean distance sex
pheromone. Zhang et al. (2011) recently reported the
identity of cuticle-bound contact sex pheromones in
the simultaneously hermaphroditic shrimp Lysmata
bogessi. These cuticluar hydrocarbons, of which (Z)-9-
octadeceneamide is the key compound within a phero-
mone bouquet, induced shrimp mating behavior after
the sexual partners initially met through the attractive-
ness of a yet unknown distance pheromone. Contact
pheromones may also play a role in other crustaceans
but have not been postulated to exist in Carcinus
maenas.

Early studies suggested a pheromone role of the
molting hormone 20HE (Kittredge et al. 1971) and the
peptide arthropodin (Dunham 1988). Both were dis-
missed for a range of species including green crabs
(Eales 1973, Seifert 1982, Gleeson et al. 1984). The
recent tentative identification of a novel ceramide as a
pheromone in the hair crab Erimacrus isenbeckii (Asai
et al. 2000) also proved inconclusive since behavioral
assays did not support this conclusion (Asai et al.
2000); additionally, ceramides were not detectable in
urine in biologically relevant concentrations. Biogenic
amines, such as serotonin, octopamine, dopamine, and
histamine, have been found to influence behavior in
crustaceans (Beltz 1999). Specifically, Wood & Derby
(1996) showed that dopamine and the peptide proc-
tolin produce several behaviors that are often seen
within the courtship displays of the male blue crab
Callinectes sapidus. When injected directly into the
hemolymph, dopamine was found to initiate the mat-
ing posture, and proctolin initiated the rhythmic wav-
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Fig. 6. Carcinus maenas. (a) Comparison of a male urine sam-
ple (2 d post-molt) and synthetic pheromone, UDP. The chro-
matogram here shows the HPLC analysis of male urine (black
line) and is overlaid by a trace for UDP (5 pl of 10~ M, grey
line). HPLC conditions used were: Phenomenex RP Fusion
column (4.6 mm x 250 mm); mobile phase: 0.2 M KH,PO,
buffer, pH 5.5; 1 ml min~'. (b) UV spectrum of the peak at
3.3 min with a maximum absorbance at 260 nm as charac-
teristic for UDP

ing of the male's pleopods, a characteristic mating
behavior. Through radiolabeled serotonin Huber et al.
(1997) determined that serotonin itself is not excreted
in the urine, but its 3 major metabolic compounds are
(serotonin-sulfate, B-alanine-, and B-alanine-sulfate-
conjugates). As such, the role of these compounds in
the mating behavior remains unclear.

Although initially surprising that a simple nucleotide
elicits the mating stance, the use of common com-
pounds as pheromones is widespread in insects (Wyatt
2003). Aquatic examples include other nucleotides
such as cAMP in slime molds (Konijn et al. 1967), glu-
tathione-derived pheromones in polychaetes (Hardege
et al. 2004), and steroids (Sorensen et al. 2005), amino
acids (Yambe et al. 2006), and bile acids (Li et al. 2002)
in fish. This elaborates on a fundamental question in
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animal signaling using chemicals, viz. the exclusivity
of the compounds. Chemical signals must be detec-
table against a background of noise with the specificity
of a signal being reaction-specific. As such, these cues
effectively advertise the physiological or developmen-
tal stage of the sender (Chang 1995). Signal specificity
is not necessarily based on structural exclusivity of the
pheromone itself, but can be achieved through envi-
ronmental timing or the use of specific bouquets of
compounds (see Wyatt 2010 for definition and review).
In fact, costs, mainly biochemical and physiological
ones associated with producing a species and situa-
tion-specific chemical, can be prohibitive (Johansson &
Jones 2007), and separation in space and time through
timing of events can be sufficient so that even a fixed
action pattern reaction could be based on a non-exclu-
sive compound such as seen in polychaetes (Hardege
1999). This raises the question of how species speci-
ficity is achieved in crustaceans where mating is linked
to the female molt. Insect pheromone systems are often
comprised of pheromone bouquets, i.e. mixtures of
molecules in specific relative concentrations that,
when taken as a whole, elicit the releaser reaction,
allowing for species or population specificity (Chris-
tensen et al. 1989). Additionally, evolutionary changes
of the mixtures may result in reproductive isolation as
shown in turnip moths Agrostis segetum (Lofstedt
1993). Future work following the identification of UDP
may include examining the potential existence of a
pheromone bouquet potentially including contact sex
pheromones as known from shrimps (Zhang et al.
2011). The bioactive threshold (0.1 ml of 10-5 M) of the
nucleotide cue is similar to other marine invertebrate
sex pheromones (Sorensen et al. 2005). Although our
data (Figs. 3 & S1 to S6) make it likely that the unre-
solved shoulder peak detected represents both tau-
tomeric forms of UDP, the bioassays with synthetic
nucleotides show that we can only account for approx-
imately 80 % of the bioactivity of urine by UDP. There
is a high degree of uncertainty included in such calcu-
lations since the exact volume and UDP content of
each female's urine in a pooled sample used to purify
the pheromone is unclear. Although in our study the
female-conditioned seawater sample from 20 females
had a total bioactivity similar to the sample obtained
from urine (1000 BE) in earlier studies (Hardege et al.
2002; Table S1), we found almost twice as much
pheromone activity in similar water samples. This may
be indicative of pheromone release via sources other
than urine as described by Bamber & Naylor (1997),
but could also be based on a pheromone bouquet with
additional compounds or their synergistic effects. To
clarify such questions, an improved, more sensitive
purification strategy and better chromatographic reso-
lution in HPLC detection need to be developed.

Unlike in mass spawning polychaetes (Hardege et
al. 2004), not all males attempted to copulate when ex-
posed to synthetic pheromone-treated objects (Fig. 5a).
Although in Carcinus maenas sex pheromones induce
males to approach, and often attempt mating, other
cues including visual recognition of shape, hardness of
the carapace, and female behavior play important
roles in establishing pairs (Gleeson 1991). Receptive-
ness in males may also vary depending on social status
and dominance hierarchies as described in lobsters
(Breithaupt & Atema 2000). Since male shore crabs are
known to form ‘hotspots’ (lekking behavior; Ekerholm
& Hallberg 20095), it is to be expected that social inter-
actions, including fighting, lead to the development of
hierarchies, especially when males compete for
females. In C. maenas, female pheromone exposure
significantly affects the intensity of fighting behavior
between males (Sneddon et al. 2003) with the loser of a
fight showing a delayed and depressed reaction upon
exposure to female sex pheromones (Fletcher & Hard-
ege 2009).

In crustacean feeding behavior, individuals can
detect single cues from multi-component mixtures
through selective receptor binding (Carr 1988, Derby
et al. 2001). This allows for specific responses despite
background noise and may represent a mechanism
that applies for reproductive isolation between crab
species. Interspecific activity of pheromones has been
observed in male snow crabs Chionoecetes opilio that
were guarding female crabs of Hyas araneus (Sainte-
Marie et al. 1999), and Bublitz et al. (2008) recently
found similar heterospecificity for the Carcinus
pheromone. Timing of reproductive events and envi-
ronmental control, as known in polychaete worms
(Hardege et al. 2004), may be required to ensure pre-
mating reproductive isolation when common mole-
cules are used as sex pheromones (Wyatt 2010). Derby
& Sorensen (2008) pointed out that in hormonal fish
pheromones, the hormone systems are highly con-
served and almost all pheromones identified are struc-
turally related steroids and bile acids. There is little
evidence for the evolution of novel hormonal com-
pounds and their related receptors in fish (Wyatt 2010),
and how widespread the use of nucleotides is in crus-
taceans remains to be examined. Christofferson (1978)
found that a single unpaired male Portunus sanguino-
lentus in the presence of a coupled pair does not initi-
ate courtship behavior. He attributed this to the lack of
pheromone, due to the cessation of urine release, or
the production of a masking factor. This highlights that
even simple ecological factors such as digging the
female into mud/sand underneath the male's abdomen
to potentially reduce the release of female pheromone,
or retrieval of pairs away from male hotspots into
crevices higher up the shoreline, both often found in
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the field (Broekhuysen 1937, S.D. Bamber pers. obs.),
may play a role in the spatial separation of pairs from
competing males, at the same time reducing the need
for signal specificity.

Pheromone cues of one species may affect other spe-
cies differently, for example potentially functioning as
a feeding stimulant when detected by a potential
predator (Zimmer-Faust et al. 1984). Molted crabs are
attractive prey for predatory fish and other crus-
taceans; nucleotides are known feeding stimulants in
fish (Carr 1988). Interestingly, amongst the nucleotides
tested as feeding stimulants, UDP is often the
nucleotide with the lowest degree of feeding activity
and was found as a feeding cue only in mackerel
(Ikeda et al. 1991). In many crustaceans, responses
to sex pheromone differ significantly from feeding
behavior and can rarely be confused (see Hayden et al.
2007). Nevertheless, the potential abundance of other
organisms detecting nucleotides released into the
environment makes it likely that green crabs have
developed mechanisms to reduce predation risks, such
as the guarding behavior, reduced rates of urine
release at the time of ecdysis (Eales 1973), or the use of
a bouquet, thus reducing the potential cost of phero-
mone release. Nucleotide pheromones could be regar-
ded as potentially costly by alerting a predator and bio-
chemically costly because nucleotides are energy
carriers. The appearance of these costly compounds in
excretions into the environment must outweigh their
production value. Reflecting upon biological amines,
Huber et al. (1997) speculated that this is because they
serve as conspecific communicators. We propose that
the Carcinus maenas pheromone represents an ideal
system to test the costs of aquatic chemical signals.
Species specificity may not be essential if other ecolog-
ical avoidance mechanisms (timing, spatial isolation,
receptor activation, seasonality, behavior) are in place,
thus allowing for simple, reaction-specific molecules
such as nucleotides, peptides, or amino acids to func-
tion as pheromones (Hardege et al. 2004, Yambe et al.
2006). We hypothesize this concept to be widespread
amongst marine organisms.

Female sex pheromone production is linked to the
molt cycle (Adelung 1971, Kittredge et al. 1971, Glee-
son et al. 1984), and Bamber & Naylor (1997) suggested
that pheromone release rates increase after ecdysis
when the new carapace hardens. Gonad development
leads to an increase of nucleosides as well as
pyrophosphate and a decline in glucose (Fittschen
2001). Chitin (B-1,4 linked modified glucose polysac-
charide) biosynthesis requires nucleotides as phos-
phate donors for the enzymatic reactions of UDP-
acetylglucosamine into chitin (Mansecal 1999), of
which UDP is a metabolic byproduct (Peters et al. 1999,
Merzendorfer & Zimoch 2003). That UDP production is

linked with the molt is also confirmed by our analysis
of urine collected from males around the time of their
molt (Fig. 6). Although only found at a very low con-
centration of less than 5% of the UDP levels found in
post-molt female urine (see Figs. 3 & 6 for comparison),
the nucleotide is present in urine of molting males,
whereas it is absent in inter-molt male or inter-molt
female urine and in juvenile crabs <3 cm in size. How-
ever, it is unclear whether males actually release any
UDP with their urine. Conditioned seawater samples
from males showed no HPLC peaks corresponding to
the retention time of this nucleotide (Hardege et al.
2002) mainly because the detection level of UDP in
seawater containing samples is higher than the actual
amounts released by males. Urine UDP levels in male
crabs are also significantly below the minimum thresh-
old required to induce sexual behavior in males (see
Fig. 6, Table S1). In behavioral assays with sexually
active males, the male molt urine samples never
induced any grade 4 or 5 mating stance. This is in con-
junction with Bamber & Naylor (1996), who stated that
males will very rarely respond (if ever) to the urine
sampled from and pre- and post-molt males. If any
response did occur, males would only raise up on
extended pereopods 2-4 and show limited searching
behavior, which represents a level of response not con-
sidered significantly different from feeding responses,
and as such are not deemed bioactive (see Table S1).
For males, spring is the time of epidemic molt; the
majority of males molt in April to May, thereby reduc-
ing the risk of same-sex mating pairs (Broekhuysen
1937). Male-male pairs very occasionally appear in
the field in late June, early in the spawning season,
and usually consist of a large sexually active male
grasping a small sexually immature individual (male or
female) during their juvenile molt (Broekhuysen 1937,
S. D. Bamber & J. D. Hardege pers. obs.). It is therefore
plausible, but not proven, that UDP release is a direct
result of chitin biosynthesis, advertising the physiolog-
ical state of the sender (Chang 1995, Sorensen &
Stacey 1999), here a freshly molted female crab. The
concept of chemical spying, first described in goldfish
(Sorensen & Stacey 1999), implies that pheromones
characterize an organism's physiology, enabling the
receiver to make an informed choice about the
sender's quality.

In Carcinus maenas, males may use the excretion of
pheromones and molt-related compounds such as
crustecdysone to detect the molting stage of females
(Adelung 1971), potentially allowing for male mate
choice. Only once the female carapace hardens does
male investment in guarding effort become minimal;
this is because of reduced predation and male com-
petitor displacement risks (Van der Meeren 1994).
After insemination, a sperm plug that solidifies is
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employed, but this does not entirely prevent other
males from mating with the female (Gosselin et al.
2003). It may therefore be advantageous for dominant
males to mate late in the female molt cycle since males
are able to mate numerous times in succession (Van
der Meeren 1994). It has been observed that the post-
copulation embrace is lengthened by the presence of
competitors (Van der Meeren 1994), and there is evi-
dence for size assortative mating (Gosselin et al. 2003).
Multiple paternity is known in crustaceans (Sainte-
Marie et al. 1999), but is unconfirmed for C. maenas.
By signaling their reproductive status (Li et al. 2002),
females may utilize UDP to advertise their short win-
dow of mating opportunity to attract and select part-
ners or to increase paternal diversity in situations when
the density of large males is low and predator pressure
is high (Gosselin et al. 2003).

Since sexual signals can derive from feeding stimu-
lants (Stoka 1999), and nucleotides function as such, it
will be interesting to establish how complex signaling
systems involving sexual and feeding behavior have
evolved in crustaceans. Structure-activity relation-
ships found for amino acid and nucleotide feeding
responses are very similar to those for their uses in
internal signal reception (Carr et al. 1988). This points
towards an evolutionary link between the chemore-
ceptors that monitor the external and internal (but
extracellular) environment. Adapted from the Haldane
hypothesis, this potentially allows for the evolution of
external signals from such internal messenger mole-
cules (Carr et al. 1988). The identification of a nucleo-
tide as a crustacean sex pheromone will potentially
stimulate research into signal identification and bio-
logical function of pheromones in crustaceans. This
could include studies on mate choice, honesty of sig-
nals, and specificity of marine chemical cues that all
benefit from structural information on the chemical
nature of signaling cues (Johansson & Jones 2007).
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