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ABSTRACT: The role of biotransformation enzymes in metabolism of lipophilic, dietary allelochemicals
such as terpenoids and steroids has not been studied in marine organisms despite the significance of
allelochemicals in the evolution of biotransformation enzymes and the importance of these enzymes in
detoxification of anthropogenic xenobiotics. Here we report on cytochrome P450 and glutathione
transferase (GST) from the digestive gland of Cyphoma gibbosum, a specialist predator that feeds on
allelochemically rich gorgonian corals. Levels of these enzymes were compared from C. gibbosum
collected in Belize from 4 different gorgonian prey species (Briareum asbestinum, Gorgonia ventalina,
Plexaura homomalla, and Pseudopterogorgia americana). Cytochrome P450 specific content was very
low and only quantifiable in C. gibbosum collected from P. americana (21.4 to 27.4 pmol mg™!). A peak
at ca 420 nm was also detected in most samples, indicative of degraded P450 or an independent,
functional haemoprotein. Methoxyresorufin O-deethylase (MROD) and ethoxyresorufin O-deethylase
(EROD) were not detected in C. gibbosum. However, NADPH-cytochrome ¢ (P450) reductase (NCR)
was detected in all samples and the specific activity ranged from 23.2 to 67.3 nmol min™! mg™~! protein.
Significantly higher NCR activity was detected in C. gibbosum collected from prostaglandin-rich P.
homomalla. Glutathione transferase specific activity ranged from 2.76 to 4.05 umol min™! mg~!, ranking
it among the highest ever reported (using 1-chloro-2,4-dinitrobenzene as a model substrate). Signifi-
cantly higher GST activity was detected in C. gibbosum collected from G. ventalina and B. asbestinum,

suggesting that GST activity varies in response to different suites of gorgonian allelochemicals.

INTRODUCTION

The widespread occurrence of chemical defenses in
marine organisms has been well established (Hay &
Fenical 1988, Sammarco & Coll 1988, Paul 1992).
Though these defenses limit predation and herbivory
by the majority of potential consumer species, some
consumer species regularly feed on allelochemically
rich organisms. In the terrestrial environment,
strategies for dealing with lipophilic plant allelochemi-
cals are classified as behavioral, physiological or
biochemical (Brattsten 1988). Of these 3 strategies, the
first 2 have been documented in the marine environ-
ment (Faulkner & Ghiselin 1983, Gerhart 1984, Targett
et al. 1986). Little is known, however, about the role of
allelochemical biotransformation in marine organisms.
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For example, high levels of glutathione transferase in
herbivorous gastropods and chitons have been sug-
gested to be a response to allelochemicals in their
macroalgal diets (Lee et al. 1988, Schlenk & Buhler
1988). Dietary plant allelochemicals have also been
included in a list of natural and anthropogenic for-
eign compounds which are potential substrates for
detoxification enzymes (Livingstone 1991). Chemical
defense in general is considered to be a major selec-
tive force driving the evolution of several P450 gene
families (Gonzalez & Nebert 1990), indicating that an
understanding of the role of allelochemical biotrans-
formation and detoxification in marine organisms
holds potential significance for understanding pat-
terns of predation and herbivory in the marine en-
vironment.

The species we chose to examine is the ovulid
gastropod Cyphoma gibbosum. Commonly found
throughout the Caribbean, C. gibbosum feeds exclu-
sively on allelochemically rich gorgonian corals
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(Gerhart 1986, Harvell & Suchanek 1987 Lasker &
Cotfroth 1988). Gorgonian corals are abundant and
apparent (sensu Feeny 1976} colonial invertebrates
which possess relatively high concentrations of lipo-
philic allelochemicals such as sesquiterpenes, diter-
penes, and in some species, prostaglandins (Faulkner
1984). These compounds have been shown to have a
range of bioactivities, including antimicrobial activity,
cytotoxicity, ichthyodeterrency, or emetic properties.
Acute toxicity of allelochemicals has been docu-
mented in herbivorous insects (Berenbaum 1978,
Berenbaum & Neal 1985), though the more common
effect is reduction in growth or fecundity or as feeding
deterrents {Scriber 1981, Berenbaum et al. 1989). In
either case, it is advantageous for an organism to
metabolize and detoxify these compounds to an excre-
table product.

Biotransformation enzymes occur in marine organ-
isms, but they have been studied primarily with regard
to their role in the metabolism of anthropogenic
xenobiotics, e.g. polycyclic aromatic hydrocarbons
(PAHs) and polychlorinated biphenyls (PCBs)
(reviewed by James 1989, Stegeman 1989, Livingstone
1991). Two of the most important enzyme systems
involved in the metabolism of xenobiotics are cyto-
chrome P450s (Guengerich 1991) and glutathione
transferases (Clark 1989). These biotransformation
enzymes are known to be involved in the metabolism of
dietary allelochemicals in terrestrial systems (Gonzalez
& Nebert 1990, Berenbaum 1991) and we propose that
these enzymes may play a similar role in marine
organisms.

In order to address the potential significance of bio-
transformation enzymes in a marine organism which
feeds on allelochemically rich prey, we examined
aspects of phase I (monooxygenation) and phase II
(conjugation) metabolism in Cyphoma gibbosum.
Specifically, we measured the specific content of cyto-
chrome P450 and the specific activities of methoxy-
resorufin O-deethylase (MROD), ethoxyresorufin O-
deethylase (EROD), NADPH-cytochrome ¢ (P450)
reductase (NCR) and glutathione transterase (GST) in
C. gibbosum digestive glands. NCR and GST were
further characterized in terms of optimal activity para-
meters and apparent kinetic characteristics. In addi-
tion, though C. gibbosum is a specialist on gorgonian
corals, it feeds on many different gorgonian species
(Gerhart 1986, Harvell & Suchanek 1987, Lasker &
Coffroth 1988, Lasker et al. 1988). We tested the
hypothesis that biotransformation enzyme activities are
influenced by feeding on different gorgonian species
(and thus different suites of allelochemicals) by collect-
ing C. gibbosum from 4 gorgonian species upon which
they commonly feed in Belize and characterizing their
P450 and GST activities.

MATERIALS AND METHODS

Sample collection. Cyphoma gibbosum (ca 3 cm
length) were collected from patch reefs in the vicinity
of Carrie Bow Cay, Belize, during February and
December 1991. Water temperature during both collec-
tion periods was 26 to 28 °C. Field sampling was chosen
over lab bioassays for this study because of the diffi-
culty in maintaining gorgonians in aquaria for the
periods of time necessary to perform feeding experi-
ments. The 4 gorgonian species upon which C. gibbos-
sum most commonly fed were Briareum asbestinum,
Gorgonia ventalina, Plexaura homomalla and Pseudo-
pterogorgia americana. Only snails that were sitting on
feeding scars were collected. The assumption was
made that these individuals were actively feeding or
had recently been feeding. These snails were easily
distinguished from those not on feeding scars. The
residence time of an individual snail on a particular
prey species is highly variable, ranging from 1 to 23 d
(Gerhart 1986, Harvell & Suchanek 1987, Lasker et al.
1988), though the majority of stays are =3 d.

The digestive glands were dissected within 2 to 4 h of
collection and pooled according to gorgonian species
fed upon. No distinction was made for sex of the indi-
vidual. Digestive gland tissue was selected for study
because of all molluscan tissues it has been shown to
have the highest monooxygenase activity (Livingstone
& Farrar 1984, Schlenk & Buhler 1988). Ten digestive
glands were pooled per sample for the February collec-
tions. The December collections contained 5 digestive
glands per sample, except where noted. Digestive
glands were weighed and immediately frozen in liquid
nitrogen and transported in a cryogenic dewar to the
University of Delaware College of Marine Studies
where they were stored at —70 °C until subsequent
microsome and cytosol preparation.

Preparation of digestive gland microsomal and
cytosolic fractions. Microsomes were prepared from
pooled digestive glands by a modification of the
method described in Brattsten & Gunderson (1981).
Tissues were overlain with ice-cold homogenization
buffer (0.1 M potassium phosphate, pH 7.5, 1 mM
EDTA, 1.15% KCl) and allowed to thaw on ice. All
subsequent procedures were carried out at 0 to 4°C.
The tissues were homogenized in a 1:5 tissue weight:
buffer volume ratio with a motor-driven Potter-
Elvehjem teflon homogenizer for 30 s. The crude
homogenate was centrifuged for 10 min at 12 000 x g
in a Sorvall RC-5 Superspeed centrifuge, filtered
through a plug of glass wool to remove lipids, cen-
trifuged a second time for 10 min at 12 000 X g, and
then centrifuged for 20 min at 250 000 x gin a Sorvall
RC-60 ultracentrifuge. This centrifugation protocol
separated the membrane-bound cytochrome P450
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(microsomal pellet) and the cytosolic glutathione
transferase (supernatant).

The microsomal pellet was suspended in microsomal
buffer (0.1 M potassium phosphate buffer, pH 7.5,
containing 1 mM EDTA and 50 % glycerol) by gentle
hand homogenization with minimal (2 to 3 ml) buffer
(Brattsten 1987). Protein concentrations were estimated
for microsomal and cytosolic proteins by the Pierce Micro
BCA protein assay from the method of Smith et al. (1985)
with bovine serum albumin (BSA) used as a standard.
Samples were diluted to 1 mg ml™! and then either
immediately used in enzyme assays or refrozen at
—70 °C. Samplesstored forseveral monthsin this manner
suffered no apparent loss of enzyme activity. In addition,
preliminary experiments indicated no loss of activity was
incurred due to freezing of tissue samples prior to
homogenization.

Enzyme assays. Cytochrome P450 specific content was
determined by the carbon monoxide difference spectrum
(AODys0-490)of sodiumdithionite-reduced samplesusing
an extinction coefficientof 91 mM ™~ 'cm ™! (Omura & Sato
1964). Assays wererun at a protein concentration of 1 mg
ml~' and pH 7.5. Ethoxyresorufin O-deethylase (EROD)
activity was spectrophotometrically assayed by the
method of Klotz et al. (1984). The reaction mixture
contained 0.1 M Tris-HCI, pH 8.0, 0.1 M KCI, 2 uM 7-
ethoxyresorufin (Molecular Probes Inc., Eugene, OR,
USA), and 60 ug microsomal protein in a final volume of
0.5 ml. Reactions were initiated by the addition of
NADPH (0.3 mM final concentration) and run for 3min at
30°C. Methoxyresorufin O-demethylase (MROD) activ-
ity was assayed by the method of Mayer et al. (1977) as
modified by Brattsten et al. (1980). The reaction mixture
contained (in a final volume of 3 ml) 0.05 M potassium
phosphate buffer, pH 8.5, 0.154 M KCJ, 0.125 mM
methoxyresorufin in DMSO, and 60 pg of microsomal
protein. The reaction was initiated by the addition of
NADPH (1.5 mM final concentration) and run for 3 min.
Spectrophotometric assays wererun eitherona Cary 210
or an SLM-Aminco DW2000 dual beam spectrophoto-
meter. Fluorometric assays were run on an SLM-Aminco
8000 spectrofluorometer. All assays were run at room
temperature (23 to 24 °C) except where noted.

NADPH-cytochrome c (P450) reductase (NCR) activity
was measured by the method of Masters et al. (1965) as
modified by Brattsten et al. (1980). The optimized reac-
tion mixture contained (in a final volume of 1.0 ml) 0.1 M
potassium phosphate buffer, pH8.5, 71 uM cytochromec,
and 25 pg of microsomal protein. The reaction was
initiated by the addition of NADPH (0.6 mM final con-
centration). Activity was measured as the increase in
the absorbance at 550 nm (extinction coefficient 21
mM~'cm™Y). Reductase activity parameters were op-
timized for protein concentration, pH, and cytochrome ¢
concentration.

Glutathione transferase (GST) activity was deter-
mined by the method of Habig et al. (1974). The
optimized reaction mixture contained (in a final volume
of 1.0 ml) 0.1 M potassium phosphate buffer, pH 7.5,
1 mM 1-chloro-2,4-dinitrobenzene (CDNB), and 1 mM
reduced glutathione (GSH). CDNB was solubilized in
ethanol and added in a volume that constituted 5 % of
the final reaction mixture volume. The reaction was
initiated by the addition of 50 ug of cytosolic protein.
Activity was measured as the increase in absorbance at
340 nm (extinction coefficient 9.6 mM™! cm™1!). GST
activity parameters were optimized for protein concen-
tration, pH, and substrate concentrations.

Apparent enzyme Kkinetic constants, i.e. maximal
rates V and half-maximal substrate concentrations
[Slos or Kum, were determined by linear regression
analysis of Eadie-Hofstee plots (Segal 1975). Apparent
Ky and V were determined in triplicate for NCR with
the artifical electron accepter cytochrome ¢ and for
GST with reduced GSH and the model substrate CDNB
for each gorgonian prey treatment.

Statistical analysis. Data are presented throughout
as the mean =® 1 SD with the number of replicates in
parentheses. Analysis of variance and the Tukey multi-
ple comparison test was employed to test for significant
differences between means using Systat 5.0. Statistical
tests were accepted as significant at p <0.05.

RESULTS

Cyphoma gibbosum digestive glands collected in
this study ranged in mean weight from 152 + 13 to
183 + 27 mg snail™!. Significantly larger digestive
glands were found in C. gibbosum collected from Plex-
aura homomalla than in those collected from Gorgonia
ventalina (Table 1). Mean total microsomal protein
yields from C. gibbosum digestive glands ranged from

Table 1. Cyphoma gibbosum. Digestive gland weight from
specimens collected in situ feeding on different gorgonian
species. Number of replicates given in parentheses. Data are
presented as mean values of replicate samples each consisting
of 2, 5, or 10 digestive glands per replicate (see ‘Materials and
methods’ for description) = 1 SD. Analysis of variance and the
Tukey multiple comparison test was employed to test for
significant differences between the means. Different letters
signify statistically different means (p <0.05)

Gorgonian prey Digestive gland wt (mg)

Briareum asbestinum {9) 179 + 33 AB
Gorgonia ventalina (9) 152+ 13 B
Plexaura homomalla (9) 183 £ 27 A
Pseudopterogorgia americana (11) 156 £ 19 AB
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6.8+ 1.7 to 13.3 £ 0.3 mg g~ ' wet wt and significant
prey species differences were detected (Table 2). Total
mean cytosolic protein yields ranged from 52.6 = 4.0 to
98.5 + 9.7 mg g~ ! wet wt and significant prey species
differences were detected as well (Table 2). The
microsomal yields were significantly greater in C
gibbosum collected from P. homomalla than from
Pseudopterogorgia americana during both collection
periods. Similarly, the cytosolic yields were signifi-
cantly greater in C. gibbosum from P. homomalla than
in snails from the other 3 gorgonian species.

Cytochrome P450 was consistently detected in the
digestive glands of Cyphoma gibbosum collected from
Pseudopterogorgia americana (Fig. 1). The specific con-
tent of P450 in these tissues ranged from 21.4 £ 7.1 to
27.4 = 9.2 pmol mg~! protein (Table 3). The wavelength
of maximum absorbance was 451.4 = 1.7 nm. A spectral
peak of comparable magnitude at 421.4 = 0.8 nm was
also detected, indicating the presence of P420. Cyto-
chrome P450 and P420 were detected in C. gibbosum
collected from Gorgonia ventalina and Plexaura homo-
malla as well, but were not quantifiable because of
baseline instability at the very high sensitivity required
to record these spectra. Neither P450 nor P420 were
detected in C. gibbosum collected from Briareum asbes-
tinum. EROD and MROD activities were not detected in
any C. gibbosum digestive gland microsomes.

The specific activity of Cyphoma gibbosum
NADPH-cytochrome ¢ (P450) reductase ranged from
23.2 +£2.1 to 67.3 + 3.1 nmol min~! mg~!'. Characteri-
zation of C. gibbosum NCR revealed that assay activ-
ity was linear up to 50 ug microsomal protein per 1 ml
reaction volume (Fig. 2a). Activity was linear beyond
this protein concentration as well, but the slope was
depressed. The pH optimum for hepatic NCR was 8.5,
though an optimal range of pH 8 to 8.5 was observed
(Fig. 2b). Significantly higher levels of reductase activ-

ity were found in C. gibbosum collected from Plexaura
homomalla than from the other gorgonian species.
Significant differences in apparent kinetic parameters
(Km and V) were also determined (Table 4). Cyto-
chrome ¢ was a significantly poorer substrate for
NADPH-cytochrome ¢ (P450) reductase in vitro from
C. gibbosum collected from Briareum asbestinum (as
determined by comparing V/K ratios).

Glutathione transferase specific activity in Cyphoma
gibbosum digestive glands ranged from 2.76 = 0.17 to
4.05 = 0.51 umol min~! mg™! protein (Table 3). This
level of cytosolic GST activity is among the highest
ever reported in molluscan crude tissue preparations
(Table 5). Characterization of C. gibbosum GST with
the model substrate CDNB revealed that assay activity
was linear up to 50 ug microsomal protein per 1 ml

015 +

Absorbance

010+

Wavelength (nm)

Fig. 1. Cyphoma gibbosum. P450-CO binding spectra of the
reduced digestive gland microsomal proteins from specimens
collected from Pseudopterogorgia americana

Table 2. Cyphoma gibbosum. Quantity of microsomal and cytosolic proteins in digestive glands of specimens collected in situ

feeding on different gorgonian prey species. Data are presented as mean values = 1 SD with units of mg protein g~

! wet tissue

weight. Number of replicates given in parentheses. Analysis of variance and the Tukey multiple comparison test was employed to
test for significant differences between means within each column. Different letters within a column signify statistically different
means (p <0.05)

Gorgonian prey
Microsomal protein

Briareum asbestinum 10.4 = 0.9 (5) AB
Gorgonia ventalina 10.8 = 2.1 (5) AB
Plexaura homomalla 13303 (3} A
Pseudopterogorgia americana 8.8=*x23(5B

¢ Each replicate sample contained 10 digestive glands
® Each replicate sample contained 5 digestive glands
© Each replicate sample contained 2 digestive glands

February 1991¢
Cytosolic protein

721+ 6.2 (5 B B4+10 (4 AB 687 +74 (4B
68.0 + 2.7 (4) B 11.0£27 (4] A 59.9 + 6.3 (4) BC
98.5+ 0.7 (3) A 113+ 0.7° (4) A 83.6 + 4.5° (4) A
69.0 + 2.1 (4} B 6.8+ 1.7 (4) B 52.6+4.0 (4) C

December 1991°
Microsomal protein  Cytosolic protein
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Table 3. Cyphoma gibbosum. Specific content of microsomal cytochrome P450, specific activity of microsomal NADPH-

cytochrome ¢ (P450) reductase (NCR) and specific activity of cytosolic glutathione transferase (GST) in digestive glands of

specimens collected in February and December 1991 from different gorgonian species. Data are presented as mean values

+ 1 SD. Number of replicates given in parentheses. Analysis of variance and the Tukey multiple comparison test were employed

to test for significant differences between means within a column and within each collecting period. Different letters within a
column signify statistically different means (p <0.05)

Gorgonian prey P450 NCR GST

(pmol mg™!) (nmol min~! mg™") (umol min~! mg™Y
February
Briareum asbestinum nd (7) 232+21 (7 C 3.76 £0.21 (7) A
Gorgonia ventalina + (5) 334+26(5 B 3.85+0.39 (5) A
Plexaura homomalla + (6) 67.3 £3.1(6) A 276 £ 0.17 (6) B
Pseudopterogorgia americana 21.4 £ 7.1(5) 38854 (5 B 2.86 £ 0.23 (5) B
December
Briareum asbestinum nd (4) 260+ 2.0(4)B 3.43 =049 (4) AB
Gorgonia ventalina + (4) 356+= 65(4)B 405051 (4) A
Plexaura homomalla + (9) 70.0 = 11.0 (5) A 3.13+023(4)B
Pseudopterogorgia americana 27.4 +10.6 (5) 347 6.0(5) B 3.43 £ 0.44 (4) AB
nd: not detected
+- detected only in trace quantities

Table 4. Cyphoma gibbosum. Apparent Kinetic constants for NADPH-cytochrome ¢ (P450) reductase in digestive glands from

specimens collected in situ feeding on different gorgonian species during February 1991. The term V/K}, indicates the relative

affinity the enzyme has for the substrate (cytochrome c). Data are presented as mean values &= 1 SD (n = 3). Analysis of variance

and the Tukey multiple comparison test were employed within a column to test for significant differences between the means.
Different letters signify statistically different means within a column (p <0.05}

Gorgonian prey Apparent Ky Apparent V T VI K
(umol) {nmol min~! mg~?)

Briareum asbestinum (3) 12.97 £ 0.24 A 2648+ 137 B 0.87 2.04 =007 B

Gorgonia ventalina (3) 4.96 +£0.92 C 31.88+ 374 B 0.90 674 = 0.65 A

Plexaura homomalla (3) 9.70 £ 1.06 AB 70.45 +4.37 A 0.94 7.35+1.18 A

Pseudopterogorgia americana (3) 6.19 = 2.70 BC 31.05+7.23B 0.83 547 £2.15 A

Table 5. Compilation of glutathione transferase activity data from molluscan digestive glands. Data represent mean values of
activity with CDNB used as a model substrate. All of these organisms were either experimental controls or field-collected samples
from areas reported as not contaminated

Species 1° Food type GST (umol min~! mg™?) Source

Cyphoma gibbosum?® Gorgonians 2.76-4.05 This study

Littorina littorea® Macroalgae 0.75 Lee (1988)

Lymnaea stagnalis® Plants 0.35 Wilbrink et al. {1991)
Cerithium floridanum® Diatoms, detritus 10.7 Lee et al. (1988)
Nassarius obsoletus® Carrion 2.9 Lee et al. (1988)

Loligo vulgaris® Fish 5.5 Harris et al. (1991)
Cryptochiton stelleri® Macroalgae 1.22 Schlenk & Buhler (1988)
Sphaerium corneum® Microalgae 0.02 Boryslawskyj et al. (1988)
Mytilus edulis® Microalgae 0.05 Lee (1988)

° Field-collected

® Experimental control
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reaction volume (Fig. 3a). The pH optimum for
cytosolic GST was 7.5, though an optimal range of 7.5
to 8.5 was observed (Fig. 3b). Differences in GST
activity between sampling periods were observed, but
the general trends persisted. Significantly higher
activity was detected in C. gibbosum collected from
Gorgonia ventalina than from Plexaura homomalla.
Higher GST activity was detected in individuals feed-
ing on Briareum asbestinum, though this difference
was only significant in the February collections. No
significant differences in apparent Ky, were observed
for either GSH or CDNB, but significant differences in
V were observed (Table 6). Both GSH and CDNB
were better substrates in vitro for GST from C. gib-
bosum collected from B. asbestinum and G. ventalina
than from P. homomalla (as determined by comparing
V/Ky\ ratios).

DISCUSSION

Biotransformation of dietary allelochemicals in ter-
restrial systems is well established (Brattsten & Ahmad
1986, Gonzalez & Nebert 1990, Berenbaum 1991). In
this study we have demonstrated that phase I and
phase II biotransformation enzymes are present in
Cyphoma gibbosum, a specialist predator of allelo-
chemically rich gorgonian corals, and that enzyme
levels can vary with prey species. Cytochrome P450
was detected in very low quantity in most of these
gastropods. Neither MROD nor EROD activity was
detected in digestive gland microsomes, though NCR
activity was present in all samples. Alternatively, high
levels of GST activity were detected in the cytosolic

fraction of C. gibbosum digestive glands. These find-
ings suggest a potentially important role for GST con-
jugation of dietary allelochemicals in C. gibbosum.

Glutathione transferases are a group of phase II
enzymes that catalyze the conjugation of reduced
glutathione with a wide range of lipophilic xenobiotics
bearing electrophilic sites (Habig et al. 1974). The
model substrate CDNB is used in many studies of GST
and provides an indication of the combined catalytic
activity of all GST isozymes (Clark 1989). In addition
to conjugating reactive metabolites formed by P450
oxidative metabolism, GSTs are also induced by diet-
ary allelochemicals in herbivorous insects (Yu 1982,
Wadleigh and Yu 1987, Lee 1991). Wadleigh & Yu
(1987, 1988) have further demonstrated metabolism
and detoxification of «f-unsaturated carbonyl
allelochemicals. Given their broad spectrum of cataly-
tic activity and generally high concentration, it is
reasonable to conclude that GSTs are important, if not
vital, detoxification systems (Jakoby 1978).

The high GST levels reported in Cyphoma gib-
bosum (2.76 to 4.05 umol min~!'mg™') have also been
reported in Papilio polyxenes, a specialist insect herbi-
vore whose larvae feed on toxic, furanocoumarin-
containing plants (Lee 1991). High GST activity in
other molluscs has also been correlated with feeding
on allelochemically defended macroalgae (Lee et al.
1988, Schlenk & Buhler 1988). GST-catalyzed conju-
gation of toxic or fitness-reducing dietary electrophilic
allelochemicals may be an important detoxification
mechanism in some species (Clark 1989). High GST
activity has also been reported in several other field-
collected molluscs. The cephalopod Loligo vulgaris
may utilize GST with substrates which arise endogen-

Table 6. Cyphoma gibbosum. Apparent kinetic constants for glutathione transferase in digestive glands from specimens collected

in situ feeding on different gorgonian species during February 1991. Substrate concentrations were (a) 0.125 to 2.0 mM GSH and

1.0 mM CDNB and (b) 0.1 to 1.0 mM CDNB and 1.0 mM GSH. The term V/Ky, indicates the relative affinity the enzyme has for the

substrate (GSH and CDNB). Data are presented as mean values =1 SD (n = 3). Analysis of variance and the Tukey multiple

comparison test were employed within a column to test for significant differences between the means. Different letters signify
statistically different means within a column for each substrate (p <0.05)

Gorgonian prey Apparent Ky Apparent V r V/IKwu
(mmol) (umol min~! mg™!)
(a) GSH
Briareum asbestinum (4) 0.36 £ 0.03 A 545+ 044 A 0.99 1517 £ 1.67 A
Gorgonia ventalina (4) 0.38 +0.05 A 5.03+0.13 A 0.99 13.60 £2.05 AB
Plexaura homomalla (3) 0.43 £0.05 A 397 +£0.19B 0.99 933+1528B
Pseudopterogorgia americana (3) 0.37 £0.02 A 3.96 +0.27 B 0.98 12.02 £ 2.50 AB
(b) CDNB
Briareum asbestinum (4) 1.52+025A 9.26 £1.26 A 0.96 6.15+0.82 A
Gorgonia ventalina (4) 1.44 £ 0.20 A 8.36 + 0.68 AB 0.96 5.90 £ 0.77 AB
Plexaura homomalla (3) 1.50 £0.34 A 6.36 * 0.75 C 0.98 4.30 £0.50 C
Pseudopterogorgia americana (3) 1.51=0.04 A 6.90 + 0.46 BC 0.96 4.60 £ 0.17 BC
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ously from oxygen toxicity (Harris et al. 1991).
Cerithium floridanum and Nassarius obsoletus, 2
infaunal gastropod species, also have high GST activ-
ity (Lee et al. 1988). The toxicological or ecological
significance of this high activity is presently unknown,
but potentially high levels of electrophilic organics in
the sediment may serve as substrates for GST (R. F.
Lee pers. comm.).

Significant differences in GST activity were detected
in Cyphoma gibbosum collected from different gorgo-
nian species. Higher activity was always detected in C.
gibbosum collected from Gorgonia ventalina. This find-
ing suggests that C. gibbosum GST activity varies in
response to different suites of gorgonian allelochemi-
cals. Herbivorous insects that feed on different
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Fig. 3. Cyphoma gibbosum. Effect of (a) protein concentration

and (b) pH on glutathione transferase activity in specimens

collected from Briareum asbestinum. Data are presented as
mean value of 3 replicate samples (each run in duplicate)

allelochemical-containing plants also have signifi-
cantly different GST activities (Yu 1982, Ahmad 1983,
Rose 1985). The absence of a significant difference in
Ky values between C. gibbosum collected from differ-
ent gorgonian prey indicates a quantitative response
rather than a qualitative change in GST isozyme con-
tent. Probably, either there is a high concentration of
the GST isozyme(s) specific for this reaction or the
KcaT, @ measure of the ‘turnover number’ that determi-
nes the catalytic power of an enzyme, is high and
responsible for the higher V.

In contrast to high levels of GST, cytochrome P450
was detected at low levels in some Cyphoma gib-
bosum. The specific content of P450 in C. gibbosum
collected from Pseudopterogorgia americana ranged
from 21.4 to 27.4 pmol mg~?. This is comparable to the
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amounts of P450 detected in other molluscs (Living-
stone 1991). A peak at ca 420 nm in the CO-difference
spectra of dithionite-reduced microsomes was also pre-
sent, indicative of either the denatured form of P450 or
an independent functional haemoprotein, the 418 nm
peak, which appears to be present in many molluscan
tissues (Livingstone et al. 1989). This 418-peak has a
wider tissue distribution than P450 and it is present in
the cytosol (Livingstone & Farrar 1984). Only trace
amounts of P450 and P420 were detected in C. gib-
bosum collected from Gorgonia ventalina and Plexaura
homomalla. No indication of P450 or P420 was found in
C. gibbosum collected from Briareum asbestinum. The
inclusion of the protease inhibitors phenylmethylsul-
fonylfluoride (PMSF) and trypsin inhibitor at final con-
centrations of 0.2 mM and 20 ng ml™', respectively, had
no effect on our ability to quantify total P450, MROD
activity or EROD activity.

MROD activity was not detected in Cyphoma gib-
bosum. The activity of this monooxygenase has not
been correlated with a particular P450 form, but O-
demethylase activity is induced in herbivorous insects
which feed on allelochemical-containing plants (Bratt-
sten pers. comm.). EROD activity was also not detected
in Cyphoma gibbosum. This activity is associated with
the PAH-inducible P450IA family and has rarely been
detected in molluscs (Livingstone et al. 1990).
Immunoblot analysis of C. gibbosum microsomes with
MAb 1-12-3 to scup P450E, the teleost CYP1A1 (Stege-
man 1989}, indicates that a homologue to scup P450E is
not present in C. gibbosum (Vrolijk & Stegeman
unpubl.). Alternatively, C. gibbosum may possess a
P4501A protein which does not have the epitope recog-
nized by MAb 1-12-3. Microsomes from the digestive
gland of the chiton Cryptochiton stelleri were found to
react with the polyclonal antibody LMy, the major
fNF-inducible P450 in trout, demonstrating that some
molluscs do possess representatives of the P450IA
family (Schlenk & Buhler 1989).

NADPH-cytochrome ¢ (P450) reductase activity was
detected in Cyphoma gibbosum digestive glands and
the activity was 2- to 5-fold greater than that reported
in other molluscs (Livingstone 1991). This flavoprotein
is a key component in electron transfer from NADPH to
cytochrome P450 and as such is generally considered
an indirect indicator of P450 activity. Increases in NCR
and P450 activity in digestive gland microsomes has
been observed in gastropods (Thais haemastoma:
Livingstone et al. 1986; and Littorina littorea: Living-
stone 1988) and bivalves (Moore et al. 1987, Living-
stone 1988) as a result of exposure to hydrocarbons.
Significantly higher NCR activity was detected in C.
gibbosum from prostaglandin-rich Plexaura homo-
malla. Ciereszko & Schneider (1987) reported biotrans-
formation of the prostaglandin PGA, to PGB, in C.

gibbosum, a reaction potentially catalyzed by P450.
Metabolism of fatty acids, steroids and prostaglandins
by P450 is also well established (Schenkman & Kupfer
1982). These results suggest that there may be P450
forms in C. gibbosum which were not detected. Signifi-
cant differences in apparent Ky between C. gibbosum
collected from different gorgonian species indicate a
change in affinity of the reductase for the model elec-
tron accepter, cytochrome c. This change in affinity
could be the result of an allelochemical influence on
substrate binding to NCR.

Significant differences in the quantity of microsomal
and cytosolic proteins g wet wet of digestive gland
were detected in samples from both collection periods.
Cyphoma gibbosum collected from Plexaura homo-
malla always had the largest digestive glands and the
greatest amount of microsomal and cytosolic protein
g~! digestive gland. In addition, these tissues were
distinctively darker in color. Conversely, C. gibbosum
collected from Pseudopterogorgia americana had the
second smallest digestive glands and the lowest
amount of microsomal and cytosolic protein g~! digest-
ive gland. If digestive gland size is a function of age, i.e.
larger individuals are older, then this finding suggests
that C. gibbosum prey preference may be correlated
with age in addition to previously defined factors such
as gregariousness, spicule size, food quality, and
predator avoidance (Gerhart 1986, Harvell & Suchanek
1987, Lasker & Coffroth 1988, Lasker et al. 1988).
Hypertrophy, or organ enlargement, in response to
pollutants (Fabacher & Baumann 1985) is unlikely in
this instance because the collection site in Belize was
pristine.

Preferences displayed by Cyphoma gibbosum are as
variable as the study sites at which these preferences
have been documented. It is apparent that many biotic
and abiotic factors are involved in determining prey
preference in C. gibbosum. Significant differences in
enzyme activities may reflect differences in allelo-
chemical content of host colonies, but if and how this
affects preference is not clear. Cyphoma gibbosum
does have high levels of GST, a mechanism which may
be a constitutive response to gorgonian allelochemicals
in its diet. Utilizing GST conjugation as the primary
biotransformation mechanism, rather than P450 mono-
oxygenation, has the potential benefit of minimizing
the production of epoxides and other toxic inter-
mediates. Understanding how organisms deal with
potentially toxic or fitness-reducing allelochemicals
has significance for understanding patterns of preda-
tion and herbivory in the marine environment. It also
has implications for environmental toxicology and the
potentially confounding effect of dietary allelochemi-
cals on the use of biotransformation enzymes as
environmental biomonitors.
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