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Neuromuscular Patterns and the Origin of Trophic

Specialization in Fishes

Abstract. The pattern of muscle electrical activity in the pharyngeal muscles of the
mollusc-eating sunfish Lepomis microlophus is highly specialized in comparison
with the pattern displayed by most other members of the sunfish family and does not
change when different prey are eaten. The closest genealogical relative of this
species has the specialized muscle activity pattern for crushing prey when it feeds on
snails but uses the primitive sequence of muscle activity during swallowing of other
prey. The ability of species that crush snails to use molluscan prey effectively is due
primarily to the evolutionary transformation of the neuromuscular program control-

ling the trophic apparatus..

The process by which populations of
organisms evolve to specialize on a par-
ticular resource in the environment is of
considerable interest to evolutionary bi-
ologists. The phenomena of niche parti-
tioning, character displacement, compet-
itive exclusion of species, and evolution-
ary diversification within clades have all
been linked to the ways in which orga-
nisms use environmental resources to
obtain energy for growth and reproduc-
tion (/). Most analyses of trophic spe-
cialization have focused on morphologi-

cal features of organisms as a reflection

of their ability to collect and process
food (2). 1 present experimental data
from fishes on muscle activity patterns
involved in the use of a specialized food
resource. The results indicate that an
evolutionary transformation in neuro-
muscular pattern resulted in a special-
ized method of acquiring energy.

The North American sunfish family
Centrarchidae contains 32 species that
display a wide range of food and habitat
preferences (3). One species in the larg-
est genus, Lepomis microlophus (redear
sunfish), feeds primarily on freshwater
snails (4). This food choice is specialized
in that only one other species in the
family, Lepomis gibbosus, feeds on
snails to any significant degree; phyloge-
netically primitive species such as the
bass Micropterus and the rock bass
Ambloplites, as well as the other Lepo-
mis species, are insectivorous and pi-
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scivorous; and, snails are not common
elements of the diet in other morphologi-
cally generalized perciform fishes, which
are predominately insectivores and pisci-
vores (35).

Most teleost fishes capture prey by
rapidly expanding the mouth and draw-
ing water and the prey into the buccal
cavity in a process known as suction
feeding. Very little mastication occurs in
the mouth, and prey are usually swal-
lowed whole by movements of modified
gill arch elements—the pharyngeal jaws
(6). The pattern of pharyngeal muscle
activity during intraoral prey manipula-
tion and transport into the esophagus
was studied by electromyographic re-
cordings in six insectivorous and pisciv-
orous sunfishes and in the perch Perca
(7). All species exhibited a similar highly
stereotyped pattern, with minor varia-
tions dependent on prey type and size
(Fig. 1A). The key feature of the se-
quence of pharyngeal muscle electrical
activity is the regular rhythmic pattern of
activity (Fig. 1A) that may last a minute
during prolonged swallowing sequences.
For example, the muscle protracting the
lower pharyngeal jaws alternates, occa-
sionally in a double-burst pattern as in
Fig. 1, with activity in the muscle re-
tracting the lower pharyngeal jaws [phar-
yngohyoideus (PH) and pharyngoclei-
thralis internus (PC;), respectively, in
Fig. 1A]. These features are consistently
present in perch, as well as in all insec-

tivorous and piscivorous sunfishes ex-
amined.

In the redear sunfish a radically differ-
ent pattern of muscle activity occurs
(Fig. 1B). All pharyngeal muscles are
active together in a closely synchronized
pattern to appose the pharyngeal jaws
and crush the prey. When snails are
being eaten, pieces of shell fall out of the
mouth cavity as the shell is cracked, and
sound recordings of snail crushing show
that shell fracture occurs at the end of
muscle bursts (Fig. 1B). Repeated crush-
ing sequences occur until the snail shell
has been completely fragmented and
then the body and adhering shell pieces
are swallowed. This same pattern of
muscle activity occurs when the redear
sunfish feeds on worms and fish. This
species possesses only a single very ste-
reotyped ‘‘crushing pattern’’ used with-
out regard to prey consistency or size.

The closest genealogical relative (sis-
ter species) of L. microlophus (8) pos-
sesses a versatile activity pattern that
can be modulated for different prey
types. Lepomis gibbosus uses the primi-
tive muscle activity pattern when eating
fish and worms (Fig. 1A) but employs a
stereotyped crushing pattern when eat-
ing snails (Fig. 1C). Pharyngeal muscle
activity during snail crushing is similar in
all respects to that of L. microlophus
except that the duration of the burst
in all muscles is significantly shorter
[t(70) = 5.46, P < .001].

These results allow reconstruction of
the sequence of evolutionary modifica-
tion in muscle activity patterns involved
in utilizing a specialized food type. A
rhythmic pattern of coordinated pharyn-
geal muscle activity (Fig. 1A) transport-
ed prey into the esophagus in early sun-
fishes. Use of a new prey type, snails, in
addition to fishes and invertebrates, was
associated with the addition of a distinc-
tive crushing pattern of muscle activity
in which all the pharyngeal muscles are
nearly synchronously active (Fig. 1C).
The primitive pattern of rhythmic activi-
ty is retained as a component of the
behavioral repertoire and is elicited by
other types of prey. Finally, the snail-
crushing pattern became the only com-
ponent of the neuromuscular output in-
volved in feeding to the extent that all
prey are treated as though they were
snails.

Morphological modifications associat-
ed with snail crushing are found in L.
microlophus and include an increase in
the proportion of molariform teeth on the
pharyngeal jaws and an increase in phys-
iological cross section of several of the
pharyngeal muscles (9). However, no
major structural reorganization has oc-
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curred in the musculoskeletal system of
the redear sunfish, and the lines of action
of the pharyngeal muscles and their fiber
lengths are similar to those of primitive
piscivorous and insectivorous species.
The key modifications involved in
trophic specialization in sunfishes thus
occurred by a major reorganization of
the neuromuscular pattern regulating
movement of the trophic apparatus. Sun-
fishes that do not exhibit the crushing
pattern of muscle activity (for example,
L. macrochirus) cannot crush mollusc
shells. The evolution of trophic special-
ization (indicated by restricted dietary
diversity) has involved a phylogenetic
stage in which flexibility of the neuro-
muscular pattern mediating motor output
to pharyngeal muscles has increased (il-
lustrated by L. gibbosus). The special-

A

ized taxon L. microlophus, however, has
a neuromuscular repertoire restricted to
only one component of the ancestral
pattern. An initial behavioral shift in
food preference may have provided the
stimulus for increased breadth in the
repertoire of neuromuscular responses
to different prey in populations ancestral
to L. gibbosus.

These data provide an interesting con-
trast to recent work on trophic differenti-
ation in cichlid fishes in which both
trophic polymorphism within a species
and a wide diversity of food-processing
morphologies are well documented (10).
Neuromuscular patterns associated with
intraoral prey manipulation are similar
even in taxa with distinct pharyngeal
morphologies and vary little with prey
type (11). This similarity in neuromuscu-

Lepomis gibbosus: pharyngeal transport
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Fig. 1. Electrical activity patterns of muscles in the pharyngeal apparatus. All muscles in each
panel were recorded simultaneously. (A) The rhythmic pattern in Lepomis gibbosus with
consistent phase relationships between pharyngeal muscles controlling the upper and lower
jaws during feeding on a worm (Lumbricus). This pattern is present in all primitive sunfishes
and in L. gibbosus except when this species eats snails. (B) The very different pattern occurring
during snail crushing by L. microlophus. Nearly all pharyngeal muscles are synchronously

active. The pattern of activity in one hypobranchial muscle (OBI) together with a recording of

high-frequency shell-cracking sounds is also illustrated. (C) Crushing pattern displayed by L.
gibbosus when feeding on snails. Note contrast to muscle activity shown by this same species
when feeding on a worm in (A). Muscle abbreviations: ADS, fifth adductor arcus branchialum;
GH, geniohyoideus; LE 1/2 and LE 3/4, levatores externi muscles 1 to 4; LP, levator posterior;
OBI, obliquus inferioris; PC. and PC;, pharyngocleithralis externus and internus; PH, pharyn-

gohyoideus; and RD, retractor dorsalis.
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lar output may be a phylogenetic special-
ization that reflects structural con-
straints on the intraoral trophic appara-
tus that are not present in sunfishes, and
may provide a basis for understanding
the radically different patterns of trophic
diversification in centrarchid and cichlid
fishes.

GEORGE V. LAUDER
Department of Anatomy,
University of Chicago,
1025 East 57 Street,
Chicago, Illinois 60637

References and Notes

1. G. Fryer, Proc. Zool. Soc. London 132, 153
(1959); Verh. Int. Limnol. 11, 303 (1969); K.
Liem, Syst. Zool. 22, 425 (1974); T. Schoener,
Annu. Rev. Ecol. Syst. 2, 369 (1971); Science
185, 27 (1974); E. Vrba, S. Afr. J. Sci. 76, 61
(1980); E. Werner, Am. Nat. 111, 553 (1977); T.
Zaret and A. Rand, Ecology 52, 336 (1971); L.
van Valen, Evol. Theor. 1, 179 (1976); H.
Greene, in Environmental Adaptation and Evo-
lution, D. Mossakowski and G. Roth, Eds.
(Fischer-Verlag, Stuttgart, in press); L. R. Fox
and P. A. Morrow, Science 211, 887 (1981).

2. J. Wiens and J. Rotenberry, Ecol. Monogr. 50,
287 (1980); E. Werner, in (/); A. Keast and D.
Webb, J. Fish. Res. Board Can. 23, 1845 (1966);
A. Ebeling and G. Cailliet, Deep-Sea Res. 21,
213 (1973); H. Hespenheide, Ibis 113, 59 (1971);
Annu. Rev. Ecol. Syst. 4, 213 (1973).

3. A. Keast, Environ. Biol. Fish. 3, 7 (1978); W.
Scott and E. Crossman, Freshwater Fishes of
Canada (Fisheries Research Board of Canada,
Toronto, 1973).

4. H. Smith, The Fishes of Illinois (Univ. of Illinois
Press, Urbana, 1979); J. Carothers and R. Alli-
son, FAO (F.A.O.U.N.) Fish. Rep. 44, 399
(1968).

5. C. Hubbs and K. Lagler, Fishes of the Great
Lakes Region (Univ. of Michigan Press, Ann
Arbor, 1958). The percomorph families Per-
cichthyidae, Centropomidae, Percidae, Lutjani-
dae, and Serranidae are dominated by piscivores
and insectivores.

6. G. Lauder, Zool. J. Linn. Soc., in press; K.
Liem, Fieldiana Zool. 56, 1 (1970). The Pharyn-
gognathi (a lineage containing the wrasses, surf-
perches, cichlids, damselfishes, and parrot fish-
es as well as several other teleost clades) are
characterized by extensive food mastication pri-
or to swallowing [K. Liem and P. H. Green-
wood, Am. Zool. 21, 83 (1981); G. Nelson, J.
Nat. Hist. 1, 289 (1967)].

7. Electromyographic (EMG) recordings were ob-
tained from up to six pharyngeal muscles simul-
taneously by standard EMG techniques for fish-
es [G. Lauder, J. Morphol. 163, 283 (1980); G.
Lauder and S. Norton, J. Exp. Biol. 84, 17
(1980)]. High-speed films (up to 200 frames per
second), x-ray cinematography of snail crush-
ing, and sound records of prey mastication (by
placing a hydrophone in the aquarium) provided
additional data on prey manipulation. The EMG
patterns were recorded from L. microlophus and
L. gibbosus (the snail-crushing species), as well
as L. auritus, L. cyanellus, L. macrochirus,
Micropterus salmoides, Pomoxis nigromacula-
tus, Ambloplites rupestris, and Perca flaves-
cens. Duration of muscle activity and onset and
offset times were compared by two sample ¢-
tests. All species were fed at least four prey
types in a variety of sizes: snails (Helisoma),
earthworms (Lumbricus), crayfish (Orcon-
ectes), and fish (Notemigonus and Pimephales).
The EMG data for primitive centrarchids and
anatomical descriptions are presented in G.
Lauder in (6).

8. The phylogenetic relationship of L. microlophus
and L. gibbosus is based on color pattern of the
earspot, the shape of epibranchial four, the
relationship between ceratobranchials four and
five, and the morphology of the acousticolateralis
system [B. Branson and G. Moore, Copeia 1962,
1(1962); G. Lauder, in preparation].

9. Physiological cross sections of eight pharyngeal
muscles from four sunfish species were mea-
sured. Fiber lengths were determined by the
procedure of P. Williams and G. Goldspink [J.
Cell Sci. 9, 751 (1971)] and of W. Weijs and R.
Dantuma [Neth. J. Zool. 31, 1 (1981)]. The
levator posterior muscle showed the greatest

SCIENCE, VOL. 219




increase in physiological cross section in L.
microlophus as compared to species that do not
crush snails.

10. I. Kornfield, D. Smith, P. Gagnon, J. Taylor,
Evolution 36, 658 (1982); K. Liem, J. Morphol.
158, 323 (1978); R. Sage and R. Selander, Proc.
Nat. Acad. Sci. U.S.A. 72, 4669 (1975).

11. K. Liem, in (/). The oral jaw apparatus of
cichlid fishes, however, displays extensive mod-
ulations of muscle activity and kinematic pattern

depending on the type and location of prey [K.
Liem, Amer. Zool. 20, 295 (1980)].

12. I thank L. Kaufman, D. Stewart, T. Hethering-
ton, J. Hives, R. Stein, B. Clark, B. Shafer, C.
Gans, and S. Barghusen. Supported by NSF
DEB 81-15048, the A. W. Mellon Foundation,
the Whitehall Foundation, and the Block Fund
(University of Chicago).

19 August 1982; revised 19 October 1982

Dorid Nudibranch Elaborates Its Own Chemical Defense

Abstract. A biosynthetic experiment with mevalonic acid labeled with carbon-14
showed that the nudibranch Dendrodoris limbata elaborates polygodial, a sesquiter-.
penoid dialdehyde stored in the mantle, which constitutes its chemical defense
against predators. Previously described nudibranchs drew defensive chemicals from

their preys.

Among the different defensive mecha-
nisms (/) employed by nudibranchs to
escape predators, chemical defense has
received attention only recently. Several
of these shell-less mollusks secrete a
mucus that decreases the animal’s likeli-
hood of being eaten (2), since the mucus
may contain toxic (3) or unpleasant com-
pounds (4, 5). Most of the nudibranchs
studied from a chemical point of view
belong to the suborder Doridacea; these
invertebrates feed mainly on sponges (6),
which are said to be repellent to most
other animals. »

The metabolites found in dorid nudi-
branchs have been traced in some cases
to a particular sponge (3, 4, 7-10), sug-
gesting that these mollusks concentrate
metabolites from their sponge diet in
skin glands and employ these metabo-
lites as a defensive secretion (/0).

When such a predator-prey relation
was not determined, it was suggested
that the metabolites found in the nudi-
branchs arose by predation on unidenti-
fied sponge species (7, 11).

We reported earlier (/2) the presence
of polygodial (structure 1) in the skin
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extracts of Dendrodoris limbata (phylum
Mollusca, class Gastropoda, subclass
Opisthobranchia, order Nudibranchia,
suborder Doridacea). This compound
showed antifeedant activity against ma-
rine and freshwater fish. A mixture of
sesquiterpenoid esters (structure 2),
which were inactive in the feeding inhibi-
tion bioassay (12), was isolated (/3) from
the digestive gland of the same nudi-
branch.

We were unable to find either com-
pound 1 or 2 in several sponges collected
in the area in which D. limbata was
located, and we therefore investigated
the possibility that these metabolites are
synthesized in the nudibranch. Since
both compounds 1 and 2 have a sesqui-
terpenoid skeleton, mevalonic acid was
selected as the most suitable precursor
for the biosynthetic experiments in vivo.
Seven specimens of D. limbata were
placed in aerated seawater (3 liters), and
2 wCi of [2-"*C]mevalonic acid—dibenzyl-
ethylenediamine salt (Amersham; 31
mCi/mmole) in distilled water solution
(0.01 ml) was injected into the hepato-
pancreas of each animal by means of a
syringe.

After 24 hours, the animals were killed
by freezing and were carefully dissected.
The hepatopancreas and the mantles
were separately extracted with acetone.
The solvent was removed at reduced
pressure from the acetone extracts, and
the residues were partitioned between
diethyl ether and water. The resulting
ether layers were evaporated and then
subjected to chromatography on two dis-
tinct silica gel columns with petrol and
increasing amounts of diethyl ether (12,
13).

Polygodial (compound 1; 15 mg) was
recovered from the mantle extract. This
compound was pure, as judged by thin-
layer chromatography; to ascertain
whether the radioactivity found (Table 1)
was due to polygodial itself or to accom-

panying impurities, compound 1 was fur-
ther purified by preparative silica gel
thin-layer chromatography  (Merck;
CgHg—diethyl ether, 8:2) to yield 9 mg of
material that was subsequently reduced
with NaBH, in methanol to the dialcohol
(structure 3) and purified again by pre-
parative thin-layer chromatography (pet-
rol-diethyl ether, 3:7), with 5 mg recov-
ered.

The radioactive counts in the samples
were determined (/4) after each purifica-
tion step (Table 1); the specific radioac-
tivity in disintegrations per minute per
milligram remained practically constant.
The results indicate good incorporation
(1.6 percent) of mevalonic acid into poly-
godial. The esters (2) obtained from the
column chromatography were contam-
inated by colored material; they were
therefore purified by preparative thin-
layer chromatography (petrol-diethyl
ether, 95:5), and the radioactive counts
were determined.

To establish whether the radioactivity
found was associated, as expected, with
the terpenoid part of the molecule, we
converted mixture 2, by heating in the
presence of a catalytic amount of silica
gel (13), into the furan (structure 4) and
into the corresponding mixture of free
fatty acids. The furan was purified by
preparative thin-layer chromatography
(petrol). The mixture of the fatty acids
was purified with the same system, but
with a different eluent (petrol-diethyl
ether, 1:1). The esters, 2, were also
biosynthesized de novo by the nudi-
branch. The labeled mevalonic acid was
specifically incorporated into the terpe-
noid part of the molecule, the radioactiv-
ity, after converéion, being almost com-
pletely associatéd with the furan (15).

These results show that the nudi-

Table 1. Radioactivity found in the metabo-
lites of Dendrodoris limbata and in their de-
rivatives after each purification step. A total
of 14 uCi (30.8 x 10° dpm) of [2-'*C] meva-
lonic acid-dibenzylethylenediamine salt was
injected into seven specimens.

Radio-
Amount  activity
Compound (mg) (dpm/
mg)
1 15 32,400
(first purification)
1 9 28,000
(second purification)
3 5 32,500
(from reduction of 1)
2 53 6,500
(second purification)
4 10 13,100
(from thermolysis of 2)
Fatty acids 15 330
(from thermolysis of 2)
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