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Abstract: Crosses between and within two lines of the hard clam Mercenaria mercenaria (L.) were reared
to age 1 yr under typical commercial upflow nursery conditions. Within these-crosses, little relationship was
detected between shell length and heterozygosity averaged over seven enzyme loci. However, significant
differences between the largest and smallest clams were detected at individual loci in 10 of 42 tests. Results
were consistent neither with the hypothesis that the alleles themselves were affecting growth, nor with the
hypothesis that these enzyme loci are tightly linked to other loci affecting growth. Rather, it appears that
alleles are marking the entire genomes of their parents, and that variation in the growth rates of the offspring
from individual clams may be obscuring any relationship with overall heterozygosity.
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INTRODUCTION

Much attention has been focused on the relationship between multiple-locus enzyme
heterozygosity and growth rate in marine bivalves (reviews by Koehn & Gaffney, 1984;
Mitton & Grant, 1984). Although a positive correlation has been convincingly demon-
strated in wild populations of a number of species (Zouros et al., 1980; Garton ez al.,
1984; Koehn & Gaffney, 1984), the phenomenon has not been demonstrated in hatchery
mass spawnings (Adamkewicz et al., 1984b; Gaffney & Scott, 1984; Foltz & Chatry,
1986) or in pair matings (Beaumont et al., 1983; Mallet et al., 1986). The purpose of
this investigation is to examine the reasons for the absence of a relationship between
heterozygosity and growth in populations of the hard clam Mercenaria mercenaria (L.)
spawned and reared under typical hatchery and nursery conditions.

Linkage disequilibrium has been cited as a factor both in the origin of a hetero-
zygosity/growth correlation in wild populations of bivalves and in the dissolution of this
relationship in the nursery. The hypothesis of “associative overdominance” suggests
that transitory linkage disequilibria exist in natural populations between electrophoreti-
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cally detectable loci and potentially deleterious genes {Ohta, 1971; Mallet ez al., 1986).
Thus in the wild, bivalves homozygous for enzyme loci might also tend to be homo-
zygous for recessive deleterious alleles. But in the offspring of more limited hatchery
spawns, extensive linkage disequilibrium between marker loci and other loci affecting
growth obscures any effect of overall heterozygosity (Gaffney & Scott, 1984). Evidence
for this second artificially generated sort of linkage disequilibrium is presented in this
investigation.

In artificially spawned populations of bivalves, linkage disequilibrium can occur
between alleles at independently assorting loci as well as between loci that are actually
linked. (“Gametic phase disequilibrium” has been proposed as a less misleading term
to describe all nonrandom associations of alleles within gametes.) The actual nature of
the disequilibrium can be important, as in a directed breeding program, for example. An
allele at an enzyme locus closely linked to a second locus affecting growth would be of
considerable utility, while an allele simply marking the entire genome of a parent would
not. In this study, we will present evidence suggesting that linkage disequilibrium can
in fact occur between enzyme loci and loci affecting growth in hatchery populations of
M. mercenaria, but we find no case where this linkage seems to be particularly tight.

MATERIALS AND METHODS

Lines of M. mercenaria selected for fast growth over three or four generations have
been developed by the Aquaculture Research Corporation (ARC), Dennis,
Massachusetts, and by the Virginia Institute of Marine Science, Virginia (VIMS). A
good deal of information regarding the genetics of these two stocks is available in Dillon
& Manzi (1987). The wild New England and Virginia populations of M. mercenaria
from which they were founded are almost indistinguishable at seven polymorphic
enzyme loci. But both hatchery lines have diverged from wild populations, probably due
to genetic drift, such that they now have different allele frequencies at five of these seven
loci. Both the ARC and VIMS stocks also seem to have lost some rare alleles, possibly
due to bottlenecking. Thus, some degree of linkage disequilibrium seems possible.

It October 1984, 16 individuals from the ARC line (seven males, nine females) and
10 from VIMS (five males, five females} were spawned. The eggs and sperm were then
combined within each line and reciprocally between the two lines. This process was
repeated in March 1985 at which time 18 male ARC, eight female ARC, eight male
VIMS, and seven female VIMS were spawned. Larvae were reared to metamorphosis
using standard larval culture techniques (Loosanoff & Davis, 1963). Recently metamor-
phosed clams were cultured in recirculating downflow culture units (Manzi & Castagna,
in press). After attaining a minimum size of 1 mm, the juvenile clams were transferred
to a commercial scale upflow nursery system (Manzi, 1985). Data on growth in these
lines collected over the first 2 yr df culture will be reported elsewhere.

In October 1985, large random samples were taken from all four of the first crosses,
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here designated ARC1, AXV1, VXAl and VIMSI1. {Female parents are listed first in
the outcrosses.) The purebred offspring from the second cross, ARC2 and VIMS2, were
sampled in March 1986. Hard clams of the sizes sampled here are rarely reproductively
mature (Eversole et al., 1980), and thus the complication of energy allocated to gamete
production was avoided (Rodhouse et al., 1986). A great deal of size variation, measured
as maximum shell length, was apparent in these six samples of clams (Fig. 1}. The 62
largest and 62 smallest clams from each sample were selected for elecirophoretic
examination.

The entire individual was extracted from the shell and at least one-half the tissue
ground in a buffer and sucrose solution. Procedures for the electrophoresis of the
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Fig. 1. Maximum shell lengths of M. mercenaria sampled from six crosses at age 1 yr. Darkened portion of
each sample was examined electrophoretically.
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supernatant and the demonstration of isozymes are described elsewhere (Dillon, 1982;
1985; Dillon & Manzi, 1987). Variation was scored at seven loci. Glucose phosphate
isomerase (Gpi — seven alleles), leucine aminopeptidase (Lap — four alleles), 6-phospho-
gluconate dehydrogenase (6pgd — three alleles), and two phosphoglucomutase loci
(PgmS —five alleles and PgmF—three alleles) have all been found to assort independently
in M. mercenaria (Adamkewicz et al., 1984a). Linkage relationships between these five
loci and two others, superoxide dismutase (Sod — two alleles) and mannose phosphate
isomerase {(Mpi — four alleles), are unknown.

x2 two-sample tests, corrected for continuity in 2 x 2 cases (Siegel, 1956, p. 107),
were used to determine whether the 62 largest and 62 smallest clams differed signifi-
cantly in gene frequencies at each of the seven loci. Rare allelic classes were combined
if possible or deleted. Overall heterozygosities of largest and smallest clams were
compared by totalling the number of the =62 x 7 = 434 loci heterozygous in each
group. Since similar numbers of individuals were examined at all loci, the correction
factor of Dillon & Manzi (1987) was unnecessary. x? tests, corrected for continuity,
were then used to determine whether the proportions of heterozygous and homozygous
loci differed significantly in large and small clams. Thus a total of eight y? values were
calculated for each of the six crosses.

RESULTS

Much of the allozyme variability available in the ARC and VIMS parental stocks was
transmitted to the lines spawned for this experiment. Of 28 alleles at seven loci, the
lowest number appearing in the experimental generation was 19, in ARC2. No mono-
morphic loci resulted from any cross. The lowest heterozygosity observed in any of the
six crosses was 0.38 in ARCI1, to be compared with 0.46 for the VIMS and 0.48 for
the ARC parental stocks (Dillon & Manzi, 1987). TableI shows y? values from
comparisons of overall heterozygosity in the largest and smallest offspring of the six
crosses. In only one of the six tests did the heterozygosity of the larger clams differ
significantly from the heterozygosity of the smaller (Table ), with the larger clams being
more heterozygous. This y? value is barely significant at the 0.05 level, and rejection
of the null hypothesis in this single case may be a Type I statistical error. The chance
of one or more Type I errors at this level in six tests is 0.26.

On the other hand, the 42 values of y? testing for allele frequency differences included
10 significant values, seven at the 0.01 level or better. Allele frequencies at these seven
loci are given in Table I, using the nomenclature of Dillon & Manzi (1987).
Interestingly, no significant differences were found between the largest and smallest
offspring in ARC2, with 26 parents spawning. The significant y values were all
obtained from crosses of 10-16 parents.

Some disequilibrium between isozyme alleles was in fact detected in these data.
Although a complete analysis of the ~20 alleles in all six crosses is beyond the scope
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of this investigation, the data of Table II suggested that some disequilibrium might exist
between the alleles of Lap and PgmF in the AXV]1 cross, and between PgmF and 6pgd
alleles in the ARC1 cross. These suspicions were confirmed with y* tests. Since
Adamkewicz et al. (1984a) reported that these loci assort independently in Mendelian
crosses, one would assume that the linkage disequilibrium observed here is loose.

TABLE I

2 values and df comparing gene frequencies and overall heterozygosities in largest and smallest offspring
from six crosses. One, two, and three asterisks designate values significant at 0.05, 0.01, and 0.001 levels,

respectively.
ARC1 AXV1 VXAl VIMS1 ARC2 VIMS2
H 1.68 1 0.17 1 1.96 1 0.17 1 007 1 390 1
Gpi 233 2 1.08 2 11.8** 3 927> 2 204 1 283 2
6Pgd 8.66% 2 0.02 2 4.73 2 1.85 2 1.67 1 L1 2
Lap 0.46 1 10,7+ 2 0.51 2 6.00* 2 202 2 610 3
Sod 0.53 1 247 1 1.91 1 2.08 1 092 1 001 1
Mpi 0.93 2 414" 2 3.47 2 499 2 1.23 2 6.63* 2
Pgm§S 0.74 1 g.51* 2 3.50 1 5.88 2 0211 594 2
PgmF 26.5%* 1 17.8%> 2 0.64 2 0.55 2 210 1 239 1
TasLE II
Allele frequencies differing between largest and smallest clams at 0.01 level or better.
Cross Locus Allele Large Small Cross Large Small
VXAl Gpi 110 . 0.008 0.000 VIMS1 0.000 0.000
160 0.712 0.590 0.885 0.746
S0 0.127 0.139 0.090 0.186
70 0.110 0.090 0.016 0.068
60 0.042 0.180 0.008 0.000
ARC1 PgmF 105 0.000 0.000 AXV1 0.145 0.158
103 0.107 0.402 0.153 0.375
100 0.893 0.598 0.702 0.467
ARCI1 6Pgd 110 0.000 0.016
100 0.798 0919
90 0.202 0.065
AXV1 Lap 104 0.026 0.000
100 0.603 0411
96 0.121 0.145
94 0.250 0.444
AXV1 Mpi 105 0.380 0.041
100 0.398 0.508

95 0.222 0.451
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DiscussioN

It seems quite likely that a substantial portion of the size variance seen in Fig. 1 is
genetic, rather than environmental, in origin. The individuals in each experiment were
all spawned on a single date and maintained in upwelling units under uniform environ-
mental conditions. But, as reported from previous nursery experiments, the relationship
between size variation and heterozygosity is not striking. The significant differences in
allele frequencies between largest and smallest clams apparent at individual loci in most
of these experiments suggest a likely explanation for this absence of a growth
rate/heterozygosity correlation.

There are many reasons why allele frequencies may vary with size within cohorts of
clams as we have spawned them. One possibility is that some particular allozyme
variant at one of the loci sampled affects growth under nursery conditions. But if this
were true, the allele coding for this variant should appear unusually common in the
largest or smallest clams from all six experiments. Table I shows that this is not the case
for any allele at any locus. Nor has this phenomenon been reported in any other hatchery
experiment to our knowledge (e.g., Gaffney & Scott, 1984).

A second possibility is that a particular enzyme locus may be tightly linked to another
locus affecting growth, and that an allozyme aliele is in linkage disequilibrium with a
beneficial or deleterious allele at this second locus. For example, suppose that through
population bottlenecking, the uncommon Gpi allele 60 is in linkage disequilibrium with
a beneficial allele at a second locus in the ARC population. Then Gpi 60 would be
expected to appear unusually common in the largest clams sampled from both the ARC1
and ARC2 experiments. But because disequilibrium between two particular alleles is a
chance event, it seems unlikely that the beneficial allele would also become linked to
Gpi 60 in the VIMS population. Thus, the largest clams in the VIMS1 and VIMS2
experiments would not necessarily be expected to show high frequencies of Gpi 6¢. They
might show increased frequencies of some other Gpi allele, or they might show no
relationships at all. To the extent that the beneficial allele is dominant, the larger AXV1
and/or VXAL clams might also show high frequencies of Gpi 60. But Tables 1 and II
show no evidence that any allele we have sampled is tightly linked to a beneficial or
harmful allele. None of the relationships seen in ARCI1 were repeated in ARC2, nor do
VIMS1 and VIMS2 show any matches.

Loose linkage disequilibrium is the most likely explanation for significant differences
in gene frequencies between large and small clams. Suppose, for example, that one
particular ARC parent is endowed with a genome conferring increased growth in the
nursery. Any number of loci could be involved, on any number of chromosomes.
Suppose further that this individual is heterozygous for the unusual allele Gpi 60. Then
half of the offspring produced by this individual will grow quickly and carry Gpi 60.
Glucose phosphate isomerase 60 might appear unusually common in the largest clams
simply because it marks an advantageous genome, not because it is beneficial itself or
even because it resides on the same chromosome as a beneficial allele. The same
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phenomenon would not be expected to reoccur in VIMS spawnings or even in a
respawning of ARC, because different parents were involved. But to the extent that the
beneficial portions of that single ARC genome, be they one allele or many, are
“dominant”, Gpi 60 might appear more common in the AXV1 cross (if the ARC clam
with the good genome were female) or the VXAL cross (if the clam were male).

This third explanation seems to fit the observations reported in Table I. The great
majority of the significant results appear but a single time. The remainder occur in one
purebred line and in either AXV1 or VXAL. For example, Table II shows that the PgmF
allele 103 was strikingly common in the smaller clams of both ARC1 and AXV1. This
suggests that a small number (perhaps just one) of the nine ARC females spawned in
October 1984 produced slow-growing offspring and carried PgmF 103. The offspring of
this parent may account for a large fraction of the size variance in the ARC1 and VXA1
experiments.

All six of the experiments reported here are ‘mass spawnings” by the criterion of
Gaffney & Scott (1984). However, it would appear that even in spawnings of 10-16
parents, the contributions of individual clams to the size variance seen in the offspring
can be substantial. Thus it is not surprising that little relationship was detected in these
experiments between multiple-locus enzyme heterozygosity and growth. The absence of
the heterozygosity/growth correlation in nursery crosses does not seem to be attributable
to tight linkage disequilibrium, but rather to very loose disequilibrium between individual
isozyme alleles and the entire genomes of the parents.
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