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Abstract

Sea hares of the genus Aplysia rely on an array of behavioral and chemical defenses, including the release of ink and opaline, to
protect themselves from predation. While many studies have demonstrated that ink and opaline are repellent to predators, very little
is known about which components of these secretions are active against predators. Ink was previously shown to facilitate the
escape of Aplysia from predatory anemones (Anthopleura) by eliciting tentacle retraction and/or shriveling, and gastrovascular
eversion, but the metabolites mediating this interaction were not identified. We investigated the metabolites in Aplysia californica
secretions that were aversive to the anemone Anthopleura sola, as demonstrated by tentacle shriveling and/or retraction. We found
that ink elicited tentacle shriveling and/or retraction, while opaline elicited a feeding response. The active components in ink do not
appear to be diet-dependent, as ink was aversive regardless of diet (natural seaweed diet vs. Gracilaria ferox). Furthermore,
metabolites extracted from G. ferox were not aversive, suggesting that the aversive components are produced by the sea hares. We
then examined escapin, a protein in ink with antimicrobial properties. Escapin quickly forms reaction products when mixed with
the amino acids L-lysine and L-arginine, which would occur when ink and opaline are released into the sea hare mantle cavity.
Neither escapin alone nor escapin mixed with its amino acid substrate L-lysine elicited aversive behaviors either immediately
before or 2 min before applying to the tentacles. In addition, escapin mixed with opaline and applied to tentacles after 2 min did not
elicit a significant aversive response. Using bioassay-guided fractionation, we attempted to isolate the components in 4. californica
ink that are aversive to A. sola. We determined that multiple components in ink, including both lipophilic and hydrophilic
constituents, elicited aversive responses. We hypothesize that these components may facilitate 4. californica’s escape from A. sola
by eliciting tentacle shriveling and/or retraction, which lead to anemones dropping ensnared sea hares.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Unlike many molluscs, sea hares of the genus Aplysia

lack a shell for protection from attacks by predators.

—_— ) o Instead, they rely on a variety of other anti-predation
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opaline (Johnson and Willows, 1999). When a sea hare is
disturbed or attacked by a predator, it may release ink and
opaline independently from two glands (Tritt and Byrne,
1980; Walters and Erickson, 1986; Prince et al., 1998),
mixed in the mantle cavity and directed toward the site of
attack (Walters and Erickson, 1986; Walters et al., 1993;
Johnson and Willows, 1999).

Several studies have demonstrated that ink and opaline
can act as anti-feedants to predators such as birds, fishes,
crustaceans and sea anemones (DiMatteo, 1981, 1982;
Walters et al., 1993; Pennings, 1994; Nolen et al., 1995;
Kicklighter et al., 2005), suggesting that ink and opaline
may serve as chemical defenses facilitating the survival of
Aplysia when attacked by predators. Thus far, only two
direct tests of the survival value of ink and opaline have
been performed. Nolen et al. (1995) demonstrated that ink
facilitated the escape of Aplysia californica from the sea
anemone Anthopleura xanthogrammica (based on the
radial pattern on the oral disk of their A. xanthogrammica,
the species was most likely misidentified and was probably
Anthopleura sola (Pearse and Francis, 2000)), eliciting
gastrovascular eversions and tentacle shriveling and
retraction. Using the California spiny lobster (Panulirus
interruptus) as a predator, Kicklighter et al. (2005) found
that ink and opaline allowed A. californica to survive
predatory attacks via multiple mechanisms including
phagomimicry, sensory disruption and deterrence.

Despite the number of studies documenting that
Aplysia ink and opaline secretions repel predators or
arrest predation, only Kicklighter et al. (2005) have
identified the specific active components of these secre-
tions. In their study, free amino acids (such as taurine) in
ink and opaline were identified that stimulated appetitive
behavior in lobsters, causing them to attend to a false
food stimulus—the secretions.

From an analytical standpoint, much is known re-
garding the composition of ink and opaline. Several
studies have shown that ink contains pigments from the
sea hare’s red algal diet, along with proteins and low
molecular mass components (e.g., Christomanos, 1955;
Nishibori, 1960; Winkler, 1969; Troxler et al., 1981;
MacColl et al., 1990; Prince et al., 1998; Yang et al.,
2005). Opaline contains considerable proteinaceous
material and some brominated metabolites (reviewed in
Johnson and Willows, 1999). In spite of the considerable
chemical and biochemical efforts to elucidate the
constituents of ink and opaline, whether these compo-
nents influence predator behavior is not known. Iden-
tification of chemical defensive molecules is important
to help elucidate the mechanisms by which they operate
against predators, leading to a better understanding of the
processes governing predator—prey interactions.

One of the known components in 4. californica ink is
an L-amino acid oxidase—escapin (Yang et al., 2005).
Escapin catalyzes the oxidation of L-amino acids, espe-
cially L-lysine and L-arginine, forming ammonia, hydro-
gen peroxide and a-keto-acids and carboxylic acids of
lysine and arginine (Wellner and Meister, 1961; Luka-
sheva and Berezov, 2002; Yang et al., 2005). Together,
these products are bacteriostatic and bactericidal (Yang et
al., 2005). Opaline is the major source of substrate for
escapin (Kicklighter et al., 2005; Johnson et al., 2006):
opaline has 65 mM lysine and <1 mM arginine; lysine
and arginine are <1 mM in ink. Thus, escapin and large
doses of its substrate are mixed when sea hares release ink
and opaline when attacked by predators. Escapin’s
natural function is not likely to be an antimicrobial
agent, since escapin is not present in any other A.
californica tissues or secretions aside from ink (Johnson
et al., 2006), and the ink—opaline mixture is usually
released away from the sea hare and does not normally
coat the animal, as would be expected of an antimicrobial
agent. Thus, we hypothesize that escapin functions as an
anti-predatory defense. Escapin has been shown to lyse
tentacle cells and zooxanthellae of A. sola, but only under
unnatural conditions—at very high concentrations
(higher than natural concentration) and over extremely
long exposure periods (several hours) (Johnson, 2002).
However, the effects of escapin or any of its orthologues
(see reviews in Yang et al., 2005; Butzke et al., 2005) on
the behavioral responses of potential predators have thus
far not been reported in other sea hares.

Here, we investigate the components in 4. califor-
nica secretions that may be responsible for deterring
A. sola predation on sea hares. We chose this predator
because A. californica secretions have been demon-
strated to deter Anthopleura predation (Nolen et al.,
1995) and Anthopleura has been shown to consume
A. californica in the field (Winkler and Tilton, 1962).
Using behavioral assays with the anemone 4. sola, we
demonstrate that ink, but not opaline, is aversive and
that escapin is not responsible for ink’s major aversive
effects. Utilizing bioassay guided fractionation, we at-
tempted to identify the aversive components in ink, and
show that multiple components in ink cause anemone
tentacles to shrivel and retract.

2. Materials and methods
2.1. Animals and animal care
Anemones (4. sola Pearse and Francis, 2000) were

collected off the coast of California by Aquatic Re-
search Consultants (San Pedro, CA). Adult sea hares
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(4. californica Cooper, 1863) (200-300 g) used for
collection of ink and opaline secretions were collected
off the coast of California by Marinus Scientific (Garden
Grove, CA, USA). We also obtained late juvenile
A. californica (~90 g) from the NIH National Resource
for Aplysia (Key Biscayne, FL) to investigate the effects
of ink from mariculture-raised 4plysia on anemones. All
animals were maintained in our laboratory in aquaria
with recirculating, filtered and aerated artificial sea
water (Instant OceanTM, Aquarium Systems, Mentor,
OH) at 20 °C. A. californica was fed a diet of Gracilaria
ferox J. Agardh (obtained from the NIH National
Resource for Aplysia Facility), while A. sola was fed
pieces of shrimp. Sea hares were usually dissected and
their ink and opaline secretions collected within 1 week
after receipt from suppliers.

2.2. Collection of secretions from Aplysia

To collect ink and opaline secretions, sea hares were
chilled for 4 h at 4 °C. Animals were then anesthetized
by injection of 120—180 ml isotonic MgCl, and glands
were removed by dissection. Ink was collected by
gently squeezing ink glands with a spatula and opaline
was collected by spinning opaline glands at 30,000xg
to separate the fluid from the gland tissue. Both se-
cretions were frozen at —20 °C until used. The protein
escapin was purified from ink via gel filtration and ion
exchange chromatography, as described by Yang et al.
(2005).

2.3. Anemone bioassays

2.3.1. Ink and opaline

To investigate the effects of A. californica ink and
opaline on anemones (and all other stimuli—see below),
we used a total of 15 anemones, all of which were used
in multiple experiments. For each experiment, ane-
mones were removed from their holding aquaria and
placed individually in containers (14 cmx21.5 cm)
filled with 1.5 1 of seawater. Anemones were allowed to
acclimate for several minutes until normal behavior was
displayed, as demonstrated by the opening of their oral
disk and extension of their tentacles. Only anemones
that exhibited this behavior within 20 min were used in
the bioassay. For all bioassays, 50 pul of seawater was
applied slowly (over 2—-3 s) to one tentacle of each
anemone with a micropipette. Anemones whose tenta-
cles responded by shriveling or retracting within 5 s
were excluded from the bioassay. Tentacle retraction
was defined as a shortening of at least one half of the
tentacle length into the oral disk, while tentacle

shriveling occurred when tentacles decreased in cir-
cumference and became wrinkled. Usually, both of these
behaviors were usually observed in a given tentacle;
however, sometimes only one type of behavior was
observed. When this occurred, it was usually retraction
(~95% of these cases). We used these behaviors as a
measure of anemone aversion because Nolen et al.
(1995) observed tentacle retraction and shriveling in
A. sola when exposed to ink released by ensnared
A. californica; these behaviors often caused the anem-
ones to drop the sea hare, allowing it to escape. In our
assay, anemones that did not exhibit shriveling or
retraction of their tentacles in response to seawater
were then randomly tested with 50 pl of either full
strength ink or opaline (or other stimuli described
below), applied as described above. Because the color
and consistency of ink and opaline are very different
from each other, we attempted to make imitations so
that the experimenter would not know the identity of
the stimuli being tested; however, this was not suc-
cessful. Thus, this assay could not be conducted blind,
but we attempted to apply all stimuli to the anemone
tentacles in the same manner. Stimuli in all other assays
were tested blind unless indicated. Responses of anem-
ones to ink and opaline (and all other stimuli described
below) versus the seawater control were analyzed with
a one-tailed McNemar test (2=0.05), since we ex-
pected an aversive response larger than the seawater
control.

2.3.2. Escapin

Because ink caused aversive responses in anemones,
we bioassayed the protein escapin, which is present in
ink but not opaline (Yang et al., 2005; Johnson et al.,
2006). First, we tested 50 pul of seawater, as a negative
control. If an anemone did not respond to seawater, then
50 pl of escapin, L-lysine (which is a substrate for
escapin and is present in high concentrations in the
secretions (Yang et al., 2005)), escapin+L-lysine and
ink (as a positive control) were tested in random order.
Because escapin tends to float when applied to anemone
tentacles, we solubilized it in 0.004 g/ml carboxymeth-
ylcellulose (sodium salt, high viscosity, Sigma-Aldrich,
Inc., St. Louis, MO) in seawater to increase the density
of the stimulus. Thus, to control for effects of the car-
boxymethylcellulose, all stimuli (except for ink) were
solubilized in this carboxymethylcellulose solution.
By solubilizing concentrated samples of escapin and
L-lysine in carboxymethylcellulose, we made solutions
of each at the natural concentrations at which they
occur in ink and opaline, respectively (L-lysine occurs
at a much lower concentration in ink than opaline
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(Kicklighter et al., 2005; Johnson et al., 2006)). Thus,
escapin was tested at 0.028 mg/ml (Johnson et al., 2006)
and L-lysine at 65 mM (Kicklighter et al., 2005). The
mixture of escapin and L-lysine was tested on anemones
by pipetting 25 ul of each of these two solutions at the
same time so that they would mix as they were released
onto the tentacles. This release was accomplished by
attaching two 1-ml syringes side-by-side such that their
plungers were depressed simultaneously. We performed
the assay in this way to simulate as naturally as possible
the release of these stimuli. Upon attack by predators,
sea hares typically co-release ink and opaline into their
mantle cavity and then expel this mixture from their
siphon (Walters and Erickson, 1986; Johnson et al.,
2006). By this simulated natural release, escapin has
several seconds to oxidize its amino acid substrates and
produce its reaction products.

To address the following possibilities: (1) that a
longer reaction time was necessary for escapin to react
with its substrate to generate concentrations of prod-
ucts sufficient to elicit behavioral effects, or (2) that
other components in opaline (including arginine or
other unidentified molecules) react with escapin to
form aversive products, we mixed 25 pl each of
escapin (solubilized in carboxymethylcellulose solu-
tion) and opaline in a 1.5-ml microcentrifuge tube and
waited 2 min before applying to sea anemone tentacles.
This is sufficient time for escapin to completely oxidize
its amino acid substrates (Yang et al., 2005). Along with
escapin+opaline, the other stimuli included escapin
(mixed with carboxymethylcellulose), opaline and ink
(as a positive control), which were tested in random
order.

2.3.3. Ink from different seaweed diets and seaweed
extract

Because sea hares of the genus Aplysia are known to
sequester compounds from their seaweed diet, we inves-
tigated whether the aversive components in ink may be
diet-dependent. Thus, we also tested ink collected from
A. californica raised solely on a diet of G. ferox, which
does not occur off the coast of California (Setchell and
Gardner, 1967; Smith, 1969), and thus would not con-
tribute to the diet of Aplysia raised in the mariculture
facility. To determine whether aversive components are
present in seaweed (which may be sequestered by
Aplysia), the metabolites in G. ferox were extracted by
placing the seaweed in a volume of 100% methanol
equal to approximately two times the volume of sea-
weed. The seaweed was then cut up into small pieces
with scissors and the solvent was filtered to remove
particulates. The seaweed was then extracted with 100%

ethyl acetate and then 100% water. The filtered solvents
from each of these three extracts were combined and
placed on a rotary evaporator to remove the solvents,
leaving only the chemical extract from the seaweed. This
extract was solubilized in an appropriate volume of
carboxymethylcellulose solution so that it was tested at
natural concentration. Because the seaweed extract and
ink (positive control) are of different color and because
creating an adequate seaweed extract mimic was not
successful, the experimenter was not blind to the stimuli
being tested.

2.4. Ink bioassay-guided fractionation

To track down the molecule(s) in ink responsible
for aversive responses of sea anemones, we utilized
bioassay-guided fractionation, as detailed in Fig. 1.
First, ink was partitioned via a Kupchan et al. (1975)
scheme. This scheme yielded five partitions, soluble in
hexanes, chloroform, ethyl acetate, butanol or water
(Fig. 1A). Each fraction was solubilized in a volume of
carboxymethylcellulose solution equivalent to the vol-
ume of ink extracted (thus, each fraction was tested at
the natural concentration at which it occurs in ink) and
tested in the bioassay (as described above). In these
and subsequent ink fractionation assays, all anemones
were tested with a carboxymethylcellulose seawater
negative control and ink positive control. Most fractions
were tested on all anemones; however, some anemones
were not tested because they balled up on their own or
were accidentally touched by the experimenter. More
lipid-soluble partitions (hexanes, chloroform and ethyl
acetate) were solubilized in a 20-ml vial in a 3:1 solution
of hexanes, chloroform or ethyl acetate and carboxy-
methylcellulose solution. The solutions were rotary
evaporated to remove the organic solvent, leaving the
remaining extract solubilized in the carboxymethy-
Icellulose solution. An appropriate volume of carboxy-
methylcellulose solution was added to the extract
solution so that it was at a natural concentration. The
extracts were then tested on anemones. The chloroform,
ethyl acetate, butanol and water fractions each elicited a
significantly higher frequency of tentacle shriveling and/
or retraction than the seawater control. Thus, we at-
tempted to isolate the aversive component(s) in each of
these three fractions.

To purify the chloroform fraction, we passed it
through silica gel (Davisil, 60 A, 200—425 mesh, Fisher
Scientific, Pittsburgh, PA); fractions of 5 ml volume
were collected and combined according to thin-layer
chromatography (TLC) characteristics, producing five
fractions for bioassay (Fig. 1B). None of the fractions
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Fig. 1. Flow chart depicting the bioassay-guided fractionation of ink. (A) Solvent—solvent partition, (B) silica chromatography separation of
chloroform fraction, (C) lipophilic sephadex separation of aversive fraction from B, (D) reversed phase silica separation of ethyl acetate fraction,
(E) lipophilic sephadex separation of aversive fraction from D, (F) reversed phase silica separation of water+butanol fractions, (G) reversed phase
silica separation of aversive fractions from F, (H) lipophilic sephadex separation of aversive fraction from G, (I) reversed phase HPLC separation of
aversive fraction A from H and (J) reversed phase HPLC separation of aversive fraction B from H.
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Fig. 2. Frequency of anemones showing tentacle shriveling and/or
retraction in response to seawater, ink (full strength) and opaline (full
strength). n=no. of anemones tested. Analysis by a one-tailed
McNemar test: ***=significantly different from seawater at p<0.001.

was aversive when tested alone; however, when fractions
one and two were combined, they elicited a frequency of
tentacle retraction and/or shriveling that was significant-
ly higher than the carboxymethylcellulose control. The
active components were then further purified via
lipophilic sephadex LH-20 (Amersham Biosciences,
Pittsburgh, PA). This produced four fractions, one of
which was aversive (Fig. 1C). Further purification was
not possible due to loss of aversive activity.

The ethyl acetate fraction was further purified by
passing it through a reversed phase silica column,
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flushing with increasing concentrations of methanol
(Fig. 1D). The 50%-90% methanol fractions were
aversive; these were combined and purified via lipo-
philic sephadex (Fig. 1E). This yielded five fractions,
none of which was aversive. However, when fractions
one and two were combined, this combination was
aversive to anemones. Further purification was unsuc-
cessful due to loss of aversive activity.

The butanol and water fractions had similar TLC
characteristics, so they were combined and further puri-
fied via reversed phase silica chromatography (Fig. 1F).
Both the 60% and 80% methanol fractions were
aversive to anemones; they were combined and purified
by passing through another reversed phase silica column
(Fig. 1G). The fractions were combined into three
groups: 40—45% methanol (fraction 1), 50-65% meth-
anol (fraction 2) and 70-100% methanol (fraction 3).
Only fraction two elicited an aversive response by
anemones. This fraction was purified by lipophilic
sephadex, which yielded two fractions, A and B, both
of which elicited an aversive response by anemones
(Fig. 1H). Fraction A was further purified via high pres-
sure liquid chromatography (HPLC) (Beckman 125S
solvent module coupled to a Beckman 168 photodiode
array detector, using a Phenomenex Luna reversed phase
Cl8silica 5 p column [250 mm % 10 mm]). This yielded
10 fractions, two of which were aversive (Fig. 11).
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Fig. 3. Frequency of anemones showing tentacle shriveling and/or retraction in response to (A) seawater, L-lysine, escapin, escapin+L-lysine and ink,
and (B) seawater, opaline, escapin, escapin+opaline and ink. Symbols and analysis are as in Fig. 1.
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Fraction B was also purified in the same manner,
yielding nine fractions, two of which were aversive
(Fig. 1J). Further analyses of these fractions were not
possible due to loss of aversive activity.

3. Results
3.1. Ink, opaline and escapin

Ink, but not opaline, elicited retraction and/or shriv-
eling of A. sola tentacles. All tested animals showed
aversive responses to ink, while none showed aversive
responses to opaline (Fig. 2).

The primary aversive effects of ink are not due to
the antimicrobial ink protein escapin. Neither escapin
nor the products formed by escapin’s reaction with
lysine when the two were mixed as they were applied
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to the tentacles, elicited aversive effects at a frequency
different from the seawater control (Fig. 3A). In ad-
dition, when escapin and opaline were mixed for 2 min
before release onto the anemone’s tentacles, thus giv-
ing time for escapin to complete the oxidation of its
amino acid substrates, this mixture did not produce a
significant frequency of retraction and/or shriveling
(Fig. 3B).

3.2. Diet dependence

The aversive components in ink did not appear to be
dependent upon a specific red algal diet. Ink from sea
hares raised in the laboratory solely on G. ferox and ink
from sea hares collected in the field (and eating a natural
diet composed of multiple seaweed species), both elic-
ited significant shriveling and/or retraction of anemone

ksksk

Fig. 4. Frequency of anemones showing tentacle shriveling and/or retraction in response to (A) seawater, ink from sea hares raised in the laboratory on
a diet of Gracilaria ferox, and ink from sea hares collected from the field and thus feeding on a natural seaweed diet; and (B) seawater and an extract
of the red alga G. ferox. Inks were tested at full strength. Symbols and analysis are as in Fig. 1.
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tentacles (Fig. 4A). In addition, the aversive compo-
nents in ink did not appear to be diet-derived, as the
metabolites extracted from G. ferox were not aversive to
anemones (Fig. 4B).

3.3. Bioassay-guided fractionation of ink

Ink contains multiple components that elicited
tentacle shriveling and/or retraction in 4. sola. Sol-
vent—solvent partition of ink yielded both lipophilic and
hydrophilic aversive fractions, as metabolites soluble in
either chloroform, ethyl acetate, butanol or water were
aversive (Fig. 5A). Further purification of the chloro-
form fraction by normal phase chromatography yielded
five fractions, but only the combination of fractions one
and two elicited an aversive response (Fig. 5B). Further
purification of fractions one and two yielded one
aversive fraction (B) (Fig. 5C). Unfortunately, further
examination of this fraction was unsuccessful due to
loss of aversive activity.

Purification of the aversive ethyl acetate fraction
yielded three fractions (50%, 80% and 90% methanol)
that were aversive in the anemone bioassay (Fig. 5D).
These fractions were combined and further purified by
lipophilic sephadex, yielding five fractions, none of
which were aversive. When fractions one and two were
combined, however, they elicited a high frequency of
tentacle shriveling and/or retraction (Fig. 5E). Further
purification of the combination of fractions one and two
was unsuccessful, due to loss of aversive activity of
subsequent fractions.

The aversive water and butanol fractions were further
purified, yielding six fractions, two of which (60% and
80% methanol) were aversive (Fig. 5F). These fractions
shared similar characteristics, so they were combined.
This extract was further purified, yielding three frac-
tions, one of which (2) was aversive (Fig. 5G). Sepa-
ration of this fraction yielded three fractions, two of
which (A and B) were aversive (Fig. SH). Fraction A
was further purified to yield 10 fractions, two of which
(5A and 9A) were active in the bioassay (Fig. 5I).
Fraction B (Fig. SH) was also further purified to yield
nine fractions, two of which (6B and 8B) were aversive
(Fig. 5J). Based on ultraviolet (UV) absorbance
characteristics and HPLC retention time, fractions 5A
and 6B and fractions 9A and 8B are likely the same
molecule. Thus, a total of two molecules appear to be
present in the initial water-soluble ink fraction that
elicited tentacle shriveling and/or retraction. Unfortu-
nately, the elucidation of molecular structure for both
active molecules was unsuccessful, likely due to decom-
position of the samples.

4. Discussion
4.1. Ink but not opaline is aversive to anemones

A. californica ink is aversive to the sea anemone
A. sola, eliciting tentacle shriveling and/or retraction
(Fig. 2). Opaline is not aversive to anemone tentacles
(Fig. 2). To the contrary, opaline often stimulated a
feeding response in anemones by eliciting tentacle
movement toward the mouth and opening of the
mouth, both feeding responses, as described in Lindstedt
(1971). Given these observations and the fact that 87.5%
of green-seaweed fed sea hares (that could not release
ink, but could release opaline) in the Nolen et al. (1995)
study were consumed, we conclude that ink but not
opaline plays a role in defending 4. californica against
this anemone. These results are consistent with the find-
ings of Nolen et al. (1995).

4.2. Escapin does not play a significant role in ink's
aversiveness against anemones

Ink’s major aversive effects are not caused by escapin,
which is a major protein in 4. californica ink (Yang et al.,
2005). Neither escapin alone nor the mixture of escapin
and its substrate L-lysine elicited tentacle shriveling and/
or retraction different from the seawater control (Fig. 3A).
We also tested escapin mixed with opaline, which was
allowed to react for 2 min before applying to anemone
tentacles, allowing sufficient time for escapin to com-
pletely oxidize its amino acid substrates (Yang et al.,
2005). This mixture produced some tentacle retraction
and/or shriveling, and there was a trend toward a sig-
nificantly higher response than seawater (p=0.0625), but
a much lower frequency than produced by ink (Fig. 3B).
Further support for escapin not being the primary aver-
sive component comes from the fact that the contents of
purple vesicles from the ink gland (which do not contain
escapin: Johnson et al., 2006) elicit tentacle retraction
and shriveling equivalent to the level generated by ink
released from the sea hare (C. Kicklighter, pers. obs.).

Thus, escapin appears to play a minor, if any, role in
the chemical defense of the sea hare A. californica
against one of its predators, the sea anemone A. sola.
Escapin may play a role in chemical defense against other
predators, a possibility currently under investigation.

4.3. Ink's efficacy against anemones is not
diet-dependent

Many studies have demonstrated that A. californica
cannot produce ink unless it consumes a red algal diet
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(Nolen et al., 1995; Prince et al., 1998), and red algal
components, such as pigments and small molecules, are
known to be sequestered into ink, skin, digestive gland
and body wall tissues (Stallard and Faulkner, 1974a;
MacColl et al., 1990; Pennings and Paul, 1993; Prince et
al., 1998; Ginsburg and Paul, 2001). In this study, ink
from sea hares fed either a natural diet (thought to be
primarily composed of a variety of red seaweeds:
reviewed in Carefoot, 1987) or an unnatural diet of the
red alga G. ferox elicited similar frequencies of tentacle
retraction and/or shriveling (Fig. 4). Thus, it appears that
aversive components in ink are produced de novo or the
sequestered components are common to many red algae.
The extract from G. ferox did not elicit tentacle
retraction and/or shriveling when tested at the natural
concentration in this alga. However, it is possible that
A. californica concentrates sequestered components (as
dietary-derived metabolites can be highly concentrated
in Aplysia (Rogers et al., 2000)) and that a higher con-
centration of G. ferox metabolites would have been
aversive. It seems likely that the aversive components in
ink are produced by 4. californica or that sequestered
algal components are modified by A. californica to me-
tabolites aversive to anemones. Modification of seques-
tered compounds has been demonstrated in several
opisthobranch molluscs, including 4. californica (e.g.,
Stallard and Faulkner, 1974b; Paul and Van Alstyne,
1988; Paul and Pennings, 1991; Pennings and Paul,
1993), and modified compounds have been shown to
deter predator feeding in at least one species—Elysia
halimedae (Paul and Van Alstyne, 1988). No study
has detected algal metabolites in Aplysia ink (reviewed
in Johnson and Willows, 1999; Rogers et al., 2000),
which supports the idea that the aversive ink compo-
nents are produced de novo or are modified sequestered
compounds.

4.4. Ink contains many components that are aversive to
anemones

While several studies have demonstrated that ink can
deter predator feeding, no study has identified specific
components in Aplysia ink that mediate this behavior.
When we attempted to isolate and identify the
components in ink responsible for the aversive response
by the sea anemone A. sola, we determined that ink
fractions both lipophilic and hydrophilic in polarity
were aversive to anemones (Fig. 5A), suggesting that
multiple components in ink were aversive. When we
attempted to purify the chloroform and ethyl acetate
fractions, we were unsuccessful at isolating pure com-
pounds due to loss of activity (Fig. 5C,E). Based on their

thin layer chromatography characteristics, the ethyl
acetate and chloroform fractions had some spots in
common, with others unique to only the ethyl acetate or
chloroform fractions. However, we could not determine
whether the aversive component(s) was one of the spots
the two fractions had in common or whether the aversive
component(s) in the two fractions were different. Thus,
we do not know if more than one lipophilic aversive
metabolite exists.

We were able to isolate pure, or nearly pure,
molecules from the water fraction before losing aversive
activity (Fig. 51, J). Because we believe that fractions SA
and 6B and fractions 9A and 8B contained the same
molecules (based on UV absorbance characteristics and
HPLC retention time), there appear to be two water-
soluble aversive components. Thus, ink appears to have
a minimum of three molecules that are aversive to
A. sola. Whether these components are sufficient to
facilitate the escape of Aplysia from anemones is
unknown, as these molecules were too unstable to
purify and thus could not be assayed for their efficacy.
Ink is a complex mixture of proteins, pigments and other
small molecules, and it may contain antioxidants that
prevent the oxidation of aversive compounds. Antiox-
idants have been found in marine organisms, such as
sponges, seaweeds, cyanobacteria and squid ink (Lucero
et al., 1994; Takamatsu et al., 2003). Thus, it is possible
that our purification procedures may have separated the
aversive molecules from these antioxidants or other
stabilizing compounds, thus leading to the instability
issues that we repeatedly encountered. This occurrence
may explain the problems encountered by Pennings et
al. (1999) when examining the palatability of ink extract
from the sea hare Dolabella auricularia.

Even though many components of Aplysia ink have
been identified, predicting from current literature the
identities of those that are aversive against sea anemones
is difficult. Most of the identified ink constituents are
likely more stable than the labile molecules that we
attempted to track; if not, elucidation of their structures
would have been more difficult or impossible. In
addition, few polar compounds (aside from free amino
acids) have been identified from ink (reviewed in
Faulkner, 1992; Yamada and Kigoshi, 1997; Appleton et
al., 2001). Our active polar compounds are probably not
free amino acids because if they were, they would pro-
bably elute in a highly polar fraction (i.e., 100% water)
and none of the fractions active against the anemone
were highly polar (i.e., the 100% water fraction in Fig.
4F was not active).

Several studies investigating chemical defenses in
marine organisms, such as soft corals, seaweeds,
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sponges and annelids, have identified multiple com-
pounds that deter predators; however, these compounds
are usually closely related in structure and polarity (e.g.,
Pawlik and Fenical, 1989; Hay et al., 1987; Kicklighter
et al., 2003). Multiple components were also identified
in A. californica ink that are aversive to 4. sola, but they
are unlikely to be closely related, as some components
are lipophilic and others are hydrophilic. Comparatively
few studies have detected multiple defensive com-
pounds in a single species that are very different in
polarity and thus also in structural relatedness. Exam-
ples include a seaweed, a hemichordate and an annelid
(Deal et al., 2003; Kicklighter et al., 2003; Kicklighter
and Hay, submitted for publication). A diversity of
defensive compounds may be required to deter some
consumers or may be advantageous in predator-rich
environments, where consumer diversity and attack
strategies are both high (Lubchenco and Gaines, 1981;
Hay, 1984). The use of multiple chemical deterrents may
be more common than has been reported; however,
some components may be so unstable that purification
and elucidation is too difficult (as is the case with ink
deterrents in our study and with some annelid defenses
(Kicklighter et al., 2003; Kicklighter and Hay, submitted
for publication)). Alternatively, compounds may be so
unstable that they may go undetected altogether. Re-
examination of previous studies utilizing alternative
purification or bioassay strategies may reveal additional
defensive components.

4.5. Sea hare defensive secretions affect a diversity of
predators

Several investigations have examined the effects of
ink and opaline from various sea hare species on a variety
of predators, such as birds, fishes and crustaceans. In
most cases, predators found these secretions unpalatable.
Ink or organic extracts of ink from Aplysia dactylomela,
Aplysia kurodai, Aplysia brasiliana, Stylocheilus long-
icauda and D. auricularia were all unpalatable to at least
one predator (Ambrose and Givens, 1979; DiMatteo,
1981; Paul and Pennings, 1991; Pennings, 1994). In
some cases, secretions from a given sea hare species
affected different predators in similar ways. For
example, fish tissue soaked in ink was unpalatable to
laughing gulls (DiMatteo, 1981) and was avoided by the
crabs Callinectes sapidus, Panopeus herbstii and
Portunus spinimanus (DiMatteo, 1982). In addition,
Carefoot et al. (1999) hypothesized that A. dactylomela
ink functioned as a sensory irritant to predators, eliciting
increased grooming behavior and decreased feeding in
the crab Mithrax sculptus. In several cases, however, sea

hare secretions affected different predators differently.
Ink from D. auricularia was palatable to crabs
(Leptodius sp.), but the organic extract of ink was
rejected by reef fishes (Pennings, 1994). In addition,
opaline from A. juliana was rejected by the crabs
Leptodius sp. and Hemigrapsus sanguineus but was
consumed by reef fishes (Pennings, 1994). In the present
study, the aversive response produced by sea anemones
following exposure to A. californica ink, and not
opaline, is in contrast to the situation with predatory
spiny lobsters, P. interruptus (Kicklighter et al., 2005). In
this case, free amino acids in both ink and opaline
stimulate feeding appetitive behavior of spiny lobsters
by acting as phagomimics, thus causing the lobsters to
attend to the secretions, rather than A. californica.
Further, opaline has an unpalatable compound that
inhibits spiny lobster ingestion, whereas opaline appears
to contain no compounds that are aversive to anemones
and may even contain some feeding excitants. Given that
predators vary in many ways, including their sensory
systems, it is not surprising that different predators react
differently to sea hare defensive secretions. Thus, the use
of multiple, complex secretions may be advantageous to
prey that encounter multiple predators.

5. Conclusions

The ink gland secretion of the sea hare 4. californica,
which is released when sea hares are attacked by pre-
dators, is aversive to the sea anemone A. sola, eliciting
tentacle retraction and/or shriveling. The opaline gland
secretion of A. californica, however, is not aversive to
these anemones. Escapin, a major protein in ink with
antimicrobial activity, does not appear to function as a
defense against this anemone predator. Instead, an array
of molecules with different chemical properties, likely
produced de novo, are aversive to anemones. Tentacle
retraction and shriveling by anemones probably facil-
itates the escape of sea hares, as this behavior leads to sea
hares being dropped (Nolen et al., 1995). Interestingly,
the manner in which A. californica secretions affect
A. sola is in opposition to their effects on spiny lobsters,
which are attracted to ink and are deterred by opaline.
Thus, a better understanding of the molecules mediating
predator—prey interactions will yield a clearer picture of
the complexity by which prey defenses may operate
against different predators.
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