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An effective strategy for prey to survive in habitats rich in predators
is to avoid being noticed. Thus, prey are under selection pressure to
recognize predators and adjust their behavior, which can impact
numerous community-wide interactions. Many animals in murky
and turbulent aquatic environments rely on waterborne chemical
cues. Previous research showed that the mud crab, Panopeus herb-
stii, recognizes the predatory blue crab, Callinectus sapidus, via a cue
in blue crab urine. This cue is strongest if blue crabs recently preyed
upon mud crabs. Subsequently, mud crabs suppress their foraging
activity, reducing predation by blue crabs. Using NMR spectroscopy-
and mass spectrometry-based metabolomics, chemical variation in
urine from blue crabs fed different diets was related to prey behav-
ior. We identified the urinary metabolites trigonelline and homarine
as components of the cue that mud crabs use to detect blue crabs,
with concentrations of each metabolite dependent on the blue
crab’s diet. At concentrations found naturally in blue crab urine,
trigonelline and homarine, alone as well as in a mixture, alerted
mud crabs to the presence of blue crabs, leading to decreased
foraging by mud crabs. Risk perception by waterborne cues has
been widely observed by ecologists, but the molecular nature of
these cues has not been previously identified. Metabolomics pro-
vides an opportunity to study waterborne cues where other ap-
proaches have historically failed, advancing our understanding of
the chemical nature of a wide range of ecological interactions.

blue crab | chemical ecology | metabolomics | nonconsumptive effects |
predation

Gathering and interpreting information from the environment
is imperative to organisms’ ability to recognize food, mates,

predators, and appropriate habitat. Many aquatic species rely
on chemical cues in environments where auditory, visual, and
mechanosensory mechanisms are often compromised (1–3).
Significant efforts have been made to understand chemical de-
fenses and feeding deterrents (4–7) as many have potential
medicinal applications (8–10); however, waterborne cues remain
almost completely unidentified.
The ability to sense and recognize predators remotely is partic-

ularly important for organisms because it allows for the production
of behavioral, morphological, or life historical adjustments to min-
imize predation (11). Although significant evidence exists for
widespread chemical detection of predators and alarm cues
among conspecifics in the marine environment (12–14), little is
known about the molecular nature of the cues involved. These
cues are of particular importance as they routinely produce eco-
logically significant nonconsumptive effects, that is, altered species
interactions beyond the effects of lost prey by cause of consumption
due to changes in the morphology, behavior, or life history of prey
(15). Nonconsumptive effects have been demonstrated in aquatic
(16–18) and terrestrial environments (19) and are suggested to have
even greater capacity to structure communities than the direct effects
of consuming prey (15). Due to the lack of a molecular understanding
of these cue systems, little is known about how cues disperse in

aquatic systems, the receptors that mediate chemoreception and
recognition of these cues, and the specificity to these cues, necessi-
tating further research.
One explanation for the lack of characterized waterborne cues is

that purification methodologies for highly water-soluble compounds
have been unsatisfactory, especially when working with seawater
samples that contain substantial quantities of inorganic salts. Stan-
dard sampling methods for airborne chemical cues such as head-
space analysis for volatile insect pheromones (20) are unavailable
for nonvolatile waterborne cues. Many waterborne cues are present
in very low concentrations, unstable to handling in the laboratory,
and produced by organisms that either are not abundant or not
readily cultivated in the laboratory. It may be difficult to identify in
which tissues of an organism these cues are produced or stored, and
when this is possible the signaling molecules may occur as part of a
complex mixture with many other, irrelevant metabolites.
Traditionally, chemists have applied a process of bioassay-

guided fractionation to purify and then characterize biologically
active compounds. However, this multistep approach often leads
to decomposition of labile cues and exclusion of multicomponent
cues, while simultaneously requiring substantial quantities of the
chemical cue mixture for biological testing after each chemical
separation step (21). Recent advances in NMR spectroscopy
and MS metabolomics allow for fast, efficient, and cost-effective
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profiling of complex mixtures containing waterborne cues,
whose chemical variation can be leveraged to correlate the
presence or abundance of particular compounds within the
mixture with biological potency of the mixture. Recently, a novel
microalgal mate attraction pheromone was identified using MS-
based metabolomics despite pheromone concentrations in the
nanomolar range (22).
Previous research showed that the mud crab, Panopeus herb-

stii, detects its predator, the blue crab, Callinectus sapidus, using
unknown metabolites released in the urine of blue crabs (23).
Mud crabs reacted differently to urine from blue crabs fed mud
crabs vs. other prey. Using NMR- and MS-based metabolomics
we aimed to leverage the chemical variation in urine from blue
crabs fed different diets to identify the component(s) of the cue
mixture that mud crabs use to recognize blue crabs. This study
provides a roadmap to identify complex waterborne cues that can
be used to further our understanding of chemically mediated
interactions in the marine environment.

Results
Mud Crabs Perceive Risk via Concentration Differences in Predator
Urinary Metabolites. When we employed 1H NMR-based metab-
olomics comparing the chemical profiles of urine from blue crabs
fed mud crabs vs. oysters, principal component analysis (PCA)
revealed a single principal component accounting for 19.5% of the
total variation among urine samples which differentiated urine of
blue crabs fed the two diets (Fig. 1A). An orthogonalized partial
least squares discriminant analysis (oPLS-DA) model also differ-
entiated urine from blue crabs fed these two diets; however, the
first latent variable only accounted for 10.4% of the total chemical
variation (SI Appendix, Fig. S1). A complementary MS-based PCA
model similarly distinguished urine from blue crabs fed different
diets using a single principal component, accounting for 89.3% of
the total variation among samples (Fig. 1B).
Analysis of the NMR-based PCA loadings (SI Appendix, Fig. S2)

which highlighted spectral features that were more abundant in
urine from blue crabs fed one diet vs. the other, along with 2D
NMR spectroscopic data of blue crab urine (SI Appendix, Figs. S3–
S5 and Table S1) which determined the connectivity of atoms
within each molecule, led to the putative identification of a subset
of urinary metabolites, 13 in total, that we hypothesized mud crabs
use to differentiate among predators that impose different degrees
of risk (Table 1). Mass spectrometric data confirmed these

identifications (SI Appendix, Fig. S6 and Table S1). Thus, whereas
individual metabolites pinpointed via PCA were not purified from
blue crab urine, their structures were confidently assigned, as
components of a complex urine matrix, by a combination of NMR
and MS approaches. Analysis of the MS-based PCA model high-
lighted 28 unique metabolites of the 661 total detected metabolites
(SI Appendix, Tables S3–S5) whose concentrations were enhanced
in the urine of blue crabs fed mud crabs, which act as a discrimi-
nating panel to differentiate between urine from blue crabs fed
different diets. Carnitine (4) was identified through both NMR-
and MS-based metabolomics analyses as more abundant when blue
crabs ate mud crabs, but most relevant molecules were revealed
through statistical modeling by only one of the approaches, high-
lighting the complementary nature of the two techniques. Addi-
tionally, acetylcholine and propionylcarnitine were identified via
MS profiling while choline and carnitine were identified via NMR
spectroscopic profiling, further accentuating useful complemen-
tarity of the two spectroscopic techniques.
Different diets did not lead to different identities of metabolites

in blue crab urine relevant to prey behavior but rather resulted in
altered concentrations of the same metabolites perceived by prey
via exposure to urine (Fig. 2). Variable concentrations of indi-
vidual metabolites were evident from the differential integration
of common 1H NMR spectroscopic features (Fig. 2B, Inset).
These metabolites included those involved in amino acid metab-
olism, niacin metabolism, energy metabolism, energy shuttling,
and choline metabolism (24) (Table 1 and SI Appendix, Table S1).
Collectively, these data predicted that the fear-inducing cue in
blue crab urine consists of relatively simple, primary metabolites
that vary in concentration depending on diet.

A Subset of Metabolites Account for Fear-Inducing Properties of Blue
Crab Urine. To provide further evidence of the role of metabolites
found in blue crab urine we applied partial least-squares re-
gression (PLS-R) analysis to the 1H NMR spectroscopic data to
test for correlation between the measured potency of blue crab
urine samples and the chemical variation among urine samples
as revealed by PCA. A near-perfect linear fit was observed based
on analysis of seven blue crab urine samples, four from blue
crabs fed mud crabs and three from blue crabs fed oysters (Fig.
3A). Upon inspection of the variable importance parameters
(VIP; SI Appendix, Fig. S7A) and the PLS-R loadings (SI Ap-
pendix, Fig. S7B), trigonelline (1) was the only urinary metabolite

Fig. 1. Blue crab diet affects urine metabolite profile. PCA of metabolomics
data from (A) 1H NMR spectra and (B) MS differentiate urine of blue crabs
fed mud crabs and from urine of blue crabs fed oysters along the first
principal component (variance captured along PC1 is stated in parentheses;
P = 0.0074 for NMR, P = 0.0003 for MS). Crab symbols represent data from
urine from blue crabs fed mud crabs (n = 9 for NMR, n = 3 for MS); oyster
symbols represent data from urine from blue crabs fed oysters (n = 10 for
NMR, n = 3 for MS).

Table 1. Metabolites identified from blue crab urine by
NMR spectroscopy-based PCA model (n = 9 –10 urine samples for
each diet)

Metabolite

Concentration in urine of blue crabs fed
mud crabs

Absolute, μM Relative to oyster diet

Trigonelline (1) 90 1.8×
Pyrimidine (2) 72 1.6×
Lactate (3) 250 1.3×
Carnitine (4) 160 1.2×
Choline (5 ) 110 1.2×
Threonine (6) 160 1.1×
Creatinine (7 ) 62 0.72×
Trimethylamine (8 ) —* >1.0×
Methyl glutarate (9 ) —* <1.0×
Acetate (10) —* <1.0×
Creatine (11) —* <1.0×
N-methylhistidine (12) 99 0.75×
Alanine (13) 180 0.50×

*Concentration could not be determined due to NMR spectral overlap of
diagnostic protons.

Poulin et al. PNAS | January 23, 2018 | vol. 115 | no. 4 | 663

CH
EM

IS
TR

Y
SY

ST
EM

S
BI
O
LO

G
Y



identified by the PLS-R model that was also a critical component
of the loadings via PCA (Table 1 and SI Appendix, Fig. S7).
In addition to trigonelline’s being predicted as a constituent of

the fear-inducing cue the VIP and the loadings of the PLS-R model
suggested that additional unidentified metabolites were constitu-
ents of the cue mixture. Inspection of the aromatic spectral region
of the PLS-R loadings (SI Appendix, Fig. S7), coupled with total
correlation spectroscopy data (SI Appendix, Fig. S8), pointed to a
second fear-inducing metabolite differing from trigonelline only in
the pattern of substituents around the aromatic ring. Homarine
(14), a constitutional isomer of trigonelline, was isolated from blue
crab urine, characterized by MS and NMR spectroscopy (SI Ap-
pendix, Fig. S8), and synthesized to confirm its molecular structure.
The relationship between measured potency of blue crab urine

and the measured concentrations of trigonelline and homarine
indicated sigmoidal patterns for both, with greater fear-inducing
potency for urine samples with higher concentrations of trigonelline
and homarine, as expected (Fig. 3). In contrast, the fear-inducing
potency of urine poorly correlated with the concentration of tri-
methylamine. Although trimethylamine was identified by the
PCA model as being significantly more concentrated in urine
from blue crabs fed mud crabs vs. oysters (Table 1), it did not
emerge from the PLS-R model as a likely candidate for the fear-
inducing cue, and as such it acted as a further calibrant for our
model. Overall, these findings led us to conclude that both
trigonelline and homarine are likely constituents of the fear-
inducing cue in blue crab urine but that trimethylamine is not.

Trigonelline and Homarine Induce Fear in Mud Crabs. To explicitly
test the functions of trigonelline and homarine as components of
the fear-inducing cue in blue crab urine, mud crabs were exposed
to each compound, alone and together, at concentrations found
naturally in urine of blue crabs fed mud crabs (43 μM for trig-
onelline and 190 μM for homarine). Trigonelline (purchased
commercially and analyzed spectroscopically to confirm its iden-
tity) and homarine (synthesized and characterized) suppressed
foraging by 60% and 67%, respectively, when each compound was
presented to mud crabs. Mud crabs reduced their feeding behavior
by 65% when these two compounds were tested as a mixture,
similar to the effect of blue crab urine itself (Fig. 4).
In contrast, and as expected given the poor predictive relation-

ship between trimethylamine (8) and urine (Fig. 3D), trimethyl-
amine did not significantly affect mud crab behavior (Fig. 4). The
exact concentration of trimethylamine in blue crab urine could not
be determined by 1H NMR spectroscopy due to spectral overlap

and the nondiagnostic nature of the only unique proton signal as-
sociated with trimethylamine. The concentration (42 μM) used in
the mud crab behavior assay was the highest possible concentration
of trimethylamine (if all protons resonating at 2.89 ppm belonged to
trimethylamine and not to other metabolites), yet no significant
behavioral response indicative of fear was observed in mud crabs
exposed to trimethylamine at this high concentration (Fig. 4).
Although the PLS-R model predicted that additional un-

identified blue crab urine metabolites are likely components of
the cue mixture, trigonelline and homarine appear to be the
major constituents of the fear-inducing cue. The suppressive
effects that these compounds induced on mud crab behavior
were statistically indistinguishable from the effects of blue crab
urine itself (Fig. 4), revealing that other compounds were not
necessary to recapitulate the activity of whole urine.
To predict the source of the components of the fear-inducing cue

we quantified trigonelline, homarine, and trimethylamine in the flesh
of each food source (mud crab, oyster, and shrimp; SI Appendix,
Table S2). Trimethylamine and homarine were found in tissues of all
three food sources, whereas trigonelline was only detected in mud
crab and shrimp tissues. The concentrations of all three metabolites
were higher in mud crab tissue than in other tissues, indicating that it
is possible that blue crab urine derives at least a portion of these
three metabolites directly from the diets of blue crabs. However, it is
unlikely that all of the components of the fear-inducing cue come
from blue crab food sources, since trigonelline is present the urine of
blue crabs fed oysters but was not detected in oyster tissue.

Trigonelline and Homarine Are Constitutional Isomers with Different
Electron Delocalization. The two critical components of the fear-
inducing cue in blue crab urine have similar biological activities

Fig. 2. Blue crab diet affects concentration of specific urinary metabolites.
(A) Compounds identified by 1H NMR metabolomics PCA model that distin-
guish urine of blue crabs fed mud crab vs. oyster diets. Annotated metabolites
consisted of trigonelline (1), pyrimidine (2), lactate (3), carnitine (4), choline
(5 ), threonine (6), creatinine (7 ), trimethylamine (8 ), methyl glutarate (9 ), ac-
etate (10), creatine (11), N-methylhistidine (12), and alanine (13). (B) Overlay
of 1H NMR spectra of urine from blue crabs fed mud crabs (brown) or oyster
(yellow) averaged across 12 urine samples for each diet. Peak intensity was
normalized to an internal standard whose concentration was identical in all
samples. Numbers above 1H NMR signals in B refer to numbered compounds
in A. Only protons used to calculate concentration of metabolites are labeled.
(Inset) An expansion of the downfield region of overlaid 1H NMR spectra.

Fig. 3. PLS-R model of 1H NMR metabolomics data suggests that trigonel-
line (1) and homarine (14), but not trimethylamine (8 ), are components of
the fear-inducing cue of blue crab urine. (A) PLS-R model highlights the
linear relationship between the measured and model-predicted potency of
fear-inducing behavior of blue crab urine. A potency value of 1 would in-
dicate complete suppression of mud crab feeding in the presence of the
urine sample, whereas a potency value of zero represents no feeding sup-
pression. Crab symbols represent data from urine from blue crabs fed mud
crabs; oyster symbols represent data from urine from blue crabs fed oysters
(n = 4 for urine from blue crabs fed mud crabs, n = 3 for urine from blue
crabs fed oysters). Dashed lines represent sigmoidal curve fitted to experi-
mental data using MATLAB curve-fitting toolbox with adjusted R2 values for
(B) trigonelline (1), (C) homarine (14), and (D) trimethylamine (8 ) at the
highest possible concentration (based on all protons resonating at 2.89 ppm
belonging to trimethylamine and no other metabolites), as indicated by
square brackets around metabolite name. n = 7 urine samples.

664 | www.pnas.org/cgi/doi/10.1073/pnas.1713901115 Poulin et al.



and appear nearly structurally identical; however, they have dif-
ferent electronic structures. Although each contains a methylated
pyridinium ring and a carboxylate group, their connectivity differs.
Through molecular modeling, the attachment of the carboxylate to
the pyridinium ring of trigonelline allows for a greater delocaliza-
tion of electron density, as evidenced by increased electron
density around the carboxylate (SI Appendix, Fig. S9). In contrast,
homarine does not exhibit such delocalization, since its carboxylate
is rotated 64° relative to the ring, preventing orbital overlap. When
similar models were applied to related molecules picolinic acid (15)
and o-toluic acid (16), the steric implications on torsional angle of
the carboxylate relative to delocalization of electron density be-
came apparent. For picolinic acid, the torsional angle between the
carboxylate and the ring is 0.0°, allowing electron density from the
aromatic system to be pulled toward the carboxylate (SI Appendix,
Fig. S9). However, in o-toluic acid, the carboxylate rotates out of
the plane of the ring with a torsional angle of 37° to decrease steric
interactions with the bulkier methyl, preventing extended conju-
gation because the p orbitals of the carboxylate cannot sufficiently
interact with those of the aromatic system, as evidenced by most of
the electron density remaining around the aromatic system (SI
Appendix, Fig. S9). Thus, connectivity of the carboxylate to the
pyridinium ring at carbon 2 in homarine leads to steric interactions
with the N-methyl, forcing the carboxylate to rotate out of the
plane of the ring, thus preventing further electron delocalization.
While not directly tested, the differences in electronic structure
could lead to differential interaction with a mud crab receptor, thus
possibly explaining the similar levels of potency of trigonelline and
homarine at different concentrations (Fig. 4).

Discussion
We identified the two major chemical components of a water-
borne cue by leveraging the variable fear-inducing potencies of
urine from blue crabs fed different diets, resulting in the con-
clusion that trigonelline and homarine strongly affect risk per-
ception in prey (Fig. 4). These cues, when released into seawater
via the urine of blue crabs, allow mud crab prey to recognize the
presence of a predator and adjust their behavior to avoid de-
tection by that predator. The relative concentrations of these
metabolites in predator urine reveals whether it has recently
consumed mud crabs, which mud crabs then interpret as addi-
tional risk. Mud crabs subsequently respond with reduced for-
aging activity compared with when they are exposed to urine with
lower concentrations of trigonelline and homarine (Fig. 3). Al-
though trigonelline and homarine, when tested alone or in

combination, induced fear in prey crabs similarly to intact blue
crab urine (Fig. 4), these two metabolites are not the only
components of the fear-inducing cue. Both 1H NMR and MS
metabolomics suggested multiple additional components. How-
ever, the lack of diagnostic protons with VIP scores greater than
those of trigonelline and homarine (SI Appendix, Fig. S7A) and
the stand-alone potencies of trigonelline and homarine (Fig. 4)
indicate that while additional metabolites are predicted to act as
components of the fear-inducing cue their importance is limited.

Waterborne Cues for Predator Detection Have Been Infrequently
Characterized. The current system represents one of the few wa-
terborne cues that has been chemically identified, among those
used for predator detection and risk perception by prey. However,
there is significant evidence that such cues are sensed widely in
invertebrates (25, 26) and vertebrates (27, 28). More importantly,
the current study is one of the first in which nonconsumptive ef-
fects of predators, mediated by waterborne predator chemistry,
have been revealed at the molecular level. Nonconsumptive ef-
fects on prey are increasingly predicted to be more important than
consumptive effects (removal of prey through consumption) in
systems with a top predator, intermediate predator, and basal
resource, such as the current system (15). The potential for these
interactions to broadly structure communities emphasizes the
need to understand the chemical nature of the cues, which would
provide insight into what confers cue specificity, and therefore
how organisms may respond in the presence of many cues with
different degrees of salience or risk. Since prey in natural com-
munities will be simultaneously exposed to many different cues,
developing a framework to predict and understand the effects of
multiple cues is essential if we are to progress beyond un-
derstanding prey response in single predator–prey pairs.
A rare case of chemically mediated nonconsumptive effect in

which the chemical cue has been identified involves the cope-
podamides, a class of taurine-containing polar lipids released
into seawater by copepods, leading to an increase in toxicity in
their dinoflagellate prey (29). A second example is that of the use
of aliphatic sulfates and sulfamates by the freshwater green alga
Scenedesmus to detect predatory Daphnia pulex, inducing colony
formation in Scenedesmus as a defense mechanism (30). A sig-
nificant contrast between these two identified cues is that the
compounds involved, like many terrestrial cues, appear to be
more specific to certain taxonomic groups than the fear-inducing
metabolites identified in the current study, trigonelline and
homarine, yet many may be waste products. The unavoidable
exudation of waste compounds by predators may therefore be
important in many systems enabling prey to recognize predators,
sometimes in species-specific or even diet-specific manners.

Trigonelline and Homarine Are Common Invertebrate Signaling
Molecules. The two critical components of the fear-inducing cue
in blue crab urine, trigonelline and homarine, are well docu-
mented in marine invertebrate tissues (31–37). Homarine and
trigonelline, present in marine hydroid oocytes at ∼25 nM and
8 nM, respectively, prevent the metamorphosis of larvae to
adults as well as limiting formation of the head and stolon in
adults (38, 39). Homarine defends an Antarctic gastropod
against its sea star predator, which flees from its prey when ex-
posed to high concentrations of the compound (40). Homarine
in gorgonian corals repels fouling by a surface-associated diatom
(41). When nicotinic acid (the demethylated analog of homar-
ine), picolinic acid (the demethylated analog of trigonelline), and
pyridine (neither methylated nor possessing a carboxyl side chain
as do trigonelline or homarine) were tested for their antifouling
properties the methylation state of the compound was found to
be unimportant, whereas the presence of the carboxyl group at
position two of the aromatic ring (as found in homarine) was
crucial for the antifouling nature of the compounds (41). These last

Fig. 4. At natural concentrations found in blue crab urine, trigonelline (1)
and homarine (14), but not trimethylamine (8 ), induce fear, evidenced by
reduced foraging among mud crabs. Urinary metabolites were formulated
to match concentrations observed in blue crab urine (n = 10 for all treat-
ments). Letters indicate significant grouping of treatments (one-way ANOVA
with Tukey post hoc test). Error bars represent ± 1 SEM.
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findings run counter to those of the current study in which trig-
onelline appears to be slightly more potent than homarine based on
the similar fear-inducing effects at lower concentration (Fig. 4). This
suggests different molecular mechanisms of action for these mole-
cules when involved in fear induction in prey compared with fouling
deterrence. Additionally, trigonelline and homarine were found to act
as waterborne cues in the current study whereas previously reported
systems considered the roles of trigonelline and homarine as com-
ponents in animal tissue, further contrasting the systems.

Trigonelline and Homarine Appear Structurally Similar but Differ in
Biosynthetic Origins. The multiple biological functions of trig-
onelline and homarine argue for seeking a better understanding
of their biosynthetic origins. Although trigonelline and homarine
appear to have very similar molecular structures, their bio-
synthetic origins differ in organisms for which this has been
studied. Homarine biosynthesis in marine invertebrates is pre-
dominately known from isotope incorporation experiments of
shrimp in which glycine and succinyl CoA form N-succinylglycine
which, through a series of modifications, is transformed to
homarine (42, 43). Tryptophan was not incorporated into
homarine in feeding experiments and as such a hypothesized
route to homarine through that amino acid was rejected (42);
acetate was incorporated to form homarine through quinolinate
(44). Although no study has investigated trigonelline biosynthesis
in marine invertebrates, it is known that plants produce trig-
onelline from tryptophan and aspartate via quinolinic acid, which
is converted to nicotinic acid and methylated to form trigonelline
(45). Despite the incorporation of quinolinic acid into both
trigonelline and homarine, the lack of tryptophan incorporation
in homarine synthesis suggests that either trigonelline and
homarine are derived from divergent biosynthetic pathways in
invertebrates or that invertebrates utilize multiple pathways to-
ward the formation of quinolinic acid.

Metabolomics as a Promising Tool for Chemical Ecology. For de-
cades, the principal platform for isolating biologically active
compounds in chemical ecology research has been bioassay-
guided fractionation. This approach has failed to facilitate the
discovery of waterborne cues, despite the obvious importance of
such cues in aquatic systems, due in part to the lack of sensitivity
and resolution in analytical technologies used to elucidate the
molecular structures of compounds accessible only in low
quantities. In the current study we avoided working with a low-
concentration cue by collecting the cue at its source (urine col-
lection via catheterization) rather than concentrating compounds
from seawater after release and dispersal of the cue. Addition-
ally, bioassay-guided fractionation requires a destructive bioassay
after each separation step to pinpoint those fractions containing
bioactive molecules to proceed to the next step of chemical
separation. These separations can lead to loss of biological ac-
tivity as multicomponent cues are separated into multiple frac-
tions and as protectant molecules, such as antioxidants, are
removed from mixtures containing bioactive molecules and
degradation processes take over. With increasing NMR sensi-
tivity, MS resolving power, and big data analysis tools, metab-
olomics has become a useful approach for chemical ecology and
natural product discovery (46, 47). The complementary nature of
MS metabolomics, which is highly sensitive and allows simulta-
neous analysis of many compounds, and NMR metabolomics,
which is quantitative and can detect compounds with poor MS
ionization properties, makes the combination of these two
spectroscopic approaches desirable when the identities of rele-
vant molecules are completely unknown. The advantages of
metabolomics for identifying waterborne cues will continue to
increase as chemical libraries become more accessible and pro-
filing technologies become more widespread.

Conclusions
A combined NMR-MS metabolomics approach led to the suc-
cessful characterization of chemical cues in a complex behavioral
interaction between predator and prey, in which prey recognize
and respond to predators via exuded metabolites. By identifying
the major components of this fear-inducing cue we can now
better address important questions about the impacts of non-
consumptive effects by predators on prey, the ecological im-
portance of these interactions on community structure, and the
possible ubiquity of chemically mediated nonconsumptive in-
teractions in the marine environment. More generally, we posit
that this study serves as a roadmap for further studies aimed at
identifying and understanding the many diverse systems that
ecologists hypothesize are mediated by waterborne cues but in
which the chemistry is yet unknown. Despite noted examples
where metabolomics has previously identified important cues,
the cues were either not fully characterized, were terrestrial in
origin, or were highly specific pheromones instead of more
ubiquitous cues such as in the current study. Only with a more
thorough understanding of the chemistry of these systems can we
begin to address other important aspects, such as cue dispersal,
dose–response relationships, structure–activity relationships,
chemoreception and signal transduction, potential effects of
climate change on cue longevity in the water column, and po-
tential effects of anthropogenic pollutants in the water.
Ecologists have been long interested in the role of chemical

compounds in mediating interactions among species. The natural
variation inherent in these systems has often been seen as an in-
convenience to be minimized or overcome toward defining the
function of individual compounds. This approach misses the op-
portunity to leverage naturally occurring variation—whether it be in
the behavior or chemistry of an organism, or both—toward un-
derstanding how chemistry shapes biology. Wherever a correlation
between chemical composition and a biological outcome can be
gleaned, hypotheses can be constructed to explicitly test the func-
tion of such chemistry. In the current study, the chemical fingerprint
of blue crab urine was found to be diverse, both in terms of the
identity of metabolites and their relative concentrations. Rather
than ignoring or minimizing this variation (for example, by pooling
urine samples into one large batch) we capitalized on this variation.
The fact that urine chemistry could be manipulated by adjusting
diet, with concomitant change to the potency of urine in inducing
fear among prey, provided the opportunity to determine which
urinary metabolites caused fear. The dose dependency of individual
metabolites, acting together to enable prey to assess relative risk,
confirms that such environmental cues do not act as on/off switches
but rather produce a subtle range of biological outcomes predict-
able by compound concentration gradients. This is the great power
of metabolomics in chemical ecology: to go beyond a false de-
termination of “yes” (the organism responds) or “no” (the organism
does not respond), toward making the most of existing variation
and generating a deeper understanding of these responses at the
chemical and biological level.

Materials and Methods
Urine Collection. Urine was collected from blue crabs via catheter twice
weekly, by gentle suction (<35 kPa) via a 22-gauge needle inserted into each
nephropore of a blue crab. Urine contaminated with hemolymph or par-
ticulate matter was rejected. Urine from blue crabs of each diet treatment
was collected approximately every other day, pooled, filtered by 0.22-μm
Teflon syringe filter, and stored at −20 °C at Georgia Institute of Technology
(GT). A total of 12 unique urine samples (each from two to six different
crabs) per diet treatment were collected. Urine collected at Skidaway In-
stitute of Oceanography was transported to GT frozen and stored at −20 °C.
Urine was either assayed or profiled within 2 wk of collection.

Behavioral Assay. The mud crab behavioral assay was performed following
the previously reported protocol (23). In short, four starved mud crabs were
placed in 20-L aquaria with 2.0 L of artificial seawater of salinity (25–30 ppt;
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see SI Appendix, SI Materials and Methods for animal maintenance and
animal selection for bioassay). Crabs acclimated to their enclosure for 2 h,
after which raw shrimp (3.8–4.2 g) cut into 6–10 pieces was added along with
urine, cue solution, or artificial seawater as control and the water was agi-
tated to ensure mixing (see SI Appendix, SI Materials and Methods for bio-
assay treatments). Mud crabs were allowed to eat undisturbed for 4 h, after
which the remaining shrimp was collected and weighed to determine mass
loss due to consumption. The amount of food consumed as a proportion of
the total provided was analyzed using one-way analysis of variance with a
Tukey post hoc test using PRISM version 10.0.

Urine Profiling, Metabolite Analysis, and Annotation. Urine samples from blue
crabs fed both diets were prepared and profiled using 1H NMR spectroscopy
and ultrahigh-performance liquid chromatography-MS (see SI Appendix, SI
Materials and Methods for sample preparation, procedures, and analytical
method parameters). Spectral data (NMR and MS) were preprocessed before
the generation of PCA and oPLS-DA models to investigate differences in urine
metabolomes (MATLAB, version 8.1.0.604, with PLS_Toolbox, version 7.9.1;
Eigenvector Research). Metabolites with discriminatory power were anno-
tated using the Chenomx Profiler, ChemSpider, the Human Metabolome

Database, KEGG database, and MzCloud. Representative urine samples were
used to collect 2D NMR spectral data to aid in annotation. A PLS-R model was
used to relate urine potency and chemical differences of urine from blue crabs
fed different diets to identify possible cue components.

Identification of Blue Crab Urine Cue Constituents. Trigonelline (1) and tri-
methylamine (8 ) were purchased commercially, whereas homarine (14) was
isolated from blue crab urine as well as synthesized (SI Appendix, SI Mate-
rials and Methods). All three compounds—commercial (1) and (8 ) and syn-
thesized (14)—were tested alone and in combination in the behavioral assay
to assess their roles in the fear-inducing cue. A one-way ANOVA with Tukey
post hoc test was run to test statistical significance of foraging suppression.
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