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Abstract

A population of the bivalve mollusk Tridacna maxima (ROding) from Heron Island, Great
Barrier Reef, Australia, was studied by gel electrophoresis, and proved to be
highly variable genetically, with an average heterozygosity of about 22%. This com—
pares closely with a population of T. maxima from Enewetak (Eniwetok) Atoll, with an
average heterozygosity of about 20%, very high for marine organisms. Enewetak Atoll
was the site of a series of nuclear tests. The Heron Island study verifies that the
high variability is natural, and supports the hypothesis that species from trophi-

cally stable environments tend to be highly variable genetically.

Introduction

The genetic variabilities of populations
are affected by their breeding system,
by their population size and by their
recent history. Genetic variability may
also be regulated by environmental re-
gimes through natural selection. During
an investigation of genetic variability
in marine invertebrate species from a
variety of environments, a population of
Tridacna maxima (RO6ding) was collected
from Enewetak Atoll, Marshall Islands.
This population was studied by gel elec-—
trophoresis and proved to have high ge-
netic variability (Ayala et al., 1973;
Valentine et al., 1973). Of 30 loci stud-

ied, 25 have detectable allelic varia-
tion (average sample size, 176 genes/
locus); using a conservative definition

of polymorphism (that the most common
allele has a freguency no greater than
0.95), 63.3% of the loci are polymorphic.
The average individual is heterozygous
at 20.2% of the loci. This was the most
genetically variable marine population
then studied.

Enewetak Atoll has been the site of a
series of nuclear tests. The pattern of
the allelic frequencies of this Tridacna
maxima population does not conform to
what is expected if the variability were
caused by radiocactive mutagens (Ayala et
al., 1973). Yet, it seems desirable to
verify this unusual variability through
studies of a T. maxima population remote

from nuclear test sites. Here we report
on genetic variability in a population
of 7. maxima from the Great Barrier Reef,
approximately 2,400 miles from Enewetak
Atoll.

Materials and Methods

Population Sample

A collection of 50 specimens of Tridacna
maxima (RGding) was taken during Septem-
ber, 1973 (by CAC) from reef flats with-
in the Capricorn Group, Great Barrier
Reef, Queensland, Australia (23°30's;
151°930'E). Approximately equal numbers
of mollusks were taken intertidally from
the south side of Heron Island and from
the north side of the neighboring
Wistari Reef, one mile to the west. All
the specimens were removed from the
shell, frozen, and stored on dry ice,
and thus returned to our laboratories at
Davigs (California, USA), where they were
maintained at -70°C until studied elec-
trophoretically. Some specimens thawed
while in the freezer at Heron Island;
gels from these individuals could not be
read reliably. Forty-two specimens were
scored for some or all of the loci stud-
ied.

Sample Preparation

Each specimen was dissected for 5 tis-—
sues: adductor muscles, mantle ventral
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to zooxanthellae, stomach, kidney, and
gill. The samples were homogenized in an
equal volume of distilled water and cen-
trifuged at 17,000 revs/min for 20 min;
the supernatant was stored at -709C until
used for electrophoresis.

We have followed the methods previ-
ously employed (Ayala et al., 1972, 1973)
with the following modifications and
additions: Adenylate kinase: buffer sys-
tem A; 5 h at 20 v/cm; stain as de-
scribed. Glyceraldehyde-3-phosphate de-
hydrogenase: buffer system B; 6 h at
20 v/cm; stain as described. Hexokinase
buffer system B; 6 h at 25 v/cm; stain:
20 mg nitro blue tetrazolium, 25 mg
nicotinamide adenine dinucleotide phos-
phate (TPN), 25 mg adenosine triphos-
phate, 20 mg MgCly, 900 mg glucose, 80
units glucose-6-phosphate dehydrogenase
in 100 ml 0.1 M Tris-HC1l, pH 7.1; incu-
bate at 37°C for 1 h; add 5 mg phenazine
methosulfate. Isocitrate dehydrogenase:
buffer system D; 6 h at 25 v/cm; Phos-
phoglucomutase: buffer system B; 6 h at
25 v/cm. Ten milligrams of TPN was added
to starch when preparing gels for the
following enzymes: glyceraldehyde-3-
phosphate-dehydrogenase, hexokinase,
lactate dehydrogenase, malate dehydro-
genase, malic enzyme, phosphoglucomutase,
tetrazolium oxidase, triosephosphate
isomerase. Samples of the fruit fly Dro-
sophila willistoni were prepared in the
same manner as the Tridacna maxima speci-
mens and used as controls on the gels.

Observations
Genetic Variability

We have studied the Heron Island popula-
tion at 28 loci, with an average sample
of 64 * 3 genes/locus. Table 1 lists the
allelic frequencies at the 23 polymor-
phic loci. Five loci — Adk-1, Adk-2,
Hk-2, Hk-4, and malic enzyme — exhibit
no detectable variation. A sixth locus,
Ldh, appears to be represented by two
alleles whose products migrate nearly
identically in our gels. We had some
difficulty scoring the genotypes at this
locus, and thus in Table 1 we have sum-
marized the data in two ways — one uses
the allelic frequencies that we consider
to be the case, the other considers this
locus as monomorphic. If a locus is as-—
sumed to be polymorphic when the second
most common allele has a freguency equal
to or greater than 1%, then this popula-
tion has 82% polymorphic loci if rLdh is
considered to be polymorphic, and 79% if
it is not. If the criterion of polymor-
phism is that the most common allele be
present at a frequency no greater than

95%, then this population has 57 or 54%
polymorphic loci depending on whether
Ldh is considered to be polymorphic or
not. The average individual is hetero-
zygous at 22.4 * 1.4% of the loci stud-
ied if Ldh is considered to be polymor-
phic, and at 21.3 * 1.3% if it is not.
These observed heterozygosities do not
differ significantly from the expected
heterozygosities calculated assuming
Hardy-Weinberg equilibrium. We are ap-
parently dealing with a single inter-
breeding population, and it is highly
variable genetically. Indeed, the Heron
Island population is ostensibly equally
polymorphic to the Enewetak Atoll popu-
lation, whose observed heterozygosity
was 20.2 * 2.9%, although somewhat dif-
ferent sets of loci were studied in the
two cases.

The data from the two populations can
be combined to give an estimate of aver-
age heterozygosity for Tridacna maxima. A
total of 37 gene loci have been sampled
(30 loci in the Enewetak population plus
7 new ones in the present study); the
average proportions of heterozygous in-
dividuals per locus are 20.9 * 2.7% and
21.6 * 3.2%, for the observed and ex-
pected heterozygosities, respectively.

Genetic Similarity

Of the 28 loci studied in our sample, 21
were also studied in the Enewetak Atoll
population. It is worth asking how sim-
ilar the allelic frequencies are in the
two populations. Unfortunately, the
homogenates from the Enewetak Atoll pop-
ulation were not preserved, and thus
direct comparisons in the same gel are
not possible. Comparisons can, neverthe-
less, be made using as references the
Drosophila willistoni controls placed in
every gel, This is not completely satis-
factory, since small differences in the
amount of migration of the enzymes can-
not be unambiguously ascertained. We
have followed a conservative criterion —
whenever a given enzyme appears to mi-
grate equally in the two populations we
have assumed that such is indeed the
case. For estimation of genetic similar-
ity between the two populations we have
used only 18 of the 21 loci studied in
both of them; the equivalences between
alleles at the other three loci could
not be established.

Using the statistics developed by Nei
(1972), the genetic similarity between
the Enewetak Atoll and Heron Island pop-
ulations is 0.968, and the genetic dis-
tance is 0.032. These values fall well
within the norm of the amount of genetic
differentiation usually found between
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Table 1. Tridacna maxima. Allelic frequencies at 23 polymorphic loci in a population from Heron

Island, Australia

NS

Locus? Allelic freguencies® Frequency (number) of hetero—
— zygous individuals
1 2 3 4 5 Observed Expected

Adk~-3 54 0.98 0.02 0.037(1) 0.036(1.0)
Adk-4 84 0.96 0.04 0.071(3) 0.069(2.9)
Adk-5 82 0.01 0.94 0.01 0.01 0.02 0.122(5) 0.117(4.8)
Adk-6 84 0.92 0.08 0.119(5) 0.153(6.4)
Est-2 52 0.15 0.02 0.79 0.04 0.423(11) 0.353(9.2)
Est-4 84 0.02 0.81 0.17 0.286(12) 0.316(13.3)
Est-5 66 0.02 0.97 0.01 0.061(2) 0.059(2.0)
Est-6 68 0.15 0.13 0.68 0.02 0.03 0.500(17) 0.502(17.1)
G3pdh 54 0.07 0.76 0.17 0.481(13) 0.390(10.5)
Hk-3 54 0.02 0.98 0.037(1) 0.036(1.0)
Idh 74 0.01 0. 68 0.22 0.09 0.405(15) 0.488(18.0)
Ldh 54 0.44 0.56 0.444(12) 0.494(13.3)
Lap-3 82 0.04 0.74 0.18 0.04 0.341(14) 0.410(16.8)
Lap-4 78 0.04 0.62 0.35 0.410(16) 0.500(19.5)
Mdh-2 52 0.08 0.04 0.86 0.02 0.269(7) 0.243(6.3)
Mdh-3 54 0.98 0.02 0.037(1) 0.036(1.0)
Mdh-4 48 0.92 0.08 0.167(4) 0.153(3.7)
Mdh-5 54 0.06 0.83 0.11 0.333(9) 0.290(7.8)
Odh 66 0.17 0. 80 0.03 0.273(9) 0.326(10.8)
Pgm-1 54 0.04 0.46 0.48 0.02 0. 704 (19) 0.552(14.9)
To-1 80 0.02 0.97 0.050(2) 0.049(1.9)
To-3 74 0.57 0.41 0.03 0.838(31) 0.513(19.0)
Tpi 24 0.04 0.96 0.083(1) 0.080(1.0)

Average (includes invariant loci)d
(1) 63.8%3.0

(2) 63.8%3.0

0.232%0.043 0.222%0.038
(210) (202.1)

0.216%0.043 0.203%0.037
(198) (188.8)

aThe enzymes coded by the gene loci are as follows: Adk, adenylate kinase; Est, esterase; G3pdh,
glyceraldehyde-3-phosphate dehydrogenase; Hk, hexokinase; Idh, 1socitrate dehydrogenase; Ldh,

lactate dehydrogenase; Lap,

leucine amino peptidase; Mdh, malate dehydrogenase; Odh, octanocl de-

hydrogenase; Pgm, phosphoglucomutase; To, tetrazolium oxidase; Tpi, triosephosphate isomerase.

b
Number of genomes studied at each locus.

C : : . . . .
Alleles are listed in order of increasing migration towards anode.

d
(1) Assumes, and (2) does not, that the Ldh locus is polymorphic.

geographic populations of the same spe-
cies (Ayala et al., 1974; Avise et al.,
1975). We must, however, emphasize that
our assumptions may lead to underestima-
tion of genetic differentiation, and
thug that the values given represent
only the lower limit of the genetic dif-
ferentiation between the two popula-
tions.

Discussion

The "stability" hypothesis (see Levins,
1968) is a widely accepted explanation
for patterns of genetic variability. It
has been suggested for marine systems by

Bretsky and Lorenz (1969), Grassle
(1972), and Grassle and Sanders (1973)
among others. The hypothesis exists in
several variations. A general expecta-
tion is that species in more stable
(constant, predictable, certain) environ-
ments will have low levels of genetic
variability, while those in more un-
stable (variable, unpredictable, uncer-
tain) environments will have much genet-
ic polymorphism. Although "stable",
"constant" and "predictable" do not nec-
essarily refer to the same properties of
environments, they are not distinguished
here because previous authors have
either not distinguished them or ex-
pressed similar expectations for all as
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regards genetic variability. The ratio-
nale is that in unstable environments
populations require high levels of ge-
netic variability in order to cope with
the variety of environmental states to
which they are subjected, while in sta-
ble environments, selection would favor
those few alleles optimal for the narrow
range of prevailing conditions and thus
maintain little genetic variability.
Such an argument has led to the specific
prediction that coral reef animals
should have low genetic variabilities
(Grassle, 1973). It is not always clear
just which environmental parameters
should be stable or unstable in order
to elicit the purported effects. Some
authors specify climatic factors. An-
other possibility is that biological
factors such as primary productivity,
that are sensitive in turn to seasonal-
ity, could be involved.

Since many environmental factors dis-
play characteristic patterns of vari-
ability, both globally and locally, it
is possible to contrast the pattern of
each factor with the observed pattern
of genetic variability, to determine
whether or not a relationship exists.
The pattern of genetic variability thus
far observed in marine species is easily
summarized (reviewed in Ayala et al.,
1975; Valentine, in press). For benthic
invertebrates, data are available for
13 species. Those living in low lati-
tudes or in the deep sea have much ge-—
netic variability (17 to 21% average
heterozygosity), while those living in
intermediate to high latitudes are less
polymorphic (1 or 2% to 12% average
heterozygosity). Only three planktonic
species have been studied. They are
closely related species of krill (Euphau-
sia), and they display a pattern similar
to that of benthic species. One species
from circumpolar waters off Antarctica
has relatively low variability (about 6%
average heterozygosity), one from tem-
perate waters off northern Chile has
higher variability (about 15% average
heterozygosity), and one from eguatorial
waters off Central America is the most
polymorphic (about 21% average hetero-
zygosity) (Valentine and Ayala, in press)
The limited data available for marine
fishes display a pattern similar to that
of the invertebrates {(Somero and Soulg,
1974).

The observed patterns of genetic vari-
ability are inconsistent with predic-
tions of the stability hypothesis. Phys-
ical factors such as temperature fluc-
tuate most highly in intermediate lati-
tudes, where intermediate rather than
high genetic variabilities are found.
Animals from the more stable tropics

have higher levels, and animals from the
more stable Antarctic waters lower lev-
els of genetic variability. With respect
to primary productivity, the observa-
tions are just the opposite of what is
expected by the stability hypothesis:
species living in regimes of stable pro-
ductivity (tropics, deep sea) are char-
acterized by high levels of genetic vari-
ability, while those from the more sea-
sonal regimes (Antarctic waters, north-
east Atlantic shelf) have low genetic
variability.

Tridacna maxima f£its the observed pat-
tern well. It is essentially tropical
in distribution, ranging from East Af-
rica to Pitcairn Island, but extending
northward to Japan and southward along
the Australian coasts beyond the margins
of the tropics (Rosewater, 1965).

Although there certainly are errors
inherent in the estimation of genetic
variability by electrophoresis, we have
seen that clear differences in variabil-
ity levels occur between marine species
from distinctive climatic zones, as from
the tropics and from temperate latitudes.
The difference in genetic variabilities
between central and marginal tropical
species expected on the basis of our
limited experience with tropical and
temperate forms, may be about 2 to 4%
at most, This difference is so small
relative to the accuracy of the esti-
mates that we can draw no conclusions
from the similarity of the estimates for
the Heron Island population, which lives
at the southern border of the tropics,
and the more centrally located Enewetak
population.

A hypothesis has been proposed to
explain the high genetic variability
found in trophically stable environments
(Ayala et al., 1975; Valentine, in press).
In such environments, species tend to
pursue a relatively "coarse-grained"
spatial strategy, owing to the stable
resource base. Animals are narrowly spe-
cialized trophically and/or in habitat
requirements. Alleles, the products of
which perform efficiently over narrow
functional ranges, may accumulate in the
gene pool. Different environmental pa-
rameters have different local patterns,
resulting in a mosaic of conditions even
within a narrow habitat range. The "spe-
cialized" alleles are selected because
they exhibit higher fitnesses in slight-
ly different habitat conditions. Forms
of balancing selection may hold large
numbers of alleles in the gene pool to
create a rich variety of genotypes spe-
cialized for many combinations of en-
vironmental parameters.

Conversely, in trophically unstable
environments, species tend to pursue



C.A. Campbell et al.: High Genetic Variability in

Tridacna maxima 345

"fine-grained" spatial strategies, and
thus to be flexibly adapted to a wide
range of food and/or habitat conditions.
A single allele {(or a few) may be selected
at each locus that is functionally most
flexible. Thus, the species would come
to possess relatively little genetic
variation but would be ecologically a
generalist.

Conclusions

The amount of genetic variation in the
Heron Island population of Tridacna maxima
is very similar to that found earlier
in a population from Enewetak Atoll.
This result effectively lays to rest any
doubts about the variability of the
Enewetak Atoll population being due to
natural processes, rather than to man-
generated radiation. One might conceiv-
ably argue that mutations caused by
radiocactive fall-out at nuclear test
sites might have migrated swiftly and
widely, and that their deployment has
greatly enriched such distant gene pools
as that at Heron Island. This is too un-
likely to merit further consideration.
The cause of the high genetic vari-
ability of Tridacna maxima has been in-
ferred to have a selective basis related
to the trophic stability of the tropical
environment (see Ayala et al., 1975). In
trophically stable regions, genetic vari-
ability accumulates and enhances the
adaptation of highly specialized popula-
tions by producing large numbers of geno-
types, many of which may be especially
fit in particular microhabitats (Ayala
et al., 1975). The Heron Island 7. maxima
population is another instance of high
genetic variability in a tropical pop-
ulation, and thus supports the trend ob-
served earlier.
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