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vy-Aminobutyric Acid, a Neurotransmitter, Induces

Planktonic Abalone Larvae to Settle and Begin Metamorphosis

Abstract. y»Aminobutyric acid (a simple amino acid and potent neurotransmitter
in human brain and other tissues of higher animals) and certain of its congeners
rapidly and synchronously induce planktonic larvae of the red abalone, Haliotis ru-
fescens, to settle and commence behavioral and developmental metamorphosis.
These naturally occurring inducers of algal origin apparently are responsible, in
part, for the substrate-specific recruitment, induction of settling, and the onset of
metamorphosis of abalone and other planktonic larvae upon specific algae which
provide naturally favorable habitats for the young of these species in coastal waters.
These observations provide a convenient experimental model for further analysis of
the basic molecular mechanisms by which environmental and endogenous factors
control the recruitment and development of planktonic larvae. Halogenated organic
pesticides significantly interfere with larval settling, as quantified in a new bioassay

based upon these findings.

One of the most highly specialized ad-
aptations to life in the sea has been the
evolution of reproductive strategies
based upon the planktonic (drifting) dis-
persion of larvae. Planktonic larvae of
many benthic (bottom-dwelling) aquatic
species are induced to settle from the
water column and begin their genetically
programmed metamorphosis to adults by
substrate- or environment-specific chem-
ical triggers, the precise nature of which
has remained largely obscure (/).

To gain a better understanding of the
molecular nature of such factors con-
trolling the specific settlement (recruit-
ment) and reproductive efficacy of ma-
rine planktonic larvae, to better under-
stand the evolution and distribution of
marine species, and to more efficiently
control elements of the global protein re-
source represented by the marine plank-
ton, we have undertaken experiments
with larvae of the large marine snail (gas-
tropod mollusk) Haliotis rufescens, the
California red abalone. Members of this
herbivorous genus represent an econom-
ically important and protein-rich food re-
source in many areas of the world (2).
Gravid adults of the species chosen may
be obtained throughout the year; repro-
duction and early larval development
can be controlled conveniently by a
simple chemical method (3).

Present techniques for commercial
and experimental cultivation of abalone
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under artificial conditions result in high
postlarval mortality (4). This mortality
primarily results from microbial over-
growth as a secondary consequence of
an abnormal retardation of metamor-
phosis and development under artificial
conditions; this retardation appears to
reflect the absence of some naturally

Fig. 1. GABA-dependent induction of behav-
ioral and developmental metamorphosis is
demonstrated and conveniently measured in
small glass vials (diameter, 2.2 cm) containing
portions of 100 to 300 competent, swimming
larvae of H. rufescens (in 10 ml of filtered sea-
water at 15°C). GABA was added to the two
vials on the right (to a final concentration of 1
mM) 3 minutes before the photograph was
taken; the two vials on the left received no
additions. Microscopic examination (at x20 to
x40) shows virtually all of the larvae in the
presence of GABA to have settled and as-
sumed plantigrade attachment and locomo-
tion on the glass; none are attached to glass in
the absence of GABA.
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required morphogenetic inducing sub-
stance (or substances) (5). Accordingly,
we have sought to identify naturally re-
quired biological inducers of behavioral
and developmental metamorphosis of
the planktonic larvae and to resolve from
these the biochemical entities respon-
sible for the required induction.

Juvenile abalone (1 to 20 mm) of sever-
al species are found in naturally occur-
ring coastal ‘‘nursery grounds,’”’ con-
sisting of rocks covered with crustose
red algae (5-7). Small juveniles can be
found on these algae in local densities
that are orders of magnitude greater than
those in surrounding and otherwise simi-
lar habitats lacking such algae. Experi-
ments performed under controlled condi-
tions confirm the significance of this as-
sociation, proving that larvae of H.
rufescens show preferential settlement
(substrate-specific recruitment) on crus-
tose red algae including species of Lith-
othamnium,  Lithophyllum,  Hilden-
brandia, and their close relatives; feed-
ing, metamorphosis, and growth of the
newly settled abalones ensue rapidly on
these algae and their associated epi-
phytes (5, 7, 8). Under conditions in
which larvae exhibit quantitatively re-
producible substrate-specific settlement
in response to these natural algal induc-
ers, it has been possible to assay and
identify simple chemical triggers of this
activity.

Uniformly competent swimming lar-
vae of H. rufescens are produced in the
laboratory by controlled fertilization and
cultivation after the peroxide induction
of synchronous spawning in male and fe-
male adults (3). These swimming larvae
exhibit substrate-specific settlement in
response to the crustose coralline red al-
gae Lithothamnium spp. and Lithophyl-
lum spp. (Table 1) and the crustose non-
coralline red Hildenbrandia spp. (7); sig-
nificantly less settling is observed in
response to the foliose (branching) coral-
line red Bossiella sp. No settling is ob-
served under the conditions of this ex-
periment when larvae are exposed to a
variety of clean inorganic surfaces or
those coated with diatoms, bacteria, oth-
er algae, or various juvenile inverte-
brates (Table 1) (7).

Extracts of the crustose coralline red
algae contain inducers of settling but
prove toxic to the larvae in high concen-
trations; both toxic and settling activities
are proportional to the concentration of
extract added. Neither denaturation of
the extract by boiling nor digestion with
proteolytic enzymes inactivates the in-
ducers of settling. As seen in tests per-
formed with a limiting (nontoxic) amount
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of extract, these treatments actually en-
hance the induction of settling by the
crude algal homogenate (Table 1). Lar-
vae exposed to additions of extract
treated in this manner show significant

and rapid settling on the clean glass of
the vessel in which they are contained;
ciliary swimming ceases immediately,
and plantigrade attachment, gliding loco-
motion, and grazing behavior (character-

Fig. 2. Developmental metamorphosis results in the synthesis of conspicuously rayed new shell,
characteristic of the adult, as seen in the specimen, on the right, fixed in formalin 42 hours after
induction by 10~°M GABA (pure). The sibling on the left, treated in parallel, received no
GABA. The longest dimensions are 210 and 180 um, respectively. One of the eyes is visible

(upper right) through the shell of each animal.

Table 1. Specificity of induction; extraction and preliminary characterization of inducers. In
experiment 1, uniformly healthy abalone larvae cultured and mairitained at 15°C (in seawater
filtered to exclude 5-um particles) were exposed to potential inducers of settling on day 6 after

fertilization. Portions of larvae (600 = 200 per
sample) were tested in-300 ml of filtered sea-
water in glass dishes with or without additions
as shown; settling (plantigrade attachment
and locomotion) was scored after 12 hours by
microscopic examination. Lithothamnium
and Lithophyllum, crustose coralline red al-
gae; Bossiella, foliose coralline red alga; dia-
toms, Cyclotella, Nitzschia, Tetraselmis, and
Cocconeis spp., tested singly and in mixed
cultures; bacteria and microalgae are those
cultured from local seawater filtered to ex-
clude 5-um particles; Macrocystis pyrifera,
giant kelp, the preferred food of adult H. ru-
fescens. Algae and bacteria were tested at 0.2
to 1.0 g (wet weight) per sample. The extract
of Lithothamnium was prepared by homoge-
nization in filtered seawater, centrifugation
(10,000g, for 10 minutes), boiling (100°C for 10
minutes in the dark) and proteolytic digestion
(trypsin and pronase B, both at 1 mg/ml, for
16 hours at 20°C in the dark), and boiling to
inactivate the proteases. Settling was ob-
served only on the surfaces of the coralline
red algae and on the glass of the vessels re-
ceiving the treated extract. Mortality of larvae
= 1 percent in all samples. In experiment 2, 7-
day-old larvae were assayed, in duplicate, in
small glass vials (containing 150 = 50 larvae
in 10 ml) as shown in Fig. 1. Additions were
all 1 mM as indicated; pH was readjusted
(with NaOH or HCI) as necessary to yield pH
7.8 in all test vials prior to the introduction of
larvae. Results were scored after 12 hours at
15°C, as in experiment 1. Other neurotrans-
mitters and effectors tested were L-epineph-
rine; L-norepinephrine; serotonin; histamine;
acetylcholine; choline; and indole-3-butyric,
-acetic, -propionic, and -acrylic acids (7).
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istic side-to-side scraping of the surface)
commence as normally seen on the intact
inducing algae. These results suggest
that at least one natural inducer of this
behavioral metamorphosis is not a pro-
tein but is, in fact, released by pro-
teolytic digestion (and, to a lesser extent,
by thermal denaturation) of algal protein.
An amino acid or prosthetic group (or
both) linked to protein is thus implicated.

We found that y-aminobutyric acid
(GABA), a neurotransmitter in higher
animals, is a potent inducer of rapid set-
tling found in the active algae (Fig. 1). In
the experiment shown, 100 percent of
the larvae tested were induced to settle
and begin their characteristically snail-
like plantigrade attachment, gliding loco-
motion, and grazing behavior on the
clean glass of the test vials within 7 min-
utes after the addition of 1 mM GABA.
Settling is more slowly induced by 1 uM
GABA (= 98 percent in 2 hours); no set-
tling is observed in control portions of
larvae receiving no inducer. GABA
is active in inducing behavioral meta-
morphosis at concentrations as low as
~10-"M, with half-maximal effectiveness
(50 percent settling) at <10~°M. True
developmental metamorphosis of the
larvae also is induced by GABA (Fig. 2).
The rapid growth of new shell (con-
sisting largely of the protein conchiolin)
becomes clearly visible 24 to 36 hours
after the addition of 10~ to 10~°M GABA
(~10~%M optimal); prolonged exposure
of larvae to higher concentrations of the
free inducer is toxic (7). Larvae in culture
at 15°C develop competence for GABA-
induced settling and metamorphosis (in
parallel with competence for induction
by the intact coralline algae) between day
6 and day 7 after fertilization, when
they have attained well-developed eye-
spots, sensory cephalic tentacles, and a
prominent muscular foot (7). GABA
is found in high concentration in the
crustose coralline red algal extracts;
total intracellular concentration within
the algae (if unsequestered) is on the
order of ~1072M. Unusually for this
amino acid, however, virtually all of the
GABA present is covalently linked to
protein or some other macromolecular
algal constituent by an amide or ester
linkage (7).

The accessory photosynthetic pig-
ments responsible for coloration of the
coralline red algae, phycoerythrobilin (a
linear tetrapyrrole bile pigment) and its
specific protein conjugate, phycoerythrin
9), contain two identical cyclic imino
analogs of GABA within the tetrapyrrole
(Fig. 3); both pigments also are potent in-
ducers of settling. Virtually all this pig-
ment in the algae is in the conjugated
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form (total intracellular concentration
~1072M); both free and conjugated phy-
coerythrobilin exhibit half-maximal in-
duction of settling at ~107% and are
toxic to the larvae at concentrations
= 107°M (7). Other linear (for example,
bilirubin and biliverdin) and cyclic (he-
min and hematin) tetrapyrroles and other
proteins (including hemoglobin, which
contains the cyclic tetrapyrrole heme
group) are inactive over comparable con-
centrations. Gabaculine, a simple cyclic
analog of GABA (Fig. 3), also is a potent
inducer of rapid settling, with half-maxi-
mal activity observed at ~107%M (7).

The structural relationships (Fig. 3) of
compounds showing significant activity
in the induction of settling (Table 1) (7)
presumably reflect a map of the apparent
stereochemical specificity determinants
of some GABA receptor (or receptors)
or transport and activation systems in
the larvae. These demonstrate an abso-
lute requirement for the primary carbox-
yl group of GABA and for specific sub-
stitution at the vy position. Increasing or
decreasing the chain length of GABA
homologs progressively decreases their
activity in the induction of settling; the
shorter amino acids, including g-alanine,
alanine, and glycine, thus exhibit appar-
ent affinities for the receptor sites, which
may be too weak to be of physiological
significance below 1 to 10 mM. Glutamic
acid in high concentration is slowly ac-
tive, either by itself or after metabolic
decarboxylation to GABA. Only closely
related structural homologs or analogs of
GABA are active; a variety of other neu-
rotransmitters, amino acids, peptides,
and related effectors and metabolites
have proved ineffective (Table 1 and Fig.
3) (7).

GABA and phycoerythrobilin are the
most potent inducers of settling that we
have yet found in active red algal ex-
tracts, although their role in the induc-
tion of settling on the intact algae and the
possible roles of other inducers remain
to be elucidated. Both GABA and phy-
coerythrobilin are present primarily as
conjugates of proteins or other macro-
molecules in very high concentrations
within the inducing algae; although it is
possible that enzymatic or other hydrol-
ysis within the animal may be a neces-
sary precursor to active induction, we
find no evidence for release of chemical
inducer by larvae settled on the algae (7).

The fact that the most potent and
abundant inducers identified in the algal
extract (GABA and phycoerythrobilin)
are both covalently complexed to protein
or other macromolecules (or both) and,
therefore, not freely extracted is suf-
ficient to explain our observation that the
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Table 2. GABA-dependent bioassay detects
sensitivity to pesticides at sublethal concen-
trations. Assay of GABA-dependent settling
was performed as in Fig. 1, in the presence or
absence of added pesticides (nominal concen-
tration, 0.1 ppm). Mortality and interference
in settling were quantified after 15 hours at
15°C.

Mortal- Inltl?:?;'
Pesticide* ity :e ttlin
%) %
None 0 0
DDT 0 100
Methoxychlor 0 100
Dieldrin 11 100
2,4-D 0 7
*DDT, 1,1,1-trichloro-2,2-bis(p-chlorophenyl)eth-

ane; methoxychlor, 1,1,1-trichloro-2,2-bis(p-me-
thoxyphenyl)ethane; 2,4-D, (2,4-dichlorophenoxy)
acetic acid.

activity of the crude algal extract is
greatly enhanced by proteolytic diges-
tion or thermal denaturation (Table 1).
These findings also confirm and explain
our biological observations indicating
that the active, intact crustose coralline
red algae do not contain or release signif-
icant quantities of freely diffusible induc-
ing substances. Thus we see (i) no che-
motactic behavior of competent larval
abalones with respect to the inducing

algae; (ii) no induction of ‘‘heterologous
settling”” (that is, settling on adjacent
nonalgal surfaces, as induced by the ad-
dition of free GABA); (iii) no induction of
settling by water in which the intact algae
were incubated for 16 hours at 15°C; and
(iv) no induction of settling by active al-
gae separated from the larvae by a semi-
permeable dialysis membrane (7).
Chemotaxis, heterologous settling, or in-
duction under these conditions might be
expected if settling were induced by a
freely diffusible substance normally re-
leased from the algae. The algae ‘‘trap”’
the larvae but do not lure them or in-
duce them to settle from afar. Apparent-
ly, direct contact with, and possibly ex-
ploratory ingestion of, the inducing algal
substrate is required (7). This contact is
provided by the searching behavior of
the competent larvae, which swim to-
ward the water surface, temporarily
cease swimming, sink to the bottom, and
then resume upward swimming within a
matter of seconds or minutes; this re-
peated rising and sinking, coupled with
oceanic drifting, presumably provides an
efficient means by which the competent
larvae continually inspect and directly
sample the bottom until suitable (induc-
ing) substrates are found.

Species specificity of alga-induced set-

(|ZOOH (%OOH COOH (|IOOH (IJOOH
¢ : ¢ : ;
: ¢ ¢ ¢ ¢
(ll C (|3-COOH (|3 (IZ
NH, OH NH, ¢ ¢
y -Aminobutyric 5, ~Hydroxybutyric L-Glutamic NH, (|:
GABA 8-Aminovaleric NH,
e-Aminocaproic
(IZOOH ('JOOH (ISOOH (|ZOOH
; ¢ ; ;
; e 9 ;
NH, Glycine HC=0 (|3=O
B-Alanine Succinic semialdehyde (|:
NH,
- Aminolevulinic
COOH HOOlC (.)OOH
1
C C C C ¢
ZN i i
Ll ¢ ¢ g e 6o ¢
Fug o M e BBy
C. C . C C c. _C
Gabaculine HO/ \N/ \C/ N \C’# sN/ >~ \N’ “OH
H H

Phycoerythrobilin
(Phycoerythrin)

Fig. 3. Structures of compounds that induce settling of competent H. rufescens larvae, showing
homologous relations between active inducers. Methylene hydrogen atoms have been omitted

[from the data in Table 1 and (7)].
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tling presumably reflects discrimination
of more than simple GABA and phyco-
erythrobilin moieties, which may be
common to many red algae. Extended
receptor-specificity discriminants may
include recognition of the algal species-
specific proteins to which the small in-
ducers are fully complexed. Recognition
of other constituents and properties also
may play some role in the natural pro-
cess of substrate selection, although we
have experimentally excluded any signif-
icant involvement of the larval visual
system (7).

The physiological GABA-dependent
induction of behavioral and develop-
mental metamorphosis (Figs. 1 and 2) af-
fords a convenient measure for quan-
tifying and defining other factors that
may influence, or be required for, the
success of these processes. Thus, for ex-
ample, the GABA-dependent induction
of settling provides a rapid bioassay for
the presence of interfering pollutants, in-
cluding a variety of halogenated organic
pesticides (Table 2) (5). Results of these
assays indicate that settling (and thus,
reproductive success) is far more sensi-
tive to such environmental stress than is
the simple viability of the planktonic lar-
vae.

We have shown here that settlement
and genetically programmed behavioral
and developmental metamorphosis of
planktonic molluscan larvae can be in-
duced by a simple amino acid decarbox-
ylation product (used as a neurotransmit-
ter and neurohormone in human brain
and other animal tissues) and by certain
of its analogs, produced by specific re-
cruiting algae. These compounds consti-
tute the simplest and best characterized
molecular structures thus far identified
with activity controlling the rapid settle-
ment and development of any marine
planktonic larvae. Similar amino acid de-
carboxylation products (the biogenic
amines, with neurotransmitter, neuro-
hormone, and hormonal activities in
higher animals) have been found to regu-
late gene expression in the evolutionarily
antecedent unicellular eukaryotes (/0).
Thus it may be expected that GABA and
other amino acid-derived effectors and
related simple molecules specialized for
signal transduction and regulation will be
found to mediate interspecific control of
larval dispersion, settlement, and meta-
morphosis in other marine and fresh-
water species. We have found recently
that planktonic larvae of the chiton
Mopalia muscosa (another herbivorous
mollusk) are induced to settle and under-
go behavioral metamorphosis specifical-
ly by GABA and by intact Lithotham-
nium and Lithophyllum spp. Conversely,
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larvae of other molluscan (such as car-
nivorous Conus) species that have
proved unresponsive to these algae are
not induced to settle by GABA or its
congeners.

The lock-and-key mechanism of
stereochemically specific induction of
settling and the related interactions be-
tween abalones and their crustose coral-
line red algal hosts apparently reflect the
intimate and adaptive coevolution of
these planktonically dispersed animal
herbivores and their algal substrates (7).
Evolutionary perfection of this mecha-
nism proceeds via continued selection
for reproductive advantage in both the
abalone and its (inducing) algal host. As
a consequence of these mutualistic inter-
actions, the animal is provided with re-
quired, potent, and specific inducers of
settling and metamorphosis, which in
turn ensure that larval commitment and
development will commence only in suit-
able microhabitats. The algae and their
epiphytes also provide the animals with
preferred foods capable of supporting
rapid development and growth (5, 7) and
a source of pigmentation that is incorpo-
rated as highly effective camouflaging
coloration in the developing shell 6, 8).
The inducing algae benefit reciprocally
from the nondestructive shallow grazing
of the animals specifically recruited to
their surfaces. As shown by Adey (/1)
for the case of another gastropod mol-
lusk (limpet) association with Lithotham-
nium, such grazing, continuously freeing
the algal epithallium from fouling epi-
phytes, can be an absolute requirement
for continued algal growth.

The system described here provides a
convenient experimental model for fur-
ther analysis of the basic molecular
mechanisms by which environmental
and endogenous factors control the re-
cruitment and development of plankton-
ic larvae. Initial experiments with this
system suggest that cyclic adenosine
monophosphate and calcium may direct-
ly mediate the induction by GABA
which we have observed (7). Practical
applications of algal- and GABA-induced
settling and metamorphosis for improved
economic efficiency of molluscan culti-
vation, reseeding, management, and ge-
netic improvement of cultivars for food
production have been suggested (3, 5). In
addition, the GABA-dependent bioassay
provides a highly sensitive, rapid, and
reproducibly quantitative indicator of
the stress imposed upon marine environ-
ments, organisms, and their productivity
by halogenated organic pesticides and
other pollutants from industrial, agricul-
tural, and urban activities (5, 7). Finally,
it is possible that the cross-reactivity ob-

served between porphyrin bile pigments
(and certain of their precursors and me-
tabolites) and complementary neuro-
transmitter-type (GABA) receptors may
in some measure explain the in-
volvement and degeneration of autonom-
ic and central nervous system neurons
characteristic of severe porphyria in
mammals (/2).
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